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Abstract

Topological superconductors are phases of matter that cannot be adiabatically connected to a
trivial superconductor without closing the bulk gap or breaking some fundamental symmetry.
Intimately tied to topological superconductors are Majorana bound states. These are neutral
zero-energy quasiparticles, localised to boundaries or defects, that are highly sought after as
ingredients for quantum computation.

In the first part of this thesis, we consider two-dimensional crystalline superconductors
with discrete rotational symmetry. These can host zero-dimensional Majorana bound states
at their corners, indicative of so-called second-order topology. We establish a bulk-boundary
correspondence linking the presence of such Majorana bound states to bulk topological
invariants based on momentum-space rotation representations. We thus establish when a
topological crystalline superconductor protected by rotational symmetry displays second-
order topological superconductivity. Our approach is based on stacked Dirac Hamiltonians,
using which we relate transitions between topological phases to the transformation properties
between adjacent gapped boundaries. We find that in addition to the bulk rotational invariants,
the presence of Majorana bound states in a given geometry depends on the interplay between
weak topological invariants and the location of the rotation centre relative to the lattice.

In the second part of the thesis, we couple a quantum particle to a topology-changing
fermionic bath. Generically, coupling to a bath suppresses the particle’s amplitude to tunnel
between potential minima, even at zero temperature. While this effect can be neglected for
gapped baths, our bath has minima that correspond to different bath topologies. This enforces
the bath to undergo gap closing along the tunnelling path. We develop a field theory for
this quantum tunnelling problem, linking the instantons describing tunnelling in a bath of
d space dimensions to topological boundary modes of systems in d + 1 dimensions. We
study in detail a d = 1 example, inspired by planar Josephson junctions where the particle
coordinate is the superconducting phase whose value sets the electronic topology. We find
that the topology change suppresses tunnelling by a factor scaling exponentially with the
system size. This translates to a correspondingly enhanced suppression of the energy splitting
for the lowest-lying states, despite these being linear combinations of states near potential

minima where the bath is gapped. Our results help to estimate the influence of charging
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energy on topological phases arising due to the Josephson effect and, conversely, to assess the
potential utility of such topological systems as superconducting qubits. For moderate-sized
baths, the incomplete suppression of tunnelling opens the prospect of quantum-mechanical
superpositions of many-body states of different topology, including superpositions of states

with and without Majorana fermions.
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Chapter 1
Introduction

Phases of matter are familiar to all of us. In our daily lives, it is obvious that ice cubes from a
freezer at —18°C are indistinguishable from those kept at —17°C, but very distinguishable
from what comes out of a 5°C refrigerator. That water and other classical matter exist in
distinct stable phases depending on their temperature and pressure was understood early
on. With the development of quantum mechanics, however, it became evident that there are
phases of matter that have macroscopic properties inconsistent with any classical description.

Superconductors are one such example. Below a certain temperature, they manage to
evade dissipation and conduct current with zero resistance. Superfluidity and Bose-Einstein
condensation are other exotic examples. In all these cases, the rules of quantum mechanics
that apply to the constituent particles cannot be detached from the mechanism by which the
phases form. This is even true of ferromagnetism, which we encounter at room temperature.
A unified framework for understanding both quantum and classical phases was provided
by Landau with the concept of spontaneous symmetry breaking. In this framework the
underlying Hamiltonian, which governs the dynamics of all degrees of freedom, has a
particular symmetry, whereas states in different phases have a different (lower) symmetry.
When water is in liquid form, its molecules do not have fixed relative position: at any instant,
the molecules are randomly distributed and the liquid looks the same when displaced by an
arbitrary distance. In this sense a liquid has continuous translational symmetry, which is
shared by the Hamiltonian because the rules of electromagnetism are homogenous. Contrast
this to ice, where molecules are arranged in a regular lattice such that it is invariant only when
translated by a discrete lattice vector. Solids therefore have discrete translational symmetry
unlike the Hamiltonian, and transitioning from a liquid to a solid counts as spontaneous
symmetry breaking. The same principles of identifying broken symmetries to classify phases
apply to all of the systems above. For example, in a superconducting phase it is the global
U(1) gauge symmetry that is broken. The success of this theory led physicists to believe that
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symmetry breaking could explain phase transitions in all contexts. Yet, at zero temperature
there turn out to be distinct quantum phases of matter that have the same symmetry. The
difference instead lies in the pattern of entanglement in their ground states, and can be
differentiated by borrowing concepts from topology.

Topology is a branch of mathematics that concerns itself with properties of objects that are
preserved under continuous deformation. When this object is geometrical, such deformations
can be anything that doesn’t involve tearing, gluing or passing the object through itself. With
a more flexible notion of ‘continuous deformation’, one can study topology in other contexts,
even physical systems. The philosophy of studying ‘topological phases of matter’ is to apply
topology to the many-body ground state |Q), relevant to gapped quantum systems near zero
temperature. (We interchangeably label a gapped system by its Hamiltonian or ground state,
depending on which is convenient.) The aim is to gather up systems into equivalence classes
based on which systems—composed of fermions or bosons in a certain dimension—are
continuously deformable into each other, labelled by fopological invariants that one can
calculate from the quantum states. What is remarkable is that systems that are topologically
equivalent also have qualitatively similar experimental observables, which justifies thinking
of them as quantum phases of matter.

In this thesis, we are interested in superconductors that can simultaneously be topological
phases of matter. These have many potential exciting consequences, particularly in quantum
information, and their realisation is a major goal of modern condensed matter physics. We
will elucidate two separate links between topological nontriviality in superconductors and

observable features, with relevance to modern experimental platforms.

1.1 Topological Classification of Superconductors

The labelling of a phase as ‘topological’ can have many different meanings in condensed
matter physics, but in this thesis it will have one meaning that we now try to place in context.
The first thing to point out is that we must narrow our considerations to a privileged class of
quantum states; otherwise, any two states in a Hilbert space can be trivially deformed into
each other by taking a linear superposition interpolating between the two that necessarily
lives in the same space. All states are therefore connected when there are no restrictions.
One sensible restriction is to states that are the ground states of gapped local Hamiltonians.!

The ground states of these systems satisfy an area law of entanglement [2] saying that

1Being ‘gapped’ has the precise definition of a sequence of Hamiltonians approaching the thermodynamic
limit possessing no eigenvalues in a certain energy window [1]. This is needed because any finite system has
a discrete spectrum and hence a gap in the naivest sense. We keep in mind only the principle of this proper
definition, however.
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entanglement entropy between a subregion A and its contiguous complement A grows at
most linearly with the size of the boundary of A, which immediately places many restrictions
on the state. Interpolating between two generic states may therefore necessitate passing
through a state that cannot be the ground state of a gapped local Hamiltonian, which provides
a way for this space to be disconnected and nontrivial. Each disconnected component is
called a phase, and a phase transition necessarily comes with a gap closing. Consider two
states |Qo) and |Q;) that are the ground states of gapped local Hamiltonians Ay and H,
respectively. Expressed in terms of their Hamiltonians, these are in the same phase if there
is a smooth path H; for 0 < ¢ < 1 connecting them, such that H; remains gapped and local
throughout. This means |Q) and |Q;) are connected through an adiabatic evolution that
does not close the gap.? In Chen er al.’s definition, there is one phase that stands out as trivial,
namely the short-range entangled (SRE) phase containing states connected to an unentangled
direct-product state in real space. The remaining states (still satisfying an area law) are called
long-range entangled (LRE), and their equivalence classes map out the fopological order.
Topologically ordered states can host phenomena such as fractional charge, anyons with
non-Abelian exchange statistics, ground state degeneracy (that depends on the topology of
the underlying manifold, e.g., the genus in two dimensions) or gapless edge excitations [4, 1].
This is not the topology of interest in this thesis, however, because we require an extra
ingredient: symmetry.

Many condensed matter systems possess symmetries—be they fine-tuned or not—so
rather than consider states of otherwise arbitrary gapped local Hamiltonians, one can restrict
oneself to Hamiltonians that have certain symmetries. One then redefines equivalence to be
in terms of smooth paths H, that remain gapped and possess the same symmetry throughout.
Under this definition, ground states can be in different phases even if they do not spontaneously
break a symmetry of the system, going beyond Landau’s classification. The nontrivial SRE
phases that do not break a symmetry of the system are called symmetry-protected topological
(SPT) phases since they could all be connected to a product state if the symmetry requirement
on adiabatic evolution were relaxed. In this sense, SPT phases are less robust, but still possess
interesting phenomena such as gapless edge excitations.

The taxonomy we have discussed thus far has applied equally to interacting Hamiltonians,
so long as the interactions are local. From now on, however, we will only be discussing
the topology of non-interacting Hamiltonians involving fermions, i.e., ‘free-fermion SPTs’

according to the above terminology. Since the properties of these systems are entirely captured

2This adiabatic evolution is generated by unitary evolution under a different local Hamiltonian FI;, Q) =

Ll A,
T [e"fo dtH{11Q0) (where 7~ denotes time-ordering), which is a more practical condition for distinguishing
SRE states from LRE states (defined below) [3].
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by single-particle Hamiltonian matrices, their classification is much easier and, in some ways,
complete. This classification scheme also extends to BCS superconductors with minimal
modification by treating the Bogoliubov-de-Gennes (BdG) Hamiltonian on the same level as

a single-particle Hamiltonian, even though superconductivity derives from interaction.?

1.1.1 Topology in Free Fermion Systems

The integer quantum Hall effect (IQHE) was the first condensed matter system whose
properties were found to be topological in origin, occurring for a two-dimensional (2D)
electron gas in the presence of a magnetic field [7]. The quantised Hall conductance was
explained by an integer topological invariant called the Chern number that can be calculated
solely from the single-particle eigenstates [8]. The fundamental quantity of this invariant
(and many others) is the non-Abelian Berry connection—a differential 1-form—defined* for
Bloch eigenstates,’ |u®(k)), as [10]

A = (u® (K)|du (K)) = (u® (K)| Ve (K)) - dk =y AP i, (.0

where the band indices «, S run over occupied bands only. From this, one may define a

gauge-invariant Berry curvature

FoP = dAP + (ANA)P = Z(akiﬂj — O A+ [ Ay, A dk' A dk? (1.2)
ij
where A denotes the exterior product (an antisymmetric product of differential forms). The

first Chern number is then given by integrating the diagonal components of the Berry curvature

over the first Brillouin zone (BZ)

Ch=-_ Tr{F} € Z. (1.3)
2 BZ

Since the IQHE, nontrivial topology has been found to be much more ubiquitous than
originally thought following the discovery of topological insulators (TIs) with spin-orbit

3Tangentially, Wen noticed that all realistic superconductors are technically LRE when coupled to a dynamical
electromagnetic gauge field because they lack a gauge-invariant local order parameter [6], but this is not what
we mean when we label our superconductors as topological.

4Strong topological invariants are most easily expressed in momentum space, even though their protection
does not hinge on translation symmetry. There are also weak invariants, encountered in Chapter 2, where
translation symmetry is actually necessary [9].

5In this basis H = Yycpyz Zap éh (k) Heop (k) éﬁ(k) and H(K)|u®(k)) = Eo|u®(k)), which are periodic
upon adding reciprocal lattice vectors k — k+G.
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coupling [9, 11, 12]. These materials can have topological invariants that, although definable
in terms of the Berry connection, are very different from the Chern number. These are namely
the Z,-valued first- and second-descendant invariants [13]. In fact, the group structure
of the invariants follows directly from a system’s dimension and behaviour under some
fundamental non-spatial (antiunitary) symmetries: time-reversal (TR), particle-hole (PH)
and chiral symmetry.® These define an Altland-Zirnbauer (AZ) symmetry class [14]. The
symmetry classes and associated group structures are mapped out exhaustively in the tenfold
way, acting as a “periodic table” of topological insulators and superconductors which was a
great triumph in the field [15—-18]. This table has its own rich structure that we will not be
exposed to because our later chapters involve only one or two symmetry classes.

A key tenet of this table is that the classification is stable under the addition of trivial bands,
which means that all of the groups are Abelian under stacking, i.e., under Hy @ H; = [730 (fO{l ] .
Trivial bands correspond to insulators in their atomic limit such that they have no structure
in momentum space, being examples of the direct-product states mentioned in Sec. 1.1.
The motivation for this condition is that real materials, with their many core and unfilled
atomic orbitals, can have bands far below or above the Fermi energy; these could in principle
get closer to the Fermi energy and hybridise with the relevant bands as the Hamiltonian is
deformed. Concretely, two Hamiltonians H, and H are stably equivalent if there exist some
trivial bands &y and &; such that Hy @ &y is strictly equivalent to H; & &E;. Strict equivalence
between Hj and HH, that have the same number of bands requires a smooth path of symmetric
Hamiltonians H; = (1 —¢)Hy+tH, to remain gapped for 0 < ¢ < 1. The ‘gap’ being preserved
here is the finite energy difference between the vth and (v + 1)th bands, where the Fermi
energy lies. Requiring stability means that the appropriate ‘difference’ between Hamiltonians
is captured through the mathematics of what is called K-theory [17].

The main reason that the tenfold way invariants are of immense interest is the bulk-
boundary correspondence, which guarantees gapless states at the boundaries of systems that
have topologically nontrivial bulk invariants [10]. In some ways, this correspondence is not
surprising: we have presented topological inequivalence as an obstruction to adiabatically
connecting systems without closing a gap, while a boundary may be equally viewed as the
variation of a parameter in space that interpolates between the bulk material and the trivial
vacuum. The anomalous Hall conductance in the IQHE is itself an example of bulk-boundary
correspondence because it is mediated by chiral edge states whose presence and direction
are governed by the Chern number. We will soon encounter more examples extending to

superconductors.

%These are fundamental because they classify the irreducible blocks of any Hamiltonian brought into
diagonal form by a unitary symmetry [10], but we revisit this reasoning in Sec. 1.1.4 when we strongly enforce
unitary symmetries.
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1.1.2 Bogoliubov-de-Gennes Hamiltonians

The superconductors we encounter in this thesis will all be described at the level of BCS
mean-field theory [19]. At this level, the superconducting Hamiltonian may be described by
an effectively single-particle BAG Hamiltonian

~ 1 A s
— § i
H—E aIB fa,q‘(wﬁfﬁ, (1'4)

where £, = (¢, éL)T is the Nambu spinor for site/orbital @ and H = HT is a Hermitian
matrix. Inherent to any BdG system is a redundancy known as particle-hole (PH) symmetry.
This is because &, and .f; are not independent, but instead linked to each other through
(1&,)T = £!, which yields the PH condition’

0'17‘[*0'1 =—H. (1.5)

We view this as the anticommutation of H with an antiunitary operator E = Ko which is a
local unitary operator composed with complex conjugation .2 This means that the BAG

Hamiltonian may be written in block form

Hy A

H =
—-A* —-H|

, (1.6)

where Hy = Hg represents the normal part, and A = —A” the pairing terms. When PH
symmetry Z is the superconductor’s only symmetry and Z2 = +1, we say it is in Class D [10].

The PH constraint (1.5) is reflected in the excitation spectrum of the superconductor,
given by the eigenvalues of H:

Hyp=Eyg = H(EYEp)=—-EEYE). (1.7)

That is, any eigenvector with energy E has a PH conjugate eigenvector with energy —E.

Their corresponding Bogoliubov operators ¢ g (obeying fermionic anticommutation relations

7Pauli matrices are denoted by o= 2 3 throughout this thesis. Here, o = [? (1)] acts on PH orbital space.

80ne often works in momentum space with Nambu basis £, (k) = (¢, (Kk), 62(—k))T, in which case the
reversal of momentum k under PH conjugation means that the symmetry relation is instead

O’|W* (k)O‘] = —‘7‘((—1().
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(Z o ’ g} = dgg) are not all independent either, since

Z=&yp = (E o) (owe) = (d) (owe) =Ty = 4. (1.8)

[This again emphasises that the doubling of the number of degrees of freedom in Eq. (1.4) is
only artificial.] The Hamiltonian is diagonal in these Bogoliubov fermions, which we can

write purely in terms of positive-energy quasiparticles (also called canonical modes):

ﬁ:%;EafgaZEa:% ZO ({E {E E(y ) Z EG{E {E ) Z Eq. (1.9)
a E.>

E.>0

From this it is clear that the ground state |Q) should be annihilated by each £ E.50° such
that the ground state energy is Egs = —5 Z E,>0 Eq.? Denote by U the unitary Bogoliubov
transformation that relates positive-energy quasiparticles to the underlying fermions through
Ve Eo>0 = Ué,UT for all . The ground state is thus |Q) = U|0) relative to the fermionic
vacuum |0) [20]. (For superconductors, therefore, the relevant gap that determines the ground
state and hence the topology is that centred around E = 0.) The operator U can either preserve
or flip the total parity P = (- 1)N [ﬁ, U ]=0or {ﬁ, U } =0.1° Hence, our statement about
the ground state energy requires care when restricting ourselves to a specific parity sector,
because the true ground state |Q) may not have even parity like |0). Ground state parity
turns out to be integral to the notion of topology in zero- and one-dimensional Class D

superconductors, as we see in the next section.

1.1.3 Majorana Zero Modes

For a non-interacting parity-preserving lattice Hamiltonian such as Eq. (1.4), one may always

write it in a form that is bilinear in some Majorana operators formally defined as

Poj=éi+et,  uj=—i(@;-¢h) (1.10)

9For this reason, the BAdG representation of a charge-conserving free-fermion system technically requires
an extra term ¢" Hoé — ETHE+ % Tr[Hy] to reproduce the same ground state energy. This offset is generally
immaterial, but an important exception is when the spectrum of Hy is not bounded from above (e.g., in a
quadratically dispersing Fermi sea filled up to some chemical potential), in which case Egs = —oco without it.
All our superconducting systems will be defined from the start by Eq. (1.4), however, so we need not worry
about this energy offset.

10[n terms of the Majorana operators below, U maps any Majorana operator to a linear combination of
Majorana operators (U9,07 = Y, s Wap¥p where WTW = 1) and hence has definite parity [20]. Its generators

65 o
are rotations e 7"”* and reflections ¥,. This form of the ground state agrees with the familiar coherent state of
Cooper pairs c «» brovided one separately treats inversion symmetric momenta where k = —k.
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which are Hermitian (7,)" = 7, and satisfy an anticommutation relation

{VarV8} =20ap (1.11)

unlike ordinary fermions. The parity operator takes the form P = [] j(=i¥2j-172;). In this

Majorana basis, the Hamiltonian is

A N N
= Zgymﬁyﬁ, (1.12)

where A = —AT is a real antisymmetric matrix, which may be brought into canonical form [21]
by an orthogonal transformation W such that

[0 E;
~E; 0
WAWT = . . (1.13)
0 Ey
~Ey 0

Of course, there can be nothing profound that results from simply changing basis—rather,
the interest is in Majorana operators that behave independently as excitations of a condensed
matter system (or fundamental field, if they are to also excite high-energy physicists [22]).
As long as a Majorana has a degenerate local partner, reversing the construction (1.10) will
always yield a single conventional fermion, which is the obstacle that any physical realisation
has to overcome. Consider again the superconductor in Eq. (1.7) when there is a zero mode
Yo with E = 0. If this is locally non-degenerate, then we must have E i o< ¢ (on account
of PH conjugation being local), or specifically Eg = ¢ in the right gauge. By Eq. (1.8),
we conclude that such a zero energy Bogoliubov quasiparticle Zo = fg would be its own
antiparticle, and hence a Majorana zero mode (MZM). The enormous challenge of Majorana
experiments is to both engineer superconductors that possess locally non-degenerate zero
modes, and perform measurements on them that conclusively exclude more mundane mid-gap
states [23, 24].

One Dimension

Theoretically, it is very easy to construct a model superconductor in one dimension (1D) that
possesses MZMs. One ubiquitous toy model is called the Kitaev chain [25], which suffices
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Fig. 1.1 A cartoon showing the two topologically inequivalent dimerised limits of the Kitaev
chain. With open boundary conditions (OBC), the topological phase supports Majorana zero
modes (MZMs) at its ends, shown in red.

to highlight the inextricable link between MZMs and the bulk topology that underlies their
robustness. It will also be a building block for examples that appear in Chapters 2 and 3.

For some spinless electrons ¢; on a 1D lattice, construct a Hamiltonian
g KN A A KN A x4t At
Hxitaey = Z [—w (cjcj+1 +Cj+lcj) —u (cjcj - 1/2) +chcj+1 +A ¢l (1.14)
J

consisting of a hopping term with amplitude w, a uniform onsite chemical potential ¢ and
p-wave pairing with superconducting gap A = |Ale’?. Changing to a basis of Majorana
operators using Eq. (1.10) [gauging away e'? through ¢é; — e7i912¢ ; for simplicity], we arrive

at

N I R R A R .
Hkitaey = 3 Z [—uP2j-1925 + (W +IA]) 92,9241 + (=W +|A]) F2-192j42] - (1.15)
-

It is instructive to consider a dimerised limit of this model where w = |A| and u =0, with a
simple Hamiltonian
Hiopo =i 1A ) 929241 (1.16)
J
Now specify a chain that is finite with L sites, having open boundary conditions (OBC) as
illustrated in Figure 1.1. Notice that two Majorana operators y; = 9’ and 57, = 9" do not
appear in the Hamiltonian and hence commute with it: [$"(", ﬁtopo] =0, equivalent to the
single-particle Hamiltonian having two locally non-degenerate zero modes. That is, this limit
of the Kitaev chain with OBC supports two MZMs on its ends, separated by a gapped bulk.
This can be viewed as the fractionalisation of a regular fermion. The opposite, trivial, limit
Hyiy = —i ‘2—‘ > V2172 (atw = |A| =0 and u < 0) pairs Majorana operators on the same site
and so leaves no Majoranas unpaired.
Importantly, the MZMs persist even when the parameters w, A and u are perturbed away
from this finely tuned point (and do not spontaneously appear near the other fine-tuned
trivial point), so long as the gap does not close and L > 1. Whereas gapping out the

Majoranas (i.e., moving them symmetrically away from zero energy) in I-AItOpo would require
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a non-local term o« i$'9”, MZMs typically have finite spatial extent (decaying as e~*—*ol/¢
with some characteristic length &), meaning they are effectively coupled through local terms
in the Hamiltonian if the MZM wavefunctions overlap [25]. (This is unwanted if trying to
experimentally realise true MZMs.) This splitting scales as ¢ o e /¢, where & depends on the
relative strength of the energy scales in the Hamiltonian (1.14). The effective splitting term
(i/2)t9’9" counts the cost of occupying a non-local fermionic mode d = (9’ +i9”)/2. Hence,
up to a correction exponentially small in the size of the system, the many-body spectrum
is degenerate when in the topological phase, with degenerate states differing in their d'd
occupancy.

In more sophisticated Majorana networks the system supports many pairs of MZMs—N
of them, say—leading to a 2¥~!-fold ground state degeneracy when conserving parity. In
proposals that use MZMs as “topological qubits”, this defines a computational subspace in
which one can perform qubit operations. Fundamental to these operations is the fact that
MZMs obey non-Abelian statistics [26, 27], on which we shall not elaborate. Indeed, it is
the prospect of MZMs as ingredients for stable qubits that means that in the zoo of gapless
modes classified by the tenfold way, none have received as much commercial attention as
MZM:s in topological superconductors [28].

Relating Majorana Zero Modes to an Invariant

Seeing that these emergent MZMs show some robustness motivates looking for nontrivial
topology in the bulk Hamiltonian, which we do by following Kitaev’s original paper [25].
Start with an open chain of length L hosting MZMs 3’ and 7" on its ends (much like Fltopo,
but not necessarily in the zero correlation length limit). Since the bulk is gapped, the
parity operator may be replaced by P = s(L)(—i$’$”) where s(L) = 1. Define the two
ground states to be |QL) for & = 0, 1 with parities s(L)(—1)®. Now turn on a direct coupling
H; =i uy”y’ between the ends that essentially closes the chain, seen in Figure 1.2, such that
its (now non-degenerate) ground state |QF) is [QF) if u > 0, and [Q§) if u < 0. The parity is
hence given by P|QL) = —s(L) sgnu |QL). The crucial finding will be that the presence or
absence of MZMs in an open chain is encoded in the behaviour of the overall ground state
parity of compositions of closed chains.

Consider two open chains A and B of lengths L4 and L, respectively, supporting MZMs
on their ends. There are two ways to join these up, either as two disconnected loops or as one
long loop (shown in Figure 1.2):

A Al

FILA ea]_AILB =iu [?X'}A’;& +737B] , Or (1.17)
Hiory =iu [P35 +9574] (1.18)
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Fig. 1.2 Two topological Kitaev chains of lengths L4 =6 and L =5 closed up in two distinct
ways, either as one big ring Hy, 41, or two smaller rings Hy , ® Hy ,. Majoranas that are close
together belong to the same site. Though common, graphically representing a hybridisation

9”9’ with undirected bonds is ambiguous because iy”9" # i9’9”. Here, the bonds iy”9" are

directed anti-clockwise when their coefficients are positive.

having ground states |Q4 ® QL#) and |QL4+L8), respectively. Their parities under the total

parity operator P = s(L1)s(L2)(=i¥,77) (=i¥¥}3) have opposite sign:"!
PO @ QLB = s(L1)s(L,) |QM @ QL5), (1.19)
PIQEATER) = —5(L1)s(Lp)|QPA*ER). (1.20)

This is in contrast to the ground states of equivalent loops formed with trivial superconducting
chains, whose parities would have the same sign because the chains are always gapped. We
therefore have

(QLatle | p|QLatley = QL4 @ QLB | PIQEA @ QFE)Y, (1.21)

where v = —1,+1 distinguishes between the presence or absence of MZMs, respectively.
This distinction holds when forming closed chains of any translationally invariant 1D
superconductor, which is useful because it makes no reference to a boundary.

Recalling our discussions in Sec. 1.1.2, the ground state parity is determined by whether
the unitary operator U that brings the BdG Hamiltonian into its canonical form is parity
preserving or not. This depends on whether the corresponding orthogonal transformation W
in the Majorana basis is purely rotational, in which case sgndetW = 1. This quantity can be

UBoth parities are independent of sgnu because there are two u links, while the sign difference follows

LY ey 4 5757 YA 4

because (=iy/, ¥/ ) (=iyp V) = = (=i, V) (1Y 7).
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cast directly in terms of the Majorana Hamiltonian through a function called the Pfaffian'?,

defined for antisymmetric matrices, which satisfies Pf (A)? = det(A) and
Pf (WAWT) = Pf (A) det(W). (1.22)
We can immediately apply to this to the canonical form in Eq. (1.13) to conclude’® that
(Q|P|Q) = sgndet(W) = sgnPf (A). (1.23)

All that remains is to apply this parity formula to closed chains by switching to momentum
space. For a translationally invariant superconductor with L sites and periodic boundary
conditions (PBC), one finds that in terms of its Fourier-transformed Majorana Hamiltonian
Aq 125,
N sgnPf (Ak=0) sgnPf (Ay= L even
(QIPIQ) = sanPf (A) = | NPT (Ake0) sen Pl (Arer) (1.24)
sgnPf (Ag=0) L odd.
This features only momenta k = —k, where Ay is antisymmetric. Looking at the nontriviality
condition (1.21), one may check that*

v =sgnPf (Ar=o) sgnPf (A=) (1.25)

is the appropriate definition for the topological invariant. (The same invariant may also be
written in Chern-Simons form as an integral over the BZ involving the Berry connection [29],
but the above form has the advantage of being manifestly gauge invariant.) It is quite easy
to argue that this is a topological property on the grounds that it cannot change unless the
gap closes, but showing why v = —1 and v = 1 differ in the presence or absence of MZMs,
as we have reviewed, required more finesse. This is a theme of Chapter 2, where even
with knowledge of the topological invariants, more work is needed to deduce the nature
of boundary states. Equation (1.24) also determines a key feature of our effective model’s
spectrum in Chapter 3, which is that switching from periodic to anti-periodic boundary

conditions changes the ground state parity in the topological phase.

2The Pfaffian of a 2N X 2N antisymmetric matrix A is given by

N
1
- 2NN' Z Sgn(o-)l_[AO’Qn_l,O’za,
’ a=1

where Sy is the permutation group for 2N elements.

3The canonical form has non-negative elements on the upper diagonal, so its Pfaffian is positive.

“An odd L is always the sum of an odd and even number, whereas an even L is composed of two even or two
odd numbers.
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Two Dimensions

MZMs can also appear in 2D superconductors with p, +ip,-wave pairing [30]. In 2D Class D
superconductors, the topological invariant is the Chern number (1.3), where ‘occupied’ states
are negative-energy BdG states. Like in the IQHE, a nonzero Chern number is associated

with chiral edge modes. A minimal continuum model is a two-band Dirac Hamiltonian
H(K) = k1o +kyop+mo3 = hy -0, (1.26)

which is a good low-energy description near most gap closings. This evidently has PH
symmetry E = Ko (but not TR symmetry). Its spectrum easily follows from the anticom-
mutation relations {0y, o} = 26;;, giving E2(K) = |hx|*> which has a gap closing at m = 0.
Provided |m| > 0, its wavefunctions are determined (up to a gauge choice) by the unit vector
hy = hy/hx. The Berry curvature is then Tr{¥ } = (=i/2)hy - dhy % dhy which we may
interpret as the solid angle traced out by hy over a small patch of momenta [10]. We cannot
integrate (i/2n) ./BZ Tr{F } over a compact manifold to give an integer, however, because

Eq. (1.26) is a continuum model without a lattice or BZ. Instead, the closest we have is

Ch:L/ Tr{(?')}:lsgnm. (1.27)
2m R2 2

Thus, the Dirac Hamiltonian can be used to describe only topological phase transitions of
ACh = £1 by taking m — —m. This is tied to the band structure approximation (1.26) only
being valid in an isolated patch of the BZ, whose |k| — co behaviour would be regularised by
a lattice. If hy did originate from a lattice model, Ch # 0 would obstruct finding a smooth
gauge for wavefunctions throughout the BZ.

We can deduce the presence of chiral modes at interfaces of topologically distinct Dirac
Hamiltonians through what is known as the Jackiw-Rebbi approach [31]. This finds mid-gap
eigenmodes of the Schrodinger equation for Eq. (1.26) slowly undergoing a band inversion in
real-space with m = m(r). It can also deduce MZMs at interfaces in 1D, complementing the
previous subsection. We use the results of such an approach extensively in Chapter 2 (and to
a lesser extent in Chapter 3) when we quote the spectra of effective boundary Hamiltonians.
Appendices A.2.2 and B.1 demonstrate this approach in action and are self-contained, so
serve the purpose of an introduction.

The resulting edge states are called chiral Majorana modes, which we depict in Fig 1.3,
but they are not inherently MZMs because that further requires zero energy. They disperse as
E (k) o k|, where k| is the momentum along the boundary, but k| is quantised according

to the geometry of the boundary. Hence, MZMs will not occur in a simple circular sample
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Fig. 1.3 A figure showing a 2D Dirac model shaped as an annulus with inner and outer radii
Rin and Ry, respectively. The annulus and surrounding material have mass terms of opposite
sign, so the bulk Hamiltonian has a gap closing at the edges, leading to chiral edge modes
whose dispersions are shown on the right. The annulus may be threaded by a flux ® which
modifies the boundary conditions of fermions traversing the edges so that edge momentum
is quantised as k| = (2n+1+®/®g)/2R; with n € Z. When @ is an even multiple of the
flux quantum @ = h/2e, there are states with E (k) = 0) = 0 localised on the inner and outer
edges that are MZMs, provided that they are far enough apart not to hybridise.

of p, +ip, superconductor because fermions on the boundary obey antiperiodic boundary
conditions [30, 23]. The boundary conditions can be modified through a magnetic field,
however, such as by threading an annular sample (referred to as a Corbino disc), as in Fig. 1.3
with h/2e flux. Then, Majorana modes with opposite chirality form on the inner and outer
edges that do intersect £ =0, giving two MZMs. The same argument may be used to conclude
that vortices in a type-II p, +ip, superconductor (from a penetrating flux) bind localised
MZMs [30, 32].

1.1.4 Crystalline Symmetry Enriched Topological Classification

Even though it may sound from Sec. 1.1.1 as if equilibrium topological classification of every
possible non-interacting fermionic Hamiltonian is complete, restricting oneself to only three
symmetries often fails to capture all possible topological features of a system, however. This
is because realistic systems may also possess other unitary symmetries which can lead to an
even richer classification. Most notable are crystalline symmetries, inherited from how the
ions are stably arranged in space. One expects a radical change to the map of equivalence
classes because adding a symmetry requirement will forbid certain Hamiltonians entirely,
and of the Hamiltonians that remain after this purge, previous symmetry- and gap-preserving
interpolations between them may become disallowed, fracturing the original equivalence
classes. (This is analogous to the diversification of SRE states into SPT phases that was

mentioned in Sec. 1.1.) We will soon present a more grounded view of this enrichment,
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where a unitary symmetry block-diagonalises the single-particle Hamiltonian so that each
block (or pair of blocks) must be characterised by their own invariants.

The most obvious crystalline symmetry to include is translational symmetry, leading to
what are called weak topological phases [9]. Whereas the surface states of strong topological
phases (those with AZ symmetries) are robust to disorder, charge-density-wave perturbations
can gap out the surfaces of weak topological phases, as we see in action in Chapter 2. The
search for new types of topological phases has since expanded to all symmorphic [33, 34]
and nonsymmorphic [35] space group symmetries.

As well as enriching classification, crystalline symmetries can also simplify the calculation
of tenfold-way invariants, as is famously the case with the Fu-Kane parity criterion [36] in
inversion-symmetric TIs. We shall rediscover another such example in Chapter 2 for the Chern
number modulo a small integer. In these cases one can avoid integrating Bloch wavefunctions
over the whole BZ when calculating invariants such as Eq. (1.3), which numerically would
require a sufficiently dense mesh of k points. Modern classifications of topological crystalline
systems take this idea further by defining invariants that have no tenfold-way counterparts,
quantised only by virtue of the crystalline symmetries. "

Unfortunately, obtaining the full classification with crystalline symmetries is, understand-
ably, much more difficult. It requires the generalisation of K-theory to so-called equivariant
K-theory [38—40] and although this formalism has been increasingly developed, the full
classification for all space groups and AZ classes is yet to be completed. Furthermore, this
mathematical framework is abstracted from familiar physical concepts and does not always
provide calculable invariants. In the meantime, efforts have been made to bridge between the
full classification and more accessible features of the band structure [38], with great progress
made by favouring ease of calculation over exhaustivity.

The current approach to classifying topological crystalline insulators is to systematically
determine whether there is an obstruction to deforming the ground state into a product state
of exponentially localized Wannier functions at atomic sites (filled atomic orbitals) [41].
There are often many mutually distinct arrangements of such Wannier functions at atomic
sites compatible with the same crystalline symmetry that all count as trivial. Stable topology
implies an obstruction of this kind, but the converse may not be true: systems with an
obstructed atomic limit may possess only fragile topology [42]. A set of bands has fragile
topology if it is strictly inequivalent to some trivial bands, but made strictly equivalent if we

allow for adding some trivial bands below the Fermi energy.'® Fragile topological systems

5Tn fact, even the Z, Fu-Kane invariant may be promoted to a Z,4 invariant with inversion symmetry [37].
bEven fragile topology has to persist upon adding trivial bands above the Fermi energy if it is to be a
physically reasonable definition because any bounded tight binding model can never include all the high energy
orbitals; moreover, such bands do not change the many-body ground state. This also distinguishes fragile
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are not expected to have protected gapless boundary states because the bulk topology can
be trivialised by adding atomic insulators with gapped boundaries; instead, their signatures
are more subtle [44] and are still an open question. We will not encounter fragile topology
later in this thesis, so it is mentioned in this section only for context. Even the bulk-boundary
correspondence for stable topological crystalline systems is less robust than in the tenfold way
because the boundary itself must also respect the crystalline symmetries, and nonsymmetric
boundaries are generically gapped [45, 46].

Two methods have emerged as ways to efficiently determine whether a band structure is
topological, but (as well as in how they are calculated) they differ in whether the topology
they diagnose is stable or not. The workhorses in both methods are the crystalline symmetry
representations at high-symmetry points (HSPs) in the BZ. One method uses ‘split elementary
band representations’ [47] to diagnose (possibly fragile) topology, where determining the
connectivity of the band structure from the irreducible representations at HSPs can be
efficiently mapped to a graph-theoretic problem [47]." The other method using symmetry
indicators [48] diagnoses stable topology by construction, but misses out on certain topological
phases by putting them in the same category as trivial atomic insulators. It is the symmetry
indicator approach (generalised to superconductors) that we utilise in Chapter 2, so warrants

more discussion.

Symmetry Indicators for Band Topology

Symmetry representations have always played a large role in band theory, and we now
outline a way that they relate to topology [41]. The information fed into this classification
scheme, once the crystalline and fundamental symmetries are specified, will be the symmetry
representations at HSPs in the BZ. Clearly this is much less information than the full bundle
of Bloch wavefunctions throughout the BZ, so the classification will be only a ‘snapshot’ of
the full one, but a useful one nonetheless. The starting point will be a set of band labels at
the HSPs, which will later define a (quasi-)vector space of crystalline topological phases.
Start with a Bloch Hamiltonian H (k) which has symmetry group G. We generally care
about only the point group elements of G because translations just give phases for the Bloch

states. There is a projective representation U, (k) for g € G such that

H(k) = U, (K)H (gk) U] (k), (1.28)

topology from Hopf insulators, which rely on nontrivial mappings between certain spaces, e.g. two-band
insulators in 3D without symmetries that should be trivial according to the tenfold way [43].

That this method cannot guarantee stable topology was noticed later as the concept of fragility was
introduced [42].
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where U, (k) is a unitary matrix.'® This representation is ‘projective’ because the transfor-
mation rule (1.28) determines U, (k) only up to a phase factor. These phases can be made

consistent only up to a sign [49] which defines the factor system

The factor system z4,- = 1 occurs when there is spin rotation symmetry, and is labelled the
‘spinless’ case because spatial rotation (which also acts on spin) could be combined with a
pure spin rotation in the other direction to render it effectively spinless [50]. The other case
is relevant for ‘spinful” systems, such as those with spin-orbit coupling. One way around
needing a factor system is to not start with projective representations of the space group
in the first place, and instead non-projectively represent a double-covered space group G
which also features total fermion parity P as a group element. This is because, fundamentally,
every electron acquires a Berry phase of ¢ under 27 rotation. This is the approach that we
take in Chapter 2 where, because we are dealing with a spinful system, a 2r rotation has
representation —1, which influences the rest of the analysis.

The symmetry relation at certain points in the BZ is special. HSPs, kg, are momenta that
are mapped to themselves under some (non-translational) elements of G modulo a reciprocal
lattice vector G, i.e., gks = Ks + G, shown for an example space group in Fig. 1.4 (). Thus,
at HSPs we have

H (ks) = U, (ko) H (ki) U (k) (1.30)

for some point group elements g belonging to the nontrivial little group Gk, C G of Kk (also
called the stabiliser subgroup). Suppose that | (Ks)) is an energy eigenstate of H (Kks) with
energy Ey, , degenerate with (d — 1) other states so that @ = 1,...,d labels the degenerate
subspace. Since U, (k) commutes with H (k) for g € Gy, it must map degenerate eigenstates

to each other as

U (k) 19 (k) = > [t ()Ll (k). (1.31)

The unitary matrices u, (Ks) satisfy the same relations as Eq. (1.29), so furnish a d-dimensional
representation of Gy . Unless the degeneracy is accidental, ug (Ks) is an irreducible repre-
sentation (irrep). There can be n distinct irreps ug(ks) of the same little group, each being

d;(Kks)-dimensional. Any representation of Gy, can be decomposed as the direct sum of irreps

BPromoting this representation for normal Hamiltonians to one for BAG Hamiltonians further requires
knowing how the superconducting pairing term A(k) behaves under symmetry, but we save this discussion for
when we encounter it in Chapter 2. Similarly, the origin of the momentum dependence of U, (k), namely the
translational component of g, is saved until then because it is most easily seen through example.
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Fig. 1.4 Real- and momentum-space representations of the wallpaper group p2mm. This
space group features two perpendicular mirror planes and C, rotation symmetry about the
out-of-plane axis. Its maximal Wyckoff positions (i.e., HSPs in real space) {a, b, c, d} are
shown in (5). Atomic limits are constructed by placing filled orbitals [such as those shown
in (@)] at the these positions in various symmetric combinations. These orbitals furnish
representations of the dihedral point group D, which get transformed into momentum-space
representations. (y) shows the BZ for the lattice, along with its HSPs and a mirror symmetric
line X referenced later.

{ui, (ks) } with multiplicities {N;(Ks)}, so the most general symmetry representation is

Uy (Ks) = diag [1(Ks) ® Ty, (k) - - - » s (Ko) ® Ty, )] (1.32)

with “~” allowing for a similarity transformation. The total dimension ;" | d;(ks)N;(ks)
is constant throughout the BZ because it counts the number of orbitals in the unit cell.
Antiunitary symmetries such as TR also interact with the unitary space group representations
(e.g., by mapping one irrep to another because they involve complex conjugation), but we
encounter only PH symmetry in Chapter 2. For superconductors, one combines separate
irreps for the particle and hole sectors to form a larger representation for the BAG Hamiltonian,
but we stick to normal Bloch Hamiltonians for now.

The foundation of symmetry indicators is the classification of every H (k), which are
zero-dimensional Hamiltonians possessing unitary symmetries specified by G on top of
fundamental (TR, PH or chiral) symmetries. The multiplicity of the irreps immediately
present themselves as candidates for being topological invariants, which we illustrate by
example in Figure 1.5. Here we consider two HSP Hamiltonians Hy(IT), H;(IT) and a
symmetric adiabatic interpolation between them H; (I1). We count the multiplicities of the
irreps of occupied states (those below the Fermi energy), labelled by #I1; < N;(II), to form a

“vector’ n, = [#I14,..., #Hn]T. Crucially, if the vectors ng and n; are different, then there

®Being integer-valued, n isn’t technically a vector, but our intuition for vector spaces will still hold up well.
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Ho (10) H, (II)

Fig. 1.5 A diagram showing the symmetric deformation H; (IT) between two HSP Hamiltonians
with different irreps. Because the multiplicities of the occupied irreps #I1;, #I1, do not match
on either side, energies must cross the Fermi energy Ef at some point and the underlying
band structures for £ =0 and # = 1 cannot be in the same topological phase.

must be no way to adiabatically connect Hy(IT) and H; (IT) without closing the gap. This
follows because Gy is preserved throughout and Uy, ; (IT) must change adiabatically. The first
step for classification through symmetry indicators, therefore, is to construct a large vector
of band labels for multiplicities of occupied irreps at all representative?® HSPs in the BZ.
One may add and subtract whole multiples of these vectors to move around in a Z5. “vector
space” corresponding to a group of band labels {BL}. In superconductors, there may also be
Pfaffian invariants definable at PH-invariant momenta, but in Chapter 2 these are expressible
in terms of the irrep band labels.

As it stands, the dimension dpy, of this space of band labels is much too large because
HSPs do not exist in isolation, and the symmetry representations at different points have
to satisfy certain compatibility relations depending on the symmetry group. As one moves
infinitesimally away from a HSP K in a certain direction to Kk + dk, some symmetries may
be broken Gx, — Gk sk € Gk, which lifts degeneracies. For the symmetries § € G 45k
that remain, however, the representations U; (ks +6k) must be compatible with the irreps
uz(ks). We say that Uz (K +6K) is ‘subduced’ from ug(k), written ug(Ks) — Uz (Kg +0K).
Consequently, for the Hamiltonian to remain gapped along a line ¥ from one HSP k; to
another inequivalent HSP kj;, any band labels definable on X (due to a nontrivial little-group
G ) have to remain continuous as one approaches both k; and k,. This defines a compatibility
relation between the band labels at HSPs k; and k,. We show this in action for an example
wallpaper group (i.e., two-dimensional space group) in Fig. 1.6. Hence, not all elements
of {BL} are self-consistent, and we must reduce the space to valid gapped band structures,

denoted by {BS} ~ Z%s. In practice this is done by expressing compatibility relations as a

20We say ‘representative’ because if there exists an element g € G for which k; = gk», then k; and k; have
conjugate little groups, and any information at k; is already contained in the irrep content of k. Some schemes
also lump this restriction in with the ‘compatibility relations’ (defined below), but we consider them separately.
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Fig. 1.6 An example of how compatibility relations dictate which band labels are valid
gapped band structures for the wallpaper group p2mm. (a) The spinless one-dimensional
irreps for the dihedral group D, and the cyclic group C,. In moving from I' or X along the
mirror-symmetric line X (see Fig. 1.4), the little group D5 is reduced to a subgroup C,. The
representations must agree for the symmetry element M, left unbroken. In (b) and (c) we test
whether the band labels at I' and X are consistent with two isolated bands below the Fermi
level. The band labels in (b) pass this test, but in (c) the irreps X> and I'4 subduce to different
representations along X so they cannot belong to the same band.

linear constraint Cn = 0 for some matrix C, and considering only the null space of C. (Here
is where ‘topological quantum chemistry’ [47] departs from the symmetry indicator approach
by using a graph-theoretic approach to solve the compatibility relations instead.) Despite
their general importance, we won’t have any high-symmetry lines or compatibility relations
in Chapter 2 because we deal only with rotation symmetry in 2D, and hence {BS} = {BL}
there.

Naturally, the symmetry representations U, (k) above arise from Fourier-transforming
real space symmetry operations of G, which we show in detail in Sec. 2.2.1. Since one seeks
a stable classification, a special role is played by the band label vectors a of atomic insulators,
which follow from placing filled orbitals at symmetry-allowed Wyckoff positions [51] as
shown in Fig. 1.4 (B).2* This role is to define a subspace spanned by the vectors {a;} (which
may not be linearly independent) corresponding to a subgroup {AI} ~ Z4A1 of {BS} that we
consider topologically trivial. Note that because { Al} allows for the addition or subtraction
of vectors a;, an element a € {Al} may have negative band label integers #I1; which would
immediately prevent us from interpreting its components as occupied irrep multiplicities of a
physical atomic insulator. This arises because adding vectors is implemented through stacking,
but subtraction has no such direct physical procedure. In fact, even all the components being

2L ike we saw in momentum space, some positions X in the real space unit cell are invariant under the action
of a non-trivial group Gx C G called its site-symmetry group (or stabiliser group). Such a point X is in the orbit
of another, X', if they are related by gx = x’ for some g € G, from which it follows that their site-symmetry
groups Gy and Gy are conjugate. Points with conjugate site-symmetry groups are said to be in the same
Wyckoff position.
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positive is not enough to guarantee that a can be realised by stacking atomic insulators,
because it may be the ‘difference’ of two atomic insulators, as in a fragile topological phase.
Nevertheless, we get the stable ‘symmetry indicator’ classification group by constructing the

quotient
_ {BS}
~{Ay

which guarantees that systems mapping to distinct elements of {SI} are not deformable into

(S} (1.33)

each other even when allowing stacking with atomic insulators. It can be shown [48] that the

resulting group structure is always finite (even for superconductors [49, 52]):

(S} = Zy, X Zy, X ... X Z (1.34)

Sdgg

with positive integers s; and dgs = da;. The group is nontrivial if any s; > 1. Assigning a
vector n to an element in {SI} can be done very efficiently as a linear algebra problem once
the basis vectors {a;} for atomic insulators in the appropriate symmetry class are known.

Evidently the finite group {SI} cannot always coincide with the true stable topological
classification group because we have already encountered phases labelled by an unbounded
Z-valued Chern invariant. What symmetry indicators can do, therefore, is quickly diagnose if
a system is gapped at HSPs and incompatible with an atomic description, which is valuable to
high-throughput searches for topological materials [53-55]. This requires further validation
to rule out accidental crossings at nonsymmetric points in the BZ. For this reason, in Chapter 2
we do not take the final step of constructing the quotient group as in Eq. (1.33) because a
provably complete set of stable invariants are available for our particular symmetry class.
This combines a set of linear combinations of band labels {#I1;} with the Chern number
(1.3), which were shown to classify the band structure over the whole BZ for Class D
superconductors with rotational symmetry [56]. We then use these invariants to derive a
bulk-boundary correspondence.

Above, we alluded to differences when extending symmetry indicators to superconductors,
which was achieved iteratively over many studies owing to its increased difficulty [57,
58, 52, 59, 49]. The biggest conceptual difficulty is properly defining an ‘atomic limit’
superconductor, which is necessary for a classification that works beyond the weak-pairing
limit. (In the weak-pairing limit the insulator invariants work just as well for a superconductor
because the eigenstates of the BAG Hamiltonian are directly related to the eigenstates of
the normal diagonal part.) The proper ‘atomic limit superconductor’ is one whose pairing

can be switched off A — 0 without closing a gap such that the resulting insulator is in its
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atomic limit [59].2% Trivial superconductors are adiabatically connected to the ‘atomic limit’
superconductor as usual. The trivial group may be equally viewed as being generated by
arrays of 0D BdG Hamiltonian symmetrically placed at Wyckoft positions [49]. Deriving the
symmetry-indicated classification group then follows the principles above, with additional

enrichment due to the nontrivial symmetry representations possible for the pairing term A.

1.1.5 Higher-Order Topology

Topological crystalline insulators and superconductors are particularly interesting because
they can display an entirely new kind of bulk-boundary correspondence due to higher-order
topology. The gapless states we have introduced thus far have been on codimension-one
submanifolds of conventional topological systems. Systems with n-th order topology, on the
other hand, have gapless states on manifolds of codimension n allowed to be greater than one,
as shown in Figure 1.7. These may be thought of as globally irremovable surface topological
defects of dimension d —n [61]. Typically, the stability of a d —n dimensional defect is given
by its tenfold way classification [62], depending only on 6 =d —n+1 and its AZ symmetry
class. However, a nontrivial defect classification on its own is not enough to generically
protect anomalous gapless surface states because, on a sphere, topological defects can always
be removed. For example, on the surface of a (smoothed out) 3D slab, like in Figure 1.7,
a line defect can be shrunk down to a point, while point defects—which always come in
pairs—can be brought together and annihilated [61]. Such processes could be obstructed by
the right spatial symmetry (e.g. inversion symmetry forcing point defects to be antipodal),
hinting that crystalline symmetries are crucial for the protection of higher-order topology.
This raises an important point: the presence of gapless states with codimension n > 1 is
insufficient to conclude that the bulk has higher-order topology. Indeed, there are systems
without crystalline symmetries that ostensibly fit the definition for higher-order topology, such
as 3D TIs penetrated by an arbitrarily orientated magnetic field [63, 64], which have hinge
modes like those in Figure 1.7. Although stable up to continuous deformations preserving
the bulk and surface gaps, their gapless hinges disappear upon being exchange coupled to
a ferromagnetic insulating film. In such examples, the system has “extrinsic” higher-order
topology attributed to the boundary being nontrivial, whereas the bulk is trivial [46]. By
contrast, the “intrinsic” classification puts crystals that differ only by their lattice termination
in the same topological class. A nontrivial intrinsic classification requires spatial (or

spatiotemporal [65]) symmetries, and it is this termination-independent classification we

22The link to a physical state is inevitably less direct for superconductors, but topology is encoded in the
long-distance behaviour of the Cooper pair wavefunction [30, 60]: decay is exponential if trivial and algebraic
if topological.
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n-order

Fig. 1.7 A cartoon showing the codimensionality of gapless surface states. In 2D there can
be gapless edges (n = 1) or corner modes protected by rotational symmetry (n = 2). In the
3D example there can be gapless surfaces (n = 1), hinges protected by inversion symmetry
(n =2) or corners protected by mirror symmetries (n = 3).

are interested in. Even for intrinsic higher-order topological phases, the precise form of the
anomalous boundary states may depend on how the lattice is terminated (such as in Chapter 2,
where “corner modes” can be moved away from corners), but their existence is ensured by
the bulk topology so long as the boundary respects the appropriate point group symmetry.

Since its initial discovery [65-69], higher-order topology has been found in many different
settings, sometimes manifesting in other ways beyond mid-gap states. In each setting,
establishing the higher-order bulk-boundary correspondence requires invariants beyond
the tenfold way that are yet to be unified. For example, topological insulators with non-
commuting mirror symmetries can have quantised multipole moments due to fractional +5
corner charges [67, 68]. Here, just as the dipole can be formulated in terms of the Berry
phase [70], the quadrupole and octupole moments are calculated through so-called ‘nested’
Wilson loops [67] over subspaces in the BZ, which become quantised bulk invariants in
the presence of spatial symmetries. One may also find fractional ¢ corner charges in 2D
C,-symmetric insulators without multipole moments or in-gap states [71], again linked to a
topological index (thatis ‘secondary’ because it requires the primary index—the polarisation—
to vanish).?® This index is expressed in terms of symmetry indicators, which find wider use in
diagnosing higher-order gapless states [37] and are used for our second-order bulk boundary
correspondence for 2D superconductors in Chapter 2. In our setting the second-order gapless
states will be 0D MZMs.

23The fractional charge here is the result of a filling anomaly, a mismatch between the number of ionic sites
and the number of electrons needed to maintain rotational symmetry. For Wannier-representable phases this
happens when Wannier orbitals lie on the corner of a unit cell [71]. This is a scenario we exclude in Chapter 2
because the classification scheme we use does not apply, as outlined in Appendix A.1.
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1.2 Practical Aspects of Topological Superconductors

Realising MZMs is especially difficult because no superconducting materials have been
found to be innately topological. The vast majority of superconductors pair electrons
with opposite spin through s-wave pairing, leading to quasiparticles of the form & =
T
!
leading candidate for p-wave superconductivity [23], now seems to host a different type of

uc, + véT that are hopelessly distinct from &'. (Even strontium ruthenate Sr,RuQ,, once the
unconventional superconductivity [72-74].) Experiments therefore turn to more artificial
routes of inducing topological superconductivity using conventional superconductors. One
promising experimental avenue for MZMs in 1D systems was the nanowire construction [75,
76] that was the subject of hundreds of subsequent papers. Despite some experimental groups
implementing this construction and claiming observations consistent with MZMs [77, 78],
the landmark result [79] was later spectacularly retracted [80], and concerns about related
experiments persist. The approach is to induce p-wave superconductivity in a semiconducting
nanowire through the proximity effect of an adjacent s-wave superconductor, which also
requires strong spin-orbit coupling and a modest magnetic field. The motivation for these
ingredients remains the same for other experimental proposals, which is to break all the
symmetries (i.e. spin-rotation and time-reversal) that otherwise lead to MZMs having local
degenerate partners.

Even after creating a topological superconductor, experimentally demonstrating its
nontriviality is another challenge. Some difficulties are due to unwanted physical processes;
for example, we saw in Sec. 1.1.3 that parity conservation is key to the phenomenology of
topological superconductors, so it is crucial to mitigate ‘quasiparticle poisoning’, whereby
fermions tunnel into or out of the system and cause transitions between (degenerate) states
with different parity [81, 24].24 The small proximity-induced topological gap also makes
the system generally susceptible to stray terms in the Hamiltonian. The other difficulty is
passing the most stringent tests for ‘smoking gun’ signatures of topological superconductivity.
In early MZM experiments, the aim was to a find quantised zero-bias conductance peak
in the tunnelling spectroscopy [83, 84], which is a local probe for MZMs that is easier
than demonstrating non-Abelian exchange statistics through braiding. It has since been
shown that these local probes can be mimicked [85] by topologically trivial ‘quasi-Majorana’

states that are instead pairs of near-zero energy Andreev bound states [86].2°> Modern focus

24Some hence prefer to prefix “topological phase” with “fermion-parity-protected” in these systems [82].

25These states occur when the confining potential is sufficiently smooth (similar to the nontopological
boundary states that motivate our sharp mass inversion limit in a different setting in Sec. 3.4.1). The tunnelling
amplitudes for the two quasi-Majoranas differ drastically because the effective tunneling barriers they experience
are different (either from being oppositely spin-polarised [85] or partially separated [87]), which mimics the
signal that would result from probing one side of a topological wire hosting two spatially separated MZMs.
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has therefore shifted to more robust probes of topological superconductivity going beyond
measuring individual MZMs. One strategy is to look for signs of a bulk topological phase
transition [88—90] (rather than boundary states), while another is having the non-locality and
statistics of multiple MZMs manifest in a way that does not require physical braiding. Some
approaches adopting the latter strategy include the topological Kondo effect [91], where
MZMs play the role of a spin impurity that couples to conduction electrons in the leads, and
a recent weak measurement protocol [92] that encodes topological nontriviality in the shot
noise of current cross-correlations. The cornerstone of both approaches is the exploitation of
charging energy in mesoscopic superconductors, which forms a “Majorana-Cooper box™ that
is finding increasing utility in the field [93]. We next outline the basic physics of charging

energy in superconductors since it forms the basis of our investigations in Chapter 3.

1.2.1 Charging Energy in Mesoscopic Superconductors

Utilising charging energy in platforms for topological superconductivity is proving fruitful for
both theory and experiment [93]. The relevance of this term stems from the small dimensions
of constituent superconductors, which leads to small capacitances and hence a large energy
associated with adding or subtracting electrons. Consequently, it can lift the degeneracy of the
even and odd parity ground states that we encountered in Sec. 1.1.3 in potentially advantageous
ways. For example, Coulomb effects can be baked in to topological quantum computation
schemes to guard against quasiparticle poisoning [94], or directly braid MZMs [95, 96]. By
adding onsite charging energy to higher-order topological superconductors, one may even
generate topologically ordered stabiliser codes [97]. The tools for treating charging energy
are borrowed from circuit quantum electrodynamics (QED), which is the study of quantised
electrical circuits that incorporate phenomenology associated only with superconductors,
namely the Josephson effect [98].2¢ In Chapter 3, we consider how charging energy affects a
system where the superconducting phase controls the topology. This ingredient is present
in modern planar Josephson junction platforms for MZMs [100, 101] which have been
constructed experimentally and reported to pass local tunnelling probe tests for topological
superconductivity [102, 103]. When adding charging energy to such systems, the low-energy
spectrum shares common features with the simpler system of a Josephson junction sitting in

parallel with a capacitor, known as the Cooper pair box (CPB).

26Circuit QED is itself of immense current interest because it is the basis of superconducting qubits famously
used by Google [99] and IBM. The term was chosen for its similarity to ‘cavity QED’, since one may engineer
discrete energy levels to form an artificial atom—as we soon see—which may be strongly coupled to the
electromagnetic field through a microwave resonator [98].
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The Cooper Pair Box

The features of the CPB are best contrasted with the quantum version of the familiar LC
oscillator [104]. Consider an inductor in parallel with a capacitor, and recall that (linear)
inductance and capacitance are defined through L = ®/I and C = Q/V, respectively. The
energy stored in a given component is given by E(¢) = f_ too dr’'V(t')1(t"), where the branch
current / and voltage V are assumed to be zero in the distant past [105]. It is convenient to
rephrase these in terms the flux ® threading the inductor and the capacitor’s charge Q through
Faraday’s law ®(¢) = /_ [00 dt’V(t') and charge conservation Q(t) = /_ too dt’ 1(t"). Performing
the energy integral for both components then neatly gives the total system energy

7‘{Lc=—+—. (1.35)

Combining the above relations shows that @ and Q are canonically conjugate variables.
Following Dirac’s principle, we quantise these by associating the Poisson bracket with a

commutation relation between operators:
{®,0}=1 — [d,0]=ih. (1.36)

The Hamiltonian (1.35) is then of course the quantum Harmonic oscillator with equally
spaced eigenvalues €, = fiw(n+ %) and w=1/VLC.

In a CPB, the inductor is replaced by a Josephson junction which acts as a nonlinear
inductor. The major difference comes from the Josephson relations [106] which govern the
dissipationless current flowing between two superconducting electrodes separated by a thin

insulating barrier. Firstly, the supercurrent is given by
I =1.sin¢, (1.37)

where ¢ is the difference between superconducting phases Ae**#/2 on both sides of the
junction, and /.—a property of the junction—is the critical current. (In the regime beyond I,
which we do not enter, Cooper pairs break down and the current becomes resistive [107].)
Secondly, a voltage V' across the junction gives time dependence to the phase difference:

é= %V, where @ = h/2e is the flux quantum, or equivalently

2r
o= EOCI) (1.38)
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in terms of the flux. [By combining Eqgs. (1.37) and (1.38), one can define a nonlinear
inductance as Ly(®) = (81/8®)~" when below the critical current.] The energy stored in the
Josephson junction due to coherent tunnelling of Cooper pairs is hence

E(t) = / dr'v()I(t) = IC/ dr’ (dq)) sin (z—ﬂd)) =—Fjcos (Z—NQD), (1.39)
oo oo @ )

dt’ 0

defining Ey = ®¢l./2n to be the Josephson energy. Again, charge Q is conjugate?’ to the
flux @, which provides a route to quantisation, but we instead express it in terms of the phase
difference ¢ and the number of paired electrons on the island N = Q/e.?® We therefore arrive

at the fundamental charge-phase uncertainty relation
(6, N1=2i. (1.40)

The operator ¢ hence adds a Cooper pair to the island. We also attach a voltage source
and capacitance as shown in Figure 1.8 (a) to act as a non-integer offset charge for the
superconducting island; in real systems this may be due to a deliberate voltage bias or spurious
“charge noise”. After accounting for this offset, the quantised CPB Hamiltonian is

H=Ec(N-Ny)?~Ejcos d, (1.41)

where Ny = C,V,/e € Rand Ec = e?/2(Cs + Cy) is the charging energy [104]. We intuitively
view this as the combination of a potential term —Ejcos (¢) at odds with a kinetic energy
term (N — Ng)?, which endows a particle’s periodic “position” ¢ € (-, x] with dynamics.
In this analogy Ec is an “inverse mass” for the particle. The Hamiltonian is anharmonic, with
decreasing energy gaps between higher levels [108] visible in Fig. 1.8 (b).

With this anharmonicity comes the hope of individually addressing the two lowest states
of the CPB—an impracticable task for an LC oscillator—which has been developed further
into the successful transmon qubit [108]. The transmon takes the Ey/Ec > 1 limit of the
CPB, which is motivated by the typical lack of control over Ny. As seen in Figure 1.9, for
modest Ej/Ec the low energy spectrum is strongly influenced by N, whereas the influence
weakens for larger Ej/Ec. Fluctuations in N, therefore lead to fluctuations in the qubit
transition frequency and dephasing. This decoherence mechanism is exponentially suppressed
in Ey/Ec, which overcomes the algebraic suppression of the anharmonicity, as is desirable
for quantum information. It is the precise dependence of the low-energy spectrum on N,

(rather than its qubit potential) in the transmon regime that is relevant to our later problem

27The Lagrangian (kinetic energy minus potential energy) is £ = C®? /2 + Ejcos (%’Sd)) $00L/0D=Cd=Q.
28Qur convention differs from most circuit QED literature which counts the number of Cooper pairs.
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Fig. 1.8 (a) Lumped circuit diagram for a voltage-biased transmon qubit. The transmon
qubit is a Josephson junction (denoted by a cross) with Josephson energy Ej and intrinsic
capacitance Cj shunted by a capacitor Cs so that Cs = Cy+Cs, grounded on one side. The
C, and V;, elements provide voltage-biasing. (b) The effective potential ¢ for a Cooper
pair box (CPB) compared to an LC oscillator (dotted), along with the lowest energy levels.
Anharmonicity makes the CPB energy gaps progressively smaller than the evenly spaced
w = 1/VLC oscillator energies.

in Chapter 3, however. There, we couple the Josephson phase to topological fermions and
explore probability of ¢ phase slips encoded in the spectrum.

The low-energy behaviour is qualitatively understood by realising that N, acts as a
quasi-momentum that alters the boundary condition of the problem [98]. To see this, perform

a gauge transformation with U = ¢~9Ne/2 guch that
UN-N)U'=N = UHU" = EcN?-Ejcosé. (1.42)

This transfers the Hamiltonian’s explicit dependence on N, to the wavefunction |y) — |y') =

Uly) instead, which no longer obeys periodic boundary conditions:

(p+2rly’y = e "Ne(gly). (1.43)

In this gauge the “position” ¢ is better viewed as a non-compact coordinate describing
a periodic extended cosine potential —Ejcos ¢, while |") is a Bloch wavefunction with
momentum k = 7/N,.?° Conclusions about the N, spectrum follow immediately by comparison

to the corresponding tight-binding problem. Namely, for Ej/Ec > 1 there is minimal

2The fixing of momentum to N, distinguishes this setup from a truly extended lattice which has infinitely
many degrees of freedom and hence a continuum of momenta and energies.
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Fig. 1.9 The spectrum of the Cooper pair box as a function of the gate bias charge N,. The
spectrum is periodic under N, — N +2 since it can be offset by adding a Cooper pair. The
bandwidth of the lowest energy state decreases exponentially with Ey/Ec. The analogous
oscillator frequency wq o« VEjE( is kept constant in each plot.

dispersion because the particle is well-localised at the bottom of the potential wells, which
makes the modified boundary condition almost irrelevant. The processes that do involve

¢ — ¢+ 2m are rare tunnelling events, which we quantify in the next section.

1.3 Tunnelling and Instantons

Having appreciated the importance of tunnelling in the low-energy spectrum of Josephson
junctions with charging effects, we now review the powerful method of instantons for
accurately calculating tunnelling amplitudes [109].3° Despite seeming excessive when
applied to the CPB Hamiltonian (1.41), the method will be necessary when we later add
fermions and couple them to the Josephson phase difference. It is this power to include other
quantum fields or work in higher dimensions that means the method of instantons pervades

theoretical high-energy physics [110, 111].

1.3.1 Euclidean Solutions

Although the appearance of imaginary time is taken for granted in the many-body path integral
(our starting point in Chapter 3), we motivate the need for imaginary time in tunnelling

problems by considering the simple problem of a particle encountering a potential barrier.

30Hereon, ‘tunnelling’ refers to phase slips of the superconducting phase difference ¢, not the coherent
tunnelling of Cooper pairs through the Josephson junction.
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Fig. 1.10 A barrier potential with an incident particle from the left at energy E, which is
below the barrier height Vj. The particle is able to penetrate the barrier due to quantum
tunnelling. Classical turning points are labelled by g1 and ¢g>.

This setting will be where we build our intuition for the Euclidean solutions of the more
elaborate tunnelling problem we encounter later.
Consider a quantum mechanical particle in 1D with position § and momentum p

encountering a potential barrier such as that in Figure 1.10, whose Hamiltonian is

L P2
H="—+V(3j). (1.44)

2m
When the particle has energy E, which less than the height of the barrier Vj, most of the
particle is reflected but a small part is transmitted. This part has an amplitude proportional to

e B[1+0(h)], where from the Jeffreys-Wentzel-Kramers-Brillouin (JWKB) approximation

we have B = % fq ?2 dg+2m [V (q) — E], with integration happening over the classically
forbidden region g € (¢1,¢2). [This is not seen in any order of perturbation theory, since
it vanishes more rapidly than any power of #.] In this region, the total energy is less than
the potential energy. If interpreting the difference as a negative kinetic energy, we would
conclude that the velocity was imaginary, just as if it were the derivative of ¢ with respect to
an imaginary time. This gives a physical motivation for applying Euclidean analysis, even

though it is somewhat trivial with one degree of freedom.
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If we were to try and write this process as a path integral, we would write the propagator

between positions g; and gr as

—iAT/h |\ _ 9(D=ar iS/h 1.45
(grle lgi) = o Dge'", (1.45)
q\V)=qi

where the exponent is the familiar integral of the Lagrangian S = / dt [%6]2 - V(q)] . Clearly,
the stationary-phase approximation fails to describe tunnelling processes: there is no classical
solution of the real time action with tunnelling boundary conditions if E < V{. This may tempt
us to conclude that we cannot perform a semiclassical approximation to the tunnelling process,
but the success of the standard JWKB approximation demonstrates that this conclusion must
be untrue. The problem lies with the stationary-phase approximation in the path integral
framework.

Now consider an analytic continuation ¢t — —i7 of the matrix element

(qel e T | g1y — (qs| e HBIM g5y, (1.46)

where 1 € [0,T) — 7 € [0,8). This new propagator also has a path integral representation

with action

T B B
iS = i/ dr| 24> -v(g)| - / ar|-24*-v(g)| = _/ dr| 24> +V(q)| = -Se.
0 2 0 2 0 2

(1.47)
Thus, in addition to changing the factor of 7 in the exponential into a minus sign, the potential
has been flipped upside down. Now there do exist solutions to the imaginary-time equations of
motion with tunnelling boundary conditions, corresponding to saddle points of the Euclidean
action Sg. Information about the low-energy spectrum follows by comparison to the spectral

(or ‘Lehmann’) representation
Carle™ |giy = > e™PEn (grln) (nlgs) (1.48)
n

and its functional dependence on S as 8 — oco. (From now on we set i =1 so that 8 — oo
effects the 8/fi — oo limit.)

The analytical continuation feels artificial thus far—what has it achieved? It has identified
the paths whose vicinities give the dominant contributions to the path integral in the
semiclassical limit, which we can soon use to evaluate the path integral in the saddle-point
approximation. With start and end points on different sides of the potential barrier, there

were no stationary-action (i.e., classical) trajectories in real time: all trajectories with those
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boundary conditions interfered very destructively. Yet, their cumulative effect can be extracted
from a finite number of regions in the space of possible trajectories, namely those proximate
to saddle points in imaginary time. So, while the tunnelling amplitude would have to be
painfully calculated from the real-time path integral as a sum of interfering non-stationary
paths, the dominant contributions are concentrated around classical paths in imaginary-time
and are thus amenable to a saddle-point approximation. The destructive interference in
the real-time path integral leaves its mark, however, which gives rise to the exponential
suppression of the tunnelling amplitude in the size of the barrier [112].

1.3.2 The Dilute Instanton Gas for Periodic Potentials

We now return to the concrete problem of quantum tunnelling in Josephson junctions and
expose the instanton calculation in detail.

Recall that the Hamiltonian in Eq (1.41) has a symmetry under ¢ — ¢+ 2m, which
will also be true of the microscopic Hamiltonian that generates the Josephson potential in
Chapter 3.3 Hence, physically, ¢ is compact on a [0, 27) interval. To spare ourselves a later
translation of this section’s results to the setup of Chapter 3, we will consider a Josephson

potential with two minima at ¢ = 0 and ¢ = 7 from the outset, with Hamiltonian
H = Ec(N—Ng)* - Ejcos (2) (1.49)

chosen for simplicity. We opt not to think of ¢ — ¢+ as a general symmetry since we
shall maintain that ¢ =0 and ¢ = & are inequivalent points. [Of course, the N, spectra of the
particular Hamiltonians (1.41) and (1.49) are related through ‘BZ’ folding, but we choose
the folded picture.]

We express the imaginary-time propagator as a path integral, treating the periodicity of ¢

carefully:

(Brle gy =

dp=¢ f+2rw B
Z / Do exp{— / dr
w do=0; 0

3As made clear in Chapter 3, our situation will be entirely distinct from the so-called 47 Josephson
effect [113] which occurs when a parity-preserving Josephson junction is formed between the ends of two
topological superconducting wires A and B hosting MZMs J/, and 77 through a term o iy, 5 cos (¢/2).

28Ec

lL ((91'(]57)2 + i%(a‘r(p?') — Ejcos (2¢7)] }

(1.50)
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Notice that ¢ has become a non-compact variable lying anywhere on the real line,3? allowed
to have nontrivial winding w € Z. Correspondingly, the Josephson potential in the action
is an infinite periodic potential, just as we argued from a wavefunction perspective in the
previous section when we introduced Ny as an effective momentum.

We now look for the classical solutions of this action satisfying the saddle-point condition
05 =0. The exact differential term simply contributes %((ﬁf— ¢i+2nw) to the action.
The Euler-Lagrange equations from the remaining terms give the motion of a particle with
coordinate ¢ in an inverted cosine potential, sketched in Figure 1.11. It is also sufficient to
consider only paths with ¢¢ = ¢;, since these are the ones that appear in the partition function
Z= Ozﬂ do (| e~HB |¢), where 3 is the inverse temperature. The most important trajectories
are those that start and end at the maxima ¢ = 0, r of the inverted potential, since these are the
points that accumulate the least action. One obvious trajectory is for the particle to remain at
rest at a maximum. Yet, from our intuition about classical mechanics, we additionally see
that the particle may leave a maximum at ¢ = 0 and accelerate through a minimum to reach
another maximum at ¢ = &, which is known as the instanton solution, depicted in Figure 1.11.
(When ¢ advances by —m, we label it an anti-instanton.) After reaching the other maximum,
the particle may stay there for an arbitrary amount of time before returning. We henceforth
denote the potential by Vs = —Ejcos (2¢) for brevity. The instanton profile follows from the

conservation of Euclidean energy,

6T¢::4,[Ec[v¢¢—VO]. (1.51)

32In deriving the path integral [114], one inserts resolutions of the identity 1 =
ZNjezf()zﬂd¢j|¢j><¢)j|Nj)(Nj| at each time step, giving contributions ---(¢;|N;j){Njl¢j_1)-- «
eXiNi(#;=¢;-1) " The sums over N; are traded for integrals with the Poisson summation formula
Snezf(N) = Z(;/_O:Ode(N)eZ”i[N, so that each (¢; —pj—1) = (¢; +2nf; —¢p;_1). The key step is
supplanting each ¢; with a non-compact variable ¢;. =¢;+2m Z}i:] ). defined on (—o0, c0), which removes the

2.¢; summations:
. 2 o0
Nj(¢;+2nti—j- Nj(¢'—¢'
15 aoseriorm-onn o[ [ agovnsosio.
TANTR il

Implicit in this redefinition is that ¢ satisfies the original boundary conditions modulo 2n. The standard form
of the path integral then follows by performing the resulting Gaussian integrals over all N;.
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Fig. 1.11 A diagram showing the inverted cosine potential -V = Eycos¢ and a classical
instanton solution linking the maxima at ¢ =0 and ¢ = 7.

Its action (relative to the trivial action that would accumulate if the particle were to never

leave) is found to depend only on the shape of the potential:

‘ vy 11 _
S VOT_/O dT[ZSE (3:%)% + Vs — Vo (1.52)

T 1 T
= - = V. 1.
/0 [2\/—(3 $7) | Vo Vo] NEC o dp\[Ver = Vo (1.53)

Each instanton has a timescale that we may estimate from Eq. (1.51) by approximating
the potential minimum at ¢ = 7, say, as Vy = V7”(¢ — )2, giving 0;¢* ~ —\8ECV” (¢* —n) =

—wT

—w(¢r —m). At long times, T — oo, this integrates to ¢¥ — 7w —e~“", showing that the
temporal extent of an instanton is roughly reciprocal to the oscillator frequency of the wells.33
Since each instanton is localised in time, there are approximate solutions to the equations of
motion where many instantons appear in sequence, separated by times much greater than
their widths, demonstrated in Fig. 1.12. As the path integral prescribes, we must sum over all
these configurations of ¢, to calculate the propagator. The resulting summation is called
the dilute instanton gas [109]. Its validity hinges on the timescale for instantons being much
shorter than typical instanton separations, which means that configurations of overlapping
instantons constitute only a minuscule fraction of the space of summed trajectories. Also
assumed is that the instantons barely interact at these long distances.

In summing all configurations, we group trajectories according to how many instantons

and anti-instantons appear, counted by ¢ and ¢, respectively. It is heuristically clear that

33That this timescale is typically short is what inspired 't Hooft to coin the term “instant-on” [109].
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Fig. 1.12 Schematic representation of a phase profile ¢, with zero winding w = O that
contributes to the dilute instanton gas summation, composed of independent (anti-)instantons
at times 7; (7;). The timescale of instantons relative to inverse temperature S is exaggerated
compared to the assumptions of the dilute instanton gas approximation.

trajectories with different g or g are not perturbatively related to each other, so these are
stable quantities.>* Instantons and anti-instantons may appear at any time and in any order,

N

but each comes with an e~ penalty, so the summation takes the form

S B B B
zoce—ﬁ<V0+w/2>Z Z 5wu/ dﬂ/ d‘t_'z---/ d7; (1.54)
72 0 T Ta-1

w q,q:() g

B B B N
/ dr / dry -+ / dty (Ke 7)™ Ne - (1.55)
0 T] Tg-1

Here we included quantum fluctuation contributions w and K that we choose not to evaluate,
only to note that they come from perturbed classical trajectories [115]. We see above a
competition between entropy and energetics that decides the typical density of instantons [114].
The configurational entropy simplifies to /Oﬁ dT /T f} dry -+ /T f_l dr, = /;_q! for both instanton
species. The 6, 04 factor ensures consistency between the number of instantons and the
winding number, enforcing that ¢ and g are simultaneously odd or even for ¢ to start and end

in a minimum of the same 0- or n-like type. It is therefore easiest to split up the summation

34In fact they label topologically distinct instanton sectors (in the mathematical sense).
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into even and odd contributions:
©0 (K,Be‘s*eiﬂTlvg)q o0 (Kﬁe‘S*e_iﬂTlvg)q

7 oc e BVoro/2) Z ' Z ' + (1.56)

g=odd q: g=odd q:

o (Kpe e ) o (Kpe e

Z 7 Z 7 . (1.57)

g=even g=even

Recognising these as the hyperbolic functions, we apply the angle addition formula to

conclude that
Z o e Pl cosh | 28K e cos (%Ng)] . (1.58)

This is the partition function of a two-level system with energies that disperse with N as
E.(Ng) = Vo+ 5 +2Ke™" cos (gNg), (1.59)

as is expected for a tight-binding problem with nearest-neighbour hopping strength ty_,, =
KeS". (The quantity Ke™5" also sets the average instanton density (g)/8 in the above
summation, so its smallness justifies the diluteness approximation a posteriori.) Looking back
at Figure 1.9 confirms that the same dispersion shape results from folding the spectrum of the
—Ejcos ¢ potential. We have thus found the 0 — 7 tunnelling amplitude for the Josephson
Hamiltonian (1.49), which will serve us well in Chapter 3 when we adapt this method to
include topology-changing fermions.

Even in this simple 1D example that could equally have been treated with the JWKB
approximation, the instanton approach has its advantages. Importantly, it gave us a controlled
approximation [114] unlike JWKB.35 The first-order result gave us the exponent for the
tunnelling amplitude, while the prefactor K could in principle be calculated by performing the
fluctuation integrals around classical instanton configurations.3¢ The density of the instanton

gas is also a parameter that can be pushed beyond the dilute limit.

35In JWKB, one expands the exponent of ¢ (¢) = ¢'®(@)/% to a certain order in 7", solves differential equations
and matching conditions (that are increasingly unwieldy in n), then hopes that the result is accurate.
36The second-order Gaussian fluctuation integrals require calculating a functional determinant K o

det(—ﬁaf + V(’ﬁ’ ), whose detailed calculation is found in Refs. [115, 116].
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1.4 Thesis Outline

With this conceptual understanding of modern topological superconductors and the method
of instantons, we are ready to present novel results. The content of the rest of the thesis has

been adapted from the following articles published during my PhD:

* Elis Roberts, Jan Behrends and Benjamin Béri. Physical Review B 101, 155133 (2020)
Second-Order Bulk-Boundary Correspondence in Rotationally Symmetric Topological

Superconductors from Stacked Dirac Hamiltonians

* Elis Roberts, Jan Behrends and Benjamin Béri. arXiv:2112.14280

Quantum Tunneling in the Presence of a Topology-Changing Fermionic Bath

These form the basis of Chapters 2 and 3, respectively. In Chapter 2 we see how the
rotation representations associated with a symmetry-indicated topological phase can be
used to diagnose second-order topology in 2D superconductors, manifesting as OD corner-
MZMs. This is done systematically by mapping changes in bulk symmetry representations to
constraints on how chiral edge modes may gap out. In Chapter 3 we consider the general
scenario of topological fermions coupled to a boson whose dynamics are described by
tunnelling events. We find that the topology change of the fermions suppresses tunnelling
using an example rooted in Josephson junction MZM platforms that include charging effects.

We summarise these findings in Chapter 4 and present possible directions for future research.


https://doi.org/10.1103/PhysRevB.101.155133
https://doi.org/10.48550/arXiv.2112.14280




Chapter 2

Second-order bulk-boundary
correspondence in rotationally symmetric
topological superconductors

2.1 Motivation

The classification of topological phases of matter, as we argued in Chapter 1, is one of the
cornerstones of modern condensed-matter physics. Depending on their dimensionality and
the presence of antiunitary symmetries, gapped noninteracting Hamiltonians may fall into
topologically distinct sectors characterised by sets of topological invariants [16, 17, 117].
We further saw that crystalline symmetries enrich the classification of topological insulators
and superconductors, giving rise to a wider class of materials called crystalline topological
insulators [36, 118, 119, 33, 120, 10, 38, 47, 48]. The interplay of crystalline and antiunitary
symmetries makes the topological classification a challenging task, as there are for example
230 space groups in three dimensions, allowing for a plethora of symmetry-protected
topological phases partially characterised by various symmetry indicators [36, 121, 56, 38,
47, 48, 122—-124, 50] that we reviewed in Sec. 1.1.4.

One main goal of the symmetry classification of topological insulators and superconductors
is to establish a correspondence between the invariants defined in the bulk and in-gap states
that arise at the surfaces [125—127]. In crystalline topological insulators, this bulk-boundary
correspondence links the bulk invariants to gapless modes at surfaces that respect the
underlying spatial symmetries [36, 118, 119].

Spatial symmetries may also give rise to higher-order topological insulators and super-
conductors. As we introduced in Sec. 1.1.5, these phases have gapped boundaries, but host
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“higher-order boundary modes”: gapless boundary-excitations of codimension greater than
one, e.g., bound to their hinges or corners [68, 67, 69, 65]. Higher-order topological phases
have been studied in systems protected by order-two symmetries (e.g., reflection and inversion
symmetry [68, 67, 69, 128, 46, 129]), rotational invariance [66, 65, 71], and combinations of
the above [130-132]. Gapless hinge and corner excitations may also appear in interacting
models [133, 97], Floquet phases [ 134, 135] and can coexist with gapless surface states [136].
Higher-order topology does not necessarily rely on an underlying regular lattice [ 137], but can
be also found in quasicrystals respecting certain spatial symmetries [138, 139]. Corner modes
have been found experimentally in various metamaterials, including phononic lattices [140],
engineered electronic lattices [141], topolectrical [142] and microwave circuits [143]. Strong
experimental evidence further suggests the existence of hinge modes in bismuth [132].

In higher-order topological phases, the presence and robustness of boundary modes
depends on how the underlying spatial symmetries transform the degrees of freedom of
neighbouring surfaces into another. This raises the question of how to relate this transformation
of neighbouring surfaces to topological invariants defined in the bulk. Establishing this
relationship amounts to deriving a bulk-boundary correspondence in a manner that keeps the
role of the defining symmetries transparent. This has been the guiding principle behind recent
work relating symmetry indicators to higher-order boundary modes in insulators [37, 144],
and it has also been a key element in the work of Trifunovic and Brouwer establishing the bulk-
boundary correspondence for higher-order topological phases with order-two symmetries in
the absence of weak (i.e., lower dimensional) invariants [46, 129]. Here we describe how such
a bulk-boundary correspondence program can be carried out beyond these cases, focussing
on two-dimensional (2D) crystalline superconductors with n-fold rotational symmetry (i.e.,
C, symmetry), and allowing for nonvanishing weak invariants. Establishing a link between
edge transformation properties and bulk invariants provides an illuminating perspective
complementary to counting arguments based on bulk defect classifications [121, 56], and
gives results consistent with examples based on very recent extensions of symmetry indicators
to the superconducting classes [145, 49].

Our approach is based on an effective description in terms of stacked Dirac models [122,
37] like those introduced in Sec. 1.1.3. Using this, we show that rotational invariance
dictates a relationship between adjacent surfaces and that this may give rise to protected
second-order boundary modes in the form of Majorana bound states. We express this
bulk-boundary correspondence in terms of the bulk invariants for rotationally symmetric
crystalline superconductors developed in Ref. [56] and an additional contribution signifying
the combined effects of weak topological invariants and the physical rotation centre. While

our considerations are general, for the purposes of a detailed exposition we will be focusing



2.2 Bulk Topological Classification 41

on C4-symmetric systems: of the Ca, C3, Cs, and Cg symmetries possible in 2D crystals,
the C4-symmetric case is the one displaying the richest combination of stacked Dirac and
second-order topological superconducting features. (We shall comment on applying our
methods to the other cases in a Sec. 2.5.) To demonstrate the validity of our stacked Dirac
approach, we also illustrate our results on several concrete lattice models.

In what follows, for brevity we shall refer to the second order Majorana bound states we
find as corner modes, even though rotational symmetry does not, strictly speaking, require
them to be at the geometrical corners of the system: Their position can be moved in a
rotation-symmetric manner e.g., by adding suitable Kitaev chains to the boundary [65, 121].
However, such a deformation merely shifts the Majorana bound states around the boundary
without altering their position relative to each other and, as such, it cannot gap out the
Majoranas. In what follows, the term corner mode should thus be understood up to such
Kitaev chain deformations.

This Chapter is organised as follows: After briefly summarizing the symmetry classifi-
cation of rotationally invariant superconductors [56] in Sec. 2.2, we introduce our stacked
Dirac model based approach in Sec. 2.3. We present an effective edge theory and consider
the most general mass terms that gap out the edge modes. To relate the bulk description to
the boundaries, we relate the topologically distinct rotation properties of the boundary mass
term to the bulk invariants in Sec. 2.4. We show some explicit examples in Sec. 2.6 and
conclude in Sec. 2.7. In Appendix A, we clarify the role of the unit cell and explicitly derive
the edge Hamiltonian.

2.2 Bulk Topological Classification

We work with 2D topological crystalline superconductors in class D. These are particle-hole
(PH) symmetric systems which admit an effectively single-particle Bogoliubov-de-Gennes
(BdG) Hamiltonian. Working in momentum space and denoting this BdG Hamiltonian by

H (k) at momentum k in the Brillouin zone (BZ), PH symmetry is given by
EH((K)E ! = -H(-k), 2.1)

where Z is an antiunitary operator satisfying 2% = +1.

The presence of an additional n-fold rotational symmetry C,, allows for a richer topological
classification [56, 50, 66] than if the only symmetry was PH symmetry. We now review the
classification scheme devised by Benalcazar er al. for classifying crystalline superconductors

with rotational symmetry [56]. This is a concrete implementation of the symmetry indicator
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Fig. 2.1 The Brillouin zone for C4-symmetric models. There are two fourfold fixed points
labelled I and M, and two twofold fixed points X and X’ that transform into each other upon
a fourfold rotation. The shaded region indicates the fundamental domain that generates the
entire BZ.

approach to classifying crystalline topological phases, whose principles we laid out in
Sec. 1.1.4, which is to use the symmetry representations of occupied bands at high symmetry
points in the BZ [36, 123, 124, 121].

What follows is an abridged version of Sec. 1.1.4 specific to rotational symmetry in 2D.
The rotational symmetry of the model is expressed through the relation

raH(K)r! = H(R,K), (2.2)

where r, is an n-fold rotation operator obeying r/! = —1 and R,, is the SO(2) matrix for n-fold
rotations in the 2D plane. Since r, conserves charge, it commutes with the PH symmetry
operator [E,7,] =0 [56]. (There are some subtleties to this statement if Cooper pairs have
nonzero angular momentum, which we defer until Sec. 2.5.3 because it doesn’t impact the
analysis.) The r}, = —1 requirement comes from the fact that r,, is a single particle operator
acting on a particle with half-odd-integer spin (a fermion), for which a Berry phase of
—1 is acquired under a full 27 rotation. Since these are crystalline superconductors, the
BZ contains certain high-symmetry points (HSPs) I1"”, which are invariant under rotation
R,II™ =TI up to a reciprocal lattice vector. At these points, the rotational symmetry is
simply [, H(II™)] = 0, and as such the momentum eigenstates can be chosen as eigenstates

of the rotation operator. This allows us to label each state at IT™ with its rotation eigenvalue
Y = e/*r=/n, for p=1,2,...n. (2.3)

For example, in a C4-symmetric BZ (shown in Figure 2.1), there are both fourfold and twofold

fixed points, whose rotation eigenvalues are shown in Figure 2.2.
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Fig. 2.2 The rotation eigenvalues for C, and C4 symmetry, respectively. The PH operator
relates complex conjugate pairs of rotation eigenvalues (while also switching between positive
and negative energy bands).

We now outline how these rotation eigenvalues are used to topologically classify gapped
superconductors in two dimensions. We start by defining a trivial superconductor as one that
can be connected to a superconductor in the atomic limit without closing the gap and while
respecting the same crystalline and PH symmetries throughout. Here the ‘atomic limit’ is
understood as a symmetry-respecting array of zero-dimensional superconductors [49]. For
crystal structures compatible with a symmetric boundary, as we note is required for a generic
bulk-boundary correspondence (see Appendix A.1), a unit cell can be chosen such that an
atomic limit superconductor’s ground state wave function has no momentum-dependent
features. With this more restricted definition of topological equivalence (because it involves
obeying an additional unitary symmetry), the boundary between two inequivalent phases
does not necessarily possess edge states, as we explore in this Chapter. For the ground state
wave function to have no momentum-dependent features, the rotation eigenvalues of the
negative energy states (which, within the BdG description, are all occupied in the ground
state) must be the same at all HSPs in the BZ. This motivates the definition of the topological
invariants as

("] = #18" —#r(?, (2.4)

where #Hl(,") is the number of negative energy BdG bands with eigenvalue Hl(,"). Intuitively,
these are chosen because occupancies of rotation eigenvalues will not change unless there is
a gap closing, and taking the difference relative to a reference momentum [chosen as I' in
Eq. (2.4)] is required for the invariants to be stable under the addition of trivial bands. Under
this definition, a C,-symmetric superconductor is topological if [HI(,")] is nonzero for any p.

A complete topological characterisation requires establishing the set of independent
[H;,")]. They are not all independent because rotational symmetry constrains the rotation
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eigenvalues at C,-related points in the BZ to be the same (e.g., the C, eigenvalues of
the Cy-related X and X’ in the fourfold case, shown in Fig. 2.1). PH symmetry places
further restrictions on these invariants, since if the rotation eigenvalue of a state is Hf,”), its
PH-conjugate state has eigenvalue H},”) = H’g'i)p ,1- That is to say, the number of occupied

eigenvalues Hl(,") is equal to the number of unoccupied eigenvalues Hr(l’i)p +1» Which implies
(] = - 1. (2.5)

For C4-symmetric systems there are three independent rotation invariants [56],

[X] =#X| — (#Fl +#F3), (2.63)
[M;] =#M, —#T'y, (2.6b)
[M3] = #M> —#I2, (2.6¢)

which, in conjunction with the Chern number Ch, fully classify the bulk topology in this

symmetry class.

2.2.1 Importance of Rotation Centre

In the previous section, we started with the rotational symmetry relation Eq. (2.2), but a
system with periodic boundary conditions can have many centres of rotation [124, 146], as
exemplified in Fig. 2.3. Although operators implementing rotation about different centres are
easily related through composition with translation operators, the classification of periodic
Hamiltonians summarised above relies on a momentum-independent rotation operator [56],
which can only be true for one of the rotation centres. Since a finite system with boundaries
may only satisfy rotational symmetry about one of the rotation centres, the physical symmetry
operator relating different edges of a finite system may be different (but closely related) to the
symmetry operator used to classify periodic Hamiltonians in Ref. [56]. In this section we
explicitly relate these distinct rotation operators in the case of C4 symmetry, which allows for

two rotation centres that we refer to as A and B.

Rotation Centre A

We now explicitly derive the rotation operator in momentum-space for case A depicted in
Fig. 2.3, in a similar spirit to Ref. [124]. Let lattice sites be situated at R =nja; +npa,, where
n; € Z are integer coefficients of primitive lattice vectors a;. Associated with each lattice

site are orbitals « located at atomic positions d, within a unit cell, such that many orbitals
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Fig. 2.3 Two options (A and B) for the rotation centre in an infinite C4-symmetric lattice. The
dotted box shows a primitive unit cell with its associated lattice site in the middle. Case B
has its rotation operator shifted by ¢ = %(al +ap)

may share the same atomic position. Consider the position of a particular orbital, given by
r =R+d,. Let R4 be defined as a pure rotation R, about the origin which coincides with a
lattice site. If this operation is to be a symmetry, then an atom located at r must be mapped to
another atomic site so that

Ry: r— R,r=R,(R+d,) =R'+djg, 2.7

for some other lattice point R” and atomic site dg. A key point to note is that for certain
lattices one cannot choose a basis in the unit cell such that R” = R, R for all d,,, as we soon
explain in more detail. In second-quantised notation the operator R4 changes the position of
each atomic orbital as

R ¢l (R+dy)R; = A;(R'erﬁ)izﬁw, (2.8)

which includes a unitary matrix Rpg, (with implicit summation over orbitals ) to account for
rotation amongst atomic orbitals, whose elements Rg, are only nonzero when d, — dg. Our
Fourier transform convention has the periodic phase taken with respect to lattice sites, such

that momentum space operators are given by!

¢ (k) = \/LN > &l (R+d,)exp(ik-R), (2.9)

R

IThis Fourier transform convention implies a certain choice of basis functions [147, 148]. For details on the
basis choice cf. Appendix A.1.
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which transform as [124]
A 1 A A
RACAZ;(k)R_l =— Z RACA;Q(R+dQ)R;1 exp(ik-R)
VN &
1 A ’ .
= \/—_ Z C;(R + dﬁ)ﬂﬁa exp(lk . R)
TR’ T
(R +dﬂ)R a/elk (R, R'+R, dg—d,)
-5
= C(Ryk)Rgqe! ok (da=fnda), (2.10)

This shows that the basis spinors g—i =P, (€Z(k), éa(—k)) of the second-quantised Hamil-

tonian
1 d’k £

"=3] Gt

H(K)E,, (2.11)

transform as

RyERY = D) (Ryc 0RS!, Ryca(-ROR')

a

= @ (CA;(Rnk)Rﬂa,CAﬁ(—Rnk)Rza) o (RaK)-(dg—Ryd)
a
=& (k). (2.12)

(Note that Refs. [52, 49] consider more general phase choices for the matrix R* in the hole
sector depending on the symmetry of the superconducting pairing term, which we discuss
in Section 2.5.3.) Rotational invariance of the second-quantised Hamiltonian R AI-AI Ié;‘l =H
implies that the Bloch Hamiltonian needs to satisfy

ro (R H (K)r) (k) = H(R,K). (2.13)

i(Rak)-(d5=Ryda) of 1 (K) is not a complex

In general, the momentum-dependent part e
phase universal to all orbitals because dg may lie in a different unit cell than R, d,, for certain
a. This occurs, for example, when atoms are situated at the edge of a unit cell. If it is
impossible to define a C,,-symmetric unit cell without atoms on the edges of the cell, then the
rotation operator is generally not momentum-independent and the classification scheme of
Ref. [56] (in its current form) does not hold; cf. Appendix A.1 for details. Lattices of the same
type also present an impediment for formulating a bulk-boundary correspondence: When the
atomic sites lie at the edge of a unit cell, it is impossible to tile a finite rotationally symmetric

system without resorting to an extensive number of partial unit cells at the boundary. Any
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classification scheme for such a system would be non-generic, as it needs to take into account
the lattice termination. When all atoms lie wholly within the unit cell, which respects
rotational invariance individually, we can indeed have R,d, = dg for all orbitals « such
that e!(R«k)-(dg=Ruda) = 1 recovering Eq. (2.2) with r, (k) — r,. Henceforth, when simply
referring to the unit cell, we shall be working with this restricted C,-symmetric unit cell

notion that allows for a well-defined bulk-boundary correspondence.

Rotation Centre B

Now consider a different operation Rp which consists of a pure rotation R, about a different
centre which is shifted by a vector ¢. Different lattices have different options for ¢ as long
as a rotation about ¢ maps lattice sites to other lattice sites. In the case of C4 symmetry
there is only the option of ¢ = %(al +ay), shown in Fig. 2.3. Lattice sites are still situated
at R =na; +na;, and we again consider a particular orbital located at position r = R+d,.

The rotation Rp then changes each position

Rp:r—> Ry(r—c)+c=R,(R+d,)+(1-R,)c (2.14)
=R'+dg+(1-R,)c, (2.15)

1.e., it can be considered a combination of the rotation R4 about the origin and an additional
translation by (1 - R,)c. In second-quantised notation, the rotation changes the creation
operators as

Rpél (R+d,)R3! = AZ,(R’ +dg+[1-R,]0)Rpa, (2.16)

which includes the additional translation by a lattice vector (1 — R,)c. It is important to note
that even with this shift, the transformation of orbitals into each other is the same as before,
i.e., Ryp is the same as it was for R4. With the same Fourier transform convention, we see
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that the momentum space operators now transform as

N 1 A N
Ryel(0R! = — Z Rpél(R+d,) Ry exp(ik-R)

\/_Z (R +dg+[1-R,]0)Rpae™R

Z (R +dg+[1 - R,]¢)Rgqe™ RalR+dsl-do)

’ T
(Rl+dﬁ)R el(R k) R lk (R dﬁ a [ —1]6)
-3
= € (Rk)Rpgq e o) (5= Fnd) ke (By=De 2.17)

Comparing Eq. (2.17) to Eq. (2.10), we see that the rotation operators are related by a
momentum-dependent phase

Ryt (KR = Rach (k)R e (Ri-De (2.18)
This extra phase is a-independent, so that the basis spinors transform as

RpéiRy! = &f \rye™ ™ Ra=De (2.19)
=&r (ne(k), (2.20)

where we introduce a new notation for the rotation operator such that r,, = r,, ¢=¢. Of note is
that the momentum-independence of r,, necessarily implies a momentum-dependence for
n.ez0(K). The symmetry relation of the Bloch Hamiltonian is indifferent to this complex
phase and is still given by Eq. (2.13).

Physical Rotation Operator

When a superconducting Hamiltonian is terminated in space, only one of R4 or R can be
a symmetry of the whole system H since both rotation centres are mutually incompatible.
Thus, eigenstates of A are simultaneously eigenstates of either R4 or Rg. For the bulk (not
terminated) system, at HSPs I in momentum space, one has rn,c(l'[(”)) = +r, because
M- (Ri=De = 41 for any valid rotation centre ¢, though 7, (I") = r, always. When we
construct an effective bulk theory in the next section, references to the rotation operator are
always to the operator r,, used to classify bulk Hamiltonians, but when we proceed to deriving

the rotational symmetry of the edge theory we need to consider the physical rotation operator
T'ne (k).
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2.3 Stacked Dirac Models and Boundary Theory

We seek a mapping from the full classification of Ref. [56] summarised in Sec. 2.2 to the
second-order boundary signature. We consider superconductors without conventional gapless
edge states, therefore we focus on the Ch = 0 case of vanishing Chern number. As stated in
the Introduction, our exposition is focused on C4 symmetry; the modifications required to
treat C; and Cg cases are discussed in Appendix 2.5. Since Majorana modes must always
come in pairs, a C3-symmetric system is not able to sustain unpaired Majoranas on its three
corners, so we ignore this case entirely.

Our approach is the construction of a continuum model which allows us to describe
interfaces between systems with different topological invariants, reminiscent of a Jackiw-Rebbi
approach [31, 149].

2.3.1 Stacked Dirac Models

We determine the boundary signature for each topological phase based on a description near
the gap closing transitions that change the topology. The previously defined invariants [ X],
[M] and [M>] only change for gap closings at HSPs II"”, though Ch also changes for gap
closings at any generic momenta. Due to C4 symmetry, gap closings at generic momenta ko
(not HSPs) must come in multiplets of four (at Riko with j =0, 1,2,3), which changes the
Chern number by +4. As these gap closings at generic momenta can be smoothly shifted to a
high-symmetry point, henceforth we consider that all gap closings occur at the HSPs IT".

Near a transition at a HSP II,,, a natural description is provided by a massive 2D Dirac
Hamiltonians Wﬁn(k), with a sign change of the mass across the interface modelling a
boundary between regions with different values of their bulk topological invariants. (The
momentum k here is understood relative to Il,.) We will then link the rotation properties
encoded in the rotation invariants of Eq. (2.6) to properties of these Dirac fermions. Working
with a Dirac model means that our anticipated bulk-boundary correspondence will be in terms
of the difference between topological phases, which indeed is the most general scenario to
which a bulk- boundary correspondence can apply [126]. For any change in topological phase
there are multiple possible stacked Dirac realisations, but we will show that the boundary
signature follows from a feature common to all of these realisations.

The effective model H.q(K) is the direct addition of all these Dirac Hamiltonians, which
we refer to as a “stack’ of Dirac models 7‘(30 (K), written as

H (k) - Her(k) = D H (k). 2.21)
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Physically, this corresponds to stacking many systems together and leaving them decoupled,
but with the overall system remaining 2D. We have introduced a (redundant) label II,, to
emphasize the origin of each Dirac Hamiltonian for clarity. Each Dirac model has the same
chirality 2 and is described by a Hamiltonian of the form

ﬂﬁ(,(k) =v.,K-0+my03 (2.22)

respecting PH symmetry [Eq. (2.1)] with E = 0K, where o = (07, 07) is a 2D vector of
Pauli matrices. Each Hamiltonian has its own (possibly distinct) positive velocity v, (chosen
to be isotropic for simplicity), and the parameters m, control the band separations of each
Dirac model. Other oftf-diagonal mass terms are in principle allowed by symmetry, but to
streamline our discussions we choose to include these later among the allowed terms for the
edge theory3.

In working with this continuum picture, we can always envision having folded the
HSPs back to I': This is always possible through an infinitesimal perturbation that reduces
translational symmetry to a symmetry under translations of two lattice vectors [150]. It may
happen that such reduction of translation symmetry only occurs near the edge, but to treat
the bulk and the boundary on the same footing we consider the 2D effective model as if its
translation invariance had been reduced throughout. Nevertheless, the Dirac Hamiltonians
inherit their properties from the conventional rotation invariants which do distinguish between
different HSPs, relying on the underlying crystalline symmetry. (For example, for a pair of
Dirac Hamiltonians describing gap closings at X and X’, we could allow for deformations of
v, velocities relative to vy such that Hy and Hg," I"are each only twofold symmetric, but are
related to each other via a fourfold rotation.) For this reason, one may prefer to think of k as
the (small) momentum relative to the respective HSP, even if k becomes the (small) absolute

momentum about I' in the folded picture.

2.3.2 Rotation Eigenvalues and Signed Representations

In this subsection we describe how the rotation eigenvalues of bulk bands pick out irreducible
representations of the rotation operator r; for each Dirac model in the stack. In a C,,-symmetric
BZ, the HSPs may be categorised as either being mapped onto themselves (i.e., fixed) under
n-fold rotation (e.g., I' and M for C4) or as being mapped to other HSPs (forming an orbit)

under n-fold rotation (e.g., the twofold fixed points X and X’ that map into each other under

2The k- o term may always be brought to this form because the relative sign of k; and k&, is altered by a
basis rotation H (k) — o1H ® (k) o for which we would change the sign assigned to m,.

3Allowing symmetric terms of the form o3 ® M, for example, where M = MT and OMO” = P, meq does
not change the resulting edge theory but its derivation (Appendix A.2) requires a different ansatz.
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Occupied Hl(f) ry My Na
elm/4 I, M; e iosn/4 >0 +1
e im/4 Ty, My e iosm/4 <0  +1
ei37r/4 T, M, _e—i0'3zr/4 <0 -1

e—i37r/4 T3, Ms _e—i0'3zr/4 >0 -1

Table 2.1 The correspondence of the rotation eigenvalue of the negative energy band to the
bulk mass and rotation representation at the fourfold symmetric points I' and M.

fourfold rotation). We treat these two cases slightly differently. As before, we exemplify our
approach on C4-symmetric systems. We start with the 4-fold fixed points.

Rotation Invariant Momenta

Fourfold rotational symmetry of a Dirac Hamiltonian in the stack means it must satisfy
ri Mg, () ry" = HY (Rak), (2.23)

where II,, € {I', M}. Recalling that our effective Hamiltonian is written in terms of Pauli
matrices, it satisfies
e—i0'37r/47_{ﬁd (k)eia'37r/4 = (]-[fl[a (R4K). (2.24)

This lets us identify rj o e~'737/% up to a complex phase. Insisting that the rotation operator
commutes with the PH operator = = 01 K leaves only a freedom in the sign of the representation,

however, so that ry = 77016"'03”/4

, where 1, = 1. This sign, in particular sign differences
between representations for different 4, has physical consequences on the edge of the model,
which we show below. (A similar approach has been used by Khalaf er al. [37].) These
representations are referred to as “signed representations” when their sign is important [37].
Interestingly, for C4-symmetric points, each rotation eigenvalue directly corresponds to a
representation sign and a sign for the bulk mass term. Crucially these two parameters are
not independent: As seen in Table 2.1, listing the four possibilities shown in Fig. 2.2 for the
occupied rotation eigenvalues at a C4-symmetric point gives the signed representation ry and

the sign of the mass m, for each Dirac Hamiltonian in the stack.
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Momenta Transforming into Each Other

For Dirac Hamiltonians originating from twofold fixed points such as I, € {X, X’} in a

C4-symmetric BZ, we instead have twofold rotational symmetry
s My (K)ry" =HT (RK). (2.25)

In a similar fashion to how we deduced rff, we could deduce that rg o ¢7lo3n/2 = —io3, of
which two choices ry = nae'i‘73”/ 2 with 1, = +1 commute with PH symmetry. (We refer
to the n, = —1 case as the negatively signed representation.) One notices here, however,
that specifying the occupied rotation eigenvalue does not uniquely pick out a representation
sign and a mass sign as it did for the fourfold fixed points. This is because Fio3 — +io3
exchanges its two diagonal elements, while changing the sign of the bulk mass would change
which band has negative energy; changing both at once thus leaves the occupied rotation
eigenvalue unchanged. The sign of the bulk mass has implications for the edge states that
appear on the boundary (specifically their direction of propagation), which will be taken
into account when ensuring that we construct Dirac models describing differences between
topological phases with the same Chern number #.

As we want to know how the system (particularly the boundary) behaves under a 7/2-
rotation, we need to use the underlying fourfold symmetry of the system. In the original lattice
model, momentum states at X +k are mapped to X’ + R4k under a fourfold rotation R4 and
vice versa. In terms of our stacked Dirac picture, such C4 symmetry dictates that the Dirac
Hamiltonians originating from these points be related by unitary transformations Uy, that is,
HE (R4K) = Uy, HGH (K)US, and HE (Rak) = Uy HE (K)Uy.. Here, we chose to place the
Dirac Hamiltonians for X and X’ in neighbouring sub-blocks @ and a + 1, respectively. In

terms of the resulting 4 x 4 Hamiltonian,
H® (k) = HZ (k) @ H (k), (2.26)

the only form of this fourfold symmetry compatible with our convention [Eq. (2.22)] of

momenta and Pauli matrices appearing in k jo; combinations and having positive velocities is

7_{69(R4k) — €_i0-3ﬂ/47‘(§,+1 (k)ei0'37r/4:| ® [e—i0'37r/47_{)((1 (k)ei0'37r/4 , (227)

4That the sign of the mass at X" is not set by the occupied rotation eigenvalues is also one source of the
“surface-state ambiguity” tabulated in Ref. [37], which is where the surface signature of a nontrivial bulk is not
uniquely determined from the symmetry indicators. Once we specify that ACh = 0 (using information beyond
symmetry indicators alone), there will be no ambiguity in the surface-state of this system.



2.3 Stacked Dirac Models and Boundary Theory 53

Occupied H;,z) Mg ry Na
e"’_r/2 X >0 e":‘73”/4®7'1 +1
e im/2 X5 <0 e i/ @1 +1
em/? X <0 e 74 @it -1
e 72 X5 >0 e @ ity -1

Table 2.2 The correspondence of the rotation eigenvalue of the negative energy band and
bulk mass to the rotation representation for the X/X’ points. Also shown is the sign of the
twofold rotation representation defined as ry = Nae 0372,

which also holds if velocities are anisotropic at X and X’ in a C4 related manner. The
unitary relation between Hy (R4k) and H* (k) together with our convention of identical
Dirac Hamiltonian chiralities also implies m, = m4+1. The symmetry relation (2.27) can be
compactly expressed as

HE(Rek) = r@ HE (k) re", (2.28)

where the requirement of PH symmetry [rff, E®E] =0 leaves two choices
ry = e e or ry = e 4 @ity (2.29)

apart from an overall sign that will later be seen to be inconsequential. Here, we denote the
space of stacked Dirac Hamiltonians a,a + 1 by 7.

Squaring these two representations gives (r?)* = +e 732 Q1 or (r®)? = —e77/2 @1,
respectively, which is consistent with the two signed options for r, above and implies
Na =Na+1. Unlike for the truly fourfold fixed points, the representation and sign of m, = mq41
is not uniquely determined from occupied rotation eigenvalue—instead the correspondence is
between the combination of occupied rotation eigenvalue and mass to rotation representation,
shown in Table 2.2.

2.3.3 Dirac Stacks for Topological Interfaces

We now outline how a stacked Dirac model can be constructed to describe a transition of
between C,-symmetric superconductors with different topological invariants. As stated
above, the stacked Dirac models capture differences between topological phases. Consider
two regions 7 and O with BdG Hamiltonians H7 (k) and Hp (k), respectively, understood

as being the regions inside (7)) and outside (O) our system of interest. Each system has
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independent occupancies 411 , meaning that we can define differences in occupancies:
AT = #1107 | #1157 . (2.30)

For a meaningful description in terms of stacked Dirac models, we require the rotation
operators in both regions O and 7 to be the same. This is always possible through the addition
of trivial bands to either region, which can safely be added since they do not change the
topological invariants. Once the rotation operator is the same in both systems, each must have
the same total number of each rotation eigenvalue, so #Hl(,") |, +¢_#HI(,") ;= #Hé”) o+ #H,(,") o
where # counts unoccupied states. Using PH symmetry which relates occupied and unoccupied
states, we see that these differences are not all independent [cf. Eq. (2.5)]:

(n) _ ()
AHITYY = — AT (2.31)

For example, in a C4-symmetric system one has ten occupancies (I'1234, Mj234 and
X2 = X{ ,) to consider, which are in this way reduced to five independent differences, chosen
as AHX,, AHT|, A#T,, A#M, and A#M,.

For each independent difference A#I'[,(,"), one adds |A#H,(,")| Dirac Hamiltonians to the
stack with the appropriate rotation representations and masses. Closing and reopening every
gap by taking m, — —m, for all @ then reproduces the transition Hy (k) — Hp (k).

We now address the feature of Dirac Hamiltonians deriving from X/X’, demonstrated in
Table 2.2, which is that the occupation of either eigenvalues X; =i or X, = —i does not uniquely
determine the sign of the bulk mass nor the rotation representation. Thus, a given change
A#X| may be realised through stacks of two different types of Dirac Hamiltonians. Looking
at Table 2.2, these two types can be distinguished by the sign 1, of the twofold rotation
operator ry = Naee 7372, Let A#X7 denote the contributions to A#X; from Hamiltonians
with 7, = %1, such that the overall change in occupation is A#X| = A#X] + A#X[. Note
that this decomposition is specific to the construction of a Dirac model, rather than a direct
property of the original Bloch Hamiltonians H7 (k) and Hp (k). Distinguishing between
A#XI—', as we now explain, allows us to construct a Dirac stack that does not change the
Chern number when m, — —m,, as we require for the anomalous boundary states we wish
to investigate.

Zero change in the Chern number implies that there should be an equal number of left-
and right-moving modes at the 7 — O interface. This is equivalent to the statement that there
should be an equal number of Dirac Hamiltonians in the stack with positive and negative bulk
masses (since we consider the scenario where all m,, change sign across the 7 — O boundary).

From Table 2.1, it is evident that these bulk masses are uniquely determined from changes in
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occupied rotation eigenvalues, which is not the case for Dirac Hamiltonians derived from gap
closings at X/X’. Looking again at Table 2.2, and recalling that all the Dirac Hamiltonians
have the same chirality, we see that for the same A#Xl+ and A#X N the contribution to ACh is
opposite because, for a given H},z) being occupied, opposite signs of 17, imply opposite signs

for m,. Combining all these observations, we may rewrite the ACh = 0 condition as

0=ACh (2.32)
= DABXT — 2MHXT — NHT| — MM + AT, + MM, (2.33)
= —4NEXT+2A[X] - A[My] +A[ M), (2.34)

Taken on their own, changes in rotation invariants [M], [M;] and [ X] of Eq. (2.6) determine
ACh mod 4 [123, 56], but with a specific stacked Dirac model realisation we could equate
ACh =0 exactly. (The modulo 4 ambiguity reappears if one does not have access to the A#X}"
extra information because changing A#X| — A#X[ +1 and A#X| — A#X —1 would not
affect A[ X] but would change ACh — ACh - 4.)

2.3.4 Effective Edge Theory

We are interested in what happens at the boundary between systems in different topological
classes, which in our continuum model above occurs when the masses {m,} change sign.
Each bulk gap closing has an associated chiral edge mode localised at the boundary [31, 126].
Its effective edge theory, allowing also for smooth (on the scale of the lattice spacing)
variations in the local boundary direction, can be derived as described in Appendix A.2.1.
The resulting stack of decoupled left- and right-moving chiral edge modes is described by the

edge Hamiltonian

hesy = hege @iy, with i3y =ED R, (2.35)

a

where s € {—, «} such that right- and left-moving modes
hil, =+vak) and hii =-vek (2.36)

have been placed in different sub-blocks 5. The subscript || denotes a projection onto the
direction Ay along the edge (i.e., k| = k- and the subscript r, indicating the position along

the boundary, is present to allow for the aforementioned smooth boundary variations.

5This 2 x 2 block-diagonal structure is possible by choosing the original stacking order in Eq. (2.21) to be
such that Dirac Hamiltonians with m, < 0 in the bulk appear first.
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Fig. 2.4 Example spectrum along the edge of a 2D superconductor. Each sign change of a
bulk mass m, manifests itself as a chiral mode on the edge. (a) The folding process which
takes all HSPs to I', meaning that all edge modes are centred on k| = 0 in the continuum
description. (b) An edge mass term that couples a left-mover to a right-mover, opening up a
gap on the edge.

Having limited ourselves to ACh = 0 transitions, there are as many left-movers as right-
movers in the stack. Since gap closings happening at X must also happen at X’ by rotational
symmetry, the corresponding edge modes appear in pairs on the boundary with the same
propagation direction (because their bulk masses and chiralities are the same). We show an
example spectrum for the edge Hamiltonian in Fig. 2.4(a).

The edge Hamiltonian also possesses a PH symmetry that follows from the original PH
symmetry of the bulk. With a particular basis choice for the edge Hamiltonian (detailed in
Appendix A.2.3), the PH operator is simply complex conjugation K and the symmetry is
given by

hex, = =K hr -k, K. (2.37)

Edge Projections of Rotation Representations

We now describe how the sign of the bulk rotation representation is transmitted to the
representations on the edge, while also recalling the fact that the rotation operator used to

classify periodic Hamiltonians may be different to the rotation operator compatible with the
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a
r4,(al+32)/2

a
4,0
M,=I | I,=M
+e—i0'37r/4 +e—i0’37r/4 _ e—ia'37r/4
_e—i0'37r/4 _e—icr37r/4 +e—i0'37r/4

Table 2.3 The correspondence from ry = ry to the shifted rotation operator at the fourfold

fixed points. The representation changes sign at M but is unchanged at I'.

D 52}
40 ‘ 4. (a1+ap) /2
e—i0'37r/4 RiT) e—i0'37r/4 T
e—i0'37r/4 ® T e—i0'37r/4 RiT)

Table 2.4 The correspondence from rf = rffo to the shifted rotation operator. These rotation

representations only occur at X/X’ points.

boundary. As shown in Sec. 2.2, these operators are related in terms of the location ¢ of the

rotation centre within a unit cell as
re . =exp{[illy- (1-R, el } ro. (2.38)

For C4 symmetry, this is shown explicitly in Tables 2.3 and 2.4.
It i1s from this operator that the rotation operator of the edge theory must be derived

I'ne — Uy o The rotational symmetry for the edge Hamiltonian is then expressed through

T
hR,,I‘,Rnk” = un,c hl‘,kH un,ca (239)

where u, . = P, u, o 1s the direct sum of all the edge-projected rotation representations, and
un,c consists only of real elements due to PH symmetry being simply complex conjugation.

For C4-symmetric systems, u, . is block-diagonal with 1x 1 blocks for edge modes
deriving from gap closings at I' or M, and 2 X 2 blocks to transform between X- and X’-
deriving edge modes. These are derived explicitly for C4 in Appendix A.2.2 and summarised
in Table 2.5.

2.3.5 Boundary Mass Terms

In general, counterpropagating modes on the edges become gapped due to symmetry-allowed
terms that couple these modes. Such gapping terms (or mass terms) u, couple left-moving

to right-moving modes, appearing as off-diagonal terms in the (previously gapless) edge
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11, rffc Nae Uy, detu§

M R CECZE S IS [ |

—e7lom/A 1 1 —1
e it -1 im +1

X/X’ -
/ et 1 -1

Table 2.5 The edge rotation representations uy , resulting from the bulk representation ry

atI', M, and rffc at X, X". The signs of these representations are denoted by 7, ¢, Where
Na,0 ENa-

Hamiltonian
hew = hr,ku"'l/lr . (2.40)
LK) _,T he +ils ’ :
lﬂl‘ I',k“ l r

where we also included the (skew-symmetric) forward scattering matrices A} with s € {—, «}.
(These terms are ‘forward scattering’ in the sense that they scatter between modes moving in
the same direction.) Because of PH symmetry, 1, and A§ must be real. To see why y, can be
interpreted as mass terms, it is illuminating to consider a simplified case where all 2p edge
modes have the same velocity v, = 1 and to ignore all forward-scattering terms, giving the
edge Hamiltonian

Wy, = (k!'lf; i ) . (2.41)

—ipy =kl

Because u, is a real matrix, it may be decomposed via a singular value decomposition (SVD)
into uy = YDWT where Y and W are orthogonal matrices and D = diag(A1,As,...,Ap) is a

diagonal matrix. Using the SVD, the edge Hamiltonian can be factorised as

YyI o
0o wrt

Y O
0w

k||1[p 1D
—iD —kHI[p

0 _

rky = , (2.42)

i.e., it is unitarily equivalent to p stacked one-dimensional massive Dirac Hamiltonians. Each
band separation is set by A, and the energy eigenvalues are E2 = kﬁ +A2. In an SVD, the
matrices Y and W are typically chosen such that all A, > 0. Here, we fix detY =detW =1
by multiplying an appropriate number of rows of Y (and W) by minus one, that is, an odd
number of rows when initially detY = —1 (detW = —1), and an even number of rows when
initially detY = +1 (detW = +1). Keeping h?,k“ the same then requires changing the signs of
the corresponding A, accordingly, such that sgndetD =[], sgnA, = +1, where the minus

sign arises when the number of sign changes in ¥ and W add up to an odd number.
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When rotating from one edge to the neighbouring one using Eq. (2.39), the matrix
transforms as pur — ugrr. A A, changing sign under this transformation expresses that there
is a A, mass kink in the edge Dirac theory as we turn from one edge to the neighbouring one.
Such a mass kink binds a Majorana state [151]; it gives rise to a corner Majorana mode in the
system. Considering all A,, therefore, a sign change of det D along a corner results in an
odd number of Majorana bound states, i.e., a single Majorana after the hybridisation of pairs.
Since detY = detW = 1, the determinant of D changing sign is captured by a relative sign
between sgndet y, and sgndet ygy.

While this observation is illuminating, it relies on all edge modes dispersing in the same
way and the absence of forward-scattering terms. The next subsection will use a more robust

characterisation in terms of Pfaffians that works even in this more general scenario.

Topologically Distinct Boundary Phases

Having seen how back-scattering terms on the edge can be interpreted as mass terms in a
one-dimensional theory, we now reframe this in terms of a topological invariant for Class
D systems in 1D—the Pfaffian invariant, familiar from Sec. 1.1.3. More precisely, this
invariant is the product of Pfaffians at the HSPs in the BZ [25, 29], where the Hamiltonian is
skew-symmetric. The continuum theory we use only captures changes of the topological
invariant along a corner, but not any invariant itself. Such a change in the topological
invariant manifests in a sign change of the Pfaffian at k| = 0, a point where the Hamiltonian is
skew-symmetric (guaranteed by PH symmetry, /iy k=0 = —h:’knzo). Considering the Pfaffian
at k| = 0 (but not at k| = rr) is sufficient because having folded the HSPs (see Fig. 2.4) all
edge mass kinks involve edge gap closings in the proximity of k| = 0. Of these only the gap
closings at k) = 0 are of importance: While forward scattering may cause some of the gap
closings to split away symmetrically from k|| = 0, we need not account for these because they
only result in pairs of bound states which can hybridise and gap out. More explicitly, we
define A, = —i hr,k” -0, which is a real and skew-symmetric matrix, and the indicator 6, using

which we shall track changes in the edge invariant [29]

Oy =sgnPf A, = sgn [(—i)p Pfhr,k”=0] . (2.43)
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We can also verify that this gives the same result as our simplified example hg K =0 introduced
above. The Pfaffian of AY = —ih equals

I‘,kHZO
y o\..[0 D 0 D
pf (AS) — det Pf - (2.44)
o w| \-p 0 D 0
= (=1)PP~D/2get D, (2.45)

where we used that detY = detW = 1. As the matrix dimension p does not change around a

corner, sign changes in Pf (AQ) thus capture sign changes in det D. We emphasize, however,

0
I‘,k”:()’

forward-scattering terms and allows different velocities v, .

that Eq. (2.43) goes beyond the counting argument for / as it also takes into account

2.4 Bulk Rotation Invariants and Corner Majoranas

The bulk rotational symmetry has direct implications for the Pfaffian invariant ¢, that
distinguishes topological phases along the edge. Using the rotational symmetry relation of
Eq. (2.39), which also holds for A;, we use a Pfaffian identity to assess the difference in
topology for neighbouring edges as follows:

Or,r =sgnPf(Ag,r) = sgnPf(un,cArug,c) =sgnPf(Ay) detu,
=opdetu,, ., (2.46)

where we used that detu, . = +1 since u,, . is orthogonal. Thus, the Pfaffian invariants for
edges related by R, are the same only if detu, . = +1.

For detu,, . = —1, neighbouring edges are topologically distinct and consequently must
harbor an odd number of Majorana states bound between them. The topological index
Yé") = 0,1 equal to the number (modulo 2) of Majorana zero modes localised between

neighbouring edges is therefore ©

(~1)Y" = detu. (2.47)

Sdetu,, . = +1 corresponding to the case without boundary Majorana bound states is also consistent with the
fact that if detu,, . = +1, then for a circular boundary the transformation hy x — hg,r,r,k could be achieved
via many infinitesimal orthogonal transformations (connected to the identity). There would therefore exist
a continuous deformation between the two Hamiltonians that does not close any gaps and respects all the
symmetries, thereby making them topologically equivalent.
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Note that the sign of detu, . = [],detu; . flips with each addition onto the stack of a
representation with detuy . = —1. It is also reassuring that had we (arbitrarily) chosen the
basis states of the edge Hamiltonian to transform trivially under the negative representation
instead (amounting to redefining u;; . — —u;; o), then this index would be unchanged since
detu, . — (—1)%7 det u, . =detu, .

Another way to derive higher-order surface signatures for topological crystalline phases
[37, 46, 129, 152] is the construction of a minimal set of mutually anticommuting mass
matrices Q = {€;} (with {€;,Q;} =20;;) that also anticommute with a (simplified) model
surface Hamiltonian. These mass terms are added to the surface in a symmetry-respecting
manner, where the transformation properties of €; under crystalline symmetry operations
dictate the possible existence of gapless regions on the boundary. The presence of anomalous
surface states is predicted from the cardinality of 2. However, such an approach is not
immediately applicable to our edge Hamiltonian Eq. (2.40) because u, is a generic mass
term that may not be constructed from Q as u, = Y, €.Q; everywhere along the boundary”.
Our edge Hamiltonian may also contain forward scattering terms A; that do not follow this
prescription. An advantage of our Pfaffian invariant approach is therefore that it swiftly
demonstrates the relation between boundary Majoranas and rotation representations, without
any special algebraic structure in the boundary Hamiltonian beyond that required by PH

symmetry.

2.4.1 Path Independence

It should be pointed out that because the original classification [56] is in terms of a stable
(i.e., robust under the addition of trivial bands) equivalence, many different stacked Dirac
models can realise the same change in topological phase. Conversely, it means that every
phase change can be realised through many ‘paths’ of gap closings in a phase diagram; for
example a change in phase A(Ch, [X], [M;],[M>]) = (0,0,1,1) could be realised through
A(#I'1,#I) = (—1,-1) or through A(#M,,#M;) = (1,1). For the detu, . index to be truly
topological, it must be independent of the path of gap closings chosen to go from one phase
to another. We demonstrate that this is so focusing on the C4-symmetric case below.

In our C4-symmetric Dirac construction, multiple possible paths arise because there are
six independent parameters for gap closings [namely A(#X [ H#X I“,#Fl JHDo, #M,#M5)] but
only four constraints in the form of the four topological invariants A(Ch, [X], [M;], [M2]),
leaving two degrees of freedom. Because of the additive structure of the invariants, these two
degrees of freedom define a plane in the space of A(#X |, #X[,#'1,#12,#M,#M>). This

“Furthermore, a set £ will not always be closed under rotation €; — u n’chuz’c ¢ © when all the Dirac
Hamiltonians in the stack are allowed to be different.
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plane can be spanned by two gap closing patterns which do not change the phase, namely
A(#Xl‘,#Fl JH#My)=(1,1,1) and A(#Xl‘,#Fz,#Mz) =(—1,1,1). The first set of of occupation
number changes is consistent with adding a trivial Dirac (sub)stack with I 1(,4) = ¢4 and

3i7/4 where both additions are to

the second with adding a trivial Dirac stack with F1(74) =e
the inside (7') region, with their PH conjugates appearing outside (O). One may verify that
the Dirac (sub)stacks implementing these changes in occupation number have detu, . = +1,
both for ¢ =0 and ¢ = (a; +a;)/2. This means that each plane in the parameter space has a
definite value of detu, .

We now explain why trivial bands cannot change detu 4c In our Dirac model, adding
PH conjugate pairs of trivial bands to 7 and O correspond to Dirac (sub)stacks that upon
mqy — —m, leave topological invariants unchanged. Consider the minimal stack involving
Dirac Hamiltonians ., ?{13,1, and H® = 7{)3( ®HE,, at T and M and X/X’ respectively.
Requiring A[M;] = A[X] =0 sets M, =T, and X,, = (I',)2. (In this paragraph we understand
H1(,4) to mean the occupied eigenvalue of this minimal stack.) The value of I', sets the sign of
m1 and 11, and consequently sgnm, = sgnm; and 17, = 171 (see Tables 2.1 and 2.3). Ensuring
ACh = 0 then requires us to choose a mass at X/X’ (m3 = m4) with opposite sign to m 3.
Together with X, = (FP)2 this singles out a specific n73 (Tables 2.2 and 2.4). (Recall from
Table 2.5 that the signs 7, are associated with a specific detuy ,.) Crucially, no matter what
the value of I, is we always find det ”zlt,c detuic det uic =1, botﬁ forc=0and c=(a;+ay)/2.
Specifically: for ¢ =0, detu}h0 detui0 =1 and detui0 =1 (Tables 2.1 and 2.3); and for

c¢=(a;+ay)/2, both det ui (ay489) /2 and detui (a142) 2 change sign (Tables 2.2 and 2.4) while
det u}k (ar+ay)/2 StAYS unchanged.

The corner mode index is therefore independent of the exact sequence of gap closings

leading to a particular topological phase.

2.4.2 Constructing Topological Index for Corner States

Having thus established the path independence, and thus the topological nature of our detu,, ¢

index, we must be able to express it in terms of the bulk topological invariants. As seen

a
4,¢’

rfc} are characteristic of changes

from Table 2.5, only certain bulk rotation representations {r rfc} lead to edge rotation

a
4,¢’

in the occupation number of certain rotation eigenvalues. Thus, by tracking changes in

representations with det uf{ = —1. In turn, these {r

occupation of a subset of rotation eigenvalues, one may deduce the number of edge modes
with detuy . = —1, giving us detu, .. We expect a Z,-valued index Yé") defined, as in
Eq. (2.47), by (=) Y<" = detu
neighbouring edges.

n.c» Where Yé") counts the number of Majorana modes between
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We now describe how such a relation is obtained in C4-symmetric systems. The central
idea is to track how the changes A(#Xl‘ ,#XIr JHD #Do, #M,#M5) influence detu, .. We
start with the case of the rotation centre being at ¢ = (. Consider the fourfold fixed point I':
We see from Tables 2.1 and 2.5 that for a change in occupation A#I, there will be |A#I |
Dirac Hamiltonians added to the stack that have detuj , = —1. On the other hand, the |A#T |
other Dirac Hamiltonians at I' have det uio =1so neeél not be counted. Similarly, we should
also count |A#M;| but not |A#M,|. As for the Dirac Hamiltonian pair at the X/X’ points,
Tables 2.2 and 2.5 show that we should count |A#X[| because detui0 = —1, for these Dirac
Hamiltonians.

Thus, recalling that detu 4o = [1,det ug o the index for ¢ = 0 is
YV = AT, + A#Mo + A#XT mod 2, (2.48)

where due to the modulo 2 we could drop the absolute value symbols. When ¢ = %(al +ay),
however, one can see from Tables 2.3 and 2.4 that representations at M and X, X’ acquire a
minus sign, so that by analogous arguments

YW = A#D,+ MM+ A#X]  mod 2. (2.49)

(aj+az)/2 —

This shifted index and the original are related through
YW =YW L M, + ARM, + A#X,  mod 2 (2.50)
(ar+az)/2 ~ 0 1 2 1 :
=YV +A[M1]+A[Ma] +A[X]  mod 2. (2.51)

The rotation centre thus only influences the existence of Majoranas on the edge if
Av=A[M;]|+A[M>]+A[X] mod 2 # 0. Recognizing that v is precisely the weak topological
invariant in C4-symmetric systems [56], Eq. (2.51) can be seen to express the combined effect
of the weak invariant and the rotation centre announced in the Introduction. It remains to
rewrite YSA') purely in terms of rotation invariants, which is possible using ACh = 0 derived
earlier. Substituting A#X|" from Eq. (2.34), and using that Y(()4) = A[M>] +A#X] mod 2 we
get

Y= % (A[M;]+3A[M>] -2A[X]) mod 2. (2.52)

Summarizing the bulk-boundary correspondence in one equation, we have

I 1
YW = 7 (A[M1]+3A[Mo] ~2A[X]) +5-AG, ¢ mod 2. (2.53)
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Fig. 2.5 (a) Brillouin zone for C,-symmetric models. All HSPs are twofold fixed points, i.e.,
they map to themselves under a C; rotation. (b) Brillouin zone for Cg-symmetric models.
Only T is a sixfold fixed point, whereas the threefold fixed point K and K’ map to each
other under a sixfold rotation. The twofold fixed points M, M’, and M” form an orbit
M — M’ — M” under sixfold rotation.

where AG, = Av(b; +b,) is the weak index vector (in terms of reciprocal lattice vectors b;
satisfying a; - b; = 27¢6;;). This index between rotation invariants and boundary Majorana
bound states is one of the central predictions of our stacked Dirac approach.

Although the intermediate steps made use of ‘extra’ information A#X{" specific to the
stacked Dirac model construction, the physical conclusion depends only on the topological
invariants. The way that similar indices have been derived before is to find example systems
with corner modes (corner charge) and appeal to the linearity of indices in terms of the
invariants [121, 56, 71] to reconstruct their form. In contrast, here we have shown how
any continuum description consistent with a given change of bulk topological invariants of
rotationally symmetric topological superconductors encodes transformation properties of
adjacent edge Hamiltonians and thus the topological index for corner Majorana modes.

2.5 Other Rotational Symmetries

We now briefly outline how our construction is applied to different rotational symmetries,
namely for C;- and Cg-symmetric systems. The C,-symmetric BZ contains only twofold fixed
points, and so is contained within the C4 construction, but the C¢ BZ contains threefold and

sixfold fixed points that are not contained in the C4 case and require some further discussion.
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2.5.1 Twofold Symmetry

The C; case is simpler in some respects than the C4 case because all the HSPs are twofold

fixed points and so we keep this discussion brief. The ACh = 0 condition is now:

0= ACh = A#X] — MEXT + MY — A#Y]

(2.54)
+ AEMT — M7 + ASTT — AT

where we again split contributions according to 7, the sign of the twofold rotation operators
ry. This can be rewritten in terms of the C; rotation invariants (now [X] = #X; —#I'y,

[Y] = #Y, — 4T and [M] = #M, —#T):

0=—A[X]+A[Y]+A[M] —4A#T,

(2.55)
+2(A#X] +A#Y [ + MM+ A#T)),

which reproduces the Ch mod 2 relation of Ref. [56]. Counting the parity of negative

representations, we have
Y = A#XT + ABYT + A#MY +A#TT mod 2, (2.56)
which we may combine with Eq. (2.55) to write
Y = %(A[X] +A[Y]+A[M]) mod?2 (2.57)

when the physical rotation centre is at the centre of the unit cell (¢ = 0). In C;-symmetric
systems, there are more choices for ¢ than with C4 symmetry: both ¢ =a;/2 and c =a;/2
in addition to ¢ = (a; +a3)/2. The C, case also has two independent weak invariants
vi=[X]+[M] mod2andv,=[Y]+[M] mod 2, combined into the weak invariant vector
AG, = Avib; +Av;,b;. Again, the indices for systems with different rotation centres are found

to be related through
@ _~yo, L~
Y=Y, +-=AG,-¢ mod?2. (2.58)
2n

To arrive at Eq. (2.58), we used Eq. (2.20) with R; = —1 which shows that now the sign of
the representation can change at X, Y, and M depending on G, and c. For example, when

considering ¢ = a; /2, one starts by counting

Y, = A#XT + A#Y] + MM +ATT mod 2, (2.59)

consistent with the above.
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2.5.2 Sixfold Symmetry

The BZ of a Cs-symmetric system has three different sets of high-symmetry points: One
sixfold fixed point at I', two threefold fixed points at K and K’, and three twofold fixed points
at M, M’ and M”; cf. Fig. 2.5(b). Within a Cs-symmetric lattice, there is only one centre of
sixfold rotation at ¢ = 0 so it need not be specified. The bulk is characterised by the Chern

number and the two rotational invariants [56]

[M] = #M, — (#T) +#3 +#T's) (2.60)
[K] =#K| - (#Fl +#F4). (2.61)

Any gap closing away from I can be implemented analogously to the previously established
description of stacked Dirac models at X/X’; cf. Sec. 2.3.2. Gap closings at K/K’ require a
stack of two Dirac Hamiltonians, and gap closings at M/M’/M” require a stack of three Dirac
Hamiltonians.

We must proceed slightly differently with gap closings at I', however. While a simple
Dirac Hamiltonian [Eq. (2.22)] is sufficient to describe gap closings that change #I'; or #I3
(and accordingly #I'g or #I'4), a 2 X 2 Hamiltonian describing changes to #I", (and hence #I's)

a

with rotation representation rg

= +io3 requires cubic momentum terms [150]:
HE (k) = (vok)*(cos(30) 0y +5sin(36) o) + 403 (2.62)

Deriving an edge theory in the same way as in Sec. A.2.1 is impeded by the presence of
these non-linear terms, although we can conclude from the Chern number that a transition
ma — —mg, would harbor three gapless modes.

Our strategy will instead be to add trivial bands such that the transition for the whole system
has A#I's = 0, which can be modelled with only linear Dirac Hamiltonians. Specifically, a
trivial band with sixfold eigenvalue I's = —i has threefold eigenvalue (I's)? = (I3 Y=-1=K,
and twofold eigenvalue (I's)® =i = M;. Thus, there exists a trivial superconductor that,
when transitioning to its PH-conjugate, changes A#I's = 1 and A#M; =1 [and A#K; =0 in
accordance with Eq. (2.31)]. Adding multiples of this trivial superconductor allows us to
trade a description involving Eq. (2.62) at I" for one with three Dirac models at M/M’/M"”.

By associating the masses and rotation representations of Dirac Hamiltonians with

occupied rotation eigenvalues as in the main text, we find

0=ACh = — A#'| + A#I '3 + 3A#I — 3A#TS

(2.63)
—2MHK| +3AEMT = 3MEMST,
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consistent with the Ch mod 6 relation for the invariants in Ref [56]. The need to split
contributions according to 7, again originates from ;o3 being a traceless representation (see
Sections 2.3.2 and 2.3.3).

Counting negative representations and considering A#I'5 = 0, the index is

Y,\¥ = A#K) +A#T3 +A#M]  mod 2, (2.64)

@
6

Dirac Hamiltonians at K/K’, which becomes u? = 71 on the edge. Gap closings at M/M’/M”

where |A#K| is counted because r® = ¢93"/6 @ 1, is the only rotation representation for

permit rotation representations

(2.65)

re = +e 0 @

o = O

0
0
1

S O =

which have detu? = +1 and hence |A#M| | is also counted. Upon substitution of Eq. (2.63)
for A#K, the index is simply

1
1\¥ = SA[M]  mod 2. (2.66)

We have thus derived the second-order bulk-boundary correspondence for the Cg-symmetric
case using our stacked Dirac framework. This index coincides with the index for Majoranas
bound to disclinations in a Cg-symmetric crystal [56].

2.5.3 Other Rotation Representations for the Superconducting Order

Parameter

When determining the rotation operator of the BdG Hamiltonian from the symmetry of
the underlying crystal, one must also consider the symmetry of the superconducting order
parameter. A BCS pairing term A+ AT is different to the normal-state part of the Hamiltonian
because it need only be invariant up to a gauge transformation under the act of rotation Ién,
so that Iénﬁlé,; I'= ¢/®nA [50]. In the first-quantised picture, the off-diagonal pairing term
A(K) = —AT (=Kk) transforms under rotation as [52]

R(K)AK)RT (-K) = ¢’®*A(R, k), (2.67)
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where the action of rotation on momentum space operators
ReI(R)R ! = 5;(Rnk)7zﬁa(k) (2.68)

was derived in Sec. 2.2.1. The symmetry of the pairing is therefore defined by a one-
dimensional rotation representation ¢'© where 0, = 2nl,/n and ¢, € Z,, arising from the
angular momentum of Cooper pairs. The rotation operator for the BAG Hamiltonian should

therefore be

R (k)

ra(K) = (2.69)

ei@nR*(—k))

to reproduce the symmetry relation Eq. (2.13). (The “rotation” operator r, (k) is now the
composition of physical rotation with a gauge transformation U = ¢/®/2¢71©n3/2 [50].) This

implies that the algebraic relation between PH and rotation operators is [52]
Erp(K)E! = ¢7®np, (-K), (2.70)

which is different to the £,, = O relation that reduced to commutation at HSPs. We now discuss
the consequences of ¢, # 0 for the bulk-boundary correspondence.

~04/2p, (K) that commutes with

One can always define an alternative operator 7,,(K) = e
PH symmetry at HSPs:

27, (K)E™ = 7, (—K). (2.71)

When ¢, is even, 7, (K) is a spinful operator satisfying 7! = —1 for which we can use our stacked
Dirac model construction to derive a valid corner mode index in terms of the eigenvalues of
7, (k). This may be translated to an index in terms of the eigenvalues of r, (k) by recalling
the labeling convention in Eq (2.3), which gives an equivalence

(n) ()
I," — Hp_é,n/2 (2.72)

between the eigenvalues of a state under both operators. Thus the case of even ¢, is
qualitatively identical to the £, = O case.

When ¢, is odd, however, it has been argued by Geier ef al. [49] that the boundary
classification does not permit a second-order (nor weak) phase. This qualitative difference
arises because 7,(k) now behaves like a spinless operator satisfying 7, = +1. The real
eigenvalues of 7,(k) are mapped onto themselves under PH symmetry, rather forming

complex conjugate pairs (as in Figure 2.2), leading to a different bulk classification.
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2.6 Examples

’ The numerics for this section were performed by Jan Behrends.

We illustrate our approach using a lattice model. Consider a generalisation of two models
introduced by Benalcazar ef al. that are realised on a square lattice with primitive lattice
vectors a; = aX, a, = ay [56]. The combinations a’1 =a;+ap and a’2 = —aj +ap connect
next-nearest-neighbour sites. The BAG Hamiltonian

H(K) = fik)osz+gi1 (kK)o m(o3—ioy) 2.73)

m(o3 +ioyp) fr(K)os + g2 (kK)o

with the onsite coupling m and the two functions

fi(k) = cos¢cos(k - a;) +singcos (k- a)) (2.74)
gi(k) =cos¢sin(k-a;) +singsin(k - a;) (2.75)

describes a C4-symmetric superconductor with PH symmetry E = 0K and fourfold rotation
ry= ( "‘73) (2.76)
oo

where rj' = —1. (All units of energy are absorbed into the Hamiltonian.) As discussed in
Sec. 2.2, each gapped phase is characterised by a set four invariants, which we show in
the phase diagram in Fig. 2.6. Changing the parameters ¢ — ¢+ and m — —m results
in H — —H hence in Fig. 2.6 we consider only positive m values. For |m| > 1, the onsite
coupling dominates and the Hamiltonian is trivial, independently of the parameter ¢.

Two regimes are relevant for our classification: phase I around (¢,m) = (0,0) and phase
IT around (¢, m) = (r/2,0). Phase I is characterised by Y(()4) =1 and Y((:f+a2) n= 0, thus, it
only supports corner modes when the physical rotation centre is in the centre of a unit cell (cf.
Sec. 2.2.1 and Appendix A.1 for our notion of the unit cell). To couple counterpropagating
chiral edge modes, we add a density-wave-type boundary perturbation that respects rotation
invariance but has periodicity of two unit cells. Specifically, on each edge we couple every
second pair of lattice sites via a nearest-neighbour hopping term itcAj.Tg 6j .1 (where 7; acts
on the outer degree of freedom) to break translation invariance and open a gap. (In Fig. 2.8
we show the boundary perturbation together with the m = ¢ = 0 limit of the bulk system.)
We show the energy eigenvalues for square lattices with L X L sites in Fig. 2.7(a). When L
is odd, the rotation centre is in the centre of a unit cell, when L is even, it is at its corner.
Corner modes therefore only arise when L is odd. Phase II, however, is characterised by
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Fig. 2.6 Phase diagram for the lattice Hamiltonian Eq. (2.73). The black lines denote gap
closings at I, the black dashed lines at M and the gray lines at X, X". In panel (d), the black
stripes in phases with Ch = 0 denote values of the topological index predicting corner modes.
. . “4) _ “4) _ “4) _ v _
Diagonal stripes Y = 1 and Y(al a2 0,and a crossed' patttern Y, = Y(a1 a2 1.' The
gray square and black triangles mark the parameters used in Fig. 2.7(a) and (b), respectively.
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Fig. 2.7 Energy eigenvalues of the Hamiltonian defined in Eq. (2.73) with a boundary
perturbation (with ¢ = 0.025) for a finite square lattice with L X L sites. The different colours
denote the rotation eigenvalue ¢/4(>’=1) and the different symbols distinguish different
rotation centres (crosses and circles corresponding to even and odd L, respectively). In panel
(a), we show an example of phase I with ¢ = 7/32 and m = 0.4. The system only supports
gapless corner modes for odd L, which corresponds to a physical rotation centre in the centre
of a unit cell. In panel (b), we show an example of phase II with ¢ = 1771/32 and m = 0.4.
The corner modes remain for both rotation centres, i.e., both even and odd L. We choose the
logarithmic scale of the y axis to visualise the exponential decrease in energy.

Y(()4) = Y((:? a2 = 1, meaning that the presence of corner modes does not depend on the
position of the rotation centre, as we show in Fig. 2.7(b).

In phase II, the surface gap closes when m = 0. Then, the corner modes delocalise
along the edge and their energy in any finite system increases accordingly. When tuning the
parameters of the Hamiltonian to cross m = 0, the localisation length of the corner modes
first increases when approaching m = 0 and then decreases again with increasing surface gap
size. Thus, the presence of corner modes solely depends on bulk properties. Corner modes
may at most delocalise for fine-tuned points in parameter space, but they cannot be removed
by attempting a surface-only topological phase transition via a surface gap closing.

Using the above phases, more phases can be constructed by stacking different copies of
this model. For example, stacking phases I and II results in hybridisation of the corner modes,
such that Y34) =0 and YE:?HZ) n= 1, i.e., only systems with the physical rotation centre at the
corners of the unit cell support corner modes. Stacking the four primitive models introduced
in Ref. [56] enables us to construct models that realise all possible combinations of the bulk

invariants.
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Fig. 2.8 Lattice model that demonstrates the importance of the rotation centre. The
Hamiltonian (2.73) at ¢ = m = 0 only contains terms, illustrated by the solid blue lines, that
couple neighbouring Majorana modes, illustrated by the black circles; cf. Ref. [56]. In
this case, Majorana modes at the edge are completely decoupled from the bulk and do not
contribute to the Hamiltonian, i.e., all edge modes have zero energy. This degeneracy can
be lifted by a density wave [56] modelled by coupling every second nearest-neighbour site
on the edge (dashed blue lines). (a) When the rotation centre is in the centre of a unit cell,
any coupling that respects rotational invariance is bound to leave Majoranas at the corners
uncoupled (red circles). This completely decoupled case is topologically equivalent to any
case with a finite localisation length of the corner modes, as for example considered in
Fig. 2.7. (b) However, when the rotation centre is at the corner of a unit cell, it is possible to
open a surface gap without Majorana bound states.

2.7 Conclusion

In this Chapter, we formulated a second-order bulk-boundary correspondence for C,-
symmetric 2D crystalline superconductors: We related the bulk topological invariants of
Ref. [56] to a topological index Yg") accounting for the presence of Majorana corner states
in systems with C,-symmetry-respecting boundaries. The exact form of the corner index
depends on the interplay of the weak invariants and the location of the physical rotation
centre with respect to the unit cell. In particular, certain systems only support corner modes
when the rotation centre is in the centre of a unit cell, while other systems require it to
be at the unit cell boundary. (These statements have no unit-cell-choice ambiguity: For
a well-defined bulk-boundary correspondence we must use unit-cell choices described in
Sec. 2.2 and Appendix A.1.) Our approach to identify the corner index is based on stacked
Dirac Hamiltonians. It is thus extendable to other crystal symmetries, as long as they can be
represented for a minimal model of stacked Dirac Hamiltonians.

The index we find is consistent with previous classification schemes in rotationally
symmetric superconductors. For example, Teo and Hughes found an invariant for Majorana
modes trapped at lattice defects that strongly resembles the indices given in Egs. (2.52)
and (2.53) [121, 56]. When predicting trapped Majorana modes, the Burgers vector of a
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lattice defect only matters when the weak invariant is nonzero, similar to the fact that Yig)
and Yc(zz) may only be different if the weak invariant is nonzero.

Invoking a counting argument, Ref. [121] noted that the invariants constructed for lattice
defects can also be used to predict corner modes in finite systems. Our work elucidates why
this is so from an entirely different viewpoint: We established how bulk invariants relate
to the transformation properties of adjacent edge Hamiltonians, the latter having become
the unifying perspective for constructing various examples of higher-order topological
phases [46, 37, 129].

We illustrated our results using lattice models. In particular, we showed that the physical
rotation centre in finite systems may indeed give rise to different corner mode configurations.
Furthermore, we explicitly demonstrated that the bulk-boundary correspondence is robust
against gap closings at the boundary, i.e., that the presence of corner modes is purely
determined by bulk quantities that relate different edges to another. In all lattice model
examples, we identified corner modes using the scaling of the energies: For finite 2D square
samples of size L X L, the energy of the second-order bound states decays exponentially with
L.

The latter scaling observation may be particularly helpful for future studies considering
hybrid higher-order topology [131], expected to arise in our systems when we allow for
nonzero Chern number. In such cases, the quantised energy levels of the delocalised chiral
edge modes are expected to show a 1/L decay with increasing L, in sharp contrast with the

exponential decay of the second-order bound state energies.






Chapter 3

Quantum tunnelling in the presence of a
topology-changing fermionic bath

3.1 Motivation

In the previous Chapter, our concern was the gapless states that formed at the interface
between topologically distinct (crystalline) superconductors. Here, we are interested in an
effect purely attributed to the bulk gap closing between topological phases. This is inherent to
any topological phase transition, regardless of the nature of any associated gapless boundary
states, so we expect qualitative results from this Chapter to be applicable to any symmetry
class. This effect has to do with quantum tunnelling.

Quantum tunnelling of a particle can be significantly altered in the presence of a
bath. At zero temperature, a gapless bath reduces the tunnelling amplitude by a factor
that is exponentially small in the system-to-bath coupling and the tunnelling potential
width [153, 154]. For gapped baths, however, the exponent decreases with the ratio of
the bath’s gap and the oscillation frequency characterizing the minima of the tunnelling
potential [155—157], and so the bath can be neglected for large gaps. This feature is crucial for
the coherence of Josephson-junction-based superconducting qubits [158, 159, 157, 160, 108],
where the position of the tunnelling “particle” is the superconducting phase difference ¢;
in these systems the gapped fermionic bath of electrons merely renormalises the junction’s
capacitance [161, 162].

In-gap fermionic levels change this picture [161, 163]: For example, an approximate [ 164,
165] or symmetry-enforced [25, 166, 113, 167, 168, 163] crossing of in-gap levels along
the tunnelling path acts to suppress quantum tunnelling. In this Chapter, we consider a
more dramatic scenario: What happens if the bath is gapped at the minima of the tunnelling
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potential, but undergoes a bulk gap closing (i.e., merging of level continua, instead of a single
level crossing) when the particle tunnels between the minima?

Such gap closings can be enforced by topology: When the bath Hamiltonian depends on
the particle coordinate such that potential minima correspond to gapped bath Hamiltonians but
with different minima corresponding to different values of a suitable Hamiltonian topological
invariant [12, 127, 169, 170], then the robustness of this invariant under deformations that
do not close the bulk gap implies that the bath must undergo a bulk gap closing somewhere
along the tunnelling path. This scenario is different from previous works on gauge theories
with topologically distinct vacua [171, 172, 109, 110]: there, topology is that of gauge field
configurations, i.e., of instantons, while for us the crucial form topology is fermionic, in the
sense of topological insulators and superconductors [12, 127, 169].

Instantons, however, also enter the scenario we aim to study, as they provide a general
field theoretical framework for tunnelling amplitudes [109, 110]. In this field theoretical
language, the problem we are interested in corresponds to, as we shall explain, instantons
linking the topology change of a d-dimensional bath to protected gapless modes in interfaces
between topologically distinct phases in d + 1 dimensions.

The question we set to answer is inspired by theoretical [100, 101] and experimental [102,
103] work on planar Josephson junctions, motivating the d = 1 example that we shall be
mostly focusing on. In these setups, the fermionic topology changes as a function of
the superconducting phase difference ¢ across the junction [100, 101], resulting in two
topologically inequivalent minima of the effective Josephson potential. The concept we
investigate is however more general and can arise in other settings where the control parameter
for whether a fermionic system is in a topological phase can be promoted into a quantum
variable.

In the language of planar Josephson junctions, the new ingredient we add is charging energy,
a contribution to the Hamiltonian to be considered, e.g., in Cooper pair box systems [173]
that we reviewed in Sec. 1.2.1. Charging energy serves as a kinetic term for ¢, hence it is its
presence that enables ¢ to quantum tunnel between the minima of the effective Josephson
potential it experiences.

Our main finding is that the topology-enforced gap closing reduces the tunnelling
amplitude exponentially in the size of the bath (which for our planar-junction inspired model
is also the system size). We derive, and quantify, this result using instantons, a method
which we employ both analytically in illuminating limits, and in variational numerics in
more general cases. We find that our variational approach, although focused on a certain
instanton ansatz, performs excellently, as confirmed by comparisons with the ground state

energy splitting obtained by exact diagonalisation.
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The rest of the Chapter is organised as follows: After introducing our d = 1 model in
Sec. 3.2, we describe the field theory for the general problem in Sec. 3.3. We then link
instantons coupled to d-dimensional fermions to topological boundary modes of systems
in d+ 1 dimensions in Sec. 3.4, a section which also includes a detailed analytical study
of our d = 1 model, focusing on the “sharp-instanton limit” to illuminate key topological
features. We describe our variational approach in Sec. 3.5 and compare our instanton-based
results with exact diagonalisation in Sec. 3.5.4. We summarise our results and discuss some

implications and generalisations in Sec. 3.6.

3.2 Model

Our model is inspired by proposals that implement a nontrivial topological superconductor
in planar Josephson junctions [101, 100]. In these quasi-one-dimensional systems at the
interface between two superconductors, the phase difference ¢ between the superconductors
drives a transition between topologically trivial and nontrivial regimes, with the latter hosting
zero-energy Majorana end modes. Importantly, the ground state energy forms a potential
landscape with two topologically inequivalent minima [100]. This behaviour is captured by

the effective Hamiltonian
Hgy (k) = Acos? (%) o3 — Asin® (g) [cos(k)os +sin(k)on], (3.1)

which is topologically trivial around ¢ = 0 and nontrivial [25] around ¢ = 7, with transitions
occurring at ¢ = /2,37/2. It interpolates between the two dimerised limits of the Kitaev
chain at ¢ =0 and ¢ = &, where Majoranas are coupled either only on the same site or only
between neighbouring sites, respectively [25]. The Pauli matrices o, act in particle-hole
(PH) space and Hj respects both PH (with E = 01K, where K is complex conjugation)
and time-reversal symmetry (with 7 = %). The first term proportional to cos?($/2) is a

chemical potential, whose value we chose to match the superconducting order parameter A.
The single-particle energies sg( k)= iA\/ 1 —sin® (¢) cos2(k/2) equal A at both ¢ =0 and
¢=rm.

We show the single-particle and ground state energies Vs = %Z X s;(k) for different

boundary conditions in Fig. 3.1. For periodic boundary conditions (PBC), the ground state
parity changes a function of ¢, whereas for antiperiodic boundary conditions (APBC) the
ground state remains in the same parity sector. With open boundary conditions (OBC),
Majorana zero modes form at the ends of the chain in the topological phase such that the
ground state becomes approximately degenerate (with exponentially small splitting that
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Fig. 3.1 (a)—(c) Single-particle energies of the fermionic Hamiltonian (3.1) for L = 20 sites.
(a) For periodic boundary conditions, the single-particle gap closes, while (b) for anti-periodic
boundary conditions, a gap of order 1/L remains; (c) for open boundaries, Majorana zero
mode end states exist in the topological regime for 7/2 < ¢ < 37/2; their energy splitting
vanishes exactly for ¢ = m. (d)—(f) Energies of the ground state and the first excited state,
with the colour denoting even (black, p = +1) and odd (red, p = —1) fermion parity. (d) For
periodic boundary conditions, the ground state parity is different in trivial and nontrivial
sectors, while (e) the ground state parity is the same for anti-periodic boundaries; (f) for open
boundaries, even and odd parities are nearly degenerate in the topological regime and exactly
degenerate at ¢ = 7. When investigating tunnelling with open boundaries, we will consider a
variant of this model where the ground state minima have equal depth, unlike in (f).

disappears at ¢ = 1) [25]. While OBC are conceptually closest to existing experimental planar
Josephson junction setups [102, 103], our model (3.1) can serve as a prototypical example
for tunnelling between topologically distinct phases also for the other boundary conditions.

A key ingredient to our considerations is a kinetic term for ¢, motivated by the charging
energy in superconducting islands [160]. Including this, the full Hamiltonian governing the

fermionic ¢; modes and the bosonic phase mode ¢ reads
N - 1 A A
H=Ec(N-No+5 3 EH; (0, (3.2)
k

with the Nambu spinors & = (¢ o éi .)» the charging energy Ec, and the bias charge N, (in a
superconductor this arises due to a gate voltage). The bosonic number operator N and the
phase mode ¢ are conjugate variables that satisfy [¢, N] = 2i for reasons we motivated in
Sec. 1.2.1.
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As is often the case when coupling a particle to a bath, ¢ interacts with every fermion
mode [153—157]; for our system this makes the coupling nonlocal. The system can be made
local by including spatial fluctuations d,¢; in a superconducting system, neglecting these
is justified provided that the length of the system is smaller than the Josephson penetration
depth A5 [174, 107] and the characteristic length Ly [175, 176] induced by a perpendicular
magnetic field component [177].

Naively, we could replace the fermionic Hamiltonian (3.1) by its ground state energy; this
corresponds to the particle tunnelling in the potential V. The resulting dynamics would be
essentially described by a 0 — r Cooper pair box [178, 179]. Alluding to the superconductor
analogy, we refer to energy scale characterizing V; as the Josephson energy, which for
concreteness we define as Ey = (V2 —Vp) /2. The scenario we outlined in the Introduction
is one where the fermionic bath is gapped at the potential minima. This implies wy < A
where wq oc VECEj is the Josephson plasma frequency: the characteristic energy scale for
the oscillations of the particle in the potential minima. We shall be interested in the regime
where the tunnelling between these minima can be read off from the splitting between the
energies of the particle’s ground and first excited states. We thus require this splitting to be
much smaller than the level spacing wq characterizing each minima. In terms of the naive

potential tunnelling picture, this corresponds to Ey/Ec > 1.

3.3 Tunnelling and Instantons

Our goal is to estimate the influence of the fermions’ topology change on the amplitude for
tunnelling between Vy’s adjacent minima. Owing to the fermions being gapped near Vy’s
minima, the particle simply experiences potential V4 near the corresponding values of ¢.
However, since the tunnelling path involves a topology-changing gap closing, the picture of a
particle tunnelling in potential Vj is qualitatively incomplete.

To calculate the fermionic correction to the amplitude, one may consider taking a
bosonxfermion factorised wave function ansatz near the potential minima and applying
a generalisation of linear combination of atomic orbitals (LCAO) [180] to this ansatz.
While the exponential decaying overlap of the topologically distinct fermionic ground states
already suggests a correction factor suppressing tunnelling exponentially with the fermionic
system size, LCAO is known to inaccurately capture tunnelling exponents even in simple
cases [181, 182]. Hence, one might worry that elevating LCAO to our more intricate scenario
might miss key features. We therefore use a field theoretical approach instead that can
incorporate bosonic and fermionic features on the same footing. In such field theories,

tunnelling problems can be addressed via instantons [109], which will also be our method.
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This is a semiclassical approach and hence requires working in the small tunnel splitting

regime we are interested in.!

3.3.1 Path Integral

Our starting point is the partition function corresponding to the Hamiltonian (3.2). It can be

written as a path integral over fields defined on an interval of imaginary time 7 € [0, 8):
7= / DPpDeDEe™, (3.3)

where ¢, ¢ are Grassmann variables satisfying anti-periodic temporal boundary conditions.

The action § = Sy + St is composed of a bosonic part

S —/Bdr lL(a )%'ﬂ(a ) (3.4)
0= J, 47 |28Ec () Hiy (O '
and a fermionic part [114]
1 8 .
Se=5 / dt T (0. +Hy, )P, (3.5)
0

where ¥ = (¢, ¢) is the Nambu spinor and H, is the fermionic Bogoliubov-de-Gennes (BdG)
Hamiltonian (3.1). The phase ¢, appearing in the path integral is no longer compact and
instead takes on any real value, subject to quasiperiodic boundary conditions ¢z = ¢ + 27w
which allow for nontrivial windings w € Z.. The 8 — oo limit of Z will give us information

about the ground state of the system.

3.3.2 The Instanton Gas

To gain intuition into the tunnelling problem and a baseline to quantify the effect of the
topology-changing fermions, we now consider a simpler problem, where we replace the
fermionic Hamiltonian in Eq. (3.1) by its ground state energy Vs, a double-well potential
with minima Vy =V, at ¢ =0 and ¢ = «, respectively. (This is exemplified by APBC in
Fig. 3.1(e) and can also be achieved for PBC and OBC by a suitable symmetrisation to be
described below.) The resulting action S, = Sy + Uy, is similar to Eq. (3.3), but since fermions

IThe semiclassical nature of the small splitting regime can be seen from the tunnelling exponent
fi~! / \2m[V(x) — E)]dx for a particle of mass m and energy E in a potential V.
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are absent, the fermionic action St has been replaced with what we dub the ‘naive potential’

B
Un[$:] = /0 drV,,. (3.6)

The naive calculation closely follows that of Sec. 1.3.2, whose main results we now briefly
recapitulate. The dominant contributions to this path integral come from ¢, configurations
that minimise Sy, the most significant being ¢, = 0 and ¢, = &, which stay at a minimum
of the potential throughout. The action also has other subsidiary minima that contribute
to Z at next-leading order, arising from extremal configurations of ¢, which solve 65, = 0.
Looking at the Euler-Lagrange equations resulting from S,,, the dynamics of ¢ (thought of as
a position coordinate) are equivalent to a classical particle moving in a potential landscape
-V [114]. Thus in addition to staying at the top of the potential, the particle can move down
from one extremum and up to another, where it can spend an arbitrary amount of time before
returning, if the minima of Vj are symmetric. The ¢, solutions that connect the minima are
called instantons (or anti-instantons when moving in the opposite direction) [109]. Their
name refers to them being well-localised in (imaginary) time: their width (i.e., the time spent
between the potential extrema) is of the order 1/wq, the harmonic oscillator frequency of the
two wells, assumed to be the same. Each classical instanton has action S}, and these can
be chained together to form approximate solutions of the classical equations of motion. To
capture the effect of tunnelling on the low-energy spectrum, we sum over all such solutions in
the instanton gas summation [109].

Following Coleman’s calculation [109], the symmetry of the minima V{y = V;; allows ¢
instantons and ¢ anti-instantons to appear at any time and in any order (provided one starts
and ends in a minimum of the same type). Summing over all winding numbers w € Z, the

leading terms in the partition function are given by

N\9td . x _

0 (ﬁKe_Sn) e 15 Ng(g=9)
(]

Zoce PN N6, 0 — . (3.7)

7.5=0 q-q:

w

K is a fluctuation factor associated with each instanton, whose value shall not concern us.
Splitting up the >, /; summations into even and odd contributions, we see that the partition

function is given by

Z o e B0+ 3) cosh [2ﬁKe‘S§ cos (%Ng)] : (3.8)
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By comparing this to the form Z = Tr{ [Z” e PEn |n) (nl] } we deduce that the low-energy

spectrum is given by
E.(Ny) = Vo+ 5 +2Ke™ cos (gNg), (3.9)

which is the familiar tight-binding dispersion with tunnelling amplitude #9_,, = 2K e=SH
between states at ¢ =2mm and ¢ = (2m + 1) that otherwise have equal energy. The action

appearing in the exponent consists of equal kinetic and potential energy parts and is given by

/”d¢\/v¢—v, (3.10)
0

1
2VEC

which is the source of the exponential suppression of charge noise with Ej/Ec in trans-
mons [108, 183].

A key assumption behind the instanton gas summation is that the gas is dilute [109]. The

Sy =

instanton density is oc exp(—S¥) [109], hence the diluteness assumption amounts to requiring
small tunnel splitting, placing us in the regime we are interested in.

Note that to be able to read out the 0 — 7 tunnelling amplitude from the spectrum,
we required the minima to be equal. Had this not been the case, supposing instead that
Vo < Vi, the classical solutions would more closely resemble a sequence of 0 — 27 instantons
separated by large imaginary time durations, rather than 0 — 7 instantons [116]. In this limit
we would get a ground state energy that disperses as cos (7rN g) , 1.e., with halved N, periodicity,
corresponding to the 2rr-periodicity of the potential encoding Cooper pair tunnelling (instead
of the electron quartet tunnelling encoded by & periodicity [178, 179]). We mention this
because the ground state energy of the double-well Kitaev model, as written in Eq. (3.1), is
symmetric only for APBC, as seen from Fig. 3.1. With PBC, although the minima have equal
energies, their ground state parities are different due to the gap closing, and hence the minima
are completely decoupled for fixed parity. OBC has an asymmetric ground state profile even
without fixing parity because the gapped bulk modes are replaced by zero-energy Majorana
end modes in the topological phase, which do not contribute to the ground state energy. For
PBC and OBC, we therefore have to consider variants of the model with symmetric minima,
in order for the magnitude of the 0 — x tunnelling to be visible in the low-energy spectrum.
Due to its closer link to our inspiring topological superconducting systems [100-103] and
features that Majorana end modes may present, of these two cases we mainly focus on OBC,

while we include APBC for its relative technical simplicity.
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3.3.3 Integrating Out Fermions

Our goal is to capture the modification of #y_,, due to the topology-changing fermions. To
compute this, we now return to the full many-body path integral in Eq. (3.3). The fermionic
Lagrangian is bilinear in the fermionic fields and so we can perform a Gaussian integral to
obtain [184]

/Z)ci)ée_sf =Pf [aTm{g{], (3.11)

where H (;3” =—[H qi” 1" = WHyW? is the Hamiltonian written in the Majorana basis with
W= % (L 1). Thus by integrating out the fermions we have obtained a partition function

expressed as a path integral of the phase only
Z:/D¢e‘S¢Pf[aT+7{£’T’]/Pf[67+‘HOAi4], (3.12)

albeit one with a complicated (temporally nonlocal) action. Because of the continuous 9, term,
the Pfaffian needs to be regularised and so we divide by the Pfaffian for the static phase profile
¢+ =0 = ¢o; without instantons.? The suppression of tunnelling due to topology-changing
fermions originates in the deviation of this Pfaffian ratio from the naive potential, a point
we will further elucidate in Sec. 3.5.1 (where we will also find that our regularisation is
analogous to an offset sending Vy — 0).

Since we are interested only in the magnitude of this fermionic suppression, it will be

simpler work with the determinant. In terms of this,

\det[d: +H,y, | = Pf [0: +H,'] (3.13)

up to a sign that plays no role in our considerations3. This fermionic factor defines what we

refer to as the ‘fermionic potential’

Usl¢:] = —= logdet|d- +Hy, |, (3.14)

SR

although as it stands only Us[¢.] — Us[¢o;] corresponding to the Pfaffian ratio is well defined.
Unless stated otherwise (cf. Sec. 3.5.1), henceforth we consider this difference and compare
with the naive case with a similarly subtracted naive potential (this subtraction is just an

inconsequential energy offset in the naive case). Crucially, the relevant phase profiles ¢

2We choose subscript 0i to represent zero instantons and use it with both phase profiles and Hamiltonians.
3For the chirally symmetric system we consider, we always have a real quantity
det [6T +7{¢T] / det[d + Hp;] > O for all ¢, so the sign of the corresponding Pfaffian never changes.
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contributing to the path integral still resemble those of the instanton gas, so our partition

function can be expanded in the same way as Eq. (3.7) but with modified action.

3.4 Tunnelling Suppression via Topology in d+ 1 Dimensions

We next explain how the instantons connecting minima where H,_ has distinct topology can
be linked to topologically protected d-dimensional gapless boundary modes in a topological
Hamiltonian in d + 1 dimensions. At the core of this correspondence is imaginary time
supplying an extra dimension that, in a manner akin to reversing dimensional reduction [17,
18, 127, 169], allows one to climb a step higher in a dimensional hierarchy.

By Eq. (3.13), we require the product of all eigenvalues of the (non-Hermitian) kernel
L(7) =0 +Hys,. When H,_enjoys a chiral symmetry, {F, ?{(,;} =0 with I" a gamma matrix
(i.e., a Pauli matrix or its Hermitian higher-dimensional generalisation [185]), then H () =
il £L(7) is a Hermitian operator. [Note that det () = det £ (1) since detiI" = 1.] If chiral
symmetry is absent, it can be introduced by doubling, i.e., considering L'(7) = d: +Hy, ® 0
with Pauli matrix o, (and taking another square root of the corresponding determinant to
recover the Pfaffian, as done in the d = 0 example of Ref. [168]). Now H (1) =i L’ (1), with
I'=1®0y, (b # a), which is again Hermitian. The operator () can be interpreted as a
Hamiltonian in d + 1 dimensions. The steps leading to % (7), including the doubling in the
non-chiral case, parallel closely (the reversal of) features in dimensional reduction procedures
for topological insulators and superconductors [18].

Topologically protected gapless interface states at instanton locations are guaranteed to
arise because, at low energies, the topological transition (with ¢) of H,_ reduces to a mass
inversion of a d-dimensional Dirac Hamiltonian which, in turn, becomes a 7-dependent mass
kink for () in d + 1 dimensions. Such mass kinks, by a generalisation of the Jackiw-Rebbi
mechanism [31], bind d-dimensional topologically protected gapless modes, a key feature
underlying topological insulators’ and superconductors’ robust boundary modes [186, 17, 18].

For our toy model Eq. (3.1), {0, Hy} = 0 and thus

~ A
H(t)=io L(1) :Ecosgbf [(1+cosk)os —sinkos]
A
+§ [(1=cosk)on+sinkos] +id. 0 (3.15)

is Hermitian. It is a d =2 class D superconductor Hamiltonian. Each instanton, i.e., a phase
slip of ¢ by 7, corresponds to a topological transition of H(7); the corresponding interface

states are shown schematically in Figs. 3.2 and 3.3.
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3.4.1 Sharp Instanton Limit

While the shape of ¢, and the fermionic spectrum are interdependent and hence solving for
them is a nontrivial problem, certain limiting cases for ¢, allow for tractable examples that
illuminate generic topological features dictating the behaviour of the Pfaffian ratio. We next
focus on such a case, specifically on the “sharp instanton limit” of instantons with vanishingly
short width. Although, since the instanton width is set by 1/wy, such sharp instantons are
beyond the wg < A regime, they are not only analytically tractable, but (as we shall justify in
Sec. 3.5.2) they also correspond to the biggest discrepancy between the fermionic and naive
potentials, and hence will allow us to bound the fermionic suppression of 7p_,.

A key simplification of the sharp instanton limit is that for such instantons there is no
time spent away from the minima to accumulate potential contributions to the naive action
and so Uy [pami]l = Un[¢oi] for a profile ¢,,,i with 2m sharp instantons. For the fermionic
potential, however, we will show that Us[¢2,i] > Us|¢oi]. Evaluating the Pfaffian ratio for a
profile ¢»,,i amounts to comparing the energies of F,,i (7) with those of a static Hamiltonian
Hoi (1), where H,;(1) is H(t) on the background of n sharp instantons. Since the spectrum

of H (1) is qualitatively different for OBC versus APBC, we discuss each case separately.

APBC

Antiperiodic boundary conditions are the simplest to deal with: Translational invariance
means we can stay in momentum space along the spatial direction. Each instanton changes the
sign of cos ¢, and corresponds to a topological transition of H (k, ) that binds low-energy
chiral modes with dispersion

Eﬁ—'(k) = +Asin(k/2) (3.16)

to the interface (derived in Appendix B.1), where chirality depends on the direction of the
sign change of cos¢,. To find the contribution of each instanton to det{?—? (T)}, we take
the product of the energies of all sub-gap states sampled by momenta &, = (2n+1)7/L
consistent with APBC for L sites. All these states would otherwise be at the gap energy
A, so the determinant ratio for a configuration with 2m phase transitions is given, up to an
inconsequential sign, by

det{7:(2mi(7)} 3 L ) 2m_ (-1 2m
Py [gsm(kn/Z)] _ [2 ] , 3.17)
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Fig. 3.2 A cartoon showing the edge modes of H(k,7) for an instanton-anti-instanton

configuration (left) with twisted boundary conditions. On the right are the dispersions E; (k)
. . o [

of the two edge modes, showing they have different chirality.

since other supra-gap states remain unchanged. The last equality makes use of a trigonometric
identity 4, but one expects an e~** dependence for edge mode dispersions of any shape since
the logarithm of the product can be approximated by an integral in the large L limit 5.

When instantons are very close, the exponentially localised edge modes with opposite
chirality can overlap and gap out, but as instantons separate, this small exponential splitting
is quickly dwarfed by E ﬁ'(ﬂ' /L). Thus, the dilute instanton gas approximation [109] remains
valid. (In fact, the approximation is even better justified than in the naive case since the
instanton density is exponentially suppressed in the instanton action [109] so the gas is further
rarefied in the presence of fermions due to the increased instanton action.)

Generalizing the calculation of Eq. (3.9) to the case with fermions, the tunnel amplitude
is still set by the single-instanton action, which is half of that of the two-instanton case, the
minimal configuration allowed by the ¢ = ¢3 temporal boundary conditions imposed by the
partition function. (While ¢ = ¢ + 27 due to charge quantisation, ¢ # ¢+ notwithstanding
Vo = V.) Although the naive potential Uy, [¢2i] — Uy [doi] — O vanishes for sharp instantons
¢oi (where the subtraction of U, [¢#o;] follows the naive potential limit of the Pfaffian ratio,
cf. Sec. 3.5.1), the topologically guaranteed chiral modes of F»;(7) mean that the fermionic
potential approaches a lower bound U [¢2i] — Ug[poi] — (L —1)log2 upon reducing the
instanton width.

4This is a specific case of the general identity sin (Lx) = 2L~! Hé;ol sin (x+ kx/L) which follows from
writing the L roots of unity as 7' — 1 = H,ﬁ;ol (z—e~27k/L) Dividing by the first term and taking x — 0 also
gives L = 2L~ T]5-sin (kn/L), which can be used for PBC.

SFor a positive function f(k) we have log [T57) f(kn) = X log f(ky) — ([L—1]/27) foz” dk f (k) for
L>1.
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Fig. 3.3 A cartoon showing the edge mode for an instanton-anti-instanton configuration with
OBC, separated by imaginary time 7. The chiral mode runs along the entire boundary of the
topological region. Shown on the right are the dispersions along different sections of the
perimeter.

This sharp instanton limit is the regime with the strongest suppression of tunnelling
due to fermions (cf. Sec. 3.5.2), and so by modifying the instanton action appearing in the
spectrum (3.9), we can bound by how much the naive tunnelling amplitude tgiﬂ can be
modified by fermions. For APBC, Eq. (3.17) implies

) —L(L-1)log2 ,(n)
fop2€? To_

(3.18)

Thus the tunnelling is exponentially suppressed as a function of system size. Since it derives
entirely from the topological boundary modes of F5;(7), this bound on the scaling exponent
is purely due to the topological inequivalence of the two ground states, and is unrelated to the
trivial scaling of V4 with L. (Any information about the energy scale A was lost when taking
the ratio of energies, but this is unique to the sharp instanton limit since we will later see that

the scale of the potential influences the instanton timescale and hence the fermionic factor.)

OBC

Open boundary conditions are technically more difficult to treat because we cannot work in
momentum space. Recall that the topological limit of the 1D Kitaev chain has zero-energy
Majorana end modes [25]. When adding the 0,0 term, these Majorana modes gain a linear

dispersion in the temporal direction, given by

Eﬁ(w) =+w. (3.19)
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This means that for two instantons separated by imaginary time 7, instead of having
counterpropagating chiral edge modes in a ribbon geometry as for APBC, these edge modes
run all the way around the perimeter of the 2D (7 X L)-sized topological region, shown in
Fig. 3.3. The differing dispersions in each direction mean that the frequency w and wave

vector k on the different sections are related through the energy matching condition
Eﬁ(w) :Eﬁ(k). (3.20)

As a fermion traverses this perimeter, it undergoes one whole rotation and must acquire a

phase e'*, which gives a quantisation condition
2Tw+2Lk = (2n+1)n, (3.21)

with n € Z that can be solved simultaneously with Eq. (3.20) to obtain the quantised energies
of the chiral modes. We then follow the same principle of taking the product of these energies
as a fraction of the gap.

Although the quantisation condition lacks algebraic solutions, we numerically find that
Eq. (3.21) leads to a product [generalizing Eq. (3.17)] that depends exponentially on 7.
Intuitively, this is a consequence of the asymmetry in the ground state for OBC: Recall
from Fig. 3.1 that for OBC the ground state minima are offset by A, which means that the
naive action would accumulate a contribution f dt Vs, =TA when ¢, spends a duration T’
in the higher well. The result for multiple pairs of instantons follows by summing over all
pair separations 7,; — 721 Which govern the sizes of topological regions. The presence of
e~ (mi=12j-DA terms prevents us from plugging our result into Eq. (3.7) as a modified instanton
action because the integral over instanton locations {7;} (a key step leading to Eq. (3.7), c.f.
Ref. [109]) will be fundamentally different—the instantons are now interacting. However, as
mentioned in Sec 3.3.2, asymmetric wells do not tell us about O — 7 tunnelling, so we must
symmetrise the wells. We therefore change the gap on the trivial side to A”=A(1—-1/L). One
intuitively expects that having thus symmetrised the wells, i.e., removed the f drVy =TA
contribution, we have eliminated the instanton interactions, which allows us to interpret what
remains as a modified instanton action. This will indeed turn out to be the case, however it
requires more careful justification: by symmetrizing the wells we introduced a gap asymmetry
and this requires us to consider more than just the chiral edge modes (which themselves are
also modified).

The first modification is that when changing A — A’ in the trivial phase, the dispersion of
the chiral modes along x is replaced by E |’|J—’(k), as we detail in Appendix B.1, which changes
the energy matching equation (3.20). Letting k) denote the quantised momenta of states
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running around the edge of length 27 + 2L, we numerically find that

Er(k}
[T- A( ) < exp(-2(L1)log2— 478 ). (3.22)

n

For OBC, energies above the gap are also modified by the existence of a topological
region. There are two kinds of supra-gap states that are modified. The first kind is the set of
states that are localised at the ends of the chain, but propagate along the temporal direction.

In the trivial gapped region, these end states have dispersion
Ex (@) =+Vd?+A”? (3.23)

that must match the energy E ﬂ—'(a)) in the topological region. This time, the quantisation

condition comes from the APBC for fermions in the path integral:
B-T)o+Tw=2n+1)x. (3.24)

The supra-gap energies in the absence of any instantons are recovered by setting 7' = 0 in the
above equation. Denoting the quantised frequencies by &} and counting both positive and

negative energies, as § — oo the relevant ratio tends to

2

Ey (@) ,
l—[ \/(2n+1)2ﬂ2/ﬁ2+A’2 = exp{[-2TA"(1-2/7)]}. (3.25)

The other kind of supra-gap states describes those in the bulk of the superconducting chain,
whose energies are affected by the presence of instantons only because we have A’ # A,
but not for topological reasons. Since A > A’, these energies increase when more time is
spent in the topological phase and their combined effect will be to cancel the exponential
decay with instanton separation that we have seen in Egs. (3.22) and (3.25). The most
significant contribution comes from states above the larger gap A. These are solved through
a quantisation condition similar to Eq. (3.24), but this time one must match E¥, (@) with
EX(w) = +Vw?+A2. Each of these states are (L — 1)-fold degenerate because each can
be localised on any of the 2L —2 Majoranas not on the ends of the chain. There are also
bulk states with energies between A’ and A, whose increasing energies with 7" make up the
remaining contribution. Since these states do not fully penetrate the topological region,
their energies are approximately as though their frequencies @ were quantised through being

antiperiodic over a shorter system of length (8 —T'). Taking into account both types of bulk
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states, in the same 8 — oo limit, we now have

2(L-1)

[ Extwn) = exp[2TA] (3.26)
N @n+1)2n2 [ BE+ A2 b ' '

Combining all these contributions, the determinant ratio for two sharp instantons separated
by T is 5
detHoi (1) -
det 7:[01(7' ) h
Thus, after symmetrisation, one finds the same bound on the suppression due to fermions for
OBC as in Eq. (3.18) for APBC.

exp[—-2(L—1)log2]. (3.27)

3.5 Tunnelling Suppression from a Variational Approach

Although the argument based on topological edge modes quickly gave us an upper bound on
the suppression due to fermions, it cannot easily be extended to give full quantitative results.
The problem is that typical instantons in the gas are not perfectly sharp, and instead have a
finite timescale. Despite the spectrum of the topological edge modes being independent of
instanton shape, a finite instanton timescale leads to other nontopological bound states at the
phase transition whose energies do depend on instanton shape [187]. Analytic results for the
full spectrum of a generic phase profile do not exist, and an approximate spectrum would not
suffice because estimating the tunnelling suppression relies on the precise difference between

the fermionic determinant and its naive equivalent.

3.5.1 Fermionic Factor as a Generalisation of the Ground State Potential

We now describe an exact approach to calculating the fermionic potential. This approach
works directly with the kernel underlying the Pfaffian, without requiring converting to a
Hermitian matrix and hence chiral symmetry. It will also give an interpretation of the
fermionic determinant by linking it to the one-dimensional potential generated by the ground
state of the BAG system.

We start by writing

det [0 +Hy, | = | | dums (3.28)

where A, are the eigenvalues of the differential equation

[a‘f +7-{¢r] Yum (T) = AW (7)), (3.29)
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which has eigenfunctions of the form

Unm (1) = T exp [/T dt’ (/lnm - 7_{4757’ )] Ynm (0). (3.30)
0

Time-ordering (with later times appearing on the left) is required because the BAG Hamiltonian
does not generally commute at different times, [7—(¢T s Hoy, ] # 0. Temporal APBC for fermions
Yum (B) = —¥nm (0) fixes the eigenvalues to be

B
/lnm:iwn+%log{7’exp[—/ dT7{¢T]} (3.31)
0

m

=iw, — {?{eff[(bf] }m > (3.32)

where w, = (2n+ 1)n/B with n € Z are the Matsubara frequencies and {e},, denotes the mth

eigenvalue of an operator we denote as the effective Hamiltonian Heg[ ¢, ] (emphasizing that

it depends on the entire ¢, profile). The spectrum of Heg[¢p,| inherits PH symmetry.
When taking the product of these eigenvalues, we may use the Weierstrass factorisation

theorem to rewrite the determinant as [188]

det [0, +H,y, | = ]—[ (l—[iwn) cosh [g {He[ -] }m]. (3.33)

m n

Upon taking the ratio, the normalisation-dependent prefactor drops out to give

(3.34)

det[(?T +7‘(¢T] l—[ cosh [(B/2) {Her[D]},,]
det[d; + Ho;]

1 1 cosh [(B/2) {Hert[d0il} 0]

m

whose numerator is the partition function for a BAG Hamiltonian Heg[¢.].

To make the link to the naive potential, consider a case where 7—(¢,T commutes at all
times, such that Heg[¢,] = %foﬁ dt Hy, and hence {He[d:]},, = In[o-] = %/Oﬁ dtey, m
with g4, the instantaneous single particle energies of H_ (taken to evolve continuously
with ¢, through any level crossing). In the sense of 7,,[ ¢ ], both the APBC and OBC systems
are gapped provided ¢, spends significant time near ¢ = 0. Therefore, when ignoring the
evolution of eigenstates with superconducting phase, the fermionic factor tends (upon taking
B much larger than the inverse of the 7, gap) to the action of a potential that is the ground
state energy. By the same logic, by noting I,,[$oi] = £4=0,m, the denominator in Eq. (3.34)
can be seen to subtract £4-0,, from each &4_,,, thus supplying an offset setting the minimum

value of this potential to zero.
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When the eigenstates of the BAG Hamiltonian evolve as a function of phase, Eq. (3.34)
is viewed as the generalisation of the ground state potential action and the spectrum of the
time-ordered quantity Heg[¢.] must be evaluated properly. The importance of eigenstate
evolution is also clear if we diagonalise the BAG Hamiltonian in the path integral from the
outset as Hy = Xy [@mag’m 0'3]X;. Then, the fermionic determinant is replaced by®

det [0, +Hy, | = det |0, +®,,85 03+ X} 3%, |. (3.35)

where we see the last term, i.e., the eigenstate evolution, being responsible for the deviation
from {Heg[p:1},, = In[@-], i.e., from the naive case. In Appendix B.2, we show that
including eigenstate evolution always increases the naive action.

These considerations, in particular the cancellation in Eq. (3.34), also show how one can

define an unsubtracted variant of the fermionic potential: the functional

Orlgel =3 3" logcosh [(8/2) (Fenle1),] (3.36)

satisfies Ur[¢-] — Ur[¢oi] = Ut[d-] — Ur[¢0i] hence is a useful candidate for a “standalone”
fermionic potential. Another useful feature is Ut[¢o;] = Un[doi], thus the difference of
subtracted fermionic and naive potentials is simply Ug[¢;] — U, [¢+]. In what follows, one can
thus envision Eq. (3.36) as a fermionic potential, and view the regularisation in Eq. (3.12) as
providing a constant energy offset via Uy [¢o;]. In what follows, we refer to Us[¢-], together
with this constant offset (to maintain consistency with previous sections) as our fermionic

potential and drop the tilde to ease notations.

3.5.2 Variational Instanton Strategy

The effective bosonic theory has a potential U[¢.] that is nontrivial to evaluate even for a
given profile ¢, and the dependence of the profile itself on Us[¢.| leads to an even more
complex problem. We now outline a strategy to tackle this problem variationally. The crux of
this strategy is to again expand the partition function as an instanton gas, motivated by the link
we made in Sec. 3.5.1 between the fermionic Pfaffian factor and the ground state potential.
The shapes of the classical instantons making up the gas are still the result of competition
between kinetic and potential energy but with the new effective potential Us[ ¢ ] their features
may change compared with the naive case. To facilitate relating to our sharp-instanton

results we use the instanton width as a variational parameter. Specifically, we will allow

6This equivalent form is generally less convenient for numerical calculations for the same reasons that
Wilson loops are often more convenient than Berry phase integrals.
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Fig. 3.4 A typical plot of U¢[¢}.|/L and U,[¢},.]/L against k. As k — 0, the fermionic
potential tends to the naive one, but as k — oo it approaches %log 2+0(1/L). Also plotted is
the kinetic energy Sy [¢%,] /L. Interms of k and € = VECEj/A (set to € = 0.3 above), the kinetic
and naive potential energies of an individual instanton are Sy [¢},] = Syk/(2€) < kA/Ec
and Uy, [¢F.| = Ske/(2«) « Ey/(kA), respectively, where S¥ is the classical action given in
Eq. (3.10). The inset shows how the optimal rescaling factor k* tracks its naive counterpart €.

the timescale of instantons to be different to their naive counterparts ¢* by considering
scaled instantons ¢}, where we replace 7 — «7. Since naive instantons for different values
of wg « VEcEj are themselves related to each other by rescaling [in the action, EcEj sets
merely the overall scale of the potential relative to (8;¢)?], we can choose to define ¢* as
the naive instanton for VEcEy = A. (As this is just a reference classical configuration, it
need not obey the VECE] < A restriction.) By defining ¢ in this way, and optimizing over
*_, the naive action is minimised for k = VECEj/A, the rescaling required to get from the
reference instanton to the one with wq oc VEcEj. We shall, of course, be optimizing not
the naive action but the one with Ur[¢.]. By using « as a variational parameter, allowed to
deviate from VEcEj/A, we will better approximate the new classical action in the presence
of fermions, without comprehensively probing the large space of all possible instanton
shapes. Calculating the quantity Ur[ %, ] for a range of x and comparing the minimal value
of S[¢y.] =Ssl0%.] +Us[¢},] (which includes the kinetic energy S, [¢},]) to the minimal
value of Sy[¢},] will finally give the correction to the tunnelling amplitude. (We also set
Ng =0 to make S4[¢}.] real, knowing that the complex winding term exp{ [—inNgw]} is
accounted for later.)
From Fig. 3.4, one can observe the key features of U[ ¢}, ] and Uy, [ 4%, ] as a function of «.
Taking k — co corresponds to the sharp instanton limit, where U, [¢},] — 0 and Ut[¢},.] > 0

was evaluated in Sec. 3.4. (We provide another analytical derivation for this limit, using
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a different method, in Sec. 3.5.3.) As the arguments in Sec. 3.4 suggested, the difference
Ut @5, ] — Unl @k, ] is largest in this limit. The opposite “adiabatic” limit of x — 0 is most

easily understood from Eq. (3.35). From X(j;“ 0:Xy,, = KX;T 0: X4, we see that for k — 0

+

¢
for APBC and OBC, even if the gap is exponentially small in system size for OBC. (We need

the last term becomes vanishingly small compared with &,,&} _, 03 as this remains gapped
not worry about the gap closing for PBC because the k = 0 eigenstate does not evolve with
¢.) Therefore, for increasingly slow instantons the fermionic potential tends to the naive
potential: Us[¢} | — Up[¢%,] as k — 0.

Fig. 3.4 also shows that the first order condition dS|[¢}.]/dk = 0 for minimizing the
action yields a similar optimal rescaling factor k* whether one uses the fermionic or the
naive potential. Hence, VEcEj/A remains a good proxy for «* in our VECE; < A regime.
Furthermore, since the kinetic term is the same for the fermionic and the naive case, once
the optimal value «* is found, the fermionic suppression will approximately be given by
Uf[¢:*_r] -U, [gb:*T]. Since both Ug[¢*, | and U, [¢*, ]| are < L, topology-changing fermions

K*T K*T
suppress tunnelling exponentially in L.

3.5.3 Evaluating Time-Ordered Exponentials with Scattering Matrices

This translation into scattering matrices was done by Jan Behrends, as was the analytical

result for OBC. I separately implemented the scattering matrices numerically.

We now present a method to numerically calculate Ur[ ¢}, ] for intermediate values of k
and any boundary condition. Recall that to compute the fermionic determinant, we need to

evaluate the eigenvalues A, via the time-ordered exponential [cf. Eq. (3.31)]

B
M(B,0) = exp (—-BHeg[d:]) =T exp [_/0 dT?{¢T] . (3.37)

The time-ordered exponential can be evaluated numerically by discretizing the integral into
N steps
M(ﬁ,O):A;lm MNMN—l---Ml (338)

with M,, = exp[—(ﬁ/N)?—(¢Tn] and 7, = B(n—1/2)/N. Since M(,0) has both exponentially
large and small eigenvalues [189], the matrix product (3.38) is numerically unstable.

While the matrix product (3.38) itself does not rely on chiral symmetry, our system
does have this symmetry. This allows us to interpret each M,, as a transfer matrix that
satisfies flux-conservation via o M,Tlal =M. !, which is ensured by the chiral symmetry of
Hgy (k) = —o1Hg(k)o. This allows us to transform the product of transfer matrices (3.38)

into a composition of scattering matrices, whose contraction is numerically more stable [190].
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The reformulation of the time-ordered exponential as a scattering problem has the
further advantage of simplifying the expressions we are ultimately interested in. For
profiles symmetric around /2, i.e., ¢g/2—r = ¢g/24, corresponding to an instanton-anti-
instanton pair, the transfer matrices M(0,8/2) and M(/2,8) are related via imaginary
time reversal, M(3/2,0) = [M(,8/2)]7, which relates their respective scattering matrices
S(B/2,0) =—0»[S(B,8/2)] 0. A straightforward calculation using the polar decomposition
reveals that the transmission eigenvalues of the full scattering matrix are Ty, = T2 /(2= Tyn)?,
where T}, are the transmission eigenvalues of S(/2,0). The transmission eigenvalues are
related to e, the eigenvalues of M(3,0) with real x,,, via Ty, = 1/ cosh®x,, [189]. Since
+x,, /B are the eigenvalues of the effective Hamiltonian Heg[ ¢ ], the fermionic determinant

is thus proportional to the product of all [cf. Eq. (3.33)]

1 1 2-Ty 1
h(= =cosh | = h = , 3.39
cos (2xm) cos [2 arccos ( T )] Nip ( )
i.e., the fermionic determinant for such symmetric configurations is proportional to 1/det(t),
where t is the transmission matrix for half of the imaginary time evolution, consisting of one

instanton.

Analytic Results for Sharp Instantons with OBC

The scattering matrix formalism also allows us to compute the fermionic determinant
analytically in the sharp-instanton limit, including for OBC, without explicitly referring to
the chiral boundary modes. We first rotate the fermionic Hamiltonian (3.1) Hy — H (; via

o3 — 07, glving

, A, (k) = A[cos®(¢/2) —sin®(¢/2)e™]. (3.40)

Using the singular value decomposition Ay = W¢Z¢YT, each transfer matrix for a 67 slice

can be brought into its polar form [191, 192], hence each scattering matrix is

S:(—Y¢ )(—tanh((572¢) sech(572¢))(W;' YT)' (3.41)
e

W, sech(67X4) tanh(67Xy)

For a system of size L with OBC each sub-block is an L X L matrix. At ¢ =0, we consider
the modified chemical potential A — A" = A(1—1/L) to ensure that the ground state energies
match (cf. Sec. 3.4.1). The singular value decomposition at ¢ =0 is trivial (X9 = A’ with
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Wo =Yy =1), and at ¢ = r yields W, = -1, £, = Adiag(0,1,...1) and
vi=| : (3.42)

The sharp instanton limit of a symmetric instanton-anti-instanton configuration, where
according to Eq. (3.39) one may consider just the instanton, has two scattering matrices:
one for imaginary time interval [0,3/4) at ¢ =0 and another [$/4,5/2) at ¢ = . Their

contraction [190] gives the lower triangular transmission matrix

cosh (BA/4)
y 1
t= ! y? y 1 , (3.43)
cosh(ﬁTA/)cosh(%) .
yk-l y2 y 1

with y = tanh(BA/4) tanh(BA’/4). Its product of singular values

3 B cosh (BA/4)
D‘/T— = |dettior] = [cosh (BA’/4) cosh (BA/4)]E G449

equals the determinant of the transmission matrix.
The product of singular values is proportional to the square root of the fermionic
determinant [Eqs. (3.33) and (3.39)], which gives for the ratio of a two-instanton and

zero-instanton configuration in the sharp-instanton limit

det[0; + Hoi] [cosh (BA'/2)]" (3.45)
det[d: +Hoil  [cosh (BA/4)]E [cosh (BA/4)] LV '
and, for BA > 1,
det[d- +Hoi] ;- -(1-p&
el T = [1 +0 (e )] . (3.46)

Therefore, when the instanton separation 3/2 is well beyond the width A~! of the instanton-
bound fermionic edge mode in the temporal direction (A~! is the “temporal coherence length”
owing to the temporal velocity equalling unity), the determinant ratio does not depend on

the instanton separation. Note that, as in Sec. 3.4.1, this OBC result relies on the matching
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Fig. 3.5 Scaling of the tunnelling amplitude for OBC (left) and APBC (right) systems of
size L, plotted on a logarithmic scale for different ratios of Ej/Ec. The effective Josephson
energy is defined as Ey = LA(m —2)/4n for simplicity. (a) The tunnelling amplitude
predicted by our instanton-based approach [t(()flm] and by the energy splitting obtained from

exact diagonalisation [7,_, ], in contrast to the naive approach [t(()liﬂ] that takes only the
fermionic ground state energy into account. Although plotted up to L = 20, the instanton
calculation can easily estimate the tunnelling suppression for even larger systems, whereas
exact diagonalisation quickly becomes impractical. (b) The ratio of exact and naive results,
compared with our prediction. We also plot the sharp instanton limit results (dotted line),
which bound the suppression of the tunnelling amplitude.

ground state energies at ¢ = 0, r; for values of A’ other than A(1—1/L), the ratio generally
grows exponentially with instanton separation. Eq. (3.46) agrees with the result Eq. (3.27)
from the boundary-mode approach.

3.5.4 Results

We now calculate the tunnelling suppression due to the topology-changing fermions obtained
from our variational approach. To test our results, we will compare with the splitting of the
lowest two energies obtained by exact diagonalisation.

As we noted in Secs. 3.2 and 3.3, Ej/Ec and VE;Ec/A o« wy/ A are two key dimensionless
parameters of the problem. The small tunnelling, i.e., semiclassical, limit is Ej/Ec > 1; this
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is also the criterion for instanton methods to be valid (cf. Sec. 3.3.2). Conversely, working in
the regime where the fermionic gap near the potential minima is operative (in the sense of
¢’s dynamics) requires VEjEc/A < 1.

Since the scale of the Josephson potential Ey = (V2 — V) /2 grows linearly with L, we
require different scaling of Ec depending on which of the key dimensionless parameters we
keep fixed in our calculations: one needs Ec ~ L™! (a scaling that can naturally arise in planar
Josephson junction systems) to keep wq/A fixed, while Ec ~ L is required for fixing Ej/Ec.

To assess the performance of our variational calculation, below we focus on fixing
the parameter Ey/Ec characterizing the adequacy of the semiclassical limit. In using this
parameter, we must bear in mind however, that now VEjEC ~ L hence we must keep L finite
to remain in the wy < A regime.

In our numerical exact diagonalisation of the full Hamiltonian (3.2), we work in the
charge basis. Terms proportional to cos ¢ are off-diagonal in this basis, e'® = Yy [N +2) (N|.
Owing to the ~ (N - N g)2 charging term, only a certain number of charge states centred
around N, contribute to the ground state, hence the charge basis can be truncated to N states
and the low-energy spectrum will still converge to acceptable accuracy. The naive bosonic
problem, where we replace the fermionic Hamiltonian by its ground state energy, is also
solved by diagonalizing a Hamiltonian with a truncated basis.

As suggested by the form of the low-energy dispersion E. (N,) in Eq. (3.9), the desired
tunnelling amplitude is observable from the energy splitting when the wells are symmetric
[diagnosed by the condition E,(1) = E_(1)] and is given by

tor = [E+(0) = E_(0)] /2. (3.47)

However, even after the symmetrisation procedure in Secs. 3.4.1 and 3.5.3, the curvature of
the two wells is different. To counter this effect, we add another Josephson potential to ensure
that the harmonic-oscillator-like states in both wells would have the same energy were it not

for tunnelling.
)

0—

In Fig. 3.5(a), we show the tunnelling amplitude 7,”, based on the instanton calculation
and, for small systems up to L = 14, the tunnelling amplitude 7o_,, from the energy splitting
that we computed by exact diagonalisation. We compare these results with the naive

tunnelling t(()liﬂ. While tgin /VEjEc quickly approaches an L-independent value, the
®

tunnelling amplitude 79—, decreases exponentially with L. The instanton-based result 7,”,

and the exact f¢_,, almost coincide.

To highlight the suppression by the fermionic contribution, we compare the ratios
® (m)
t,) |/t

0—-n!/"0-mn

would eventually approach the naive result. This can be understood by noting that for fixed

and 7,/ tgiﬂ in Fig. 3.5(b). The suppression gets weaker with larger Ej/Ec and
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Ej/Ec, and due to Ej oc LA in our system, we have VEjEc/A « Lm. Therefore, larger
Ejy/Ec leads to smaller wy which implies larger instanton width, and hence smaller optimal
value «*. The smaller «* the more the fermionic and naive potentials are alike (Fig. 3.4), and,
since the fermionic suppression is due to the difference between these two potentials, the
closer we are to the naive result. Conversely, for small Ej/Ec, the tunnelling suppression
approaches the upper bound derived from the sharp instanton limit. Upon increasing L, the

wy o< L dependence, by narrowing instantons and hence increasing «*, also pushes t(()flm / t(()riﬂ

® /t(n)

towards the sharp instanton limit; this leads to a slight downward bend in 7,
n! " 0—-m

as a
function of L.

While a fuller estimate would require evaluating the fermionic Pfaffian factor beyond
classical instanton configurations, we see that using just the classical configuration works
remarkably well. One would anticipate more deviation from our prediction in parameter
regimes departing from the semiclassical regime Ej/Ec > 1, where fluctuations in the
path integral give a greater contribution to the tunnelling amplitude [114]. For numerically
accessible system sizes, an exponential fit to instanton and exact diagonalisation results
produces the same fermionic suppression scaling exponent (within the standard error of
the fit) for each Ej/Ec series, with only a small offset. This agreement persists across a
wide parameter range, but it becomes worse with smaller Ey/Ec ratios as is expected upon
gradually departing from the semiclassical regime. While, to maintain VEjEc < A (with
VEjEc ~ 0.57A for Ey/Ec = 10 and L = 20), Fig. 3.5 focuses on moderate L, the range
considered already emphasises that the instanton calculation allows for the treatment of

system sizes well beyond the reach of exact diagonalisation.

3.6 Conclusion

In this Chapter, we studied how coupling to a fermionic bath impacts the tunnel amplitude of
a particle, if the tunnelling between potential minima, where the bath is gapped, requires
a change in fermionic topology and hence a gap closing. In general, for fermions in d
dimensions, we used the field theoretical language of instantons to map this tunnelling
problem to that of interfaces between topologically distinct regions in d + 1 dimensions.
This relation, as we elucidated in Sec. 3.4, amounts to stepping up on a dimensional ladder,
akin to the reversal of topological insulators’ and superconductors’ dimensional reduction
procedures discussed in Refs. [17, 18, 127, 169]. The existence of topologically protected
gapless boundary modes in these (d + 1)-dimensional geometries leads to a suppression of
tunnelling amplitude compared to the value one would naively expect by taking the bath at its

instantaneous ground state. This suppression is exponential in the size of the fermionic system.
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We demonstrated this in detail on our d = 1 example, including establishing an analytical
bound setting out the strongest possible fermionic suppression. This bound corresponds to
sharp instantons, a tractable scenario also applicable to d > 1 where it is expected to lead to
analogous results: an exponential suppression with L¢, with the exponent set by the boundary
modes’ density of states.

Complementary to this picture, we also showed how to use instanton field theory to
incorporate topology-changing fermions into a variational calculation. This method, which
also revealed an unexpected link to scattering matrices that usually arise in quantum transport
calculations, allowed us to probe a range between wide instantons (no fermionic suppression)
and sharp instantons (maximal fermionic suppression). We compared the tunnelling amplitude
obtained from this variational path-integral method with the energy splitting computed by
exact diagonalisation of the full many-body system. Our method uses only one variational
parameter (the instanton width), and this already yields results that match excellently with
exact diagonalisation, while being able to reach much larger systems sizes. In particular,
while we demonstrated its use on our d = 1 system, the method is equally well applicable
to higher dimensions where exact diagonalisation would be limited to exceedingly small
systems.

Although we focused on conceptual aspects, our results may be relevant for the planar
Josephson systems [100—103] that served as inspiration. As in our d = 1 model, the key
dimensionless parameters are Ej/Ec and wo/A ~ VEyEc/A with A the induced supercon-
ducting gap. (Large Ej/Ec again corresponds to the semiclassical regime where instanton
methods are expected to work, while VEjEc < A renders the fermionic gap operative near
the potential minima.) In these systems, the effective Josephson energy oc L and the charging
energy oc 1 /L (being inversely proportional to capacitance). Hence, wg/A is fixed thus, unlike
the fixed Ej/Ec case we used for assessing our variational method, the large L regime can
be taken consistently with wg < A. Although due to m oc L even the naive tunnelling
amplitude is suppressed exponentially, we stress that the suppression we found enhances
the tunnelling exponent. (In other setups, it may be possible to have kinetic and naive
potential terms that do not scale with the size L of the fermionic bath; then one may have an
L-independent naive tunnelling exponent, together with fixed wg and thus a consistent large
L limit, and an exponential-in-L suppression solely from fermionic topological effects.)

Since the fermionic ground state energies in trivial and nontrivial regimes are not
necessarily equal, the observation of the fermionic suppression of the tunnelling amplitude via
the energy splitting may be challenging in these Josephson systems. However, the tunnelling

amplitude also impacts non-equilibrium effects which may be more amenable for observation
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Fig. 3.6 Cartoon of a ground state that is a superposition of two topologically distinct phases.
Such a superposition is not blocked on topological grounds in our setup, only suppressed
exponentially in the size of the system.

in experiments. In investigating these and other features, studying local versions of our model
(obtained by incorporating dy¢) may offer a useful direction for the future.

The fermionic tunnelling suppression we found may be relevant for considering combining
topological and transmon qubits, as for example when applying schemes that utilise the
charging energy for braiding and parity readout [193—-195, 95, 196] to planar Josephson
junctions [100, 101]. The tunnelling suppression could also potentially be used to better
suppress phase slips (and thus charge noise) in transmon qubits [108, 183].

The fact that tunnelling is only suppressed (but not completely blocked) between topolog-
ically distinct minima is also suggestive of the prospects to realise quantum superpositions
between topologically distinct fermionic ground states. This is especially intriguing for OBC,
where, as in our d = 1 model, it can translate to superpositions of fermionic many-body states
with and without Majorana end modes, depicted in Figure 3.6. Owing to the exponentially lo-
calised nature of these Majorana end states, and to their localisation exponent being unrelated
to that of the tunnel suppression, these end states can meaningfully exist in moderate-sized

systems where tunnelling between topologically distinct minima can play a considerable role.






Chapter 4
Summary and Outlook

In this thesis, we have explored topological superconductivity in the presence of two extra
ingredients: crystalline symmetry and charging energy.

By adding rotational symmetry to 2D superconductors in Chapter 2, we observed
MZMs localised at the corners of a sample that, according to the Chern number, should
be topologically trivial. Moreover, we were able to predict this higher-order topology
using bulk quantities, namely the symmetry representations of negative-energy (occupied)
states. These irreps form the basis of the wider symmetry indicator approach to classifying
topological crystalline phases, which provides an efficient—though not exhaustive—mapping
of this symmetry-enriched space of topological phases. A consequence of this symmetry
indicator abstraction, however, is that the direct link between bulk invariants and the boundary
signature is lost. We restored this link by systematically mapping invariants to symmetry
properties of stacked Dirac models, which provide the natural low-energy description of
most topological phase transitions. With this description, constraints on the boundary theory
follow immediately in the form of a symmetry-enforced gap-closing on the surface, which
defines our second-order bulk-boundary correspondence. One of our key findings is that this
correspondence can crucially depend on which point group symmetry is left unbroken by
the termination, which manifested here as an interplay between the weak invariants and the
location of the rotation centre.

In Chapter 3, we considered a fermionic topological phase being controlled by a separate
variable that is itself subject to quantum fluctuations. The corresponding ingredients are
present in the modern planar Josephson junction platform for MZMs, so we chose to frame
our discussion in the language of circuit QED, where the control variable is the Josephson
phase difference ¢, whose fluctuations arise from charging energy. Fermions act as a bath for
¢, whose tunneling amplitude is exponentially suppressed by the fermions’ topology change.

We were able to accurately quantify this tunneling thanks to the powerful field-theoretic
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method of instantons, which we adapted to include and later integrate out a lattice of fermions.
The central difficulty was evaluating the resulting temporally-nonlocal effective action, though
we could bound the suppression from above through an analogy to the low-energy spectrum
of a topological superconductor in one dimension higher; there, we found the suppression
exponent to be linear in the number of fermions comprising the bath. This result agreed with
a numerically efficient novel time-ordered exponential calculation, which we could verify for
modest system sizes using exact diagonalisation.

This thesis brings to light many possible directions for future research. The most obvious
open question that follows from Chapter 2 is whether our stacked Dirac construction can give
the higher-order bulk boundary correspondence for other crystalline symmetry groups. If
symmetry indicators can be combined with other topological invariants to fully classify the
bulk, then the generality of stacked Dirac models would make it a promising candidate to
bridge between the bulk and boundary classification groups.! However, we also saw a sixfold
rotation symmetry representation that could be furnished only by a cubic Dirac model, so this
approach would be strengthened by a separate analytical study into the boundary theory of
this ACh = £3 two-band model. Luckily, we were able to avoid these nonlinearly-dispersing
Dirac models by choosing substitutes from the same stable equivalence class, and this strategy
may also work in other symmetry classes. Nevertheless, being able to directly treat these
cases without relying on stability would be advantageous, especially for potential links to
fragile topology [42], which is yet to be fully defined for superconductors.

Our results from adding crystalline symmetry also prompt us to reflect on what symmetries
are reasonable to impose on a system. In the bulk, crystalline symmetries are enforced by the
comparatively large electrostatic energy cost of moving ions away from thermodynamically
stable configurations, generating symmetric potentials for the electrons. On the boundary,
those electrostatic forces are very different and the symmetry constraints on the ions would
not be expected to be as rigid. Yet, our present conclusions about the boundary signature
assumed a nonlocal point group symmetry that applied globally across the boundary; indeed,
some features relied on the precise boundary symmetry, as exemplified in Sec. 2.6 where the
choice of rotation centre was critical. Nevertheless, one still expects MZMs at the corners
of a fully symmetric crystalline system to be robust against disorder that does not close the
boundary gap or bring corners together. This suggests a stability under local perturbations
away from the symmetric limit. A practically relevant question is what higher-order bulk
boundary correspondence survives when the spatial symmetry is only respected on average

(especially on the boundary), or when the system is polycrystalline with multiple misaligned

IRecall that on their own, symmetry indicators give only a proxy to the boundary classification group, as
seen from Eq. (1.34).
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grains of moderate size. A similar question is being pursued in the more extreme case
of amorphous topological insulators [197, 198, 137], sometimes using a generalisation of
the Chern number to a real space topological marker [199, 200]. In the intermediate case,
crystalline symmetry would be loosely retained so one could take advantage of the recent
real space formulation of symmetry indicators [146] to investigate disorder. Disorder was
investigated for weak topological phases [201, 202] (the forerunner to topological crystalline
phases) where, as for strong topological phases, surface states did not Anderson-localise, so
long as the disorder respected translation-symmetry on average. Developing our approach to
the higher-order bulk-boundary correspondence in this case would be an interesting direction
for future research.

Coupling a bosonic quantum variable to a system of fermions is also a general scenario that
could arise in other condensed matter tunneling problems. We showed that adding fermions
always suppresses the tunneling compared to a naive potential because of the fermionic part
of the wavefunction. While this effect is most drastic when the fermions undergo a bulk gap
closing, our instanton technique can quantify the transition from adiabaticity to a sharp inner
product between two distinct fermionic wavefunctions. This type of tunneling calculation
could be relevant for mesoscale quantum phase transitions. Such transitions may not be that
far out of experimental reach: for example, the entanglement between many fermions recently
observed in ferromagnets [203] has some parallels to the type of superposition we proposed
in Chapter 3. In transmon qubits, the suppression of tunneling due to fermions also provides
a separate mechanism to reduce charge noise without compromising anharmonicity. It would
also be interesting to explore the consequences of finite temperature on these tunneling
effects.

Chapter 3 has demonstrated how the consequences of single-particle topology are still felt
even when adding interactions. This shows that other fruitful directions open up from adding
interactions to free-fermion topological systems separate from constructing the interacting
SPT classification. [Indeed, in our case the non-locality of the charging term (N — Ng)2
means it cannot neatly fit into an SPT classification.] The controllability of charging energy
in particular allows interacting systems to be engineered that build on the properties of the
underlying non-interacting topological superconducting phase. This principle is already
on display in 2D second-order topological superconductors where local parity constraints
(implementable through charging energy) can create topological ordered stabiliser codes [97]

that rely on the degeneracy from corner MZMs.
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Appendix A

Additional Derivations for
Bulk-Boundary Correspondence

A.1 Restrictions on Choice of Unit Cell

The bulk classification of Ref. [56] of rotationally symmetric superconductors employed in
the main text relies on having momentum-independent matrices r,, that rotate the momentum-
space tight-binding Hamiltonian, cf. Eq. (2.2). Generally, the form of the tight-binding
Hamiltonian depends on the choice of the basis functions. In particular, using orbitals
¢R.o(r—R—d,) for each orbital « at the position R+d, with the Bravais lattice vector R
and atomic position d,, enables us to construct basis functions [204, 148]

r — L —ik'(R+d(,) _ R_ d A 1
¢k,a/(r) \/NZR:e @R,w(r oz) ( . )

where the sum goes over all N unit cells at positions R. The resulting tight-binding

Hamiltonian

Ao = [ P18, (R, 40) (A2)

with the operator H acting on the basis functions is not periodic under a shift of a reciprocal
lattice vector G, but rather transforms [147, 148]

Hk+G) =V (G)HK)V(G). (A.3)

The unitary matrix V (G) takes into account the momentum-dependence of the different atomic

sites at d,, within each unit cell. The matrix is diagonal with elements V,5(G) = e 7G5, 5.
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The benefit of this basis choice is that matrix representations of symmorphic symmetries,
such as rotation, are always momentum-independent. For example, a rotation R that rotates
to R,(R+d,) =R’ +dg changes the creation operators of the orbital at R+d, [124]

RE (R+dy)R7! = c‘}_;,(R’ +dg) Rz (A.4)

where the unitary matrix R,z accounts for rotation of atomic orbitals, as already used in
the main text. This implies for the momentum-space representation of the annihilation

operator [148]
REL(K)R™ =R )" &l (R+dy)e™ Rrde) g1 (A.5)
R

:Z c-;(R' +dg) R e Rrda), (A.6)
R

Using R+d, = RI (R’ +dp) and changing the summation from R — R’ gives

RE R =) EL (R +dg)e W Rgy, (A7
RI
=l(Ryk)Rpo. (A8)

The Hamiltonian H = 3 Ez(k)ﬁaﬁ(k)c'ﬂ (K) is invariant under the rotation R, giving [124]
RAR' = Z & (RK)Roa Hor g ()R 5 (R, K)

k
- Z " (Rk)Hop(R,K)C5(R,K) = H (A.9)
k

which implies RH (k)R" = H(R,K) for the tight-binding Hamiltonian. For superconducting
BdG Hamiltonians, the structure of the Nambu spinors needs to be taken into account, which
promotes the operator R to

, (A.10)

cf. Eq. (2.2). These operators are always independent of momentum; cf. Ref. [148] for a
more general discussion that includes both symmorphic and nonsymmorphic symmetries.
In the main text, we implicitly use a different set of basis functions that gives the
tight-binding Hamiltonian
H(K) =V(K)HK)V(K). (A.11)
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This different basis choice has the advantage that the tight-binding Hamiltonian is invariant
upon a shift by a reciprocal lattice vector, especially that H is identical at certain HSPs
™ and their rotated counterparts RnH(”), e.g., at M and R4M in C4-symmetric lattices.
However, as pointed out in the main text, the operator 7, is generally momentum-dependent,

in particular,

H(RK) =V (R,K)r, V' (K)H(K)V(K)r V' (R,K) (A.12)
=r" (K)H (k)" (K) (A.13)

with 7/, (k) = V(R,K)r,V'(k). We restore Eq. (2.2) when r, V' (k) = V'(R,Kk)r,. This
relation is only true when each atomic position d,, is rotated to a (not necessarily different)
position dg within the same unit cell. We realize this by computing the action of r, on
VT (k) explicitly. The matrix r,, shifts all atomic sites d, — R,d, and transforms the internal
degrees of freedom on each d, (for example, p, orbitals are transformed into p, orbitals
under a C4 rotation). The matrix elements of r, can thus be written

ra? = Fopd, Rudgs (A.14)
where 7 transforms the internal degrees of freedom and the Kronecker delta ensures that all
sites dg are changed to R,dg. Then,

ik-d Sarp = eik.R,{d

i’n(VT(k)Llﬂ = Faa'0d,.Rd,, € “FapOd,.Radg

= o/ Fik a0 P pda, Ryas = VI (RI)T, (A.15)

|a/ﬂ’

i.e., the operator r, acting on the tight-binding Hamiltonian H (k) is momentum-independent.
This derivation relies on a rotationally invariant unit cell, since each unit cell must contain
both atomic positions d, and Rd,,.

Not every rotationally invariant lattice allows us to define unit cells that respect rotational
invariance individually, as we demonstrate using Fig. A.1. The lattice shown in Fig. A.1(a)
is C4-symmetric lattice with four atomic sites in each unit cell. Two different choices of
unit cells respect rotational invariance individually and are compatible with a finite system.
Similarly, the lattice shown in Fig. A.1(b) and (c) is C4-symmetric, however, any finite system
that respect C4 symmetry is incompatible with a C4-symmetric unit cell. While the unit cell in
Fig. A.1(b) is rotationally invariant, it contains fractional atomic sites. Any lattice boundary
must therefore contain additional partial unit cells. The unit cell choice in Fig. A.1(c) is
compatible with a finite system, but the unit cell itself is not C4-symmetric, such that d, and

Rd,, are not contained in each unit cell. This gives some additional momentum-dependent
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@ o0 00 e ® 0 © 0 e .

Fig. A.1 Different C4-symmetric lattices. (a) Each unit cell respects C4 symmetry individually
and is compatible with a finite lattice. (b) Each unit cell respects C4 symmetry, but contains
fractional atomic sites and is therefore incompatible with a finite lattice. (c) For the same
lattice as in (b), we can define a different unit cell that is compatible with a finite system, but
does not respect C4 symmetry.

contribution to 7/, (k) =V (RK)r, V7 (k), which in turn spoils the bulk classification used in
the main text that relies on [r,, H(II™)] = 0 [56]. The momentum-dependent contribution
is generally model-dependent, such that a classification is beyond the scope of this work.

A.2 Derivation of The Edge Theory

In this Appendix, we show explicitly how each pair of bands in the stack of Dirac Hamiltonians
give rise to chiral edge modes, in a description that allows for smooth (on the scale of the
lattice spacing) variations of the boundary. We follow a similar prescription to Refs. [46, 37],
in which we project onto the low-energy subspace of states localized to the edge of the
material. This gives rise to explicit forms of the rotation operator and PH operator on the
edge—although overall signs are generally basis-dependent, certain signatures that determine

the presence of corner modes are independent of the choice of basis; cf. Appendix A.2.2.

A.2.1 Effective Boundary Hamiltonian

For each Dirac model in the stack, allow the mass term to vary spatially m, — m(r) and
decompose momentum into components parallel and perpendicular to the boundary. For
the unit vector fi, = (cos ¢, sin ) normal to the edge (which varies as a function of position
r along the boundary), decompose k = ki + k  fi. and take fij = (—singp,cos ¢) to follow
the edge in a counterclockwise direction such that k| may be positive or negative. (We also

define k|| = k| fi; for convenience.) Let A be a coordinate along the edge normal, where 4 =0
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denotes the position of the boundary where m, (1 = 0) = 0 changes sign. When a transition is
realized through many simultaneous gap closings, all gap closings m, (r) = 0 happen at the

same boundary. In this notation, each Hamiltonian in the stack reads
Wa(k) =ma(/l)0'3 +Va,k|| -a'—ivaﬁr-a'aﬁ (A.16)

with v, > 0 as also used in the main text. In principle, since the normal vectors i, and A
depend on the position r along the boundary, the momentum operator K does not commute
with them. As we only want to consider slowly varying normal vectors, we can neglect
this nonzero commutator. Similarly, this approach does not cover sharp changes of the
normal vectors [205], which appear directly at the corners of a sample. This does not limit
our analysis, as the description away from these sharp changes remains valid and allows to
observe differences between smooth edges.

When a mass term changes sign as sgn(mq (1)) = sgn(A) along the transition, chiral

modes localized to the edge may be found using the ansatz
W, (k) = e~ h Wna@Whvay (k). (A.17)
Substituting this ansatz into the Hamiltonian, we obtain
(2mo (D) o3P+ vk - ) Yo (Ky) = Ex Wo (K)), (A.18)

with the projector P, = %(1 +ioshp-0) = %(1 F1y - o). The wave function ¢, (k|) is only a
A-independent solution when Py, (k) =0. As Py, (k) =0 implies P_yr, (K)) = o (K))),

the solution satisfies
voK| - oY (K)) = veko (k). (A.19)

Had the bulk mass changed in the opposite way as sgn(m, (1)) = —sgn(A), the ansatz would
have a different sign in the exponent, and the solutions P_yr, (k||) = 0 would propagate in the
opposite direction.

Here we switch to a more convenient basis, generated by V;_, such that

1
Vi PV, = S(1-03), (A.20a)
Vi (vok) - )V, = vakyos. (A.20b)
This can be achieved by choosing V,._, o« exp(i Jhy o), where we shall fix this constant of

proportionality below using PH symmetry. This allows the 1 X 1 edge Hamiltonian to be easily

procured by applying a projector p, = (1,0)7 to pick out the correct subspace. Explicitly
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performing these steps, we end up with a low-energy edge Hamiltonian for right-movers

o =PIV HY (K, p, (A21a)
=Vvak. (A.21b)

Performing similar steps for left-moving ansétze, differing in the choice of basis V,._ and
projected component p_ = (0, 1)’ —though one still has V,._ o exp(i%ﬁr - 0-)—we obtain a

similar edge Hamiltonian dispersing with opposite velocity

W =P Vi HE (K, p- (A.222)
= —vgk|. (A.22b)

A.2.2 Surface Projections of Rotation Representations

The advantage of the transformation that projects on boundary modes [Egs. (A.21) and
(A.22)] is that it allows to track the transformation of edge modes, as we show in this
section. We first discuss how to fix a basis requiring PH symmetry before computing the
edge projections of rotation and PH symmetry.

Choice of Basis

The transformation V;_, that rotates the projector P, into VJ_)PJ,VI._) = %(1 —03) is only
defined up to a phase, V;_, o exp(i§f,- o). Here, we fix this phase by requiring that the
eigenstates ¥, (k) = Vy_, p, respect PH symmetry, i.e., i, (-k|) = ¢, (k)) with E= oK.
Further using p, = (1,0)7 gives

Ve, = e 1 7/4/2) exp (i%ﬁr . 0') . (A.23)
Note that this is the same as requiring
r;Vr—>P+ = VRnr—>P+a (A.24)

where r* = ¢7/73%/" is the positively signed rotation representation. For left-moving modes,

the basis rotation operator is chosen as

Ve = e~ i(r/4=¢/2) exp (i%ﬁr . 0') (A.25)
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for the same reasons.

Surface Rotation Representations from Bulk

Using the notation introduced above, we show how to derive the edge rotation representation
from the bulk representation along the lines of Ref. [37]. For some gap closings, e.g.,
at I' and M in Cy-invariant systems, each Dirac Hamiltonian from the stack respects
rotational invariance via i H “(k)r,‘f = H*(R,Kk); cf. Eq. (2.23). The edge Hamiltonian for
right-moving states, Eq. (A.21), thus transforms as

e =piVi H (), qp+ (A.26)
—p+VJ_, aTVR r— R r—>7{a(R k)VR r— R r—'n, cV —P+s

where we inserted 1 = Vi Using that pIp, = 1 and [p,pL,V,,r&iVg,] =0, we

R r— R,r—°
obtain

h;’; —p+p+p+V “TV H(R,K)

Rur—VRor o>
X VRV e Ve, DoPiDs

—(PerL’”n VR,r—D+) hR IRy k(p+ R,r— TneVeoD+)

_uﬁft AR 2Rk Une: (A.27)

The equivalent result for left-movers is the same with (+, —) replaced by (—,«). Using
Eq. (A.24), we see that ryj . = 14€ —io37/n implies

c=DIVE Pt Ve Py =10 (A.28)

R,r—"n,c

Thus each uy . is simply a sign. Since the sign itself is basis-dependent, only differences in

sign can be of physical importance, as we discussed in the main text.

Other High Symmetry Points

When a Dirac Hamiltonian at a HSP does not transform into itself, but to another HSP under
rotation, the rotation representation must account for this. For example, in a C4-symmetric
system, the Dirac Hamiltonian at X transforms to X’ and vice versa. As discussed in the main

text, these Dirac Hamiltonians must be combined into a 4 X 4 Hamiltonian

H®(K) = H (k) @ Hg' (k). (A.29)
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Denoting the space of the two stacked Dirac Hamiltonians by 7, two choices of rotation

representation are consistent with PH symmetry,

e /4 QT
re, = ’ (A30)

e—i0'37r/4 T,

where we neglect an inconsequential possibility for an overall sign. The projection onto an
edge is a straightforward generalization of the approach we discussed above. Both projector

p-+ and basis rotation Vy;  (with s, € {«, —}) must be stacked. While the projector is stacked

Sa

via

, (1000 . (o100 A
P+=1o 0 1 o) P==10 0 0 1)’ '

where the inner degree of freedom corresponds to the o, space and the outer degree of freedom
to the 7, space, two choices to stack V;,_, are consistent with PH symmetry, Vi, @ (5, Vis,)
with the sign s, = £1. The projection h?j{“ of the Hamiltonian onto the edge at r is thus a
2 x 2 matrix. As the mass terms at X and X’ must have the same sign, the two modes of hf";"
are always copropagating, i7" = vo k7o and hZl™ = —vek| 0.
Following the derivation in Sec. A.2.2, the resulting representation of the rotation on the
edge is
u = syiTy  for rfc = e‘l:“3”/4 ®iT) (A32)
’ s,T1  for rfEc = e /A QT
Since the overall sign s, does not change det uﬁf’ . = =1, it can be safely neglected as we do in

the main text.

A.2.3 Edge Projection of Particle-Hole Operator

Since the phase of the chiral edge modes i, (k) is chosen such these states respect bulk PH
symmetry, the edge projection of PH symmetry simply becomes complex conjugation. We
realize this by writing the edge Hamiltonian in second-quantized notation for a position r on
the boundary

T ~ af A

he= ) Pa0) A 90k (A.33)

kj.aB

with operators 9, (k) = ¥ (k) - £, (k|) and the Nambu spinor &, (k) = (¢, (k), ¢} (-k)).
As the wave function respects PH symmetry, ¢, (k)) = o/, (k| ), we realize that the
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annihilation operator ¥, (k) equals the corresponding creation operator at its negative

momentum,

Yo (K)) = o (-K)) - (0:éa(K))) = o (-K)) - EL(-K)) (A.34)
=95 (-kp), (A.35)

where we used that 0, (k) = ﬂ(—k). This implies that the 7, (k) are in fact (Fourier-
transformed) Majorana fields. Further using Tr[hr,k”:o] =0, the second-quantized Hamilto-

nian reads
he== > TaRDAE 75 (k). (A36)
k).
This implies that hf ¢ K = —h:’ﬁ” , or using the Hermiticity of hr’k” , that
hesey = ~Khe 1, K, (A37)

1.e., PH symmetry simply reduces to complex conjugation when projected to an edge.






Appendix B

Additional Proofs about The Fermionic
Determinant

B.1 Jackiw-Rebbi Derivation of Edge Mode Spectrum

In this Appendix, we derive the edge mode spectrum associated with an instanton using a
Jackiw-Rebbi-like ansatz [31]. We shall use the momentum-space representation Hy (k) of
the 1D model [Eq. (3.1)] to write the Lagrangian

L(1,k) =0 +H,_ (k). (B.1)

Recall that a sign change of cos ¢, corresponds to a topological phase transition of Hy_(k).
As in the main text, we consider the Hermitian Hamiltonian H (1, k) = io L(7, k).

We deal solely with the case of unequal gaps on both sides of the transition because this
encompasses the case of equal gaps. To this end, we modify the gap at ¢ =0 as A — A’ = gA,
where 77 € (0, 1] is a parameter describing the asymmetry of the gap. Separating out the ¢
dependence, the Hermitian Hamiltonian is now

H(t,k) :%cos ¢ [(n+cosk)or —sinkos]

A
+§ [(n—cosk)on+sinkos] +id07. (B.2)

Suppose that there is an instanton located at 1o which closes the gap: cos ¢« > 0 and

CoS 7>z, < 0. One might propose an ansatz

¥ (k,7) z exp [Acos (k/2) /TdT’ cos ngr] Ui (B.3)
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localized at 7y, where the sign change of cos ¢, ensures that the solution remains normalizable
on both sides of the transition. Such an ansatz fails for  # 1 because the decay of the bound
state needs to be different in regions with a different gap [206, 207]. We therefore try a
judicious rewriting of the Hamiltonian (B.2) that immediately suggests a better ansatz, namely
H =id, o + %(ak +cos¢;) [(n+cosk)or —sinkos]

+% [(n(1=ag)—(14+ag)cosk)or+ (1 +ay)sinkos], (B.4)

where we introduce a parameter «; to label the reshuffling. We will soon see that only one

choice of @, makes the ansatz work. This new form suggests the ansatz

A T
‘P:exp[z\/1+n2+2ncosk/ dT’(ak+cos¢Tf)]wk (B.5)

70

that factorizes the Hamiltonian as

Hyy = [iA(a/k +cos ¢T)\/1 +n2+2ncosko Qi + hy | Wi (B.6)
with the projector
1 +cosk) o3 +sinko-
01 = 2 |y IESH 7 *1=0f, (B.7)
2 V1+n2+2ncosk
and the 7-independent term
A .
hy = 5 [(n(1—ag)—(1+ag)cosk)or+ (1+ay)sinkos] . (B.8)

To get 7-independent solutions we project onto the Qi = 0 subspace in which the
Hamiltonian is simply Y = hiy;. For this to be valid, we need ¥/ to be a simultaneous
eigenstate of both the projector and the remaining effective Hamiltonian, i.e. [Qy, h;] =0,

which holds if
n?-1

= :
¢ 1+n%+2ncosk

(B.9)

A crucial observation is that @; monotonically decreases from a;-o=(n—1)/(n+1) to
ap=r = (n+1)/(n—1), which means that there exists a range of k for which a; < —1 and
the ansatz of Eq. (B.5) is no longer normalizable. Thus bound states only exist in the range

|k| < arccos (—n7), for which the dispersion is given by

Ef(k) = %\/(1 +ap)?+n2(1—ax)? - 2n(1 —a?) cosk, (B.10)
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saturating at the value of the reduced gap A’ = nA. Setting n = 1 recovers the equal gap case,

which has bound states for all k£ with simple dispersion
Eﬁ"(k):Asin(k/Z) (B.11)

quoted in the main text. We have thus derived the spectrum of the chiral edge mode along the
spatial direction, bound to each instanton. Had cos ¢ changed sign in the opposite direction
(as for an anti-instanton), the ansatz in Eq. (B.5) would need a minus sign in the exponent to
be normalizable, and we would have derived an edge mode of opposite chirality.

Recall from Sec. 3.4.1 that for the OBC case to have symmetric wells, one tunes the gap
inequality parameter tobe =1 — %, which we may substitute into the above expressions to
find the chiral edge mode spectrum associated with each instanton.

B.2 Proof that Fermions Guarantee Suppression

In this appendix we prove that the effect of eigenstate evolution is always to suppress tunnelling.
We will do this by showing that the fermionic potential Us [¢,] is always greater than or

equal to its naive equivalent U, [¢.]. Recall from Eq. (3.36) in the main text that the primary
B

object of interest is the time ordered exponential, which we can express as the At =5 — 0
continuum limit of the product
P Hepn AT ,—H A Hep, AT ,—Hgp, A
M= T exp —/ dtHy, | =e "IN TN BT L T TR T e e AT, (B.12)
0

The fermionic potential follows from the eigenvalues p,,(M) of this 2L X 2L matrix M.
Specifically, we want to consider the magnitude of

me(M) +

<2

1 oL 1
L o (VD] + ——— |,
NF() D( g «/|pm<w83| .

where the right-hand side follows from the triangle inequality. We also recognise that the

|exp{-20¢ [¢-1}| =272 |

m

naive potential follows the same calculation but with the Hamiltonians replaced by only their
spectral parts: H, — @megﬁmog. Let the corresponding naive product be labelled M,
noting that it is much easier to calculate because each matrix in the product commutes.

We start by getting an inequality for the eigenvalues in the fermionic and naive cases. Let

M’s eigenvalues p,, (M) be nonincreasingly ordered as [p;(M)| > --- > |p22(M)], and let its
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singular values' o7, (M) be ordered similarly as oj (M) > --- > 0% (M). The first step is to
invoke Weyl’s inequality:

k k
[ Tien <] JomM, (B.14)
m=1 m=1

fork=1,2,...,2L. For generic complex matrices A, B € C2/*?L there also holds an inequality

between the singular values of products of matrices:

k k
l_[am(AB) < no-m(A) om(B). (B.15)
m=1 m=1

We can use Eqgs. (B.14) and (B.15) recursively on the product definition Eq. (B.12) to conclude

that
N

k k N k
l—l lom(M)] < l—[ l_lam(exp{—ﬂ(piAT}) = l_l HCXP{E(ﬁi,mAT}, (B.16)
m=1 m=1

m=1 i=1 i=1
where the last equality follows because each time-slice contains a positive definite Hermitian
matrix (and we order energies as €41 > -+ > £427). We may recognise the right-hand side

as the eigenvalues of the naive product M,,, therefore

k k
| TlonI <] Jom(Ma). (B.17)
m=1 m=1

By PH symmetry, p,, (M) = [p2—m+1(M)] ™!, we also have

2L 2L
[ [lonI=] JomMa =1. (B.18)
m=1 m=1

We can therefore say that the ordered vector n = [logp1(My),...,logpar (My)] majorises the
ordered vector f = [log|p;(M)],...,log|o2r(M)|], written f < n.

Next, we aim to show, using convex analysis, that an inequality for the fermionic and
naive potentials follows from the majorisation relation between these vectors. Consider a
function u(x) on real vectors x € R%. Such a function is called Schur-convex if an inequality

follows from majorisation of its argument, i.e.,

u(x) is Schur-convex iff x<y = u(x) < u(y). (B.19)

1Recall that singular values are given by o (A) = /p(ATA).



B.2 Proof that Fermions Guarantee Suppression 131

According to the Schur-Ostrowski condition, u(x) is Schur-convex if and only if

(Xm —Xn) (ﬂ - Ou

d
> . .
P (’)xn) >0 Vx € R (B.20)

Now specify the function to be u(x) = I"[,%f: , cosh [x,, /2], in which case we can verify that

%(xm —xn)] n cosh Bxl

l#£m,n

1
= — (X, — Xp) sinh

>0, B.21
> > (B.21)

o 1) ( ou Ou )

xm Oy

so u(x) is Schur-convex. We selected this form of u(x) because, by Eq. (B.13), u(n) =
exp{—ZUn [¢T]} and u(f) = exp{—ZRe Ut (-] } Using the majorisation relation f < n we
have already proven and Schur-convexity, we therefore have u(f) < u(n) and

Re 0f [¢:] 2 Un [¢-]. (B.22)

That is, the real part of the fermionic potential is provably greater than or equal to the naive
potential. (For the chiral symmetric case in the main text, where we calculated Ut [¢;] from
the spectrum of a Hermitian Hamiltonian, we can further choose Us [¢-] to be real.) Thus,
including fermions properly always suppresses the tunnelling amplitude compared to the
naive calculation.
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