SAPIENZA

UNIVERSITA DI ROMA

Sapienza University of Rome

Department of Mathematics
PhD in Mathematics

Unitary and homotopy
equivalences: classification of
low-dimensional topological
phases of quantum matter

Thesis Advisor Gabriele Peluso
Prof. Domenico Monaco 1750283

Academic Year MMXXV-MMXXVI (XXXVIII cycle)



AR



Abstract

Topological insulators have attracted significant attention across physics and mathematics due to
their technological potential and their rich geometric and algebraic structure. Their hallmark prop-
erty is the bulk—boundary correspondence, whereby non-trivial bulk topology enforces the existence
of metallic edge states. The mathematical classification of such phases of matter, culminating in
the periodic table of topological insulators and superconductors, associates topological invariants to
different symmetry classes defined by time-reversal, particle-hole, and chiral symmetries. However,
this framework involves several approximations: it replaces projection-valued maps (PVMs) with
vector bundles, collapses the torus to a sphere — thus overlooking weak, lower-dimensional invariants
—, and employs stable equivalence notions from K-theory that do not always capture the full topo-
logical content. This thesis develops a direct homotopy-theoretic approach to the classification of
symmetric PVMs, aimed at overcoming these limitations. In particular, it investigates the interplay
between unitary equivalence and homotopy, identifies weak invariants absent from the Kitaev table,
and establishes a general classification scheme applicable to arbitrary periodic models. The analysis
focuses on low-dimensional settings (0, 1, and 2-dimensional systems), which provide a tractable
yet non-trivial testing ground. Within this framework, we examine models with a single symmetry
present, corresponding to the Altland—Zirnbauer classes A, AI, AIl, AIIl, C, and D. The results
clarify in particular the obstructions to constructing symmetric Wannier bases, refine the under-
standing of strong versus weak topological invariants, and detail the relation between topological

phases of matter and the dimerization choice in discrete models.
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Introduction

I.1 Overview

The field of topological insulators has attracted the attention of both the physics and mathematics
community, due to their potential applications for solid state devices and quantum computation as
well as their rich mathematical structure. From the physical point of view, the most interesting
feature of these materials is that, when they are truncated, a non-trivial topology for the infinite
system drives the existence of metallic (i.e. gapless) states which are spatially localized near the cut:
this statement is the celebrated principle of bulk-boundary correspondence for topological insulators.
For extended reviews of this rich research line, the reader is referred to Refs. 2], [7], and [28]. As will
be detailed later on the next section of the Introduction, a topological insulator is a solid described
by a Hamilton operator acting on an appropriate Hilbert space, whose spectrum is gapped; this
allows to define the occupied energy levels as those below the spectral gap. For translation invariant
systems, the classification of topological phases of matter is then tantamount to the classification of
projection-valued maps from the momentum space to the vector subspace spanned by these energy
states; the first attempt to solve the classification problem was done by considering a different notion
of translation invariance that leads to the classification of vector bundles over the torus with the
same dimension as the system (Bloch frame). Then those were treated as vector bundles over the
sphere in order to easily compute the numerical topological invariants that describe their topological
nature using K-theory. In particular, different scenarios arise if the system is constrained by certain
pseudo-symmetries, which can enrich or trivialize the topology of the manifold of occupied states.
The three symmetries usually considered are time reversal symmetry ©, particle-hole symmetry
= and chiral symmetry II; they are unitary or anti-unitary operators that square to +1 (identity
operator). A full description of the symmetries will come in the last section of the Introduction.
Using techniques from K-theory and Clifford algebras, the topological invariants that describe each
symmetry class of vector bundles over the sphere were presented in [37| and later refined in [1] [30]
[36] [53] to cite some among many. The following table contains the complete topological invariants
classifying symmetric vector bundles over a d-dimensional sphere up to stable equivalences. The
table is periodic with period d = 8 thanks to Bott periodicity. In the column where the symmetries
are present, we denoted with 41 the sign of the square of the symmetry and with 0 a broken

symmetry.
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Classes | Symmetries Dimension

AZ O = IT|{1 2 3 4 5 6 8
A o 0o o0 zZ 0 Z 0 Z 7
Alll fo 0 1|2 0 Z 0 Z 0 0
Al 1 0 0|0 O 0 Z 0 Zy 7Zo Z
BDI 1 1 1 Z 0 0 0 Y/ 0 Zo Zo
D 0 1 0 |Z, Z 0O 0O 0 Z 0 Zs
bir (-1 1 1 1|%Zs Zy Z 0 0 0 Z 0
All (-1 0 0|0 Zy Zo Z 0O 0 0 Z
cau |-t -1 1 1%Z 0 Zy Zo Z 0 0 O
C 0O -1 0|0 Z 0 Ze Ze Z 0 0
CI 1 -1 1 0O 0 Z 0 Ze Zo Z O

The two ground-breaking results that naturally follow from this table are the presence of topo-
logical obstructions in building symmetric frames and a partial classification of phases of matter.
For the first, we are interested in finding smooth symmetric frame for the Bloch bundle since in
position space they constitute a symmetric Wannier basis as localized as the frame is regular [47].
The latter gives a close description of the shape of the orbital of an electron with energy in the
spectral band and can also be used for the development of computational methods that scale lin-
early with the size of the system [21]. If the Bloch bundle is non trivial it is impossible to find a
continuous frame, so, if the topological invariant is non zero, the system cannot admit a localized
Wannier basis. However the table does not express how close can we get to the construction of a
continuous frame for non trivial Bloch bundles and this will be a recurring problem we will answer
in all the considered classes. For the second, if a system undergoes a continuous deformation that
maintains the spectral gaps open, the topological nature of these numbers ensures that they remain
constant during the transformation. Conversely, the only way in which a system can change a
topological invariant is to transition trough a phase without the spectral gap. In fact, among the
original motivations of the work of Kitaev was the search for a stable source of qubits to perform
quantum computation codes, which he proposed to identify with topologically stable edge states
at the edge of a superconducting chain [38]. Those techniques were also used to investigate the
phenomenon of piezoelectricity in polyacetylene [56]. Finally, the most important example can be
found in [59] in which those techniques were exploited by Thouless, Kohmoto, Nightingale and den
Nijs to show a relation between the quantum Hall conductivity and a Chern number, which will be
defined later. However, this table only provides a partial classification for projection-valued maps
because there are three layers of approximation present in this theory: the first is considering vector
bundles instead of projection-valued maps. The difference is that projection-valued maps have a
notion of unitary equivalence related to the choice of a periodicity cell and a notion of homotopic
equivalence related to the phases of matter. Instead, abstract vector bundles have only a notion of
unitary equivalence, and this may lead to misinterpreting the true nature of a topological invariant.
The second layer is collapsing the torus to a sphere: in this way the table focuses only on topo-
logical invariants that live specifically on the dimension d of the model and overlooks topological
invariants that are inherited from lower dimensions. This choice was made for a reason: despite
the fact it is possible to compute the K-theory of a torus using the Kiinneth formula [31], thus

possibly recovering the invariants from lower dimensions, such invariants are supposed to vanish



when studying periodic models with non-periodic small perturbations (supposition confirmed by
[8] for 1-d models). For this reason they are called weak invariants. Instead, invariants that live
on the proper dimension are supposed to be robust up to small perturbation, and this is why they
are referred to as strong invariants (some generalizations of topological invariants to non-periodic
models can be found in [41], [4] and [8]). The final approximation was the usage of K-theory, which
deeply uses the notion of weak stable equivalence that does not ensure that two vector bundles
are unitarily equivalent if their invariants are equal, and neither does the notion of isomorphism.
So, generally speaking, the invariants obtained are not complete topological invariants. Moreover,
there are also some hidden hypotheses that forbid us from using the table in a wide variety of
physical models. For example in Classes D and AIII the table consider pairs of projection-valued
maps P*, P~ such that P 4+ P~ = 1, but this is not always true. So, our goal is to use a direct
approach based on homotopy theory to study symmetric projection-valued maps, study the duality
unitary equivalence-homotopy, find the weak topological invariants that may be missing from the
Kitaev table, and work in maximum generality in order to develop a theory that can be applied in
any periodic model. Due to the difficulty in using homotopy theory in spaces of high dimension, in
this thesis we will study models with dimensions 0, 1 and 2, where the dimension zero consists in
a single point and is used as a stepping stone toward more complex frameworks. In this thesis we
will study models with a single symmetry present, in the Kitaev table they belong to Classes A,
AT, AII, AIII, C, and D.

The contents of this thesis will be the following. The Introduction contains the well-known
procedure that allows one to study periodic Hamiltonians acting on L?(R?), which represent the
energy of a quantum particle moving in a crystalline solid. Thanks to a unitary operator, the Bloch-
Floquet-Zak transform, it is possible to define the projection-valued map containing the topological
properties we are interested in. Usually this projection-valued map satisfies a pseudoperiodic condi-
tion called 7—covariance. However, it is extremely uncomfortable to study the topology of a pseu-
doperiodic projection-valued map, so in the Introduction we present a small trick that associates a
periodic projection-valued map to the original one while preserving all the geometrical properties
(already present in [10]). In the Introduction, we also present a similar framework often used by
condensed matter physicists to approximate periodic Hamiltonians: discrete models. In a discrete
model, the configuration space is approximated with the set of atoms in the solid, which means that
it is usually a lattice I' ~ Z¢. In the Introduction, we show how to study periodic Hamiltonians
acting on [?(T") using the standard Fourier transform; this method leads to the definition of the pe-
riodic projection-valued map we are interested in. The most important aspect of the Introduction
is a small discussion that justifies the formalism we present in this thesis. In both cases, continuum
in R? and discrete in I', there is an ambiguity of choice. In fact, the way in which we can relate a
pseudoperiodic projection-valued map to a periodic projection-valued map in the continuum case is
not unique. Similarly, in the discrete case, we can apply the Fourier transform in several different
ways depending on the so-called dimerization. This means that there are multiple projection-valued
maps that can be associated with a physical model; however, in the Introduction we show that all of
them are unitarily equivalent. Different choices of dimerization are related to the “unit cell consis-
tency”, argument treated in [60]. The last content of the Introduction is a formal description of the
goals of this thesis: given a projection-valued map, how close can we get to obtaining a frame of this

projection-valued map that, in some appropriate sense, respects the symmetries present? Moreover,



given two different projection-valued maps is it possible to construct a unitary equivalence or an
homotopy between the two that respects the symmetries present? And if it is not possible, is there a
way to encode the topological obstructions that prevent us from doing so? In the main body of the
thesis we answer those questions depending on which type of symmetry is present, every time with
the same approach: find an optimal frame, then define the unitary equivalence and finally moving
continuously this unitary equivalence to construct an homotopy. In particular, in Chapter 1 about
class A we summarize and reinterpret the results presented in [47] about projection-valued maps
without any symmetries. We also mixed his result with a different definition of the Chern number
present in [46] to better suit our purposes. Similarly, in Chapter 2, which is about Class Al, we ap-
ply our formalism to projection-valued maps that enjoy a bosonic time-reversal symmetry (compare
[18]). Our original contribution starts at the chapter about class D, where we study projection-
valued maps that enjoy an even charge-conjugation symmetry. There our formalism allows to easily
treat a difficult class and also shows why it is important to consider separately the unitary equiv-
alence problem and the homotopy problem. In fact the two conditions are not always equivalent
and this becomes a crucial aspect when facing with the dimerization ambiguity we mention earlier.
Then, in Chapter 4 about class All, we replicate the studies done in [44] to study projection-valued
maps that enjoy a fermionic time-reversal symmetry. However, our formalism allows us to answer
several open questions about the structure of an optimal frame and also leads to a new formulation
of the Fu-Kane-Mele index that is extremely promising to be applied in non-periodic framework
since it is related to a Chern number. Another original chapter is Chapter 5 about class C, where
we study projection-valued maps that enjoy an odd charge-conjugation symmetry. Finally, the last
original contribution is Chapter 6 about class AIIl we studied projection-valued maps that enjoy a
chiral symmetry. This, to some extent, is very similar to the chapter about class D because also in
this class the difference between unitary equivalence and homotopy becomes clear and crucial. We
will also apply our results to several tight-binding models in Chapter 7 about explicit models where
we will show how to compute our invariants and give a context in which the differences between
unitary equivalences and homotopies can be seen. Some models that will be considered are taken
from the physical literature (Kitaev chain [38] and SSH model [56]), others are modifications of those
two models invented to break additional symmetries since those two models are actually in Class
BDI and we wanted to study proper single symmetric models. Finally, we will collect all results,
discuss their originality, and compare them with the existing literature in Chapter 8, there we will
also discuss some open problems and perspective on possible further applications of the formalism
proposed in this thesis. The Appendix is devoted to some basic tools of algebraic geometry and
well known results that will be used extensively. During the entirety of the thesis we will work
using only continuity of projection-valued maps, this is because an astonishing amount of existing
works (like [10]) proved that it is possible to promote any continuous and symmetric frame to a
real-analytic one. So, despite the fact that real-analytic frames are crucial for condensed matter
physicists, we preferred to work with the maximum generality. In fact most of the reinterpretations
mentioned before consist in defining well-known quantities without asking for additional regularity

except continuity.



I.2 From periodic Hamiltonian to projection-valued maps

As stated before, the motivations behind this work are rooted in the study of the dynamic of a
quantum particle in the condensed matter regime. In this regime physicists approximate the solid
in which the particle is moving as a periodic configuration space X C R% The periodicity is
expressed by the existence of a lattice A ~ Z? called Bravais lattice such that X = XA + X for
all A € A. There are two categories of models that are usually used: the continuum models in
which X = R? or the tight-binding models in which X is approximated with the set of atoms of
the solid and X/A is finite. In both cases there is a recurring property: the Hamiltonian H acting
on L?(X), describing the energy of the particle, must commute with all the translation operators
(T\¢)(z) = ¢(x — N) for all X in the lattice A ~ Z%. Tt is also possible to study Hamiltonians
that commute with the magnetic translations Th(¢) = exp (—i£A(z) - \)¢(xz — A) for a magnetic
potential A, using the same techniques, but we will not go into the numerous details of this topic.

In order to study the spectral properties of periodic Hamiltonians for continuum models, it is
very convenient to use a unitary operator Ugryz known as the Bloch-Floquet-Zak transform defined

as:

Definition (Bloch-Floquet-Zak transform). Given ¢ € L?(R?) | we can define a function depending
on k € R? and on y € R? as:

(Usrzd)(k,y) = > e F O (Thg)(y)

AEA

Proposition I.1. Uppz is a unitary transformation between L?(R?) and the space of square inte-
grable functions f(k,y) ony € R k € R? such that

Flkoy+A) = fkyy)  flk+Ay) =NV f(ky) YA€ AN €A

This Hilbert space can be interpreted as a direct integral of Hilbert spaces |, B Lper(]Rd) where A* is
the dual lattice of A defined as the set A* = {\* € RYN*- X € 2nZ VN € A} and B is the Brillouin

zone, a fundamental cell of A*.

Proof. e y-periodicity: If N € A then:

Usrzd)(ky +X) = Y™ Dg)(y + V) =
AEA

_ Z e FON (T o) (y) = (Usrzd)(k,y)

A—Ne€EA
o k-pseudo-periodicity: If A* is in the dual lattice A*, then:

Usrzo)(k+ A" y) = Y e AT O(Tg)(y) =
AEA

— Ny Z e~ ROV (Ty¢) (y) = Y (Uprz0) (K, y)
AEA

e scalar product-preserving: Consider ¢, € D C LQ(Rd), in the set of smooth and fast decaying

functions. Then the scalar product in the arriving Hilbert space is computed in the periodicity



cells of both variables. Since the function Uppz¢ is A—periodic in y we can find a subset
W C RY called Wigner-Seitz cell such that RY = Uyep(W 4+ A) and W+ ANW = () for all
A # 0. The same can be done for k since it was A*—pseudoperiodic to define the Brillouin
zone B C R?. Then the scalar product will be:

_ ik-(A— —ik-( ,
(Usrz¢, Usrz¢) = . dk /yEW dy (Z em O (139) ( ) (Z € N (y ))

AEA NeA

/ dk / dy Y eFONI(T39) (y) (Tw) ()
keB yeW

AN EA

Since fke]B etk (A=N) — Oy the integral above will be equal to:

/y S (130) ) (D) ) = 3 / o Py = [ 7@y

AEA AEA

This is due to the fast decaying of the functions. Finally, Upryz can be extended uniquely to
a unitary operator thanks to the bounded linear transform theorem [52].
O

Using Proposition 1.1 we know that Upryz is a linear and unitary operator and that the target

function is A—periodic in y and A*—pseudoperiodic in k, where A* is the dual lattice
A* = {k e RYk -\ € 2nZ V) € A}.

If we select a Wigner Seitz cell W, the next proposition states that there is a family of operators

H(k) acting on L?(W) ~ L2, (R%) such that:

Usrz HUgg,0)(k,y) = [H(k)d(k, )] (y).

Proposition 1.2. If A is a linear operator acting on L*(R?), if it commutes with the translation
operators Tx(¢)(x) = ¢(z — ) and if Tx(¢)(y) = eMVp(y), then there is a family of operators A(k)

acting on the space of A—periodic functions L2, .(R?) such that for all ¢ € L?, (R? x RY) :

per ( ps. p(

Urz AU, (k,y) = [A(k)Y(k, )](y)

that are also T—covariant in k:
Ak + X)) = 1 A(k)m3t

Proof. Given ¢ € L?(R?), we can call Zj, the unitary operator acting on L?(R¢) such that (Z¢)(y) =
eFVp(y). Tt’s inverse is clearly Z_j and we can also define A, = Z, AZ_;, as an operator acting on
R?) since

every periodic function can be posed equal to zero outside a periodicity cell W to be an element of

L?*(R%). However, this operator can also act on the space of A—periodic functions L2



L*(R%). We will call A(k) the restriction of Ay over L2, (R?). Now we can write:

per

UsrzA(@)|(k,y) = Y e AT A)¢l(y) = Y e A (Ze ATV )¢l (y) =

AEA AEA
= 3" e AZTNG W) = AGR) | 3 e F OV (T ()| =
NeA AEA

= A(k)(Uprz¢)(k,y)

Furthermore, since:
Ak+)\* == Zk+)\*AZ_k_)\* — ZkZ)\*AZ_kZ_)\* — Z)\*A(k)Z_)\*

we can call Ty« the restriction of Zy« to L2,,.(W) for every \* € A* and have 7—covariance of the

per
fibers:

Ak + X)) = 1 A(k)m30t
O
This means that Ugpz H Z/{]gFlZ is a decomposable operator in the sense of the following definitions.

Definition 1.3 (Decomposable bounded operator). Let (M,du) be a o-finite measure space and
‘H' a separable Hilbert space. Let H = L? (M,du,H"). Then a bounded operator A:H > His
decomposable if and only if there exists A € L™ (M, du, L(H')) such that for almost every m € M,

and the function

(@, A()) - M — R
is measurable V¢, € 7. We will call the operator A(m) : H' — H’ the fiber of A over m.

Definition 1.4 (Decomposable unbounded self-adjoint operator). Using the same notation above,
a self adjoint and unbounded operator A : # — # with domain D(A) is decomposable if and only
if there is a function A(-) from M to the set of self-adjoint (maybe unbounded) operators on H’
such that:

1. For all ¢, € M, the function (¢, (A(-) + i)~ ') : M — R is measurable.
2. D(A) = {¢ € H|¢(m) € D(A(m)) almost everywhere. }
3. (Ag)(m) = A(m)p(m) for every ¢ € H,m € M.

This means that the action of H splits into the action of a family of operators H(k), called
fibers, each acting on L?(W) that are continuous in k in the following sense. For example, those
techniques can be applied to study Hamiltonians such as:

—_hK?
H=—A+YV

2m



for a A—periodic potential V. Under relatively mild hypotheses about potential V', one can show
that the fiber Hamiltonians H (k) g« defined previously comprise a family of self-adjoint operators

with the following properties:
1. The domain of H (k) within L?(W) does not depend on k € R%.

2. The set R = {(k,z) € R? x C|z € p(H(k))} is open and the resolvent map (k,z) — (H (k) —

2)~! is analytic on R, with values in the algebra of compact operators on L?(W).

The reader is referred to [35] for the proofs of the first and second statements, while for the third

statement we can use the following theorem whose proof can be found in [51].

Theorem 1.5 (XIII.85-4). If A is a decomposable self-adjoint operator bounded or unbounded with
fiber A', then X € o(A) if and only if the measure of the set {m € M | o(A'(m))N(A—e, A\ +e€) # (0}

1s greater then zero for every e > 0.

Theorem 1.6 (XIII-85-5). If A is a decomposable self-adjoint operator bounded or unbounded
with fiber A', then X\ is an eigenvalue of A if and only if the measure of the set {m € M |

A is an eigenvalue of A'(m)} is not zero.

The third property allows us to have a complete description of the spectrum of H; usually it
is made up of intervals called Bloch bands. However, we can recover additional information, if we
select one band €2 and define a complex and smooth closed curve v that makes just one loop around
) without containing or intersecting other Bloch bands, then we can define:

)
" or

Po(k) / (H(k) — 21)" " dz € L(L2(W))
Y

The next proposition tells us that Pq(k) is real-analytic in k£ and represents the fiber decomposition

of xo(H).

Proposition 1.7 (Riesz formula). If H(k) is a family of self-adjoint operators acting on a Hilbert
space H and 7 is a smooth and closed complex curve making just one loop around a Bloch band (2,
then '

i
T om

Pq(k) /(H(k) — 1) dz

is a family of projectors such that, using functional calculus, Po(k) = xo(H(k)). Moreover, P(k)
has the same regularity in k as (H(k) — 2)~1.

Proof. First, we need to notice that if f(w) = 5= f7 le)dz, then Pqo(k) = f(H(k)). Now we just
need to notice that f computes the winding number around w of the curve «, but this is 0 if
does not contain w or is 1 if w is inside v. So, if the real numbers inside v are the interval I, then
f=x1. So

Po(k) = f(H(k)) = x1(H(k)) = xa(H(k))

The regularity is immediate once we observe that the integral form allows every derivative to

be moved inside the integral. d



As an easy corollary to this proposition, we find that the rank is fixed because tr(P(k)) =
dimRan(P(k)) € N is a continuous map towards a discrete set. Finally, it is immediate to prove

that this family is once again 7—covariant:
P(k+\*) = 1 P(k)T3"

The geometry of this family of 7—covariant projectors is very interesting from a physical point
of view; however, it is very uncomfortable to work with this pseudoperiodicity. To overcome this

problem, we can use the following proposition, firstly proven in [10].

Proposition 1.8. If W = R%/A, there is a unitary-valued map U : [—1/2,1/2]% — U(L*(W)) such
that:

U( T? 71/2j7"‘ 7k:<l) :TA;U(kTV" 7_1/2j7"‘ 7k;kl) V] € {17"' 7d}' (Il)
where ki, --- k) are the coordinates of k in a lattice basis A],--- \j of A*.
Proof. To prove it, we need to apply the spectral theorem to the unitary operators 7y, -+, 7xs.
This allows us to choose a family of self-adjoint operators (possibly unbounded) Ly, ---, Ly such

that T = e'li. Since the operators T commute with each other, it is possible to choose L; such

that they also commute with each other. Then we can define
d

Uk}, - k) = Hezkl*Ll
=1

which clearly satisfies the requested property. O

Using this proposition, after we select a lattice basis A7, --- A} of A*, we can define

P(k) = UKy, kg) P(k)U(kT, - 7k:l)_1'

Where k7, - - -,k are the coordinates of k on the chosen lattice basis for k such that k; € [-1/2,1/2]
for all j € {1,---,d}. It is immediate to notice that this projection-valued map is now A*—periodic
in k.

Instead, for a discrete configuration space X, it is very convenient to use the Fourier transform to
simplify the study of periodic models because in this framework it allows to avoid the 7—covariance.
If the configuration space is a discrete set X C R such that there is a lattice A ~ Z% with
X =X + Xfor all A € A and the quotient X /A is finite, then we can find a finite number of points
{1, ,2,} =W C X with X = W+ A. This means that

L*(X) = L*(W x A) = L*(W) @ L*(A).
If we apply the Fourier transform to the second leg of the tensor product, since R?/A ~ T¢, we get:
L}(X) ~ LA(W) ® L*(T%) ~ C" ® L*(T%) ~ L*(T¢, dk,C")

To be explicit, consider the canonical basis {g;}eq1,... ay of C? and the basis {y, ® Ox}ae{l, m}reA
of L?(X) such that y,®Jx(z;+ ') = 64,0\ ». Then this version of the Fourier transform is a unitary



operator because the functions f, (k) = ™% /(27)%? for n € Z? form a basis of L*>(T%, dk,C). This
is a well-known fact, but a detailed discussion on the Fourier basis as well as the proof of this

theorem can be found in the second section of the third chapter of [48]. To be precise F acts as:

FooOIAX) — L2(T%, dk, C")
Yo ® O\ > [eMFg,]/(2m)d/2
f = [Caen €N (F(a + A, L za + Aa))] /(2m) 2

An Hamiltonian H acting on L?(X) will be characterized by a family of matrices Hy v €
M,,(C) with components [Hx x]pq = (Ya ® 0x, H(yp ® dy)). If the Hamiltonian commutes with the
translations, it is obvious that Hy y» = Hy_y o = H,, for p € A. This implies that

H(yb ®5)\) = Z (Z [Hﬂ]b,a ya) ® 5>\+u Vb e {L T 7”}7)\ €A

pneEA \a=1

So, if we want to compute FHF ! ([e?*Fg,]/(2m)%?) we get:

FH(yo ©63) = F [ D [Hulbalia @ Srpps | =

peEA a=1
=S Sl [k, ] f2m) 2
neA a=1
— zn: Z Hueiu-k [ei’\'kga} /(27_[_)d/2
a=1 | peA

b,a

Having enough decay over ||H,|| as i — oo exactly means that the operator FHF ! admits a

fiber decomposition with fibers

H(k) = Z H,e™* actingon C" ~ L*(W).
BEA

Therefore the spectral properties of H can be recovered using Theorems 1.5 and [.6. Then we can
define a projector-valued map associated with a Bloch band €2 using Proposition 1.7 as:

o
o

Po(k) / (H(k) — 21)"" dz € M, ,(C).
v
Fortunately, this time this family is already A*—periodic in k, so there are no modifications needed.
Since R%/A* ~ T? we end up with a smooth family of projection-valued map with the dimension
of the rank fixed: P : T¢ — Proj,,(L*(W)) where

Proj,(H) = {P € L(H)|P?> = P,P* = P and Tr(P) = n}.

In both continuum and discrete settings we end up with a continuous and periodic projection-
valued map P : T% — Proj, (#) and the topological properties of this map are the ultimate goal of
this thesis.



Remark 1.9 (Role of unitary equivalences). We can now point out an interesting fact that par-
tially motivated our study: in the discrete models we selected a discrete Wigner-Seitz cell W =
{1, -+ ,z,} but this choice was not unique, even the order of the points in the cell could theoret-
ically impact the topological properties of the model. So, it is crucial to check whether a different
choice (dimerization) could interfere with the geometrical properties of P(k). If we consider an-
other Wigner-Seitz cell W' = {z],--- , 2]}, then we can replicate the step done previously to define
another version of the Fourier transform F’. This will only be different in the fact that the function
[eM*g,]/(2m)%? is now reached by the function with value 1 in 2/, + X and 0 elsewhere instead of
the function with value 1 in x, + A and 0 elsewhere. So we can get two different fiber operators:
FHF ' = [14H(k)dk and F'H(F')~* = [.o H'(k)dk. However the two fiber operators are unitary
equivalent thanks to:

=7 (

H(/-c)dk:) (FF )" = (k) dk

Td Td

Moreover it is immediate to check that F/F~! is once again a fiber operator since 7/ F~! commutes

with the translations, so there is a unitary-valued map U (k) with:
FFl- / U(k)dk = H (k) = U (k) H' (k)0 (k).
Td

Clearly this unitary equivalence gets inherited by the projector, so P(k) = U(k)P(k)'U(k)~ .
This tells us that every geometrical property of the projector must be independent under unitary
equivalences, or it will depend on the choice of a dimerization, and in case it depends, it is crucial
to study how.

However, unitary equivalences are also useful in continuum models: in fact in order to obtain full
periodicity in k we conjugated P(k) via a unitary operator U (k) such that P(k) = U (k)P(k)U (k)=
is A*—periodic. With another choice U’(k) we would have obtained

P(k) = [U'(k)U (k)" P(k)[U'(k)U (k)1

Since U(k + A}) = 7a:U(k) and same holds for U'(k), we have that U’(k)U(k)~! is A*—periodic
in k, so the price we must pay in order to work with full periodicity is to study everything up to
unitary equivalences.

Before we move on, it is important to note that dimerization does not play any role in continuum
models. In fact, a different connected Wigner-Seitz cell W can be moved smoothly to the original
Wigner-Seitz cell W, which means that all geometric properties of continuum models are reasonably

stable up to any choice of dimerization.

Remark 1.10 (Continuous vs Analytic). Since the family of projectors P(k), g« that appears in
physical models is usually analytic in k, one may ask whether real analytic Bloch frames can be
constructed for it. Arguing as in Lemma 2.3 in [10], one can indeed show that whenever a continuous
Bloch frame exists, it can be easily modified into a real analytic one; the procedure preserves the
symmetries that will be introduced in the following section (periodicity, time reversal symmetry,
particle-hole symmetry and chiral symmetry) whenever they are required. So, from now on, we are

only interested in finding continuous frames of projection-valued maps.



However, in order to talk about the different topological classes, we need to introduce the main

protagonists of this work.

I.3 From symmetrical Hamiltonian to Symmetrical PVM
The three fundamental symmetries considered in the literature on topological phases of matter.

e time reversal symmetry (TRS): An anti-unitary operator © that squares to plus or minus
identity and commutes with the Hamiltonian. If ©2 = 1 it is called bosonic time-reversal

symmetry while if ©2 = —1 it is called fermionic time-reversal symmetry

e particle-hole symmetry (PHS): An anti-unitary operator = (often called Charge-conjugation
symmetry) that squares to plus or minus identity and anti-commutes with the Hamiltonian. If
2?2 =1 it is called even particle-hole symmetry while if 22 = —1 it is called odd particle-hole
symmetry. This particle-hole symmetry relates negative energy states ("holes") to positive

energy states ("particles"), in analogy to Dirac’s view of matter.

e chiral symmetry (CS): A unitary operator II that squares to the identity and anti-commutes
with the Hamiltonian. This chiral symmetry symmetry usually represents a sublattice of
periodicity in the configuration space or the composition of a time-reversal symmetry with a

chiral symmetry provided that they commute or anti-commute.

Clearly, we expect that any symmetry present should be compatible with the previous construc-
tion. This is possible under the reasonable assumption that the symmetries considered must always
commute with all the translation operators T). If this happens in the continuous case, we can
use Proposition 1.2 to obtain a fiber decomposition of symmetries that act linearly, like the chiral

symmetry. However, for the symmetries that act anti-linearly, we need the following corollary.

Corollary I.11. If A is an anti-linear operator acting on L*(R®), if it commutes with the translation
operators Ty\(¢)(x) = ¢(x — N) and if Tx(¢)(y) = eVp(y), then there is a family of anti-linear
operators A(k) acting on the space of A—periodic functions LIQM (R%) such that for all 1) € Lgslp(Rd X
Rd%

Uprz Alp, ) (k,y) = [A(k)(=k, )](y)

that are also T—covariant in k:

A(k + )\*) = T)\*A(k)T)\*.

Proof. The proof is almost identical to the proof of Proposition 1.2, the only difference is that we
need to define Ay = Z;AZy, in this case A(k) will be its restriction over L2,,.(R?). In this way, we

per

obtain:

UsrzA(9)](koy) = D e OITA)](y) = Y e N(ZATN)¢](y) =

AEA AEA
= e TN ALZ T8l (y) = A(k) | Y et O (Twﬁ)(y)] =
AEA AEA

= A(k)(Usrz¢)(—k,y)



The T—covariance is easy to prove since:
Ak+)\* = Zk+)\*AZk+,\* = ZkZ)\*AZkZ)\* = Z,\*A(k)Z)\*

O

The second assumption we make is that any symmetries present must have constant fibers in
k. This condition is present in the majority of physical models and allows us to treat easily our
problem.

Now we will work separately on each symmetry to understand how they interact with the
fiber decomposition, the Riesz formula, and with the 7—covariance, starting from the time reversal
symmetry.

Suppose now that the original Hamiltonian H acting on L?(R?) commutes with an anti-unitary
operator © with [©,T)] = 0 for all A € A. We can use Corollary I.11 to obtain the fiber decompo-
sition ©(k) of the symmetry. It is immediate to notice that each ©(k) is an anti-unitary operator
acting on LZQM (R%) and [H,©] = 0 implies that for all ¢ € Lzs‘p(Rd x R%):

Uprz0 HUgr, V) (k,y) = [Usrz HOUgp, Y (k,y) =

= [UprzOUGpUsrz HUg 0 (k, y) = [Usrz HUgp,Usrz OUg R, Y] (K, y) =
©(k)H (—k)Y(—k,)|(y) = [H(k)O(k)(—k,-)](y).

With the additional assumption that the fibers of the symmetry are constant ©(k) = T for an

2

ver (RY), we obtain the crucial relation:

anti-unitary operator T acting on L
H(k)T =TH(-k).

This relation survives after the Riesz formula because:

o= % (H(k) = 21)"dz = 2;/ (TH(—k) T = TEDT) " dz
7 Y
= % 7T(H(—k‘) —z) T =T [;[{(H(—k) )| T =

=T [2; L(H(—k) - w]l)_ldw] T7' =TPo(—k)T!

So to obtain the object we want to study in this chapter; we only need a way to get rid of the
T—covariance. This can be done using Proposition 1.8 with an additional consideration. In the
proof of Proposition 1.8 we considered the unitary operators 7 (0)(y) = iV (y) acting on L2(W),
using the spectral theorem for unitary operators, we saw that there were d self-adjoint operators
Lq,--- Lgsuch that Tar = e'li. Since they all commute with each other, we can choose them so that
[La; Ly] = 0 for all a,b = 1,---,d. Moreover, the 7-covariance of ©(k) implies that ©(k + A}) =
T)\;%@(k)T)\;, so if the fibers are constant, Te’ls = 74T and by functional calculus it is possible to
choose L; such that TL; = L;T', so that Tetliki = e=ilikiT Vk; € R. With this small constraint,



the unitary-valued map U : [~1/2,1/2]% — U(L*(W)) defined as:

d

Uk, kg) = H etLik;
j=1

is such that TU (k) = U(—k)T. Finally, if k7,--- , k) are the coordinates of k in the lattice basis

1,0, Ay of A, we can define:

Po(k) = U(ky, - k) Pa(k)U (K, - k)™

and it is immediate to check that this projection-valued map is now A*—periodic in k and still
satisfies the symmetry constraint Pq(k)T = TPqo(—k). However, the choices of Ly, --- , Ly were
not unique! So in general if there is another unitary-valued map U’ : [~1/2,1/2]¢ — U(H) with
Po(k) = U'(k)Pq(k)U’ (k)= still periodic and symmetric with TU’(k) = U'(—k)T, then Pq and Pq

1

will be intertwined by the (periodic) unitary-valued map U’(k)U (k)™ according to the symmetric

relation

Po(k) = U'(k)U (k)" Po(k) (U'(K)U (k) ") .

However, this time an additional symmetric relation appears because it must be true that
TU'(K)U(k)™ = U (—k)U(=k)"'T  for all ke T%

Instead, if we are dealing with a discrete Hamiltonian H acting on L?(X) that commutes with
an anti-unitary operator © squaring to the identity. We can replicate the procedure performed
before to create a periodic projection-valued map Pq (k) and characterize the action of © using the
matrices © y with components [Oy y]qp = (Yo ® 01, O(yp ® dx)). Again we have that if [©,T)] =0
for all A € A, then ©) » = O)_\ 9 =06, for p € A and © is decomposable with

FOF ' =0(k) =>_ 0.c"*K
HEA

With computations that are identical to those made in the continuum setting, if the fibers are con-

stant in k, namely O(k) = T', then the projection-valued map Py, satisfies the symmetry constraint:
Po(k)T = TPo(-k)

Once again we must check how a different choice of dimerization could change our study. If we had

used a different version of the Fourier transform F’ we would still have a unitary equivalence

where U(k) are the fibers of (F'F~!). However, the two models can be related if and only if the

symmetry has the same form in both models, which means that it is reasonable to impose:
FOF'=FoF) &

eT=FF'T(FFH'e



& T=UkTU(-k)™*
This justifies the object we want to study in case a time reversal symmetry is present.

Definition 1.12 (time-reversal symmetric projection-valued map). Given an anti-unitary operator
T, representing a Time-reversal symmetry, acting on H with 72 = +1, then a projection-valued

map P : T — Proj,,(H) is time-reversal symmetric if

Moreover, if a Time-reversal symmetry is present, the unitary equivalences must always satisfy the

symmetry constraint:

Instead, if a particle-hole symmetry is present, namely the original Hamiltonian H acting on
L?(R%) anti-commutes with an anti-unitary operator = with =2 = +1. Then, under the assumption
that [Z,75] = 0 for all A € A, we can use Corollary .11 to obtain a fiber decomposition Z(k) of the
symmetry. It is immediate to notice that each Z(k) is an anti-unitary operator acting on L2, (R%)
and {H,Z} = 0 implies that for all ¢» € L2, (R% x R%):

per

ps.p
UsrzEHUgp, (k. y) = —UsrzHEUgp, Y] (k, y) =

= [UsrzEUgpUsrz HUgr, V) (k, y) = —[Usrz HUgp UsrzZUg s, 0] (k, y) =
[E(k)H (=k)y(=k,)](y) = [-H(k)Z(k)Y(—Fk,)](y) =

Under the assumption that the fibers of the symmetry are constant Z(k) = C for an anti-unitary

operator C' acting on L Rd), we obtain the crucial relation:

per(
H(k)C = —CH(~F).

In this case something interesting happens after we perform the Riesz formula. If we select a Bloch
band 2 such that 0 € €, then the relation H= = —ZH tells us that the spectrum of H must be

symmetric around zero, so it is true that 2 = —). Then we can choose a complex curve v around
Q) with
] 1
v )=o) Mz = [ (—C H(— _ ol En o)L
277/7 1)dz 2”/7(0 (—k)C — C-1(z1)C)~Ldz
¢ 1 —1\—1 1|t —1y—1
277/70 )z)CdzC[%r/Y(H(k)z)dzC
=Cc [2; —k) — w]l)ldw} C = C Yxq(~H(~k))C =
= C™'x_a(H(=k))C = C"'xa(H(~k))C = C~ ' Po(~k)C

But this is exactly the relation that a time-reversal symmetric projection-valued map satisfies, so,
despite having different names, the topology we are interested in will not differ.

Instead, if the Bloch band does not contain zero, the symmetry tells us that the negative



counterpart —{2 is another Bloch band. So, if 7y is a complex curve around 2, we obtain the relation

that characterizes this class:

Po(k) = - /(H(k) 1) lde = 21 /(—C_lH(—k)C’ _ O(E1)0)dz
ol Y

T o w

1 1

CY-H(-k)—z1)"'Cdz=C"! [_ /(—H(—k) —zl) ldz| C =
Y

271'7 T

=C! [27r /7(—H(—k:) - w]l)ldw} C=Cxa(—H(-k)C =
= C ' _q(H(-k)C =C7IP_g(—k)C

Luckily, we can eliminate the T—covariance exactly the same way as we did in case a time
reversal symmetry is present. The price we need to pay is to study projection-valued maps up to
unitary equivalences U : T? — U(H) such that CU(k) = U(—k)C.

Instead, if we are dealing with a discrete Hamiltonian H acting on L?(X) that anti-commutes
with an anti-unitary operator = squaring to =1, then we can replicate the procedures done before
to create a pair of periodic projection-valued maps Pq(k) and P_q(k). Then, if the particle hole
symmetry has constant fibers Z(k) = C, which is an anti-unitary operator acting on H ~ C™ with
C? =1, we obtain once again the crucial relation of this class CPo(k) = P_q(k)C. Once again we
must check how a different choice of dimerization could change our study. If we had used a different

version of the Fourier transform F’' we would still have a unitary equivalence with:
Ph(k) = U(K)Pa(k)U(k)~",  Plo(k)=U(k)P-a(k)U(K)™

where U (k) are the fibers of (F/F~!). However, the two models can be related if and only if the

symmetry has the same form in both models, which means that it is reasonable to impose:
FEF '=FEF)y e Cc=FFlC(FFr Y ''ec=UFkCU(-k) "

This justifies the object we want when a particle-hole symmetry is present.

Definition 1.13 (particle-hole symmetric pair of projection-valued maps). Given an anti-unitary
operator C' acting on H with C? = +1, a pair of projector-valued maps P* : T¢ — Proj,(H) is

particle-hole symmetric if and only if:
CP*(k) =P (=k)C and P (k)P (k)=0 VkeT%

Moreover, if a Particle-hole symmetry is present, the unitary equivalences must always satisfy the

symmetry constraint:

Finally if a chiral symmetry is present, namely the original Hamiltonian H acting on L?(R?)
anti-commutes with a unitary operator IT with I1? = 1. Then, under the assumption that [T, T}] = 0
for all A € A, we can apply Proposition 1.2 to obtain a fiber decomposition II(k) of the symmetry.
It is immediate to notice that each II(k) is a unitary operator acting on L2.,.(R?%) and {H,II} = 0

per



implies that for all ) € L%S‘p(]Rd x R%):

UsrZITHUG 0 (k,y) = —[Usrz HIUG R, (K, y) =

= [UprzWUgp,Usrz HUgl, W) (k. y) = —[Usrz HUgp,Usr U, 0] (k,y) =
(IL(k)H (k)Y (K, )] (y) = [—H (k)IL(k)(k, )](y)

As usual, we will suppose that the fibers of the symmetry are constant II(k) = S for a unitary

2

per(Rd). So we obtain the crucial relation:

operator S acting on L
H(k)S = —-SH(k).

Now we want to study what happens after we perform the Riesz formula. If we selected a Bloch
band €2 such that 0 € Q, then the relation HII = —IIH tells us that the spectrum of H must be

symmetric around zero, so it is true that Q = —Q. Then we can choose a complex curve v around
Q with
Po(k) = /(H(lc) — 1) e = — /(SH(k)S — S(21)8) " 'dz
27 J, 27 J,
_ L / SY—H(k) — 21)"18"dz = § [_Z /(—H(k) 1) ldz| S =
27 J, 27 J,
_s [Z /(—H(k) _ zn)—ldz} S = Sya(—H(k))S =
27 J,

Instead, if the Bloch band does not contain zero, the symmetry tells us that the negative
counterpart —{ is another Bloch band. So, if 7 is a complex curve around 2, we obtain another

relation:

(H(k) —21)"tdz = i L(—SH(k)S — S(21)8) dz

H(k) —21)" S dz = § [2_7: /7(—H(k:) — 1)z S =

S
=5 [27? A(—H(k) — z]l)_ldz} S = Sxa(—H(k))s =

In order to eliminate the 7—covariance, we notice that II(k) must obey the T—covariance rule
H(k+A7) = T,\;H(k)T;;l. So, if the fibers are constant equal to S, we have the commutation relation
ST)\; = T)\;%S . This means that we can use Proposition 1.8 with a choice of the self-adjoint operators
L; such that [L;,S] = 0Vj € {1,--- ,d}. In this way the unitary-valued map U(k) is such that
[U(k), S] = 0. Finally, if k], --- ,k}; are the coordinates of k in the lattice basis A}, -+, X3 of A, we
can define:

Po(k) = U(ky, - k) Pa(k)U (K, - k)™



and it is immediate to check that this projector-valued map is now A*—periodic in k and still satisfies
the symmetry constraints Po(k)S = SPqo(k) or Po(k)S = SP_q(k). Once again, the choices of
Ly,---, Ly were not unique! So in general if there is another unitary-valued map U’ : [-1/2,1/2]¢
with Piq(k) = U’ (k)Pro(k)U' (k)™ still periodic and symmetric with SU’(k) = U’(—k)S. Then
P and Ppq will be intertwined by the following relation:

- 15 -1
Pra(k) = U'(K)U (k)™ Pra(k) (U'(K)U(K)™)
where the unitary-valued map U’(k)U(k)~! is actually periodic. However, this time an additional

symmetric relation appears because it must be true that

SU' (k)UK L =U"(k)U(k)™'S forall keT?

As done previously, if we are dealing with a discrete Hamiltonian H acting on L?(X) that
anti-commutes with a unitary operator II squaring to the identity. Then we can create a periodic
projection-valued map Pq(k), if 0 € Q, or a pair of periodic projection-valued map Pq(k) and
P_q(k) if 0 ¢ Q. Then, if the chiral symmetry has constant fibers II(k) = S, which is a unitary
operator acting on H ~ C™ with S? = 1, we obtain once again the crucial relations of this class
SPqo(k) = Pa(k)S or SPo(k) = P_q(k)S. Once again we must check how a different choice of
dimerization could change our study. If we had used a different version of the Fourier transform F’

we would still have a unitary equivalence with:
Py(k) = U(k)Pa(k)U (k)" Plo(k) = U(k)P-a(k)U(k)™

where U (k) are the fibers of (F/F~1). However, the two models can be related if and only if the

symmetry has the same form in both models, which means that it is reasonable to impose:

FOUFl=FOF ) ‘e S=FFIS(FFHY e s=UkSUK ™

This justifies the objects we want to study whenever a chiral symmetry is present.

Definition I.14 (chiral-invariant projection-valued map). Given a unitary operator S acting on H

with $? = 1, a projection-valued map P : T¢ — Proj, (#) is chiral invariant if and only if
SP(k) = P(k)S Vke T

Definition I.15 (chiral-symmetric pair of projection-valued maps). Given a unitary operator S
acting on H with S% = 1, a pair of projection-valued maps P* : T¢ — Proj,,(H) is chiral symmetric
if and only if:

SPT(k)=P (k)S and PT (k)P (k)=0 VkeT%

To be formal, the goal of this thesis is to study projection-valued maps P : T¢ — Proj, (H)
for a separable Hilbert space H and for d = 0, 1,2. In particular, we will investigate how close we

can get to having a continuous and periodic frame. This is a continuous and periodic collection of



orthonormal bases spanning Ran(P(k)). Sometimes it will not be possible to construct a frame,
and in those cases we will try to construct pseudoperiodic frames with controlled pseudoperiodic
conditions. Using those pseudoperiodic frames, it will be very easy to check whenever there is a
unitary equivalence U (k) intertwining P(k) with a different projection-valued map P’(k). Finally,
using unitary equivalence, it will be possible to check when two different projection-valued maps P
and P’ can be connected using a homotopy. We will work in different symmetry classes and we will
specify case by case the additional conditions that the symmetries impose to the frame, the unitary

equivalences, and the homotopies.



Chapter 1

Class A

In this chapter, we will work in Class A, where there are no symmetries at play, so we are just
studying continuous projection-valued maps P : T¢ — Proj, (). All of the contents of this chapter
are unoriginal results already present in [47], however, they are so useful to study the other symmetry
classes that it is worth mentioning them once more. To be precise, given two projection-valued maps

Py, Py : T¢ — Proj,, (H), we will try to answer the following questions:

Question 1 (Class A frame). When will there be a continuous frame {u1(k),--- ,un(k)}, namely
a continuous and periodic collection of orthonormal vectors spanning Ran(FPy(k))? In case there is
none, is it possible to have a frame with well-controlled pseudoperiodic conditions? (Like the one

present in Theorem 1.10)

Question 2 (Class A unitary equivalence). When will there be a unitary-valued map U : T¢ —
U(H) such that Pi(k) = U(k)Po(k)U(k)™! for all k € T??

Question 3 (Class A homotopy). When will there be a continuous map P : [0, 1] x T¢ — Proj,, (H)
with P(0,k) = Py(k) and P(1,k) = Py(k) for all k € T4?

1.1 d=0

Since T is composed of a single point, in this case we just have to study a single projector P €
Proj,,(H). In this easy setting, the three questions can be answered without issue. Despite being a
very simple argument, we want to show the proof, since we will use the same procedure throughout

the entire thesis:

Proposition 1.1. Two projectors Py, P, € Proj,(H) will always have a frame and be unitary

equivalent and homotopic.

Proof. In this setting a frame is just a set of orthonormal vectors {Ug}je{l,m ) spanning Ran(Fp)
and we can find one without any issue. Then we can even complete this set in Ran(P;") to a basis
of H thanks to the fact that H is separable. We can do the same for P; in order to construct
{’U]l- }je{ly--,n} and then complete it to a basis of H. Then we can define the unitary equivalence
U as the linear operator such that U(v?) = vjl- for all 0 < j < dim(#). Then it is obvious that
P, = URU™!. Finally, since U(H) is always a connected set thanks to Theorems A.3, A.2, we
can find a homotopy U; connecting U with the identity 1. Then the projector P, = UtPoUt_1 is a

projector-valued homotopy connecting Py to P;. O




1.2. d=1

1.2 d=1

Things get more interesting when d = 1, in this setting, the first step is to find a continuous
unitary-valued map U (k) € U(H) such that P(k) = U(k)P(0)U(k)~!. This can be done using the

Kato-Nagy construction:

Proposition 1.2 (Class A Kato-Nagy 1-d construction). If P : T' — Proj, (H) is a continuous

projection-valued map, then there is a continuous but not periodic unitary-valued map U : [0, 27w] —

U(H) such that:

Proof. We need to use a formula developed by Kato and Nagy that appears in [34], telling that if
P,Q € Proj,(H) are two projectors with ||P — Q|| < 1, then (1 denotes the identity operator)

—-1/2
U=[QP+(1-Q)-P)][1- (-7
is a unitary operator such that Q = UPU~!. Now, if we divide [0, 27] into a finite number of intervals
[tj,tj+1] V0 < j < J with tg = 0,t; = 27 such that Hp(tj) - P(t)” < 1/2 for all t € [tj,tj+1], then

we can define J unitary-valued maps:

~1/2

Uj(t) = [P(t)P(t;) + (1 = P(£))(1 = P(t;))] [1 = (P(t;) — P(t))’] Vi€ [tj,t541]

Those connect P(t;) with P(t) for t € [t;,t;41]. Then the global unitary we need is:

U(t) = Uj(0)U;j1(t;)Uj-2(tj-1) - - Ur(t2)Uo(t1)  for ¢ € [t t;11]
and the continuity is immediate because each function is continuous in t since P was continuous
and Uj(tj):]l. O

Lemma 1.3. If H is a separable Hilbert space with dim(H) = oo and P : T! — Proj,(H) is
a continuous projector-valued map, then there is always a continuous and periodic collection of

orthonormal vectors {vj(k)}jen that make up a countable basis of ker(P(k)).

Proof. Using Proposition 1.2, if we select a countable basis {v;};en of ker(P(0)), then u;(t) =
U(t)v; constitute a countable basis of ker(P(t)). This in general is not periodic, and to solve this

problem we need to define a family of natural isomorphisms:

I(t) : ker(P 2 1 ifn=j
(t): ker(P(t)) — I*(N) where d;(n) — tn=j
ui(t) = 0 0 otherwise

The aperiodicity is expressed by the fact that I(0)~'1(27) # 13. However, thanks to Theorem A.2,
we know that there is a homotopy f3; in U(I1?(N)) with 3y = L2y and (B = I(2m)~t1(0). So, the
thesis is obtained by putting;:

vj(t) = I(t)"" Byjax0; forall j €N
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Now we are able to answer our three questions in dimension 1:

Proposition 1.4. Two projection-valued maps Py, Py : T' — Proj, (H) will always have a frame

and be unitary equivalent and homotopic.

Proof. Given a frame {Uo}ge{1,~-~ n} of Py(0), we can build a continuous orthonormal basis of Py (t)
as {U(t )v = u; O(t)}jeq1, my- However, this is not periodic, since U(2w) may be different from 1.

This aperlodlclty is expressed as the presence of a matching matrix:

a € U(n) such that u; %2r) = Z[a]jﬂug(()).
a=1
Since U(n) is connected due to Theorem A.3, there is a path B(t) € U(n) with 4(0) = I and
B(27) = a~!. Using this, we can define

n

(1) = Y 18] jaun(t) Vi€ {l,-- n}.

a=1

Those clearly form an orthonormal basis of P(t) but this time it is periodic because:

vl (2m) = [BEm)jauat) = Y (o jalalapup (0) =D o al;pup(0) = ud(0) = v9(0).
a=1 a,b=1 b=1

If dim(#H) < oo we can replicate this procedure also to Py(k)*, while if dim(H) = oo we can apply
Lemma 1.3 in both cases we can always build a continuous frame {v?(k)}je{l,._,,dim(m} such that
the first n vectors span Py(k) and the others span the orthogonal complement.

So, if {’L}?(k)}je{17...7dim(y)} and {U}(k)}je{l,m,dim(?{)} are two continuous frames of Py(k) and
Py (k), respectively, then the unitary equivalence is the unitary-valued map such that V(k‘)(v?(k:)) =
vjl(k) for all j € {1,---,dim(H)}. It is trivial to prove that Py (k) = V (k) Py(k)V (k).

Now, if dim(H) = oo, we know using Theorem A.2 that there is a homotopy V;(k) € U(H) such
that Vo(k) =1 and Vi(k) = V (k). We can use it to define the projector-valued map

Py(k) = Vi(k)Po(k) Vi (k)

which exactly constitutes the homotopy we were looking for.
Instead, if dim(H) < oo and [det(V (k))] = [, then using Theorem A.3 we know that there is a
homotopy V;(k) such that:

e®d(k) for j=1

v? (k) otherwise

Vi(k) =V (k) Vo(k)(vi(k)) =

In fact, it is immediately noticeable that [det(Vp(k))] = [ and Vo(k)Py(k) = Po(k)Vo(k). So once
again

Py(k) = Vi(k) Po(k)Vi (k)™

is the homotopy we were looking for. O
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1.3 d=2

In order to answer our questions when d = 2 we want to replicate the construction we did when

d = 1. However, at some point we will encounter a topological obstruction.

Proposition 1.5 (Class A Kato-Nagy 2-d construction). If P : T? — Proj,(H) is a continuous
projection-valued map, then there is a continuous unitary-valued map U : [0,27] x T' — U(H),

which is periodic in the second argument but not in the first argument, such that:
P(t, ko) = U(t, k2)P(0,0)U (¢, k)"

Proof. Once again, we can divide [0, 27] into a finite number of intervals [t;,t;41] for all 0 < j < J
with tg = 0,t; = 27 such that || P(t;, k2) — P(t,k2)|| < 1/2 for all t € [tj,t;11]. Then we can define

J unitary-valued maps:

P(t, k2)P(tj7k2) (1 — P(t,k2))(1 — P(tj,k2))
VI = (P(tj, k2) — P(t, k2))?

Uj(t, k?) = vVt € [tj,tj+1]

Those connect P(t;, ka) with P(t, ko) for all ko € T! and for all t € [t,¢;41]. The unitary equivalence
for ¢t € [0,27] is defined as:

U(t, k?z) = Uj(t, k‘g)Ujfl(tj, k?g) s Ul(tQ, k?g)Uo(tl, k?g) if te [tj, tj+1]
Once again this is continuous, periodic in ks and such that
P(t, k) = U(t, k2) P(0, k2)U (t, ko)~

To conclude we need to apply Proposition 1.4. This tells that the projection-valued map P(0, k2) is
unitary equivalent to the constant projection-valued map P(0,0), so there is a unitary equivalence
V (k) such that P(0, ko) = V (ko) P(0,0)V (k2)~!, so the unitary we are looking for is:

Ult, ky) = U(t, ko)V (k).

O

Definition 1.6 (Chern number). If P : T? — Proj,,(#H) is a continuous projection-valued map and
U :[0,27] x T' — U(H) is a continuous unitary-valued map periodic on the second argument such
that

P(t, ko) = Ul(t, ko) P(0,0)U (¢, ko)™,

then U(0, ke) U (2m, k) commutes with P(0,0), so after choosing a basis {v;};e(1,... n} Spanning

Ran(P(0,0)) we can create a periodic unitary-valued map map «a(k2) € M, ,(C) where
agp(ke) = <va, (0, ko)™ U(27r, k:g)vb>.

Then the Chern number is the integer obtained by computing the winding number of the deter-
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minant of « defined in Definition A.1:
Ch(P) = [det(a(-))].

Instead, if dim(Ran(P(k))) = oo, we just say that Ch(P) = 0.

Proposition 1.7. The above quantity does not depend on the choice of the unitary operator U,
moreover if two projector-valued maps are unitarily equivalent or homotopic, then the Chern numbers

are equal.

Proof. o (well posedness) First we need to show that the Chern number does not depend on the
choice of the basis {v;}je(1,... n}- If we consider a different orthonormal basis {v}};c(1.... ny that
leads to a different o/(kz), then this will be unitarily equivalent to a(kz2) via [A], , = (va, v}).
This means that a(ko) = A71a/ (ko)A and so det(a(ks)) = det(o/(k2)). Now we need to prove
that the Chern number does not depend on the choice of the unitary-valued map U(k). So
consider two unitary-valued maps U,V : [0, 27] x T' — U(H) such that

P(t, ko) = U(t, kz)P(0,0)U(t, ko)™t = V(t, ko) P(0,0)V (t, ko) L.

Then V (¢, k) 'U(t, k2) commutes with P(0,0) for all ¢, ks, so, using a basis {v;};e(1,... n} Of
Ran(P(0,0)), we can define the matrix

[ﬁ(ta k?)]a,b = <Ua, V(t7 k2)_1U(t, k‘Q)’Ub> .

Thanks to continuity in ¢ and periodicity in ks, the winding number [det 5(t, -)] is constant in ¢.
This means that, using Corollary A.7 and the property det(AB) = det(A) det(B) = det(BA):

[det(8(0,-))] = [det(B(2m,-))] & [det(B(0, )~ B(2m,-))] = 0 &
& [det (U(0,)7'V(0,)V (27, )" U (27, ") |[Ran(P(0,0))] =0 <
& [det (U(0,-)'V(0,)V(2m, ) 'U(0,)U(0,-) U (2, ) [Ran(P(0.0))] = 0 <
& [det (U(0,)7'V(0,)V (2, ) 7'U(0,) |Ran(p(0,0))] + [det(a()] = 0 &
& [det (V(2m,)7'U(0,)U(0,)~'V(0,) |Ran(p(0,0))] + [det(a())] = 0 &
& [det (V(0,-)7V(27,") [ran(po0)) | + [det(a()] =0
& [det(a()] = [det (V(0,) 7'V (27,) |p0)]

e (Unitary invariance) Consider a unitary equivalence V (k) between two projector-valued maps
Py(k), Pi(k), such that
Pi(k) = V(k)Po(k)V (k).

Then consider a Kato-Nagy unitary U with

Po(t, k) = U(t, k) Po(0,0)U (t, ko) ~".
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Using it we can build a Kato-Nagy unitary also for P; as
Py (ta k?) = V(ta k?)U(ta kg)V(O, O)ilpl (07 O)V(Oa O)U(ta k?)ilv(tv k?)il'

If {’Ujl }ief1,.. m} is a basis of Ran(P1(0, 0)) we are interested in the unitary-valued map o (k2) €
M, »,(C) with

[a1]ap(k2) = (vg, V(0,0)U (0, ko) 1V (0, ko) 'V (27, ko) U (27, k2)V (0,0) Lo ) .

However, V' is 2mr—periodic in k2 and since v? = V/(0, 0)_11)]1 make up an orthonormal basis
of Ran(Fp(0,0)), then
[al]a,b = <’U2, U(O, kz)_lU(QW, k2)1}2> .

So we can conclude that

Ch(P) = [det(ay)] = [det(ag)] = Ch(R)

(Homotopy invariance) Consider a homotopy of projection-valued maps P;(k). Then, using
compactness of [0,1] x T? and continuity of P;(k), it is possible to create a partition of
[0,1] = U/Z3[tj, tj41] with to = 0,; = 1 such that

P, (k) — Pi(k)|| <1/2 Vje€{0,--,J =1}t €[t tjm], k € T
Then the following is a unitary equivalence between P, and P, for all j =0,1,---,J —1:
~1/2

Uk);j = [Pryay (k) Py (k) + (1 = Py (k) (1 = Py (k)] [1 = (Py (k) = Py, ()7

But we proved previously that unitary equivalent projection-valued maps have equal Chern

number, so the thesis follows from the chain of equalities
Ch(Py) = Ch(F,) =--- = Ch(P;,_,) = Ch(P).

O

Lemma 1.8. The Chern number is additive, meaning that if P : T? — Proj,(H) and Q : T? —
Proj,,(H) with PQ =0, then P+ Q : T?> — Proj,;,,(H) and Ch(P) 4+ Ch(Q) = Ch(P + Q).

Proof. If we apply Proposition 1.5 to the three projectors P,Q, P + Q, we obtain three unitary
equivalences U, V,Y : [0,27] x T! — U(H) such that

P(t, k) = U(t, k2) P(0,0)U (t, k2) ™", Q(t, k2) = V (¢, k2)Q(0,0)V (¢, ka) ™!

(P4 Q)(t, ko) = Y (t,k2)(P + Q)(0,0)Y (t, ko) L.
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Then we extend the operator X : [0,27] x T — U(H) by linearity with

U(w) if Pu=u
X(u)=<V(u) if Qu=u
Y(u) if Pu=Qu=0

to obtain a unitary-valued map with
(P +Q)(t, ko) = X (¢, ko) (P + Q)(0,0) X (¢, k)"

Now we compute the Chern number of P + @ using a basis {v; }jE{L-" ,m+n} Where the first n span
P(0,0) and the other span Q(0,0). In this way we have

_(B(k2) O
a<k2)_< 0 7(k2)>

where 3 : T? — U(n) and ~ : T2 — U(m) are such that:
[/B(kZ)]a,b = <Uaa U(07 kg)_lU(QTI', k2)vb> [’Y(kQ)]a,b = <Un+aa V(07 k2)_lv(27‘-7 k2)vn+b>

So using Corollary A.7 we obtain the thesis

Ch(P + Q) = [det(a(kz))] = [det(5(k2)) det(7(k2))] = [det(B(k2))] + [det(y(k2))]
O

Lemma 1.9. If H is a separable Hilbert space with dim(H) = oo and P : T? — Proj,(H) is
a continuous projection-valued map, then there is always a continuous and periodic collection of

orthonormal vectors {vj(k)}jen that make up a countable basis of ker(P(k)).

Proof. Using Proposition 1.5, if we select a countable basis {v;}jen of ker(P(0,0)), then w;(t, k2) =
Ul(t, k2)vj(0,0) constitute a countable basis of ker(P(t, k2)). This is periodic in the second argument,
but not in the first. To solve this problem, we notice that this family defines a family of natural

isomorphisms:

I(t, ko) : ker(P(t, k 1?(N L ifn=yj
(2 k2) er(P(t k) — F(N) where 0;(n) = ' J
uj(t,k2) = 0 0 otherwise

The aperiodicity is expressed by the fact that I(0,ks) 'I(27, ko) # 13. However, thanks to
Theorem A.2, we know that there is a homotopy B(k2) in U(I*(N)) with Bo(k2) = T;2(n) and
B1(ka) = I(2m, ko) 1I(0, k2). So, the thesis is obtained by putting:

Uj(t, kg) = I(t, kz)ﬁt/zﬂ(kz)(sj' for all ] eN
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Theorem 1.10. Consider a projection-valued map P : T? — Proj, (H). Then it is always possible
to construct a quasiperiodic frame {vj(k)}jcq1,... n}y Such that all vectors are periodic in k except the
first that satisfies

’U1(27T, k‘g) = ei Ch(P)kQ’Ul(O, k?g), Ul(kl, 0) = Ul(kl, 271') Vk‘l, k‘g € T2.

Moreover two projection-valued maps Py, P : T? — Proj,,(H) are unitary equivalent and homotopic
if and only if Ch(Py) = Ch(Py).

Proof. Using Proposition 1.5 we can build a unitary-valued map periodic in ko such that
P(ta k?) = U(ta kQ)P(Oa O)U(tv k?)il

If {vj}jef1,.. n} is an orthonormal basis of P(0,0), then u;(t, k2) = U(t, k2)v; constitute an or-
thonormal basis of P(t,k2). This is periodic in k2 but in general will not be periodic in the first

argument. The aperiodicity is once again measured by the matrix a(k2) € U(n), with:

u]‘(Qﬂ', kg) = Z Ozjﬂ(kg)u]‘ (0, kQ).
a=1

Since [det(a(k2))] = Ch(P) the matrix:

ciCh(P)k2)
ko) = ko)™t
B(k2) < 0 1 a(ko)

is such that [det(B(k2))] = 0. So Using Theorem A.3, there is a homotopy ¢ (k2) with 81 (k2) = B(k2)
and fo(ke) = 1. Therefore the vectors

n

vj(tk2) = D [Bijan(k2)]; it k2) for je{l,--,n}
a=1
constitute an orthonormal basis and are such that:

n

vi(2m ko) =) [B(ka)]jatta(2m, ky) = Z B(k2)]j.a0tap(k2)up(0, ko) =

a=1
' Ch(PW2yp1 (0, ky)  forj =1

= Z k2 k2 ]aua(o k?)
v;(0, k2) otherwise

This concludes the first part of the proof. For the second we should start by noticing that in
Proposition 1.7 we already proved that the Chern number is invariant under unitary equivalences
and homotopies, so we just need to prove the converse. Consider two projection-valued maps
Py, Py : T? — Proj,(H). If their Chern numbers agree (Ch(Py) = Ch(P;) = [), then, using the

previous argument, they admit two quasiperiodic frames

{v)(k)}jeq1, my C Ran(Po(k))  {vj(k)}jeqr,. ny C Ran(Pi(k)) with

v(l)(27r,k:2) = eilkzv?((), 27), v%(27r,/€2) = eitk2y, (O k2)

Gabriele Peluso 8



1.3. d=2

and full periodicity for the other vectors and the other direction. Now, if dim(#H) < oo, we need
to consider the orthogonal projection-valued maps 1 — Py = POL and 1 — P = PlL. Those have
rank equal to dim(#H) — n. Since Py + Py~ = 13, = P; + P~ and for obvious reasons Ch(1y) = 0,
thanks to Lemma 1.8 Ch(Ps-) = Ch(Pj-) = —I. Therefore we can repeat the procedure done before

to obtain two quasiperiodic frames

{v) (k) }jeqns1, - aim@oy C Ran(Bg-(k)),  {v} (k)}jefns,. dim@oy C Ran(Pr-(k))
with U?L—I—I(Qﬂ-a k2) = e_ilk2vg+1(o7 k2)> U711+1(27T’ kQ) = e_ilkZU’rlz—I—l(Oa kQ)

and full periodicity for the other vectors and the other direction. Then the unitary equivalence we

were looking for is the unitary-valued map V such that

V(k)(W)(k)) =vj(k) forall je{l,--- dim(H)}.

Despite being defined using a quasiperiodic frame this unitary operator is actually periodic since
the phase that appears in the first vector when k1 = 27 gets out from the unitary operator leading

back to the first vector computed in k; = 0. For example
et PR, (0, ko) = v} (27, ko) = V (27, ko)v? (2, ko) = €' CMF0R2Y (27 Ko )0) (0, ko)

so if the Chern numbers agree, then the two phases cancel each other and V (0, k2) acts as V (27, k2).
Instead, if H is separable with dim(H) = oo, we can apply Lemma 1.9 to obtain two continuous,

periodic and discrete frames
{09(0) et oc) © RAN(P () {0}(B)} jensne o) © Ran(PL(K).
Then once again the unitary equivalence can be constructed by imposing
V(k)vd(k) =vi(k) forall jeN.

At last we want to solve the homotopy problem. If dim(#) = oo we know using Theorem A.2
that there is a homotopy Vi(k) with Vi(k) = V(k) and Vp(k) =1, so

Py(k) = Vi (k) Py (k) Vi (k)™

is the homotopy we were looking for.

Instead, if dim(H) < oo, we need to do something trickier. Let
[det(V(0, ke))] = [det(V (27, k2))] = m, [det(V (k1,0))] = [det(V (kq1,27))] =7,

and define

i(rki1+mk2) O(/{: k ) ifi=1
€ Ui\R1,R2) 1]

Vo(kt, k)09 (1, ko) = '
v? (k1,ks) otherwise
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Once again it is immediate to prove that Vy(k) is periodic in both directions with V' (0,0) = 1 and
[det(Vo(k1,0))] = [det(Vo(k1,2m))] =7, [det(Vo(0, k2))] = [det(Vo (27, k2))] = m.

So using Theorem A.3 it is possible to construct a homotopy V;(k) connecting Vy with V; =V for
k in the boundaries of [0,27]2. So we actually defined a unitary-valued map V;(k) for the values of
t,k € 9([0,1] x [0,27]?). After interpreting it as a map from S? to U(H) we can also extend the
definition inside of [0, 1] x T? since mo(U(H)) = {0} (Theorem A.3). So the projector-valued map

Py(k) = Vi (k) Py (k) Vi (k)™

is the homotopy we were looking for since [Vy(k), Py(k)] = 0. O
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Chapter 2

Class Al

In class Al the only symmetry present is a bosonic time-reversal symmetry, so the object we want

to study in this chapter is:

Definition 2.1 (bosonic time-reversal symmetric projection-valued map). Given an anti-unitary
operator T acting over H with T2 = 1, a projection-valued map map P : T¢ — Proj,,(H) is

time-reversal symmetric if and only if

Which is exactly the object defined in Definition I.12 with the additional constraint that 72 = 1.
With this in mind, given two bosonic time-reversal symmetric projection-valued maps Py, Py : T¢ —

Proj,, (#H), we will try to answer the following questions:

Question 4 (Class Al frame). When will there be a continuous and bosonic time-reversal symmet-
ric frame {uj(k), - ,un(k)}, namely a continuous and periodic collection of orthonormal vectors
spanning Ran(FPy(k)) with Tuj(k) = uj(—k) forall j =1,--- ,n?

Question 5 (Class Al unitary equivalence). When will there be a continuous and time-reversal
symmetric unitary-valued map U : T¢ — U(H) such that Py (k) = V(k)Py(k)V (k)™ and TV (k) =
V(—k)T for all k € T9? This is the same condition that appeared in the Introduction and in
Definition 1.12

Question 6 (Class AI homotopy). When will there be a continuous and time-reversal symmetric
map P : [0,1] x T¢ — Proj, (H) with P(0,k) = Py(k), P(1,k) = Pi(k) and TP;(k) = P,(—k)T for
all k € T¢ and ¢ € [0,1]?

In fact, those questions were already answered in [10][18], but these results are so useful that it

is worth writing them once more.

2.1 d=0

Since T? is made up of a single point, in this case we just have to study a single projector P €
Proj, (H) with TP = PT. In this small environment, the three questions can be answered without
issue. First of all, let us start with a further simplification of the symmetry using the following

lemma:

11
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Lemma 2.2. IfT is an antiunitary operator such that T? = 1, then there is a basis {vi}j=1, dim()

of H such that T'(v;) = v;, which means that in this basis T acts as the standard complex conjugation

K.

Proof. Consider ker(T'— 1) = H4 and ker(7'+ 1) = H_. Those are two real Hilbert subspaces of
H because if u,v € H4 then

(u,v)y = (T(u), T(v)) = (Fu, tv) = (u,v).

Moreover v € H if and only if 7v € H_. Now we can select a real basis {v;};e(1,... ny of Hy so that
{ivj}je{l,... Jdim(#)} 1S & real basis of H_. To conclude our argument, we only need to show that as
a real vector space H = H, @ H_. This is true because for any v € H it holds that

v+T(v) v—T(v)

+T
v = + where ——-\%) (v)
2 2 2

€ Hy.

So, from now on, we will freely swap between T" and K.

Proposition 2.3. Two bosonic time-reversal symmetric projection-valued maps Py, P1 € Proj,,(H)
will always have a symmetric frame and be unitarily equivalent and homotopic with respect to the

time-reversal symmetry.

Proof. First, we notice that it is possible to apply Lemma 2.2 to the four Hilbert subspaces
Ran(Py), Ran(Py), ker(P), ker(P1) to obtain four bases on which the symmetry acts as the stan-
dard complex conjugation. We can then merge them to obtain two bases {U?}j€{1,~--,dim(7{)})
{v}}j€{17.__7dim(7.¢)} where T acts as K, the first n vectors generate Ran(FP) and Ran(F;) while
the others generate ker(Fy) and ker(P)), respectively. Those will constitute the symmetric frames.
Then the symmetric unitary equivalence we need is the operator V such that V(’U?) = ’Uj1~ for all
j = 1,--- dim(H) since it is obvious that P, = VPV ~! and that TV = VT. Finally, for the
homotopy problem, we must consider ker(7T" — 1) = H, as a real and separable Hilbert space.
Then the group of unitary transformations that commute with 7" are precisely the orthogonal op-
erators O(H) = U(H4). Finally, if dim(H) = oo, we can use Theorem A.2 to obtain a homotopy
Vi € U(H4) where Vi =V and V) = 1 so that P, = V}Pth_l is the symmetric homotopy we are
looking for because T'V; = V;T'. Instead, if dim(#) < oo, we can interpret U(H4) as O(dim(H))
and Theorem A.4 states that we can repeat the same procedure when det(U) = 1. On the other
hand, if det(U) = —1, we can find a homotopy U; € O(dim(#)) such that U; = U and Uy is such
that Up(v)) = —vf and Uo(v?) = U? for j = 2,--- ,dim(Hy) because det(Up) = —1 = det(U). So
P, = UtPoUt_1 is still a symmetric homotopy because TU; = U, T and UyPy = PyUp. O

2.2 d=1

The first thing we want to do is replicate the construction made in Proposition 1.2 with respect to

the time-reversal symmetry.
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Proposition 2.4 (Class Al Kato-Nagy 1-d construction). If P : T!' — Proj, (H) is a continuous
time-reversal symmetric projection-valued map, then there is a continuous but not periodic unitary-
valued map U : [—7, 7] = U(H) such that:

Pt)=U@®)POYUt)™" and TU(t)=U(-t)T

Proof. We just need to slightly modify the procedure done in Proposition 1.2, this time we divide
[0, 7] into a finite number of intervals [t;,¢;41] VO < j < J with to = 0,t; = 7 such that ||P(t;) —
P(t)|| < 1/2 for all t € [t;,tj+1]. Then we can define J unitary-valued maps:

—-1/2

Uj(t) = [P(t)P(t;) + (1 = P())(1 = P(t;))] [1 = (P(t;) = P(t))’] Vi€ [tj,tj41]

Those connect P(t;) with P(t) for t € [t;,t;41]. Then for t € [0, 7] the global unitary we need is:
U(t) = Uj(Q)Uj-1(t;)Uj—2(tj-1) -- - Ur(t2)Uo(tr) if ¢ € [t),8541].

Finally, we can define U(t) = T~ U(—t)T for t € [—, 0] to satisfy the symmetry constraint. Once
again, the continuity is immediate because U;(t;) = 1 = U(0) and each function is continuous in ¢

since P was continuous. ]

Lemma 2.5. If H is a separable Hilbert space with dim(H) = oo and P : T' — Proj, (H) is a
continuous bosonic time-reversal symmetric projection-valued map, then there is always a continuous
and periodic collection of orthonormal vectors {vj(k)}jen with T'(v;j(k)) = v;(—k) composing a
countable basis of ker(P(k)).

Proof. We can start by using Lemma 2.2 to select a countable basis {v;(0)}jen of ker(P(0)),
which is also a real basis of ker(P(0))4, such that Tv;(0) = v;(0). Then using Proposition 2.4
vj(t) = U(t)v;(0) constitute a countable basis of ker(P(t)) with Tv;(t) = v;(—t). This in general is
not periodic, and to solve this problem we need to define a family of natural isomorphisms of real

Hilbert spaces as done before:

I(t): ker(P 2 1 ifn=j
(t) er(P(t)) — [*(N) where §,(n) = n=)
v;(t) =0 0 otherwise

The choice of the basis states that T1(¢t)~! = I(—t)"'K and I(t)T = KI(—t) for all t € [, 7).
This time, the aperiodicity is expressed by the fact that I(—m)~'I(7) # 14. Now using the spectral

-1

theorem, we know that there is a self-adjoint operator L such that I(7)I(—7)~! = e'*. Moreover,

it is true that:
KI(m)I(—7)™t = I(—m)TI(—m)! = I(—7)I(7) K = (I(m)I(—7) ") 7K.

This means that Ke'r = e, so e~iL = =L and therefore we can choose L such that L = L.
Now we can define 3; = e*//2, this is a unitary operator and since U(1?(N)) is arcwise connected

according to Theorem A.2, there is a homotopy B; connecting it with Sy = 1. For example we can
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take 8; = e'*L/2. To conclude the proof, we can define:

I(t)flﬁt/wéj for te [0,71’},‘]' eN

5;(t) =
’ I(t)'KB_yyz0; for te[—m0,jeN

This is the collection of vectors we were looking for. In fact it is immediate to show that T0;(t) =

0j(—t) and it is also periodic since:

(—m)HCe'20; = I(—m)Tle 25y = I(—m) Tte T2 =

vj(—m) =1
= I[(—7) " tem et 25; = [(m)"Letl/25; = wi(n)

Now we are able to answer our three questions in dimension 1:

Proposition 2.6. Two bosonic time-reversal symmetric projection-valued maps Py, P, : T' —
Proj,,(H) will always have a symmetric frame and be unitarily equivalent and homotopic with respect

to the time reversal symmetry.

Proof. e (symmetric frame)

Given a symmetric frame {U?}je{l’,,_’n} of Py(0) built using Proposition 2.3, we can build a
symmetric frame of Py(t) as {U(t)v? = U?(ﬂ}je{l,m,n} using Proposition 2.4. However, this

may not be periodic and the aperiodicity is expressed as the presence of a matrix:

n

a € U(n) such that u?(ﬂ) = Z[a]mug(—ﬂ).

a=1

Since T'uj(t) = u;(—t) this a has the additional property:

n n
uf (=) = Tuf(r) = Y [a]jaTug(—7) = Y _ [a]jaug(n) =
a=1 a=1
n n
= 3" Plhalolas-r) = Y fmol,anf
a,b=1 b=1

t

Meaning that @a = 1 or equivalently @ = o* < o = «o'. Using the Sylvester theorem, we

know that there is a self-adjoint matrix L with e™** = o and a = af implies that there is a
choice of L such that L = L! and since L* = L it is also true that L = L. We can now define
By = /2™ and v?(t) = 2221[@]3‘,(;“(’5)9 to form the symmetric frame we were looking for.

In fact it holds that:

To)(t) =Y [BiljpTug(t) = > [e"L/27]; yup(—t) =
b1 b1
= [P pud(—t) = > e pu (—t) =
—1 b=1

[B-dljpun(—t) = v5 ()

b=1
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2.2. d=1

V() =Y [P pup(m) = Y [ plalhaud(—7) =
b=1 b,a=1
> [P ple  paud(—m) = > [ e ) qul(—7) =
a,b=1 a=1
= e qud(—7) = o) (—7)
a=1

o (unitary equivalence)

If dim(#H) < oo we can replicate this procedure also to Py(k)* while, if dim(H) = oo, we
can apply Lemma 2.5. So, in both cases, we can always build a continuous, periodic and
symmetric frame {v?(k:) }je{1, dim(2)} such that the first n vectors span Fy(k) and the others

span the orthogonal complement.

So, if {v?(k:) }ieq1, dim(2)} and {v]l(k:) }je{1, dim(?)} are two continuous and symmetric frames
of Py(k) and Py (k) respectively, then the symmetric unitary equivalence is the unitary-valued
map such that V(k:)(v?(k)) = v]l(k) for all j € {1, -+ ,dim(H)}. It is trivial to prove that
Pi(k) =V (k)Py(k)V (k)" and TV (k) = V(—k)T.

o (homotopy)

There is a crucial remark we need to make: the time reversal symmetry endows H with a
real structure. In fact we can see H = ker(T — 1) ®r ker(T + 1) = H4 & H_ and a unitary
V € U(H) commutes with 7" if and only if it is compatible with this real structure, namely
is an orthogonal operator V'€ O(H,). This happens for V(0) and V(7) = V(—=). So if
dim(H) = oo, Theorem A.2 states that it is possible to find two homotopies V;(0) and Vi(7)
connecting V' (0) and V(7) with 1 inside O(H,). Since U(H) is contractible, it is possible
to extend this pair of homotopies to a homotopy Vi(k) with Vi(k) = V (k) for k € [0, 7] and
Vo(k) = 1, then we can define the homotopy on the other side using the symmetry constraint
Vi(k) =TV (k)T for k € [—m,0]. Now we can define the homotopy of projection-valued map
by imposing:
Pi(k) = Vi(k) Po(k)Vi(k) .

Instead if dim(#H) = m < oo, we can express O(Hy ) as O(m) and T" as K. Then if det(V (k)) =

A(k) it is obvious that A(k) = A(—k), so A(0) = £1 as well as A(7) = 1 by periodicity. In
this framework we will start by defining the unitary operator Vj(k) with:

AE)W (k) if j=1

’ v? (k) otherwise

Since TV (k) = V(—k)T it follows easily that V;(0), Vo(w) € O(m) and TVy(k) = Vo(—k)T.
Then, thanks to Theorem A.4, we can define two homotopies V;(0), Vi(7) with:

Vi(0), Vi(m) € O(m),  Vi(0) = V(0), Vi(m) = V(x)
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At this point we defined V;(k) for (¢, k) € 9([0,1] x [0, 7]) and we need to extend the definition
also inside the square. If we interpret this boundary as S!, this is possible if and only if the
degree of the map is zero. Thanks to Theorem A.3 this degree is winding number of the
determinant of the map. Luckily the determinant is constant throughout V;(0) and V;(7) and
finally, since det(Vp(k)) = det(V(k)) = A(k), the overall degree is zero and it is possible to
define V;(k) for (¢, k) € [0,1] x [0, 7]. For k € [—m,0] we can just use the symmetry constraint
Vi(k) = TVi(—k)T = KVi(—k)K and this does not conflict with periodicity or continuity since
V1(0), Vi(m) € O(m). In the end the symmetric homotopy we were looking for is

Py(k) = Vi(k)Po(k) Vi (k)

because Vp(k) commutes with Py(k).

2.3 d=2

In a way similar to the one we did for Class A, we will replicate the construction we did when d = 1
to study the case d = 2. Fortunately, in this class we will not encounter a topological obstruction.
In fact the Chern number that we studied in the previous chapter vanishes when a time reversal

symmetry is present thanks to the following remark.

Remark 2.7. As stated in [47], if P : T? — Proj,,(H) is a bosonic time-reversal symmetric projection-
valued map, then Ch(P) = 0.

Proof. We already proved in 1.10 that Ch(P) = 0 if and only if the projection-valued map admits
a continuous and periodic frame, in this case it admits even a symmetric one. However we want to
give a proof of this fact without using this information, so we can use Proposition 2.8 to obtain a
unitary-valued map U : [—7, 7] x T — U(H) with P(t, ko) = U(t, ko) P(0,0)U (¢, k2) L. In order to

obtain a unitary-valued map of the type used in Definition 1.6 we need to define:

- Ul(t, ko) for t e [0,n],
U(t7 k?) =
Ut — 2, ko)U(—7, ko) U (7, ka) for t € [m,27].

Then if {v;}jcq1,... ny i @ symmetric orthonormal basis of Ran(P(0,0)) as in Proposition 2.3, we

will have the unitary matrix o € U(n) with:

o (k) = (v, U0, ko) T (2, ko) ) =
= (0q, U(0, ko) " U (0, ko)U (=7, ko) "'U (mr, ko)) =
= (U(=, k2)va, U(m, k2)vp) =
= (TU(m, ko)vp, TU (=7, ka)ve) = (U(—m, —ka)vp, U(mw, —ko)vg) =
= [a]p,a(—F2)-

This means that det(a(k2)) = det(a(—k2)), but a map with this property has a winding number

equal to zero thanks to Lemma A.8. O
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Proposition 2.8 (Class Al Kato-Nagy 2-d construction). If P : T? — Proj, (H) is a continuous
time-reversal symmetric projection-valued map, then there is a continuous unitary-valued map U :
[—m, ] x TV — U(H), which is periodic in the second argument but not in the first argument, such
that:

P(t, ke) = U(t, ko) P(0,0)U (t, ko)™, TU(t, ko) = U(—t, —ko)T

Proof. Once again we can divide [0, 7] into a finite number of intervals [t;,¢;41] for all 0 < j < J
with tg = 0,t; = 7 such that || P(tj, ka) — P(t, k2)|| < 1/2 for all ¢ € [t;,t;1+1]. Then we can define

J unitary-valued maps:

Uj(t, k) = [P(t, ko) P(t;, k2) + (1 = P(t, ko)) (1 — P(t5,k2))] [1 — (P(t;, k2) — P(t, k))?] /2

for all ¢ € [t;,t;+1]. Those connect P(t;, ko) with P(t, ko) for all ky € T! and for all t € [t;, t;11].

The unitary equivalence for ¢ € [0, 27] is as:
U(t, ko) = Uj(t, ko)Uj—1(tj, k2) - - Ur(ta, k2)Uo(t1, ko) if t € [tj, tj41]
Once again this is continuous, periodic in ks and such that
P(t, ko) = U(t, ko) P(0, k2)U (t, ko) ™"

To conclude we need to apply Proposition 2.6 if 72 = 1, or Proposition 4.9 if T2 = —1. Those
tell us that the projection-valued map P(0, k2) is symmetrically unitarily equivalent to the con-
stant projection-valued map P(0,0), so there is a unitary equivalence V' (kz2) such that P(0,ky) =
V (ko) P(0,0)V (ko) =t with TV (ko) = V(—k2)T so the unitary we are looking for is:

- Ul(t, k2)V(k it te]lo,
Ot k) = (£, k2)V (k2) [0, 7]
TU(—t, —k‘g)V(—kg)T if te [—7‘(‘, 0]
This is continuous because for ¢ = 0 it is true that TV (kq) = V(—k2)T. O

Lemma 2.9. If H is a separable Hilbert space with dim(H) = oo and P : T? — Proj,(H) is a
continuous bosonic time-reversal symmetric projection-valued map, then there is always a continuous

and periodic collection of orthonormal vectors {v;(k)}jen that make up a countable basis of ker(P(k))
with Tv;(k) = v;(—k) for all j € N,k € T%

Proof. Using Proposition 2.2 we can select a countable basis {v;};en of ker(P(0,0)) with Tv; = vj,
then, using the unitary operator U defined in Proposition 2.8, we have that u;(t, ko) = U(t, k2)v;
constitute a countable basis of ker(P(t, k2)) with Tw;(t, k2) = uj(—t, —k2). This is periodic in the
second argument, but not in the first. To solve this problem, we notice that this family defines a

family of natural isomorphisms:

I(t,ko): ker(P(t, k 12(N 1 ifn=j
(2, k2) er(P(t k2)) — F(N) where 0;(n) = /
vj(t, ko) =0 0 otherwise

The aperiodicity is expressed by the fact that I(—m, ko) tI(m, ko) # 13. We can recover the

Gabriele Peluso 17



2.3. d=2

same properties stated in Lemma 2.5, like the fact that TI(t,ko)™' = I(—t,—ko) 'K or that
I(t, k)T = KI(—t,—ks), to know that there are two self-adjoint operators L, R with L = L, R = R
acting over [2(N) with

I(m,0)I(—7,0)" = e and I(m,m)[(—m,m)" ! =€l
Using them we can define the unitary operator 3(kq) € U(I*(N)) with:

exp{i[(m — ko)L + ko B} it kg€ [0,7]

Blke) = ~ .
’CI(—?T,—]{ZQ)I(W, —kg) lﬁ(—kg) if kQE [—71’,0]

It is very easy to see that this B(k2) is continuous and periodic in k2 by applying the symmetry
relations. Now, thanks to Theorem A.2 we know that there is a homotopy B(ks) in U(13(N)) with
Bo(k2) = 12y and Bi(kg) = B(k2). So, the thesis is obtained by putting:

v(t k2> _ I(t, kQ)_lﬂt/ﬂ.(k}Q)(Sj lf t e [0, 7['] for all J c N
7 TI(—t, —ky) " B_y/n(—ka)d; if t€ [—7,0]

In fact this frame is obviously symmetric, is also continuous in ¢t = 0, since By = 1, and is also

periodic in ¢ because for ko € [0, 7]:
I(—7, k)" CB(—ka)d; =

(=, ko) T KK (=7, ko) I (7, ko) ' B(ka)d; =
= I(m, k2)B(k2)d; = v;(m, k2)

vi(—m, k)

while for ko € [, 0]:
’Uj(—ﬂ', kg) = ij(ﬂ', —kg) = T’Uj(—ﬂ', —kg) = ’Uj(ﬂ', kg)

O

Theorem 2.10. Consider a bosonic time-reversal symmetric projection-valued map P : T? —
Proj,,(H), then, it is always possible to construct a symmetric and periodic frame {vj(k)}j=1, n
of P with Tvj(k) = vj(—k). Moreover two bosonic time-reversal symmetric projection-valued maps
maps Py, Py : T? — Proj,(H) are always unitarily equivalent and homotopic with respect to the
symmetry T.

Proof. e (Symmetric frame) Using Proposition 1.5 we can build a unitary-valued map periodic
in k9 such that
P(tv k?) = U(tv k?)P(Ou O)U(tv k?)il'

If {vj}jeq1,.. n) is an orthonormal basis of P(0,0) then u;(t,k2) = U(t, k2)v; constitute an

orthonormal basis of P(t,kg). This is periodic in kg but in general will not be periodic in the
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first argument. The aperiodicity is once again measured by the matrix a(kq), with:

n

ui(=m, ko) =Y [a(ks)]jatia(m, ka).

a=1
This o has a symmetry constraint:
Uj(’ﬂ', _k2) = Tuj(_ﬂ-a k2) = TZ[O&(I{TQ)]]"GUQ(W, k2) = Z [a(kZ)]j,aua(_ﬂ-v _k2) =
a=1 a=1
= 3 o )lala(—ko)lapu(r,—ks) = 3 [alkla(—hs)| . walr, ~k2)
a,b=1 a=1 @

that is a(ke)a(—ke) = 1, or equivalently a(—ks) = a(ks)!. We want to modify the basis
{u;(t, k2)} using a unitary-valued map B : [—m, 7] x S — U(n) which is periodic in the
second argument. Then we hope that v;(t,k2) = Y o' [Bj.a(t, k2)]ua(t, k2) is a periodic and

symmetric frame. If we look closely at what happens when k1 = +7 we get that:

vj(=m ko) = Y [B(=7, k2)ljatta( =7, k2) = Y [B(=, ka)a(ka)ljatta(m, k) =
a=1 a=1
=Y [B(=m, ka)a(ka) B(w, k2) " ava(r, 2)
a=1

So, in order to be periodic it must be true that
B(—m, ka)a(ks) = B(m, ko) Vo € St

Instead, if we apply the symmetry we get that:

Toj(t k) = [B(t, k2)ljaTualt, ko) = > [B(t k)] jatia(—t — ko) =
a=1 j’a
= D Bt k)jalB(—t, —k2) Hapve(—t, —k2) =
a,b=1
= [B(t, k2)B(—t, —ka) ] ava(—t, —k2)
a=1

Meaning that in order to be symmetric we must ask that
B(t, ko) = B(—t,—kz) Vte (—m,m), ko €St
This means that, in particular, it must be true that:
a(kg) = B(m, k2)B(m, —k2)"

Now, we can find two self-adjoint matrices L, R with a(0) = X, a() = ¥ with L(0) = L(0)?,
L(m) = L(m)t. Then we can define 3 for k; = 7 as the unitary-valued map 3 : {7} x [-7, 7] —
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7 m—ko ko :
Sn kg — | P E[FIE 2R] i ks € [0,7)
Oé(—kig)tﬁ(ﬂ', —k‘g) if ko€ [—71',0].

This is perfectly continuous and periodic in ko due to the fact that L and R are equal to their

transposes and

a(O) = 5(7[-7 0)5(7[-7 O)t7 O‘(ﬂ-) = ﬁ(ﬂ', 77)5(77’ ﬂ-)t'

Now if the winding number of det(8(m, k2)) is [, we can define:

eilﬂ'k‘Q 0
0,ky) =
IB( 2) < 0 Hnl)

Thanks to Theorem A.3, we know that (0, ky) and (7, k) are homotopic, meaning that
there is a continuous unitary-valued map ~ : [0,1] x St — U(n) such that (0, ko) = B(0, k2)
and (1, k2) = B(1, k2). So we can finally define

y(t/m, k2) for t € [0, 7]

/B(ta kQ) -\—
v(=t/m,—ky) fort e [—m,0]

It is easy to check that this § satisfies all the condition we needed, so we got our symmetric
frame.
o (Symmetric unitary equivalence)
We can apply the previous argument, if dim(H) < oo, or Lemma 2.9, if dim(H) = oo,
to 1 — Py(k) = Py(k)* in order to obtain a continuous collection of orthonormal bases
{v?(k)}je{17...7dim(7.[)} such that T'vj(k) = vj(—k) where the first n vectors span Ran(Py(k))
while the others span ker(Py(k)). We can replicate this procedure on P; (k) to obtain
{Ujl'(k)}je{zl,---,dim(?’-t)}

with identical properties. Then the symmetric unitary equivalence we need is the unitary
operator V (k) such that:

V(k))(k) =vj(k) forall je{l,---,dim(H)} ke T

o (Symmetric homotopy)

If dim(H) < oo, consider the triangle A inside [—7, 7] with vertexes
Q1= (—7[',71'), Q2 = (71-777')7 Q3 = (777 _77)‘
So after renaming A\(k) = det(V (k)) we can define the unitary operator Vy(k) with:

AE)W (k) if j=1

’ v;-) (k) otherwise

Yk € [—m,7)?
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Now we want to define a homotopy V; between 1V and V' and to do so we need to work on A.
Notice that on the sides of the triangle 1Q2, Q1@3 and Q23 the projection-valued maps

behave as a one-dimensional bosonic time-reversal symmetric projection-valued maps, in fact:

TP(k‘l,Tr) = P(—k)l, —7T)T = P(—k?l,Tr)T,

TP(m, ky) = P(—m,—ka)T = P(m, —k2),
TP(ki,—k1) = P(—ky, k1)T.

So we can replicate the proof in Theorem 2.6 to build V;(k) for k € 0A with TV;(k) = Vi(—k)
for all t € [0,1],k € A. This means that V;(k) is defined for (¢,k) € 9([0,1] x A). This
region however is homeomorphic to S? and since 72 (U(m)) = {0}, thanks to Theorem A.3, it
is always possible to extend the definition inside for (¢,k) € [0,1] x A. As a final adjustment
we just need to define the map in the complementary triangle by imposing V;(k) = TVi(—k)T

for k € [-m, 72\ A. Then V;(k) is continuous, periodic and symmetric and therefore:
Py(k) = Vi(k)Po(k)Vi(k) ™!

is the symmetric homotopy we were looking for since [Py(k), Vo(k)] = 0.

Instead if dim(#) = oo we can replicate all of the previous arguments with Vy(k) = 1 since,
thanks to Theorem A.2, U(H) is contractible.
O
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Chapter 3

Class D

In class D, the only symmetry present is an even particle-hole symmetry, so the object we want to
study in this chapter is the one defined in Definition 1.13 with the additional constraint that the

symmetry mustt square to 1:

Definition 3.1 (even particle-hole symmetric pair of projection-valued maps). Given an anti-
unitary operator C' acting on H with C2 = 1, a pair of projection-valued maps P* : T? — Proj,, (H)

is particle-hole symmetric if and only if:
CP*(k) =P (—=k)C and PT(k)P~(k)=0 Vke T

With this in mind, given two even particle-hole symmetric pairs of projection-valued maps

Pi, PE . T? — Proj, (M), we will try to answer the following questions:

Question 7 (Class D frame). When will there be a continuous and even particle-hole symmetric
frame {v1(k),- - ,van(k)}, namely a continuous and periodic collection of orthonormal vectors where
the first half spans Ran(P; (k)), the second half spans Ran(Fy (k)) and Cu;(k) = upn+;(—k) for all
j €{1,---,n}? In case there is none, is it possible to have a frame with the properties listed before

and regular pseudoperiodic conditions as those in Theorem 3.167

Question 8 (Class D unitary equivalence). When will there be a particle-hole symmetric unitary-
valued map U : T¢ — U(H) such that Pli(k) = U(k)POjE(l{:)U(k})_1 and CU (k) = U(—k)C for all

k € T?? This symmetric condition is the one present in the Introduction in Definition 1.13

Question 9 (Class D homotopy). When will there be a continuous and particle-hole symmetric
pair of maps map P* : [0,1] x T¢ — Proj,(H) with P*(0,k) = Pi(k), P*(1,k) = PF(k) and
CPf (k) = P7(—k)C for all k € T? and t € [0,1]?

This is the first original part of our work. In this class, something interesting happens; the
answers depend on the dimension of the Hilbert space. If dim(#) = 2n, we will observe a richer
topology that is lost in higher dimension. Before moving on, there is a crucial remark to state that

we will use extensively:

Remark 3.2. If P : T¢ — Proj, (H) is an even particle-hole symmetric pair of projection-valued
maps, then Pt (k) + P~ (k) can be treated as a bosonic time-reversal symmetric projection-valued

map because:
C(PY(k)+ P (k) = (P (k) + Pt (-k))C
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3.1. d=0

3.1 d=0
Before moving to the actual problem, we need to list some properties about Pfaffians

Definition 3.3 (Pfaffian). If A € My, 2,(C) with A = — A", then the Pfaffian of A, Pf(A), can be

computed using the recursive formula:

2n
Pf (_Oa g) =a Pf(A) =) (~1)ai; P(A1;)
j=2

where A; ; denotes the matrix A with both the first and j-th rows and columns removed.
Proposition 3.4. The Pfaffian satisfies the following proprieties:

1. Pf(AY) = (=1)"Pf(A)

2. Pf(AA) = \"Pf(A)

3. Pf(A)? = det(A)

4. Pf(BAB") = det(B) Pf(A) for any matriz B € May, 2,(C)

[

A 0
. Pf ( 01 A ) = Pf(A,) Pf(As) for any couple of skew-symmetric matrices Ay, As.
2

0 M o
6. Pf (-Mt 0) = (—1)™=D/2 det(M)

Let us see what happens when dim(#) = 2n: thanks to Lemma 2.2, there is a basis of H on
which C acts as the standard complex conjugation. Using this basis we can see H ~ C?" and
C = K. Then, let P € Proj,,(C?") be a pair of projections such that PT = P~K. If we call

S:=i(Pt—P7),

then
p-i—=p- S* =8 St=_9
. S € 0(2n)
P~ =P~ & 82— 1 & {S8St=1
St=_8
KP~=PtK KS=SK S € Mapon(R)

So S is a skew-symmetric, real-valued matrix and admits a Pfaffian (Definition 3.3). When

dim(#H) = 2n, we will often assume that H = C?" and freely swap between C' and K.

Definition 3.5 (the P-invariant). If P* : T¢ — Proj,(C?") is a even particle-hole symmetric pairs
of projection-valued maps, then, on the points k, fixed by the involution k¥ — —k, we can repeat

the process done before to define:

P(ky) :=Pf [i (P (k) — P~ (kt))] = Pf(S(ky))
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Proposition 3.6. If k, € T? is a point fized by the involution k — —k, then P(k,) € {£1} = Zy
and this quantity is invariant under homotopies that respect the particle-hole symmetry. However,
this quantity is not invariant under symmetric unitary equivalences. In particular, if V (k) is a

unitary-valued map such that
PE(k) = V(k)PE(k)V(E)™ and CV (k) =V(-k)C VkcT

then
P1(ky) = det(V (ky))Po(ky)-

Proof. Using the properties of the Pfaffian detailed in Proposition 3.4, since S € O(2n), it must
be that det(S) = £1. But it is also true that det(S) = Pf(S)?, so the only possibility is that
det(S) = 1 and Pf(S) = +1. Instead, if PF(k) is a homotopy between two even particle-hole
symmetric pairs of projection-valued maps for ¢ € [0, 1], we have that S;(k,) is, for every ¢ € [0, 1]
an orthogonal skew-symmetric matrix, so we can compute Pf(S;(k,)) for each t. Thus, we obtain
a continuous function from [0, 1] to {0, 1} that must be constant. Finally, if two even particle-hole
symmetric pairs of projection-valued maps are symmetrically unitarily equivalent, then it is obvious
that S1(ky) = V (ke)So(k)V (ki)™ = V (ki) So(ks)V (ki)™ s0, using the properties of the Pfaffian,
Pi(ky) = det(V (ky))Po(ks). O

Proposition 3.7. Two even particle-hole symmetric pairs of projection-valued maps POjE,PllL €
Proj,,(H) will always have a symmetric frame and be symmetrically unitarily equivalent. For the
homotopy problem, if dim(H) > 2n, they are always homotopic with respect to the symmetry. How-
ever, if dim(H) = 2n, they are homotopic if and only if Py = P1.

Proof. To obtain a symmetric frame, we can find an orthonormal basis {v?}je{l,.., ny of Ran(Fy).
Then we can define {vni; = Cvj}je(=1,.. nj and those will constitute an orthonormal basis of
Ran(Py").

For the symmetric unitary equivalence, we can use Proposition 2.3 or Proposition 2.2 to obtain
a basis {v?}je{gnJrl,.,,,dim(H)} of ker(P" + Py ) such that Cv; = v; for j > 2n. In the end, we have
an orthonormal basis {v;}jef1,... dim(w)} Such that the first n vectors span Ran(F; ), the second n
vectors span Ran(P;") and the others span ker(P;" + Py ). They also satisfy the symmetric relations

v2+j if1<j5j<n

Co) =<0 ifn+1<j<2n
0

j—n
v; it j>2n
If we repeat this procedure to PljE we will obtain the orthonormal basis {Ugl‘}je{l,---,dim(ﬂ)} and
the unitary equivalence is the unitary operator V' € U(H) such that V(v?) = vjl. for all j €
{1,--- ,dim(H)}. In fact, it is trivial to verify that CV = VC and that P = VPFV L.

Instead, for the homotopy problem in dim(H) = 2n, we can apply the Lemma 2.2 to obtain
a basis of H on which C acts as K, which means that we can interpret H = C?**, C = K, and
V € O(2n). Then, since we already proved that P is a homotopy invariant, we only need to prove

that it is a complete topological invariant. So, if Py = Py, then Pf(i(Py" — Py ) = Pf(i(P — P )).
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However, it is also true that:
(P = P7) = V(P — F)lV!

and, according to the the properties of the Pfaffian (Proposition 3.4), Py = Py det(V), so det(V) =1
and V € SO(2n). Since SO(2n) is connected, there is a homotopy V; with V; = V and Vp = 1.
Since we are moving inside O(2n), KV; = V;K for every ¢ € [0,1]. Therefore, P = V}chvt_l is
the symmetric homotopy we were looking for. We can do something similar if 2n < dim(#H) < oo,
in this case we can find a homotopy even if det(V) = —1. In fact, in this scenario, we can slightly

modify the unitary equivalence by putting:

1 . .
N v if 2n+1
V() =4 7
1 . .
—Vapyp ifj=2n+1

This new V is once again a symmetric unitary equivalence with det(f/) =1, so we can replicate the
proof done before. Finally, if dim(H) = oo, we can see ker(C' — 1) = H, as a real Hilbert space,
then V' will be an orthogonal operator acting over H. Using Theorem A.2 we can find a homotopy
Vi inside O(H4) with V4 =V and V = 1, those can be extend to a unitary-valued map in U(H).
Since this homotopy is inside O(Hy) it is true that CV; = V,C for every t € [0,1]. Therefore,
Pti = VtPoin_l is the symmetric homotopy we were looking for. O

3.2 d=1

Proposition 3.8. Two even particle-hole symmetric pairs of projection-valued maps Poi, PllL :T! —
Proj,,(H) will always have a symmetric frame and be symmetrically unitarily equivalent. For the
homotopy problem, if dim(H) > 2n, they are always homotopic with respect to the symmetry. How-
ever, if dim(H) = 2n, they are homotopic with respect to the particle-hole symmetry if and only if
Po(0) = P1(0) and Py(w) = Py(r).

Proof. The first two statements of the proposition are very easy to prove; in fact, we can apply
Proposition 1.4 to construct a periodic and continuous frame {v?(k)}je{17...7n} of Py (k): Then
{vn4j(k) = C’v?(—k)}je{l,...m} will be a periodic and continuous frame of Py (k) and the union of
the two collections will constitute the symmetric frame we needed.

Moreover, we can use Lemma 2.5 or Proposition 2.6 to build a continuous family of orthonormal

bases
{v)(k)}jetont1, am@oy  of  ker(Py (k) + Py (k)

such that Cv?(k‘) = U?(—k‘) for all j > 2n. We can repeat this procedure to P (k) in order
to obtain {v]l(k)}je{lf..’dim(%)} with identical properties, and afterward the symmetric unitary
equivalence we needed is the unitary-valued map V (k) with V(k:)v?(k) = Ujl(k)) for all k € T!
and j € {1,---,dim(H)}. In fact, it is elementary to check that CV(k) = V(—k)C and that
P (k) = V (k) Po(k) £V (k).

Instead, for the homotopy problem in dim(H) = 2n, we can apply Lemma 2.2 to obtain a basis
of H on which C acts as K, which means that we can interpret H = C?*, C = K and V € O(2n) as

we did in Proposition 3.7. Then, since we already proved that P is a homotopy invariant, we only
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need to prove that the couple (P(0),P(r)) is a complete topological invariant. So, if Py(0) = P1(0)
and Py(m) = Py(m), then

Pf(i(P (k) — Py (ky))) = PE(i(P (k) — Py (ky))) for ky =0, 7.
However, it is also true that:
i(P" (k) = P (k) = V(K)[i(P (k) — Py (k)]V (k)™
and, by the properties of the Pfaffian (Proposition 3.4),
Po(0) = P1(0) det(V(0)) Po(m) = Pi(m) det(V(m)),

so det(V(0)) =1 = det(V (7)), which means that V' (0), V(7) € SO(2n). Since SO(2n) is connected,
there are two homotopies V;(0) and V;(m) with Vi (k.) = V(k,) and Vp(ks) = 1 for k., = 0, 7. Since
we are moving inside O(2n), KV, (ki) = Vi(k,)K for every ¢ € [0,1]. Now consider det(V (k)). This
is always a complex number with unitary module such that det(V(0)) = det(V (7)) = 1, so we can

define the unitary operator Vy(k) for k € [0, 7] as the operator such that:

det(V (k)00 (k) ifj=1,

v? (k) otherwise.

So we defined a homotopy Vi (k) € U(2n) for (¢, k) € 0([0, 1] %[0, 7]), but this region is homeomorphic
to S and it is possible to extend the map inside this region if and only if the winding number of
its determinant is zero. However, we build those unitary operators to exactly satisfy this property,
in fact det(V4(0)) = det(Vi(m)) = 1 and det(Vp(k)) = det(Vi(k)), so it is possible to define V;(k) for
(t,k) € [0,1] x [0,7]. Now we can extend the definition for k£ € [—m, 0] by imposing

Vi(—k) = CVi(k)C = KVi(R)K ¥t € [0,1],

which does not conflict with periodicity and continuity, since V;(0), Vi(7) € SO(2n), so they al-
ways commute with the complex conjugation. Finally, we can define our symmetric homotopy by
imposing:

Py (k) = Vi(k) Py (k) Vi)™
in fact CP;" (k) = P (—k)C, since OV;(k) = Vi(—k)C and Pg (k) are the originals since
[Vo(k), Py(k)] = 0.

Instead, if 2n < dim(#H) < oo, we can use the additional dimension to eliminate the uncomfort-
able winding numbers. To do so, consider det(V (k)) = A(k), then, the condition CV (k) = V(—k)C,
tells us that A\(—k) = A(k). So we can adjust the original unitary equivalence by defining the sym-
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metric unitary equivalence V(k‘) as the unitary operator such that

0 (k) = vj (k) if j#2n+1
ME) gy ifj=2n+1

Now we can replicate every step of the previous argument, but since det(V(k)) = 1 we can have
that Vp(k) = 1.

Finally, if dim(#H) = oo, we can identify the operators that commute with C as the orthogonal
operators O(H ) of the real Hilbert space H4 = ker(T' — 1). Since V(0) and V (k) commute with
C and O(#H) is contractible, according to Theorem A.2, it is possible to define two homotopies
Vi(0), Vi(r) inside O(H4) with Vi(ky) = V(k,) and Vo(k) = 1. As we did before, we can use the
fact that U(H) is contractible to define V;(k) also for (¢, k) € [0,1] x [0, 7] and then use the symmetry
condition Vi (k) = CVi(—k)C to extend the definition also for k € [—m,0]. It is obvious to notice
that this does not conflict with continuity and periodicity. Then P (k) = Vi(k) P (k)Vi(k)~" is

once again the symmetric homotopy we needed. O

Before moving on to the case d = 2, it is worth mentioning a different way to interpret the

product of two invariants P that will be useful for further arguments.

Definition 3.9 (The Z invariant). If P* : T! — Proj,,(C?") is an even particle-hole symmetric
pair of projection-valued maps with CP* (k) = P~ (—k)C and U(k) is a periodic and continuous

unitary-valued map such that
PE(E) =U((k)PEO)U(K)™' and CU(k) = U(—k)C,

then we define
T = e[tV ¢ (41} = 7,.

Proposition 3.10. [t is true that:
I= P(O)P(ﬂ) € ZLs.

Proof. The symmetry relation CU(k) = U(—k)C can be read on a basis on which C acts as K
as the fact that U(k) = U(—k), meaning that U(0),U(w) € O(2n). Moreover, using the relation
PE(k) = U(k)PT(0)U(k)~!, we get that:

i(PY(m) = P~ (m)) = U(m)(i(P*(0) = P~(0))U(m) ",
((P*(0) = P7(0)) = U(0)(i(P*(0) = P~(0))U(0) ™.
So, using the properties of the Pfaffian (Proposition 3.4) we get:
P(m) =det(U(m))P(0) P(0) =det(U(0))P(0),

thus det(U(0)) = 1 and det(U(r)) = P(7)P(0). Now we can use the standard projection 7 : R — 1
with 7(t) = e??™. Using basic topology we know that every continuous map A : T* — S! can be
lifted to a continuous map g : T! — R such that A\(k) = w(u(k)) and [N = p(n) — p(—n). If we
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choose A(k) = det(U(k)), then A(0) =1 and we can choose the lifting © with (0) = 0 so that the
property A(k) = A(—k) translates into (k) = —pu(—k).

Finally, if det(U(w)) = —1, then p(r) € N+ 1/2. So, the winding number [A(k)] = u(r) —
p(—m) = 2u(m) is odd. Instead, if det(U(m)) = 1, then pu(m) € N. So, [A(k)] = pu(7m)—p(—m) = 2u(n)
is even. In the end, we explicitly get Z = ¢4tV K] = P(0)P(x).

O

Remark 3.11. Since P(0),P(mw) are homotopic invariants of the particle-hole symmetry pair of
projector-valued maps Pi(k), the quantity Z is once again a homotopic invariant of the pair and
does not depend on the choice of the unitary-valued map U provided that the defining properties
hold.

Moreover, the statement of Proposition 3.8 can be reformulated by saying that the complete
set of topological invariants that describe the homotopy class of particle-hole symmetry pairs of
projector-valued maps is (P(0),Z) instead of (P(0), P()).

Finally, it may be interesting to point out the fact that there is a way to write Z as a Berry
phase; in fact, if {vj(k)}jef1,... n} is a periodic and smooth frame of P~ (k), we can use the arguments

discussed in [45] to obtain the following expression:

1T

R .
T—explin | L /S ldk;mj(m,akuj(k»

3.3 d=2

We want to start this section with a small curious property that relates the Pfaffian with the Chern

number when dim(#H) = 2n.

Proposition 3.12 (Class D Kato-Nagy 2-d construction). If P* : T? — Proj,(C?") is bosonic
time-reversal symmetric projection-valued map, then there is a continuous unitary-valued map U :
[—7, 7] x T' — U(H), which is periodic in the second argument but not in the first argument, such
that:

PE(t ky) = U(t, ko) PE(0,0)U (t, ko) ™Y, CU(t, ko) = U(—t, —ko)C

Proof. We want to follow the step of Proposition 2.8. Once again we can divide [0, 7] into a finite

number of intervals [t;,t;41] for all 0 < j < J with tg = 0,t; = 7 such that
1P~ (t), ko) = P™(t. k)l = | P (t;, ko) — PP (¢, ko)l < 1/2
for all ¢ € [tj,tj41]. Then we can define J unitary-valued maps:

Uj(t, k) = [P~ (t, k2) P~ (t,k2) + (1 = P~ (t,k2)) (1 = P~ (t;, k2))] -

V it
L= (P (4, k) — P (£, ky))?] Felttn

Those connect P~ (t;, ko) with P~ (¢, k). However, since H = C?" and by hypothesis P~ (k)PT (k) =
0, it is true that P~ (k) + Pt (k) = 1. So, Uj(t, ks) also connects P (t;, ko) with PT (¢, ks) for all
ko € T! and for all t € [t;,t;41]. The unitary equivalence for ¢ € [0,27] is as:

Ut ko) = Uj(t, k2)Uj—1(tj, ko) - - - Ur(ta, k2)Uo (1, ko) if T € [t),t41]
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Once again this is continuous, periodic in ks and such that
P*(t, k) = U(t, ko) P*(0, ko) U (t, ko) "

To conclude we need to apply Proposition 3.8, this tells that the projection-valued maps P*(0, k)
are symmetrically unitarily equivalent to the constant pair P¥(0,0), so there is a unitary equivalence
V (k2) such that P*(0,kq) = V(ko)P £ (0,0)V (kg)~! with CV (ko) = V(—ks)C so the unitary we

are looking for is:

- Ul(t, k2)V(k if telo,
Gy = | PRIV ) it te o]
CU(—t,—ko)V(—ko)C if t e [—m,0]
This is continuous because for ¢ = 0 it is true that CV (k2) = V(—k2)C. O

Proposition 3.13. Given a even particle-hole symmetric pair of projection-valued maps P : T2 —

Proj,,(C?"), there are four points fized by the involution k — —k. They are:
ks = (0,0), (7, 0), (0, 7), (7, 7).
For those points, it is true that:
P(0,0)P(m, 0)P(0, 7)P(m, 7)) = & E).
Equivalently, since every Pfaffian is in Zsa, if Uy(ka), Ur(k2) are two unitary-valued maps such that:
PE(0, k2) = Up(k2) P=(0,0)Ug(k2) ™", CUp(kz) = Up(—k2)C

PE(, kg) = Uy (ko) PE(m,0)Ur (k2) ™Y, CUgr(ky) = Ur(—k2)C,

then:
eH[det(Ur (k2))]—[det(Uo(k2))]} — ,—iCh(P™)

Proof. We can use Proposition 3.12 to construct a unitary-valuedmap U (¢, k2) such that
PE(t k) = U(t, ko) PE(0,0)U(t, k2) ™ and  CU(t, ko) = U(—t, —ks)C.

Now we can define Uy(k2) = U(0, k2), but we need to be careful with Uy (k2), in fact, we must define

it as:

U (ky) = U(m, k2)U (7, 0)~1 on Ran(P*(rm,0)) = Ran(P*(—x,0)) = Ran(P~(7,0))*

m U(—7,k)U(=7,0)"" on Ran(P~(r,0)) = Ran(P~(—x,0)) = Ran(P*(x,0))*

in fact only in this way CU,(k2) = Ur(—k2)C. Now, thanks to the continuity in ¢, it is true that
[det(Uo(k2))] = [det(U(0, k2))] = [det(U (, k2))] = [det(U (m, k2)U (,0)~")]

Therefore:
[det(Ur(k2))] — [det(Up(k2))] = [det (U(7T, 0)U(m, k:g)_lU,,(krg))]
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However, it is also true that:

on PT(m0)

T m, k -1 T ky) =
U, 0)U (. kz) = Un (k) U(m,0)U (7, ko) ~'U (=7, ko)U(=m,0)"" on P~ (m,0)

So its determinant is equal to the determinant of U(w,0)U (7, k2) LU (=, ko)U(—7,0)! seen
as an operator acting on Ran(P~(m,0)). Since constant matrices do not contribute to the winding

number, we can define y(kz) € U(n), for an orthonormal basis {v;};c(1,... n} of Ran(P~(0,0)), as
["}/(/{2)]@,1, = <’Ua, U(7T, kz)_lU(—ﬂ, kz)’ub> = <U(7T, kQ)Ua, U(—’/T, k‘g)vb>
and conclude that:
[det (U(m,0)U (7, ko) " Ur(k2))] = [det(v(k2))]

We are close to the conclusion, but we need a unitary-valued map like the one in Definition 1.6
to compute the Chern number. To obtain it, we can use the procedure done in Remark 2.7. Let
Ul(ks) € U(H) be the operator such that:

Ul(t, ka) for te[0,n],
Ut —2m, ko)U(—m, ko)~ 1U (7, ko) for t € [m,27].

This is such that P~ (t, k) = U(t, k2)P~(0,0)U(t, k2)~! so we can compute the Chern number
using:
algp(ke) = <va, (0, k2) 10(2W,k2)vb> =
= (g, U(0, ko) MU (0, ko)U (=7, ko) " U (0, ko )vp) =
= (U(—m, k2)vg, U(m, ka)vp) = (U(m, ka)vp, U(—, ka)ve) =
= [y(k2)]p0-

)

To obtain that
Ch(P~) = [det(a(ke))] = [det(y(k2)")] = —[det(y(k2))]

and this, plus Proposition 3.10, concludes the proof. O

Example 3.14. Although it is relatively easy to show examples of symmetric projectors with arbi-
trary Chern numbers, it is slightly more difficult to exhibit an even particle-hole symmetric pair of

projection-valued maps with

™ M) = P(0,0)P(w, 0)P(0, 7)P(m, 7) = —1.

so we give an example to show that the topological class of projectors with e “2(F7) = —1 is not
empty. Consider for ki, ko € [—7, 7] the following matrices:
P (k. k) 1+ ‘cos ’“21 Smk2 COSkQ (coskz—1) ( i cos? k—l — lsmkl> i
1,/2) = _ .
(coskz=1) ];2 D! (z cos? %1 - 5 sin k:1) + 3 % ‘COS 3”12]“2
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i ko—1) (. . ;
;- ‘cos k| snky (cosks—1) 5 ) (z cos? B — Lsin k1) + 35
Pt (k1 k) =
’ (coska=l) (o2 b Lginky) — & 14 lcos k| sinks
2 2 T2 1 2 2 2|72

Then it is easy to see (after some straightforward computations) that the following proprieties are

true:
1. Pt (ky, ko) + P~ (K1, ko) = 1.
2. KP~(ki, ko) = Pt(—ky1, —k2)K.
3. PE(ky, ko)* = PE(ky, ko).
4. (P*(ky, k2))? = PE(k1, ko).
5. P~ (ki, ko) Pt (k1,k2) = 0.
6. PE(k1, ko) = P (ky + 27, ko +2mn) VI,m € Z.

This means that they are an even particle-hole symmetric pair of projection-valued maps. If we
compute then S(k1,ks) = i[PT(k1, ko) + P~ (k1, k2)] we get:

sin ko (cos kg — 1)(— cos? %1 + Lsinky) — 1

—1 ‘cos’%1
S(ky, ko) =

(cosky — 1)(cos? &L + Isinky) + 1 i ‘cos K1l sin ko

Now it is easy to compute:

S(O,O)ZG ‘01> S(w,O)z(? _01> S(o,w)=<01 (1)> S(mw)=<$ _01)

So only one Pfaffian will be different from the others, therefore £ = —1.

Remark 3.15. Given a even particle-hole symmetric pair of projection-valued maps P+ : T2 —
Proj,,(H), it is true that Ch(P~) = — Ch(P1), in fact, in view of Remark 3.2, P* + P~ is a time-
reversal symmetric projection-valued map. So, thanks to Remark 2.7, Ch(PT + P~) = 0. Finally,
the thesis is obtained by using the additivity of the Chern number proved in the Lemma 1.8.

Theorem 3.16. Consider a even particle-hole symmetric pair of projection-valued maps P* :

T? — Proj,(H), then it is always possible to construct a symmetric and quasiperiodic frame
{vi (k) }jeqi, 2ny such that:

e The first n vectors span Ran(P~(k)), and the others span Ran(P*(k)).
o Cvj(k) =vpqj(—k) for1 <j<mn.

o All of them are periodic in k except vi and vyy1 which are only periodic in ko with pseudo-

periodicity in ki :

V1 (71', kg) = ei Ch(Pi)k?'Ul(—ﬂ, kz), ?}n+1<7T, kg) = €i Ch(P+)k21)n+1(—7T, kg), sz S Tl.

Moreover, two even particle-hole symmetric pairs of projection-valued maps P, Pli : T2 — Proj,,(H)
are symmetrically unitarily equivalent if and only if Ch(Py ) = Ch(P; ). Finally, if dim(H) > 2n,
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they are also symmetrically homotopic if and only if Ch(P; ) = Ch(P; ). However, if dim(H) = 2n,

they are symmetrically homotopic if and only if
Ch(Py ) =Ch(P;) and Po(ks) =Pi(ks) for k.=(0,0),(m,0),(0,).

Remark 3.17. Before the proof, we want to address a small fact: Why does P(m, ) not appear?

The answer is pretty simple; thanks to Proposition 3.13, we have that
P(r,m) = P(0,0)P(m, 0)P(0, 7)e™ bl

So knowing the four terms on the right side is enough to determine P(7, 7).

Proof. e (Symmetric frame)

We can apply Theorem 1.10 to the projection-valued map P(ky, kg) = P~ (k1 —, k2) to obtain
a frame {0;(k)}jeq1,... ny Of P(k) with pseudo-periodicity o (27, ko) = €' Ch(ﬁ)kal(O, k2). This
means that {v;(k1,k2) = 0;(k1 + 7, k2)}je(1,.. ny Will be a pseudo-periodic frame of P~ (k)
and, since P~ and P are homotopic through P;(k1, ko) = P~ (k; — tm, ko), Ch(P~) = Ch(P).
Then {vnyj(k) = Cvj(=k)}jeqr,. ny Will be a frame of P* (k). The union of the two frames
will constitute the symmetric quasi-periodic frame we were looking for because Ch(P~) =

— Ch(P™) thanks to Remark 3.15.

o (Symmetric unitary equivalence)

We can start slowly by noticing that if two even particle-hole symmetric pairs of projection-
valued maps are symmetrically unitarily equivalent, then the projection-valued maps Fy , P,
must be unitarily equivalent, therefore Ch(F; ) = Ch(P; ). To prove the converse we can apply
the previous argument to Py (k) and P (k) and Lemma 2.9, if dim(#) = oo, or Proposition
2.10, if dim(H) < oo to obtain two collections of orthonormal bases {U?(k)}je{l,m,dim(’}-l)}7

{Ujl‘(k)}je{l,...,dim(q{)} such that:

1. All v?(k‘) and vjl(k) are continuous in k.

2. All v?(k) and vjl(k) are periodic in k with the only exceptions being:
V(. k) = € PEORD (—r ky), 04y (k) = € MEORY | (— k), Wy € T

vl (m k) = efOMPORl (L k), wd (k) = € OMPORL (L k), Vhy € TV

3. The vectors are linked by the symmetric relations:

Cv?(k:) = vgﬂ-(—k) Cvjl-(k) = U}LH(—I@) for all k € T? j € {1,--- ,n}

0(1.) — .0 Ty _ o1 2 .
Cv; (k) =v;(=k) Cuv;(k) =v;(=k) forall k€T j > 2n.

4. The first n vectors span respectively Ran(P; (k)) and Ran(P; (k)), the second n vectors
span respectively Ran(P;(k)) and Ran(P; (k)) while the remaining span respectively
ker(Py (k) + Py (k)) and ker(P; (k) + P;" (k)) because by hypothesis Py (k)P (k) =0 =
Py (k)P (k).
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Then the symmetric unitary equivalence we need is the unitary operator V' (k) such that:

V(k)vj(k) =vj(k) forall je{l,--- dim(H)}, ke T>

In fact, it is obvious that this respects the symmetry constraint CV (k) = V(—k)C and that
PE(k) = V(k)Pi(k)V(k)~!. However it may not be so obvious that this is periodic in k;
since it was defined over a pseudo-periodic frame. Luckily it is immediate to check that:
V(ﬂ-a k?)v(l](ﬂ-a k?) = 7)% (77, k2) = eiCh(Pl_)k%U}(*ﬂ-a k?) =
= ei Ch(Pf)kQ‘/(_ﬁa kQ)’U?(_Wv k2) =
= V(= k)1l (7, ko)
V(. k)0 (7, ko) = vy (7, be) = € PEDR20L L (kg =
= el MRy (k) (7, b) =

= V(—T(', I{IQ)U2+1(7T, k;Q)
So V(—m, ko) acts as V(m, ko) and this prove the periodicity of the unitary-valued map V.

e (Symmetric homotopy)

We want to start with the topologically richer case. When dim(#H) = 2n, we already proved
in Proposition 3.6 that the Pfaffian is invariant under homotopic transformations, so we need
to prove that, together with the Chern number, they form complete homotopy invariants. If
Ch(Py ) = Ch(P;) and the three Pfaffians coincide, namely if

Po(0,0) = P1(0,0) Po(m,0) = Pi(m,0) Po(0,7) = P1(0, ),

then it is possible to construct a continuous and periodic symmetric unitary equivalence V (k)
between the two pairs Py (k), Pif(k) such that

PE(k) = V(E)PE(R)V (k)™ CV(k) =V (~k)C Vk € T?

as we did previously. So, if A(k) = det(V (k)), the periodicity tells us that A is periodic and
the symmetric constraint tells us that A(—k) = A(k). Finally, after selecting a basis on which
C acts as K (using Lemma 2.2), we obtain that V(k,) € O(2n) for k. = (0,0), (7, 0), (0, 7)
and the properties of the Pfaffian tells us that A(0,0) = A(m,0) = A(0,7) = 1 since:

i(Py (ki) = Py (ki) = V(R i(Fy (ki) — Py (k4))V (ki)' =

= Py (ki) = det(V (ki) Po(kys) = det(V (ky)) = 1.

127t

Now using the canonical covering 7 : R — S! with 7(¢) = e we can lift the map A to a

continuous map f : [-m, 7] — R such that £(0,0) = 0 and A(t1,ts) = 27/ (t1t2)  Moreover,

since A\(—k) = A(k), we can choose f such that f(—t;, —te2) = —f(t1,t2) and the periodicity
of X tells us that

f(ﬂ-atQ) - f(_ﬂ-7t2)7 f(tlvﬂ-) - f(tla _77-) S thth € [—77,71'].
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Another crucial property is that, since A\(m,0) = A(0,7) = 1, it must be true that

We can combine all of those properties to have that the functions

f(ﬂ-’tZ) - f(*ﬂ-atQ)

f(m,0), f(0,7) € Z.

f(t,m) = f(t1, —7)

2 ’ 2

have constant value in Z/2 thanks to continuity. This means that we compute the actual

value using to = 0 for the first and ¢; = 0 for the second, obtaining:

f(m ta) = f(=m,t2)

f(ﬂ-v 0) - f(_ﬂ-’ O)

2

f(t,m) — f(t1, —m)

2
f(07 ﬂ-) - f(oa _71-)

2

N eiﬁf(w,tg) = e'iﬂ'f(—ﬂ',tg)

2

and

= f(m,0) € Z,

= f(0,7) €eZ=

eiwf(tlﬂr) = eiwf(tl,—w)

At this point we can use the symmetric frame {U?}je{l,m 2n} of P(;*L(k:) to define the unitary-
valued map Vj : [—7, 7|2 — U(C?") such that:

Volte, t2)vf(t, t2) =

v;(t1,t2)

otherwise

eI tt2) g (ty ty) forj=1lorj=n+1

Clearly, since f(—t) = —f(t), this unitary-valued map is such that

Po(t) = Vo(t) Po(t) Vo (t) ™,

CVo(t) = Vo(—t)C Vit € [—m, 7

But if we look closely we notice that this map is also periodic, in fact

Vo(m, t2)v) (, t2)

emf(mt2)y (mty) for j=lorj=n+1

vj(m, t2) otherwise
feiwf(—ﬁ,tg)ei Ch(PO_)t2Uj(—7T,t2) for j=1
eimf(=mita) g Ch(PJ)t?vj(fw, to) forj=n+1
& (—m,t2) otherwise
( . -
! ChF )2V (—mr to)vj(—m,ta)  for j =1
eiCh(POJr)tQVg(—w,tg)vj(—w,tg) forj=n+1
Vo(—m,t2)vj(—m, t2) otherwise
(
Vo(—=m,ta)vj(m, ta) for j=1
Vo(—m,t2)vj(m,ta) for j=n+1
Vo(—m,t2)vj(m, t2) otherwise

Vo(—m, ta)o)(m,ta) Vji=1,---,2n
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This means that Vjy(m,t2) and Vy(—m,t2) acts identically on the same basis of H, so they are
equal. We can repeat the same procedure to Vy(t1,7) and Vy(t1, —7) and in the end we will
get full periodicity in both directions, so we can use the notation Vy(k) for k € TZ.

Now we want to construct a homotopy V;(k) connecting Vi (k) = V (k) to Vy(k) such that
CVi(k) = Vi(—k)C for every t € [0,1],k € T2. On the points k, fixed by the involution k + —k
this symmetry relation forces the homotopy V;(ky) to move inside O(2n), provided that we
represent everything on a basis on which C' acts as K. By construction det(Vy(k)) = det(V (k)),
in particular det(V (ky)) = det(Vp(k«)) = 1. This means that V' (ky), Vp(k«) € SO(2n). Then,
we can use Theorem A.4 to connect those unitaries inside SO(2n), obtaining V;(k.) € SO(2n).
Now we can consider the segment OQ1 = (—[,1),l € [0,7], connecting O = (0,0) with
Q1 = (=7, 7). The map V;(k) is defined over d(OQ1 x [0,1]) which is homeomorphic to S?.
It is possible to extend this map inside the square if and only if this map is contractible to
a point. Thanks to Theorem A.3, this happens if and only if the winding number of the
determinant is zero. By construction the determinant is always 1 on the boundaries that
depend on ¢, while on the other boundaries it is true that det(Vy(k)) = det(V(k)), so after
some manipulations we get a map that satisfies the hypotheses of Lemma A.8 therefore it
is contractible. We can then choose an extension of V;(k) inside OQ; x [0, 1] and mirror it
on 0OQ2 x [0,1] for Q2 = (m, —7) using the symmetric constraint V;(—k) = CV;(k)C. This
procedure can be replicated on the segments Q1Q3 and Q2Q3 for Q3 = (7, ). Every time we

define the extension up to the middle points (m,0), (0, 7) and then mirror the extension using
the symmetry constraint. So if A C [—7,7]? is the triangle with vertices @1, Q2 and Q3, our
homotopy V;(k) is defined for ¢,k € 9([0,1] x A). This region is homeomorphic to S? and it
is possible to extend the map inside the region if and only if this map is contractible. Luckily
this is always possible since ma(U(2n)) = {0} (Theorem A.3), so after choosing an extension
of V;(k) inside [0,1] x A we can mirror it in [—m,7]? \ A using the symmetry constraint
Vi(k) = CVy(—k)C. Using this, we can finally define the symmetric homotopy between P (k)
and Pif (k) as
PE(k) = V(R PE(R)V (k)

Instead, if 2n < dim(#H) < oo, we can once again define A\(k) = det(V'(k)), this time however

we can define the unitary-valued map Vy(k) as:

AR, 1 (k) if j=2n+1

U? (k) otherwise

This map satisfies the same properties of Vp(k) from the previous argument and we can
replicate the proof of the case dim(#) = 2n in the exact same way to obtain the symmetric

homotopy needed.

Instead, if dim(H) = oo, we can impose Vj(k) = 1 and replicate all of the previous arguments.
In fact thanks to Lemma 2.2, there is a basis of A on which C acts as K, meaning that a
unitary operator U commutes with C' if and only if it is an orthogonal U € O(ker(C — 1)).
Thanks to Theorem A.2, U(H) and O(ker(C — 1)) are contractible, so all of the steps done in

lower dimension can be replicated without obstructions.
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Chapter 4

Class AIl

In class All, the only symmetry present is a fermionic time-reversal symmetry, so the object we
want to study in this chapter is the one defined in Definition 1.12 with the additional constraint
that T2 = —1:

Definition 4.1 (fermionic time-reversal symmetric projection-valued map). Given an anti-unitary
operator T acting over H with T? = —1, a projection-valued map P : T¢ — Proj,,, (H) is time-

reversal symmetric if

The fact that the dimension of the rank must be even is a mandatory condition that will be
investigated in Lemma 4.4. Moreover, since T? = —1 we can never ask for fixed vectors in view of
the same result, so we will need a different notion of a fixed frame. With this in mind, given two
fermionic time-reversal symmetric projection-valued maps Py, Py : T% — Projy,, (H), we will try to

answer the following questions:

Question 10 (Class AII frame). When will there be a smooth and fermionic time-reversal symmet-
ric frame {vy(k),- - ,van(k)}, namely a continuous and periodic collection of orthonormal vectors
spanning Ran(P(k)) with Tvj(k) = —vp4;(—Fk) for all j € {1,---,n}? In case there is none, is it
possible to have a frame with the properties listed before and regular pseudoperiodic conditions like

the ones in Theorem 4.167

Question 11 (Class AII unitary equivalence). When will there be a continuous and time-reversal
symmetric unitary-valued map U : T¢ — U(H) such that Py(k) = V(k)Py(k)V (k)~! and TV (k) =
V(=K)T for all k € T¢? This is the symmetric constraint that appeared in Definition 1.12

Question 12 (Class AIl homotopy). When will there be a continuous and time-reversal symmetric
map P : [0,1] x T¢ — Projs,, (H) with P(0,k) = Py(k), P(1,k) = Pi(k) and TP,(k) = P,(—k)T for
all k € T and ¢ € [0,1]?

In fact, those questions were already answered in [19], but here we provide a different interpreta-
tion of these results. Our most important contribution is a new interpretation of the Fu-Kane-Mele
index presented in Theorem 4.14. This new interpretation is tied to the notion of decomposability

introduced in the following definition.
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4.1. d=0

Definition 4.2. A fermionic time-reversal symmetric projection-valued map P : T¢ — Projs,, (H)

is decomposable if there is a pair of projection-valued maps P* : T¢ — Proj, (#) such that
Pt (k)P (k) =0, P(k)=P"(k)+ P (k), and TP"(k)=P (~k)T Vkec T¢

We will see that such a pair is identical to a odd particle-hole symmetric pair of projection-
valued maps and if the pair admits a symmetric frame in the sense of the chapter about Class C,

this decomposition can be done by imposing:

P~ (k) = Span{u;(k)}jeqr sy PHR) = Span{; (k)b e upre 2y k€ T

Although this information appears to be less relevant for d < 1, this idea is crucial to understand

the topology of this class for d = 2.

4.1 d=0

Before trying to answer the previous questions, it is worth recalling some notions about quaternionic

Hilbert spaces.

Definition 4.3 (Quaternionic Hilbert space, bases and unitaries). Consider a complex Hilbert H
with an anti-unitary operator T': H — H such that T2 = —1. Then the couple (#,T) constitutes
a quaternionic Hilbert space Hpy.

A collection of vectors {v;}jcs for a set of indexes J is a quaternionic orthonormal basis of Hy
if the vectors {v;}jes U {Tv;}jes constitute an orthonormal basis of H in the canonical sense.

A unitary operator U € U(H) is quaternionic if UT = TU. The set of quaternionic unitaries is
called U(Hm).

To better explain the nature behind the quaternionic structure that T creates, it is worth making
a small digression. Suppose that we are studying R? as a real Hilbert space with the natural product
R x R? — R? that sends (¢, (x,%)) to (tx,ty). Then the two vectors (1,0), (0,1) constitute a basis
of R?, in particular they are linearly independent because there are no ways in which we can move
the first vector into the second using the natural product. Now we can consider the rotation of
90 degrees described by the unitary operator R and this is such that R? = —1. If we want to
see this operation in the set of natural operations of R?, then we are interested in the structure of
the couple (R?, R). The first interesting aspect is that the vectors (1,0), (0,1) will not be linearly
independent because R(1,0) = (0,1). So we will need a new notion for an orthonormal basis and a
new notion for orthogonal operators that respect the structure that R creates. This is the standard
procedure that allows us to define complex Hilbert space using an orthogonal operator that squares
to —1. In particular, a complex orthonormal basis will be a collection of orthonormal vectors that
are linearly independent and generate the Hilbert space using multiplications of real elements and
multiplications of R. Moreover, an orthogonal operator is compatible with the complex structure
if it commutes with R, leading to the canonical definition of a unitary operator. The step from
complex to quaternionic follows the same rule. In the end, the pair (#,7") will be considered a

quaternionic Hilbert space Hy where H is the set of natural elements that can be multiplied to the
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vectors of H, this is often called the quaternionic group:
H = {a + bi + T + d(iT)|a, b, c,d € R} ~ R*.

This group has a standard commutative sum and also a non-commutative product that it is distribu-
tive with respect to the sum and such that 7% = —iT. The elements i, T, (iT") are often interpreted
as three different imaginary units because they all square to —1. Now we can state some properties

of quaternionic Hilbert spaces.

Lemma 4.4. If Hy = (H,T) is a quaternionic Hilbert space and V' C H is a quaternionic Hilbert

subspace, namely an Hilbert subspace with TV =V, then the following statements are true:

1. V admits a quaternionic basis.
2. As a complex Hilbert subspace, dim(V') is infinite or even.

3. If dim(V') = 2L as a complex Hilbert space, it is always possible to build a complex basis of
the form

{v1, S Vaim(vyy2, =Tv1, -+ s =TVdim(v) /2 }-

This means that on this basis T acts as KJ, for K standard complex conjugation and J =

0o I,
-I, 0/
This argument is already present in several works, for example in [24].

Proof. We can define the set composed of the collection of orthonormal vectors that are orthogonal

to their multiplied with 7. Namely, we consider the set:
Z = {{va}acs C H|(va,vs) = Ob.a, (Va, Tvp) = 0 Va,b € J}
This set has a natural partial order given by the inclusion, and every increasing sequence
{vitjen € CH{vjtjes, T+

can be viewed up to changing the indexes as a sequence J; C --- C J, C ---. Then we can consider
J = U2, J; and look at {v;}es, which is clearly an element of Z. The fact that T? = —1 implies
that

(v, Tv) = (Tv, T*v) = —(Tv,v) = — (v, Tv)

so Z is not empty because a single vector consists of an element of it, and we can apply the Zorn

lemma to obtain that there is also a maximal element {v;};cs. This maximal element is such that

H = Spanc ({v)}jeq1, daim@)/2) © Spanc ({105} jeq1, dim(#)/2}) -

In fact, by definition, the two spans intersect only at 0 and if, by contradiction, there is a vector
v that cannot be obtained by adding elements of the two spans. Then, up to renormalization, the
vector

v=v— Z(vj,v> vj — Z (Tvj,v) Tvj

jeJ jeJ
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is non-zero and orthogonal to both spans. Moreover:

To=Tv— Z (vj,v) Tw; + Z (Tvj,v)v; =

jeJ jed
=Tv— Z(ij,TU>ij —Z(vj,Tv)vj
JjeJ Jj€J

So also T'v is non-trivial and orthogonal to both spans, meaning that we can add v to the collection

{v;}jes and contradict maximality. O

So, from now on, we will freely swap between T" and JIC.

Remark 4.5. Given two a quaternionic bases {’U?}je], {vjl }jes of Hu, we can define the unitary
operator V€ U(H) such that V(v?) = vjl» and V(Tv?) = Tv]l for all j € J. This is a unitary
operator in the classical sense, but it is also true that [V,T] = 0, so this is also an element of
U(Hm), so it is a quaternionic unitary. In a finite-dimensional quaternionic Hilbert space, on a basis
on which T'= JI, the condition VI' = TV is equivalent to:

VeUHy) =TV =VT < KJV =VKJ & JV=VJoJ=VJVE &V e Sp(dim(H)).

Where Sp(2L) denotes the set of symplectic and unitaries 2L x 2L.

Since T? is made up of a single point, in this case we just have to study a single projection
P € Projy,(H) with PT = T'P. In this small environment, the three questions can be answered

without issue.

Proposition 4.6. Two fermionic time-reversal symmetric projection-valued maps Py, Py € Projs,, (H)
will always have a symmetric frame and be unitarily equivalent and homotopic with respect to the

time-reversal symmetry.

Proof. First of all, we notice that it is possible to apply Lemma 4.4 to the four Hilbert sub-
spaces Ran(Fp), Ran(Py), ker(FPp),ker(P;) to obtain four quaternionic bases that we can merge
into {U?}je{l,,,,7dim(7{)/2}7 {U}}jE{L,,"dim(H)/Q} where the first n/2 vectors generate Ran(Fp) and
Ran(P;) while the others generate ker(Fp) and ker(P;) in as quaternionic bases. This means that

the symmetric frame we are looking for is:
{U(l)a T 7U2/27 _TU(I)a Tt _Tvg/Q}'

Then the symmetric unitary equivalence we need is the quaternionic operator V' such that V(’U]Q) =
vjl- for all j € {1,--- ,dim(#)/2}. Thanks to Remark 4.5 it is such that TV = VT and it is obvious
that P, = VP,V ~!. Finally, for the homotopy problem, we must consider # as a quaternionic
Hilbert space Hy. If dim(#H) < oo, we can choose a basis on which T acts as JK and the uni-
tary transformations that commute with 7" are precisely the operators in Sp(dim(#)). Since it is
connected due to Theorem A.5, we can find a homotopy V; € Sp(dim(#)) such that V3 =V and
Vo = 1. Something similar can be done if dim(H) = oo. In this case the unitary operators that
commute with 7" are those who preserve the quaternionic structure and are the elements of U (Hzyy).
So, we can use Theorem A.2 to obtain a homotopy V; € U(Hp) where Vi =V and Vy = 1. In both
cases P, = VtPOV;f_l is the symmetric homotopy we are looking for because T'V; = V;T. O
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Remark 4.7. In particular, a fermionic time-reversal symmetry projection P can always be decom-

posed in the sense of Definition 4.2. This can be done by defining

P~ = Span {Ul,'-- ,Un/Q} PT = Span{Twy, - , Tog o}

4.2 d=1

The first thing we want to notice is that we can replicate exactly the construction performed in
Proposition 2.4. In fact, in the proof of the proposition we did not use the fact that 72 = 1 and

those results were valid for a generic time-reversal symmetric projection-valued map.

Lemma 4.8. If H is a separable Hilbert space with dim(H) = oo and P : T' — Projs,(H) is a
continuous fermionic time-reversal symmetric projection-valued map with TP(k) = P(—k)T, then

there is always a continuous and periodic collection of orthonormal vectors {v;(k)};en such that
{vi(k), =Tvor(=k), - -+ 0j(k), =Tw;(—k), -}

is an orthonormal and countable basis of ker(P(k)).

Proof. We can start by using Lemma 4.4 to select a quaternionic basis {v;(0)};en of ker(P(0)).
This basis, together with {7T'v;(0)};en is a complex basis of ker(P(0)). Then we can use Proposition
2.4 to construct a unitary-valued map U (¢) such that P(t) = U(t)P(0)U(t)~! and TU(t) = U(—t)T.

We can compose a basis of ker(P(t)) using the vectors
{U(t)vl(0)7 U(t)TUI (O)a ) U(t)?}j (0)7 U(t)TUj (0)7 T }

This in general is not periodic. To solve this problem we need to define a family of natural isomor-

phisms of complex Hilbert spaces as:

I(t): ker(P(t)) — [*(N)x[*(N) L in
U(t)v;(0) — (5,0) where §;(n) = ‘7
Ut)Tv;(0) (0,4;) 0 otherwise

The choice of the basis and the fact that U(t)T = TU(—t) imply that
TI(t)™(5;,0) = TU()v;(0) = U(=)Tv;(0) = I(~t)~*(0,4;)
TI() 7 (0,8;) = TUWT0;(0) = ~U(=0)05(0) = 1(-1)"} (55,0
so by anti-linearity

0 Ipw

TI(t)' =1(—t)"'KJ where J = < ) Vt € [, 7

_]IZQ(N) O

and K is the standard complex conjugation. This time, the aperiodicity is expressed by the fact that
I(—m)~YI(m) # 13. Now using the spectral theorem, we know that there is a self-adjoint operator
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L such that I(m)I(—m)~! = e'*. Moreover, it is true that:
KI () (—7) ™t = (=) T ' (—m)! = I(—m)I(m) KT = (I(m)I(—n)" )Tt

This means that KJ 1el'KJ = e, so e~/ T'LJ — ¢=iL and therefore we can choose L such that
J'LJ = L. Now we can define i = ¢'//2. This is a unitary operator and since U(I?(N)?) is
arcwise connected owing to Theorem A.2, there is a homotopy £; connecting it with Sy = 1. For
example we can take §; = e®**/2. To conclude the proof we can define I~1(t) : I#(N)? — ker(P(k))

as:

f(t)_l _ I(t)_lﬁt/7T for t € [0,7],7 € N
It)'KJI By KT fort e [—m,0],j €N

Then {3;(t) = I(t)~'(8;,0)};en is the collection of vectors we were looking for. In fact, it is periodic

and continuous because Gy = 1 and

1(=m) T T BT = 1) ()1 (=m) T T e 2T =
e I(ﬂ-)_lelLJ—le—’Lf/QJ — I(ﬂ_)_le_z‘t]flfj/2 _

_ I(’]T)_leiLe_iL/Q — I(W)_leiL/Q

Moreover elements like (0,d;) together with (§;,0) form an orthonormal basis of 1*(N)?, so their
images {#;(t) = I(t)~'(5;,0)}jen together with {i;(t) = I(t)~(0,8;)}jen form an orthonormal
basis of ker(P(t)). Most importantly, the relation (5;,0) = KJ(0,d;) implies that I(¢)(5;,0) =

I(t)KJ(0,6;), so, for t > 0 this means that:

i (t) = I(t) "L L2701 (0,6;) = I(t) L KIKT Let/27 K J (0, 65) =
= TI(—t) KT et E/2 K (0, 6;) = TI(—1)(0,6;) =
= Ta;(—t)
and similarly, for ¢t < 0, using that J~! = —J we have that:
o (t) = I(H) KT L L2 T T(0,65) = I(t) K (=T H)e™/27(0,6;) =

= TI(—t)"eE/27(0,8;) = TI(~1)(0,6;) =
= Tu;(—t)

So the vectors
{o1(8), an(t), - -, 0(8), ;(t), - }
is exactly the collection of orthonormal vectors we needed to complete the proof. O

Now we are able to answer our three questions in dimension 1:

Proposition 4.9. Two fermionic time-reversal symmetric projection-valued maps Py, P, : T! —
Projs,, (H) will always have a symmetric frame and be unitarily equivalent and homotopic with respect

to the fermionic time-reversal symmetry.

Proof. o (symmetric frame)
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4.2. d=1

Given a symmetric frame {U?}je{l,m 22n} of Py(0) built using Proposition 2.3, we can build a
symmetric frame of Py(t) as {U(t)v? = Ug(t)}je{l,---,zn} using Proposition 2.4. However, this

may not be periodic and aperiodicity is expressed as the presence of a matrix:

n

a € U(n) such that u?(w) = Z[a]j,aug(fﬂ').

a=1
Since
—Upyi(—t) for1<j<n
Tuj(t): n+]( ) )=
uj_n(—t) forn<j<2n

We can say that

2n 2n 0 Hn
T <Z xaua(t)> = Z (Ea[J]a,bub(_t)) for z, € C,J = <H 0)
a=1 "

a,b=1

So this « has the additional property:

2n 2n n
Y jeud(—7) = Tu(m) =T (Z[a]j,aug(—ﬁ)> = > [ofjalT]apup(r) =
c=1 a=1 a,b=1

a,b,c=1 b=1

This means that @Ja = J or equivalently o = JaJ ! since a™! = @ = (a)™! = ol.

Using the Sylvester theorem, we know that there is a self-adjoint matrix L with e™** = «
and JaJ ! = o' implies that we can choose L such that JLJ~! = L!. Since L* = L, it is
also true that L = L, so we also have JLJ ' = L. We can now define 8; = ¢®L/2™ and
v?(t) = 3" 1B j,bu?(t) to form the symmetric frame we were looking for. In fact it holds

that:

2n 2n
Toj(t) =T (Z[&];;w?(ﬂ) = [, Tug(t) =
b=1 b=1
2n 2n

= (e P [T cud(—t) = [e AT pup(—t) =
b,c=1 b=1
2n 2n

= [T P (<) = Y [T]jplBilbeul(—t) =
b=1 b,c=1

—Untj(—t) for1 <j<n

I
i
~
Q.
o

(4
o
—
L
S~—

|

b—1 vj—p(—t) forn<j<2n
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and we also have that:

) () = [iL/Q]jbug( )= [P plalbaug(—7) =
b,a=1
Z (2] jle Flparia(=m) = D_[e'/%e™ ] quq(—m) =
a,b=1 a=1

= Z[e_iL/2]j,aug(—7f) = v} ().
a=1

o (unitary equivalence)

If dim(H) < oo, we can also apply this procedure to Py(k)* to obtain a continuous, peri-
odic, and symmetric frame {U?(k)}je{l,-.-,dim(y)} such that the first 2n vectors span Py(k)
and the others span the orthogonal. Then we can repeat everything for P;(k) and Py(k)*
to construct another continuous, periodic, and symmetric frame {vjl-(k)}je{lj...,dim(%)} and
then the unitary equivalence we need is the unitary-valued map V : T! — /(%) such that
V(v;)(k:)) = v; L(k) for every j € {1,--- ,dim(H)},k € T, In fact, it is trivial to prove that
Py (k) = V(k:)Po(k;)V(k)_ and TV (k) = V(—k)T.

Instead, if dim(#) = oo, we can apply the Lemma 4.8 to ker(FPy(k)) and ker(P;(k)) to obtain

two continuous and periodic orthonormal bases of H.:

{ (k) -+ WO (k), ~To(—k), -, ~Tv(~k), }
U?L—i—l(k)’ _T’Ug—l—l(_k)) e 7U9V(k)a _TU?V(_k)a e

vi(k), s vp(k), =Tvi(=k), -+, =Ty (=k),
{Uiﬂ(k)a—TUiH(—k)r“ vvzlv(k)7_T”11v(—k)a"'}

where the first 2n vectors span Py(k) and Pj(k), while the others span ker(Py(k)) and

ker(P;(k)), respectively. Then the symmetric unitary equivalence is the unitary-valued map

V . T! — U(H) such that Vv?(k) v; (k) and VTv (k) = ijl-(k) for every j € N. It is trivial

to prove that P;(k) = V(k‘)Po(k:)V(k:)_ and TV(k) V(—k)T.

e (homotopy)

Once again we remark that the fermionic time-reversal symmetry endowss H with a quater-
nionic structure and a unitary V' € U(H) commutes with T if and only if it is compatible
with this quaternionic structure, namely is an operator V € U(Hp), as said in Remark 4.5.
This happens for V(0) and V(7)) = V(—m). So, if dim(H) = oo, Theorem A.2 states that it
is possible to find two homotopies V;(0) and V;(m) connecting V' (0) and V (7) with 1 inside
U(Hg). Since U(H) is contractible, it is possible to extend this couple of homotopies to a
homotopy Vi(k) with Vi(k) = V (k) for k € [0, 7], we can then define the homotopy on the
other side k € [, 0] using the symmetry constraint V;(k) = T~V (—k)T. Now we can define

the homotopy of fermionic time-reversal symmetric projection-valued map by imposing;:

Py(k) = Ve(k)Po(k)Vi (k)"
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Instead, if dim(#) = 2m < oo, we can use Lemma 4.4 to find a basis of  on which T acts as
ICJ. Then, on this basis, V (k) is such that £LJV (k) = V(—k)KJ. In particular on the points
k. = 0,7 fixed by the involution k& — —k we have that:

JV (k) =V (k)J & V(k)'JIV (k) = J & V(k,) € Sp(2m).

Since J! = —J it follows easily that V (ky)*.JV (k) is skew-symmetric, and using the properties
of the Pfaffian listed in Proposition 3.4 leads to:

PE(J) = PE(V (k' TV (k) = det(V (k) PE(T) = det(V (k) = 1

So every matrix in Sp(2m) has determinant equal to one. Now we can consider the well-
known covering f : R — S with f(t) = €*™ and, if A(k) = det(V(k)) is a continuous
function, it is possible to find g : [-m, 7] — R such that A(k) = e*™*#*)  The fact that
A(0) = A(m) = A(—m) = 1 implies that it is possible to choose p such that p(0) = 0 and
w(m), p(—m) € Z. Moreover, the condition KJV (k) = V(—k)KJ implies that A(k) = A(—k),
so the condition p(0) = 0 implies that pu(k) = —u(—k). Afterwards, we can define the

unitary-valued map Vp : II' — U(2m) as the unitary operator such that:

: e”“(k)v?(k) for j=1
’ v? (k) otherwise
em k) (—Tod(—k)) forj=1

VBT =" o
’Uj — otherwise

It is immediate to check that TVy(k) = Vo(—k)T and that Vo(k)Po(k)Vo(k)~! = Py(k), but
most importantly det(Vp(k)) = ei™*)eimik) = X(k). Now we can define our homotopy V;(k)
connecting V (k) = Vi(k) to Vo(k) by first connecting the points k, fixed by the involution
k +— —k. In fact Vy(ks), V (k) € Sp(2n) and the Theorem A.5 states that Sp(2m) is simply
connected, so we can define two homotopies V;(k,) € Sp(2m) for k., = 0,7 connecting the two
pairs of unitaries. The previous argument ensures that det(V;(ks)) = 1. Now, our homotopy
Vi(k) is defined for (¢,k) € 9([0, 1] x [0,7]) and we need to extend the definition also inside
the square. If we interpret this boundary as S!, this is possible if and only if the degree of
the map is zero. Thanks to Theorem A.3 this degree is winding number of the determinant of
the map. Luckily, the determinant is constant equal to one throughout V;(0) and V;(7) and
finally, since det(Vy(k)) = det(V(k)) = A(k), the overall degree is zero and it’s possible to
define Vi(k) for ¢,k € [0, 1] x [0, 7]. For negative k we can just use the symmetry constraint
Vi(k) = T~WVy(—k)T = KJVi(k)KJ for k € [—7,0] and this does not conflict with periodicity
or continuity since V;(0), Vi(7) € Sp(2m). In the end the symmetric homotopy we were looking

for is

Py(k) = Vi(k) Po(k)Vi (k)™

because Vp(k) commutes with Py(k).
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Remark 4.10. In particular, if d = 1, every fermionic time-reversal symmetric projection-valued map
map is decomposable in the sense of Definition 4.2. In particular given a continuous, symmetric

and periodic frame for P like the one of the previous Proposition, we can define

P_(k) = Span{vl(k)a T vvn/2(k)}a P+(k) = Span{Tvl(k:), T aT'Un/Q(k)}'

4.3 d=2

In the previous case, the fact that a fermionic time-reversal symmetric projection-valued map is
decomposable was a useful remark. However, in this section, it becomes crucial to investigate under
which conditions a decomposition occurs. Luckily, we can replicate exactly the construction done

in Proposition 2.8. In fact, in the proof we did not use the fact that 72 = —1.

Lemma 4.11. If H is a separable Hilbert space with dim(H) = oo and P : T? — Projy, (H) is a
continuous fermionic time-reversal symmetric projection-valued map with TP(k) = P(—k)T, then

there is always a continuous and periodic collection of orthonormal vectors {v;(k)};en such that
{vi(k), =Tvi(=k), - ,vj(k), =Tvj(=k), -}

is always an orthonormal and countable basis of ker(P(k)).

Proof. We can start by using Lemma 4.4 to select a discrete quaternionic basis {v;};en of ker(P(0,0)).
This basis, together with {T';}en, is a complex basis of ker(P(0,0)). Then we can use Proposition
2.8 to construct a unitary-valued map U (¢, k2) such that

P(t, ko) = U(t, ko) P(0,0)U(t, ko)™t and TU(t, ke) = U(—t, —ko)T.
We can compose a discrete orthonormal basis of ker(P(t, k2)) using the vectors
{U(t, k2)v1, U(t, k)T vy, - -+ UL, k2)v, U(L, k2)Tvj, -+ - }.

This is periodic in the second argument but not in the first. To solve this problem, we notice that

this family defines a family of natural isomorphisms:

I(t,ka) : ker(P(t,ks)) — 12(N) x [2(N)
Ut ko)v;  — (6;,0) where §;(n) =
U(t, k‘Q)T’Uj —> (Oa 5])

1 ifn=y

0 otherwise

We can recover the same properties present in Lemma 4.8 like:
TI(t, ko)~ (65,0) = TU(t, ka)vj(0) = U(—t, —k2)Tv;(0) = I(—t, —k2)"1(0,5;)
TI(t, k2) 1(0,8;) = TU(t, k2)Tvj = —U(—t, —ka)v; = I(—t, —k2) "' (—5;,0)
so by anti-linearity

0 1
TI(t ko)™t =I(—t,—ko)'KJ where J = ( lQ(N)) vt € [—m, 7]

_]IIQ(N) 0
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and K is the standard complex conjugation. The aperiodicity is expressed by the fact that
I(=m ko) " (7, k) # Ty

Now using the spectral theorem, we know that there are two self-adjoin operators L, R acting over
I2(N)? with
I(m,0)I(—=7,0) " = ¢ and  I(m,m)[(—m,m)" ! =€l

Moreover, it is true that:

KJ M (7,0)1(—7,0)7! = I(~m, 00T (~7,0)' = I(~7,0)I(r,0) " KJ ! =
= (I(m,0)I(—m,0)" ") 'KJ

This means that we can KJ 'e!lKJ = e so e~ 7'LJ — ¢=iL and therefore L can be taken such
that J~'LJ = L. We can do the same for R to obtain that J~'RJ = R. Using them, we can define
the unitary operator 3(kq) € U(I*(N)?) with:

exp{i[(m — ko) + ko 2} it kg€ [0,7]

Blks) = .
ICJ_lf(—ﬂ', —]{72)](7'(', —kg)_lﬂ(—kQ)ICJ if ko€ [—71',0]

It is very easy to see that this B(ke) is continuous and periodic in k2 by applying the symmetry
relations. Now, thanks to Theorem A.2 we know that there is a homotopy B;(k2) in U(I?(N)?) with
Bo(k2) = N2> and Bi(k2) = B(k2). To conclude the proof we can define It ko) : I(N)? —
ker(P(t,k9)) as:

[(t, kg)flﬂt/ﬂ(]@) fort € [0, 7['], ko € T!

f(tv k2)_1 =
I(t, ko) ' KJI 1By /n(—ko)KJ  for t € [—m,0],ky € T!

This I is continuous for ¢ = 0 because fy(k2) = 1 and is also periodic because, for ky € [0, 7], we
have that

I(—m ko) = I(—m, ko) T KT 1By (ko) KJ =
= I(—m, ko) KT AT (=7, ko) I (70, ko) 7L B (k) KTKT =
I(m, ko)~ B(ke) = I(m, ko)

T, ko) T (7, ko) I (=7, ko) THCT T B(— ko) KT =
T, ko) HCT M (—m, —ko) I (m, —ko) "1 B(—k2)KJ =
k)
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Moreover, I also satisfies a symmetry constraint:

riy = |1t KBy ) for t € [0, 7]
I(—t, —ka)  KIKT By (k)T for ¢ € [0
I(—t, ko) KBy (ka)KIKT for t € [0, 7]
T\ 2t k) B (k)T for € [—7, 0]
= I(—t,—ky)IKJ

Then {9;(t, ka) = I(t,k2)""(J;,0)};en is the collection of vectors we were looking for. In fact,
it is periodic and continuous because so is I. Moreover, elements such as (0,0;) together with
(6;,0) form a discrete orthonormal basis of 12(N)?, so their images {9;(t, ko) = I(t,k2)~*(3;,0)}jen
together with {@;(t, ko) = I(t,k2)~1(0,8;)}jen form a discrete orthonormal basis of ker(P(t, ka)).
Most importantly, the relation (§;,0) = KJ(0,6;) implies that (¢, ke) = Tu;(—t, —kg) for all
j €Nt € [—m, 7], ko € T, So, the vectors

{’51(t)7 ﬂl(ﬂ) T ?,D]'(t)a aj@)? te }
are exactly the collection of orthonormal vectors we needed to complete the proof. O

Now we want to replicate the construction done in [19] to define a a Zg-valued topological
invariant that can be associated to a fermionic time-reversal symmetric projection-valued map
P : T? — Proj,,(H). Consider a unitary-valued map U : T? — U(H), obtained, for example, by
using Proposition 2.8, such that

P(t,ka)U(t, ko) = U(t, ka)P(0,0) TU(t, ko) = U(—t, —ko)T Vt € [—m, 7], ko € T".

Then we can fix a symmetric orthonormal basis {u;};eq1,... 2n) of P(0,0) to obtain a continuous

collection of orthonormal bases of P(t, ks):

{uj(t, ko) = U(t, ka)uj}jeqr,. 2n}-

This collection is periodic in k9 and is such that:

2n
Tuj(t, kQ) = Z[J]j,aua(_t7 _k2)'

a=1

The aperiodicity in the first direction is expressed by a continuous family of unitary matrices

a(ke) € U(2n) such that
2n

uj(=m, k) = [a(ka)]jatia(m, ka).

a=1

Gabriele Peluso 48



4.3. d=2

This family satisfies the symmetry constraint J = a(k2)JJa(—k2) because:

2n
Z[J]j,aua(m—k?) = Tuj(—7, ko) TZ (k2)lj,au(m, k2)
a=1
2n
= Y [alk)]jalIlapus(—m, —ks) =
a,b=1
2n

= 3 [am)(D)] . la(ho)lacuclm, ~k2) =

;@

a,c=1
2n

=" [atk)(Na(-h)| ua(m,~h2)

a=1 i@

Using this symmetry constraint we can find two matrices 7, v such that a(0) = Jv§J 1y and
same for 7,. For example, since Ja(0)!J~! = a(0), we can find a self-adjoint matrix L such that
a(0) = e'* and JL'J~! = L, then vy = €'%/2 will work. It is obvious that det(a(0)) = det(7p)? and
det(a(m)) = det(v,)2. If det(vg) = €*° and det(v,) = e** for two real numbers \g, A; € R, we can
choose a function p : [0,7] — R such that det(a(kz)) = e#*2) and u(0) = 2Xg, then it holds that
M) = 2 5o pu(m) — 2\ € 27

Definition 4.12 (§(P)). Under the hypotheses listed before, we will define:

CAr —p(r))

S(P) =2 e {#1} = Zo.

Proposition 4.13. The quantity previously defined does not depend on the choices of Ao, Ax, Y05 Vor-

Proof. If we took A, A. such that €0 = ¢ and e*v = ¢ we would have that A\(0) = A} + 2,
Ar = M.+ 27wm for some I,m € Z. This means that we need to impose p'(k) = p(k) + 4nl and
obtain:

T G)) 2 A +H4rm—p(w) —4wl . -
O =¢ p) = et 3 —§.ei2m(m=l) _ 5

Instead, if we took another v such that a(0) = Jy§Jtyg = J(7f) T 1}, then it is true that:

() IV =v5Tv0 < T = ()" T ((v) ™)

This means that vo(7() ! € Sp(2n), so det(yo(74)~!) = 1 and therefore det(vy) = det(v)). Since
the same holds for ., we have that det(y), det(y,) depend only on «(0), a(7). O

Theorem 4.14. Given a time-reversal symmetric projection-valued map P : T? — Projs, (H) and
an integer h € 7, if €™ = §, it is always possible to decompose P as P(k) = PT(k) ® P~ (k)
in the sense of Definition 4.2 with Ch(P~) = h. Vice versa, if P can be decomposed as P(k) =
PH(k)® P~ (k), then ™ CMP™) =5,

Proof. We want to start in the same setting as the Definition 4.12, which means that P(¢, ko) is
spanned by {u;(t, k2)}je(1,... 2n} With constraints:

2n 2n
Tu; (t,k2) = Z[—J]j@ua(—t, —ka), uj(_ﬂ'v ke) = Z[a(k2>]jaaua(ﬁ7 k2)
a=1 a=1
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where « is a periodic unitary-valued map such that J = a(k)Ja(—k2).

o (Gleneral conditions:

We notice that the existence of a decomposition is tantamount to the existence of a sym-
metric frame with appropriate pseudo-periodic conditions. In fact, given a decomposition
P(k) = P*(k) & P~ (k), we can apply Theorem 1.10 to P(k; — 7, k2) to construct a frame
{vj(k1,k2)}jeqr,.. my of P~ (k1,k2) with complete periodicity except for the first vector that
must satisfy

vy (m, k) = € CPE IRy (ko) = €20y (— 7, k)

since Ch(P~ (k1 — 7, ko)) = Ch(P~ (k1, k2)). Then

{'UnJrj (t, kz) = *ij(*t, *kQ)}jE{l,m n}

is a frame of Pt (t, ko) = T-1P~(—t,—ke)T with complete periodicity except for the first

vector that satisfies

Unt1(m, ko) = efiCh(P_)k%nH(—w, ko) = efihkzvn_,_l(—ﬂ, k).

The union of the two will constitute a symmetric frame for P and this also implies that
Ch(P*) = — Ch(P™). Vice versa, if we have a frame with this shape, we can take P~ (k) as

the span of the first n vectors and P* (k) as the span of the remaining n vectors.

At the same time, the existence of a frame of this type is tantamount to the existence of a

unitary-valued map 3 : [, 7] x T! — U(2n) such that the following conditions are met:

L wj(t ko) = S22 [B(t, k2)]jatta(t, ka).
3. B(m, k2) = A(k2)B(—m, k2)a(k2) where A(k) is a diagonal matrix with
A(k) = diag(eih’w? L1, e_ihkza Lo 1)
——

N——

n—1 n—1

This equivalence is due to the fact that if we want to build the frame {v;(t, k2)} cq1,... n} using
the frame {u;(t,k2)}jef1,... n} We need to mix the vectors u using the unitary-valued map
B. Then the frame {v;(t,k2)}jc(1,.. n} is symmetric if and only if JA(t, ko) = B(—t, —ka)J

because:
2n
Tvj(t ko) = Y [J)java(—t, —ka) <
a=1
2n 2n
& Y Bt ka)jaTualt ko) = Y [TjalB(—t, —ka)lapus(—t, —k2) <

a=1 a,b=1

2n 2n
& Y (BRI un(—t—ka) = D7 I8t~k un(—t, —h2).

b=1 I b=1
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Moreover, the frame {v;(t, k‘g)}je{l,‘.. ) satisfies the pseudoperiodic condition if and only if

B(m, ka) = A(ka)B(—m, k2)a(kz)

because:
2n
vi(m k) =Y [Ak2)]java(—, ko) <

a=1
2n 2n
D 1B, ka)ljata(m, ka) = > [A(ka) B(—, ka)ljatta(—7, k) &
a=1 a=1
2n 2n
> (B, ko)ljatta(m, ko) = > [A(k)B(—7, ka)ax(k2)]jatta(, k2)
a=1 a=1

However, the symmetry condition forces a constraint over . In fact if J3(0, ko) = MJ ,
then /(0,0),5(0,7) € Sp(2n). This means that det(3(0,0)) = det(3(0,7)) = 1. Moreover,
det(B(0, ko)) = det(B(0, —kz), so we can use the Lemma A.9 to conclude that the winding
number in the second direction [det(3(¢,-))] must be even.

e Decomposition when § = 1

Now we want to investigate under which assumption it is possible to find such a § when h

even. First of all, we can look at points (7,0), (7, 7). There it must be true that:

B(m,0) = A0)B(—=m,0)a(0),  B(m, m) = A(m) (=, m)x(m)

But it is immediately noticeable that, if A € 2Z, then A(0) = A(7w) = Ia,. If we use the

periodicity in ks and the symmetry constraint, we get that § must satisfy:
B(m, ke) = M(ke)J B(mr, —kg)J (k)
in particular:
JB(m, 0T 13(r,0) = a(0), JB(m,7) T 1B(m, ) = a(n).
This means that, since det(A(kg)) = 1, it is true that

det(B(m, ko)) = det(B(m, —k2)) det(a(ks))
det(B(m,0))? = det(a(0))
det(B(m, m))? = det(a(r))

Since the function f§ is continuous, we can choose a continuous function A : [0, 7] — R such
that det(8(m, ko)) = e*(*2) | afterward we can choose a continuous function u : [—m, 7] — R
such that det(a(k2)) = e(*2) and with (0) = 2X(0). This means that:

eA(k2) for ko € [0, 7]

det ﬁ 7T7k =
(B(m, k2)) e~ M=ka)ti(=k2)  for ko € [—mr, 0]
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So we can write det(3(m, ko)) = €'(*2) where ¢ : [—7, 7] — R is a continuous but not periodic
function such that:

A(k2) for ko € [0, 7]

¢(ka) =

)\(—kg) + ,u,(—kg) for ko € [—Tr, 0]
This implies that

A(m) — [=A(m) + p(m)] _ 2A(7) — p(r)

det(B(r, )] = 2= 1:

2T 2

So, if we interpret (7, 0) as v and [B(m, 7) as v, then we can say that A(0) = Ao, A(7) = \r
and obtain that

. . 2N () —p(mw
eirldet(mk2)] _ em% = 5(P)

This means that if §(P) = —1, it is impossible to find 8 because § does not depend on
the choices of (m,0) and S(w,m) (Proposition 4.13) and the symmetry constraint imposed
that [det(B(t,-))] must be even for every ¢. Instead if §(P) = 1 we can use the Sylvester
theorem to find two self-adjoint operators L, R with JLJ ™' = L!*, JRJ~! = R! and such that

a(0) = e, a(r) = €', then we can define:

- T—ko - ko
exp |7 L+i2R for ko € [0, 7
B(m, ko) = P"or 2 2 € [0, 7]
A(ko)JB(m, —ko)JJ ta(ks) for ky € [, 0]

This is continuous and periodic in ko because when kg = 0 we get:

etl/2 — A(O)Je—if/QJ—leiL — e MWLM T2 6L _ iL)2

and similar computations hold for ks = 7. The previous argument states that [det(5 (7, k2))]

is even equal to 2r. Then we can also define

B0, ko) = diag(eirk% 1o 1,emk2 1 ... 1)
N—— ————
n—1 n—1
and it is trivial to check that 5(0, k2) satisfies the symmetry constraint and has [det(3(0, k2))] =
2r = [det(B(m, k2))]. Finally we can use Theorem A.3 to find a homotopy fS¢(k2) in U(2n)

with Bo(k2) = B(0, k2), B1(k2) = (7, k2) and then we can define:

B/ (k2) for t € [0, 7]
Bleks) =
J Bty (—ka)J  fort € [—,0]
This satisfies all required conditions, so if §(P) = 1, we can build a decomposition with

Ch(P~) = h for any even number h. While if 6(P) = —1 this construction is impossible.

e Decomposition when § = —1

Now we want to investigate under which assumption it is possible to find a decomposition

with Ch(P~) odd. It is immediate to check that the conditions are identical to the even case
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with a small but crucial difference. If Ch(P ™) is odd, it holds that:

Once again, if we use the periodicity in ks and the symmetry constraint, we get that 8 must
satisfy:
Bm, ko) = Aka)J B, —k2) T~ x(k2)

in particular:
JB(m,0)' T B(r,0) = a(0), JB(m,m)" T A(m)B(w, ) = alm).

With some computation, it is easy to check that

¢ 0 0 0 ¢ 0 0
10 Iy 0 O 0 -I,\]0 I,y 0 O
o0 i 0 (]In 0 > 0 0
0 0 0 L, 0 0 0 I,
meaning that if
Y = diag(i, 1,--- ,1,4,1,---,1)
—_—
n—1 n—1
we have that det(Y) = —1 and the last condition can be rewritten as:

J(Y B(m,m) T~ (Y B(r, m)) = a(m).

We can replicate the previous step of the proof to have that it is possible to define 3 if and
only if w € 27. In this case we can interpret S(m,0) as vy and Y 3(w, 7) as ;. Then
we can impose A\g = —iln(det(m,0)) = A(0), so that 1 does not need to be changed, and

Ar = —tIn(det(YB(m, 7)) = A(7) + 7 because
det(Y B(m, 7)) = — det(B(m, 7)) = A+,

We conclude that, in this case, we have that:

exp <ZW> — exp <z’2A” - “2(”) - ”) — §(P)

Since we need an even winding number of [det(S(m, k2))], if —6(P) = —1 it is impossible to
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construct a frame with h odd, instead if —6(P) = 1 we can proceed exactly as before and
obtain the thesis. Namely, it is possible to decompose P = Pt @& P~ with Ch(P~) odd if and
only if §(P) = —1.

O

Lemma 4.15. Consider two fermionic time-reversal symmetric projection-valued maps P, @Q : T?
Projy,(H) such that P(k)Q(k) =0. Then §(P)6(Q) = (P & Q).

Proof. We can use the previous theorem to find two decompositions P(k) = P* (k)& P~ (k), Q(k) =
Q1 (k) ® Q (k). Then it is obvious that we can find a decomposition of P(k) ® Q(k) as:

P(k) & Q(k) = [P~ (k) ® Q" (k)] & [P (k) & Q" (k)]

Now we can use the Lemma 1.8 to know that Ch(P~ & @~) = Ch(P~) + Ch(Q™). So we can

conclude using the previous theorem
5(P@ Q) _ eiTrCh(P*@Q*) _ eiwCh(P*) _eiTrCh(Q*) _ 5(P) . 5(@)

O

Theorem 4.16. Consider a fermionic time-reversal symmetric projection-valued map P : T? —

Projs,,(H). Then, it is always possible to construct a symmetric and quasiperiodic frame
{vi, - ,on(k),=Tvi(=k), -, —Tv,(—k)}

of P(k) such that, if 6(P) = 1, the frame has full periodicity, while if §(P) = —1, the frame is

periodic with the only exceptions being:
1 (71', kg) = €ik2’l)1(—77, kg) Up+1 (71', kg) = 67“62’0,14_1 (—7[', ]{ZQ)VkQ e T

Moreover two fermionic time-reversal symmetric projection-valued maps Py, Py : T? — Proj,,(H)

are symmetrically unitarily equivalent and homotopic if and only if 6(Py) = §(P1).

Proof. e (Symmetric frame) The construction of the symmetric frame can be done exactly as
in the proof of Theorem 4.14, in particular if 6(P) = 1 we can build a decomposition with
any even Chern number. So we can build a decomposition with Ch(P~) = 0 and obtain full
periodicity. Instead, if §(P) = —1, we can only have odd Chern numbers, so we can build a
decomposition with Ch(P~) = 1 and obtain the thesis.

o (Symmetric unitary equivalence)

First, we need to prove that if two projectors are symmetrically unitarily equivalent, then the
§ invariant is preserved. This is obvious because if there is a unitary-valued map U : T? —
U(H) such that P(k) = U(k)Py(k)U(k)~! with TU(k) = U(—k)T. Then we can choose a
decomposition Py = Py (k)& Py (k) where & indicates that the two elements we are summing

are orthogonal. Clearly

Pi(k) = U(k)Fy (k)U (k)™ @ U (k) Py (k)U (k)"
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is a decomposition of P; (k) and, since the Chern number is stable under unitary equivalences
(Proposition 1.7) it holds that §(P;) = €™ C20) = §(Ry).

Conversely, suppose that 6(FPy) = 6(P;). Then we can construct two frames

{U?(k)7 e 7”2(k)7 _TU?(_k)’ T _Tvvom(_k)}
{U%(k% T 7’072(]{:)7 _TU%(_k% T —T’U}](—k)}

of Py(k) and P (k) respectively, such that

where h(9) =

(7, k) = e™h(Ok20( 7 ko 0 ifo(P)=1
L (7, k2) = ™Rl (—7r, ko) 1 if §(P) = —1

v

Now we need to look at 1 — Py(k) and 1 — Py(k). In fact, those are once again fermionic
time-reversal symmetric projection-valued maps and, if dim(#) < oo, thanks to Lemma 4.15
it holds that

(L —Py) =6(1)-6(Py) =d(FPo) =d(P1) =9(1)-0(P1) =0(1— P).
So we can apply the previous point to extend the previous frames obtaining:
{0 (k). =Ton(=k), v 1 (), Vi a2 (8), =T 01 (k) - = Tgigy gy 2 (—R)}

{U%(k)a T _Tvrlz(_k:)a U’r11+1(k)’ U ?’Uéim(’H)/Z(k)’ _TU'}L—I—I(_k)v T TUéim(’H)/Q(_k)}'

where the added vectors span ker(Py(k)) and ker(P; (k)) respectively and have full periodicity

with exceptions
Ug-s—l(m ko) = emh(é)k%gﬂ(_m k2) v’}t-ﬁ-l(?r? ko) = emh(é)k%?llﬂ(_m ka).
Instead, if dim(H) = oo we can use Lemma 4.11 to extend the previous frames to
{0 (k). =Ton(=k), vy (k), =Tvp 1 (k) -+ o (k), =Toi (=), - }

{U% (k)a Ty —TU}L(—]C), ’U}H—l(k‘)v _TU71L+1(_k)a to aU]lV(k)a _TU]IV(_k)7 e }
where the added vectors have full periodicity and are an orthonormal and countable basis of
ker(Py(k)) and ker(P;(k)), respectively.
In both cases, the unitary-valued map V' (k) such that V(k:)v?(k) = ’Ujl(k) and V(k)T’U?(—k) =
ijl(—k‘) for all j € {1,--- ,dim(#H)/2} is the symmetric unitary equivalence we needed. In
fact, it is trivial to prove that P (k) = V(k)Py(k)V (k)~! and that TV (k) = V(=k)T. Tt is
a bit less trivial to prove that this map is periodic despite the fact that it is defined over a

non-periodic orthonormal basis. However, we can check, for example, that:

’U% (7T7 k2) = V(ﬂ.7 k?)”?<777 k?) = V(ﬂ-a k2)€ih(5)]f2v?(_ﬂ.7 kQ) = eih(é)kgv(ﬂ-a ]{72)’0?(-7‘(, k2)

= e"h(‘s)k%%(—ﬁ, ko) = eih(‘s)]@V(—Tr, kg)v?(—w, k)
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So we have V (=, ko)vY(—m, k2) = V(r, k2)v} (7, ko) and similar arguments can be done for

all the non-periodic vectors to prove that V(—m, k2) acts as V (7, k2).

o (Symmetric homotopy)

First, we need to prove that, if two maps are homotopic, J is preserved. This is easy to do
because if P;(k) is the homotopy with T'P,(k) = P,(—k)T for t € [0, 1], then we can divide [0, 1]
into a partition [tj,t;11];e(0,....s3 such that tg = 0,¢; = 1 such that ||P(k) — P, (k)| <1 for
all t € [tj,tj11],k € T?. Then we can use the Kato-Nagy formula to define the unitary-valued

maps
—1/2
U](k) = [Ptj+1 (k)Ptj (k) + (]l - Ptj+1 (k))(]l - Ptj (k))] []l - (Ptj (k) - Ptj+1(k))2] /

for all j € {0,---,J — 1}. It is easy to see that U;(k) is a symmetric unitary equivalence

between P, (k) and P, (k) for all j € {0,---,J — 1}, so, using the previous point, we see
that ¢ is preserved at each step and therefore §(FPy) = 6(Py).

For the converse, suppose that §(FPy) = 0(Py), then from the previous point we can create
a symmetric unitary equivalence Pj(k) = V(k)Py(k)V (k)1 with TV (k) = V(=k)T. The
first step is to define a unitary-valued map Vp : T2 — U(H) such that TVy(k) = Vo(—k)T
and Py(k) = Vo(k)Py(k)Vo(k)™L. If dim(H) = oo we can define Vy(k) = 1. Instead, if
dim(H) = 2N < oo, we need to do something more. First, we need to use Lemma 4.4 to select
a basis on which T" acts as JK. Then we need to observe that the condition TV (k) = V(—k)T
means that JV (k) = V(—k)J. So, if we consider the triangle /\ inside [, 7]? with vertexes

Q1= (-mm), Q2= (m7), Q3= (m —n)

we can rename A(k) = det(V(k)). Then on the points k, fixed by the involution & +—
—k we have that J = V(k)!'JV(ks), so V(ks) € Sp(2n). Moreover, on the segments
Q1Q2,0Q1,Q3,Q2Q3, we have that A(k) = A(—k). Therefore, in those segments, we can
apply Lemma A.9 to have that

[)‘(ta Tr)]te[*ﬂ,ﬂ'] =2m [A(ﬂ-a t)]te[ﬂr,—ﬂ =21 [A(ta _t)]te[*ﬂ',ﬂ] = 2h.

Since the map is defined also inside the triangle, the winding number of A in A must be zero,
so 2m = 2l + 2h. Now we can use the quasi-periodic frame {v{(k), -, =Tv%(—k)} to define
the unitary operator Vy(k) with:

ellmkittka) (k) if j=1

v9(k) otherwise

ellmbittko) (_Td(—k)) if j=1

—Tv? (—k) otherwise
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This is actually periodic in k because, for example,

‘/0(_777 ]{,‘2)’1)?(77‘, k2) = ‘/0(_777 k2)€iﬂ—h(6)v?(_ﬂ-v kQ) = eiﬂ—h(é)ei(_mﬂ-—’—lkz)v?(_ﬂv kQ) =

_ e—2im7rei(m7r+lk2)eiwh(&)v?(_ﬂ_’ kg) _ ei(m”+lk2)v?(7r, kg) _

= VO(Trv kQ)v?(Trv kQ)

In both cases, dim(H) = oo, dim(#H) = 2N we want to define a homotopy V; between Vj and
V. To do so we need to work on A. Notice that on the sides of the triangle Q1Q2, Q1Q3
and Q2Q3 the projection-valued maps behave as a one-dimensional fermionic time-reversal

symmetric projection-valued maps, in fact:
TP(kil, 7T) = P(—kl, —7T)T = P(—k’l, 7T)T,

TP(m, ky) = P(—m,—ko)T = P(m, —ko)T,
TP(ky, —kl) = P(—kl, kl)T.

So we can replicate the proof in Theorem 4.9 to build V;(k) for k € A with TV,(k) = Vi(—k)T
for all t € [0,1],k € OA. This means that V;(k) is defined for (¢,k) € 9([0,1] x A). This
region however, is homeomorphic to S? and since m2(U(2N)) = {0} = ma(U(H)), thanks to
Theorems A.3 A.2, it is always possible to extend the definition inside for (¢, k) € [0,1] x A. As
a final adjustment we just need to define the map in the complementary triangle by imposing
Vi(k) = TV, (=k)T for k € [-m,7]?\ A. Then V,(k) is continuous, periodic and symmetric
and therefore:

Py(k) = Vi(k)Po(k) Vi (k)

is the symmetric homotopy we were looking for since [Py(k), Vo(k)] = 0.
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Chapter 5

Class C

In class C, the only symmetry present is an odd particle-hole symmetry, so the object we want
to study in this chapter is the one defined in Definition [.13 with the additional constraint that
C? = —1:

Definition 5.1 (odd particle-hole symmetric pair of projection-valued maps). Given an anti-unitary
operator C acting over H with C? = —1, a pair of projection-valued maps P* : T¢ — Proj, (H) is

particle-hole symmetric if and only if:
CPY(k) =P (=k)C and PT(k)P~(k)=0 VkeT%

With this in mind, given two odd particle-hole symmetric pairs of projection-valued maps

P, PE - T4 — Proj,,(H), we will try to answer the following questions:

Question 13 (Class C frame). When will there be a continuous and particle-hole symmetric frame

{v1(k),- -+ ,v2,(k)}, namely a continuous and periodic collection of orthonormals vectors where the
first half spans Ran(P, (k)), the second half spans Ran(P (k) and Cuj(k) = upsj(—k) for all
j €{1,---,n}? In case there is none, it is possible to have a frame with the properties listed before

and regular pseudoperiodic conditions like those obtained in Theorem 5.57

Question 14 (Class C unitary equivalence). When will there be a particle-hole symmetric unitary-
valued map U : T¢ — U(H) such that PiE(k) = U(k)Pi(k)U(k)~' and CU(k) = U(—k)C for all
k € T9? This symmetric condition is the one that appears in Definition 1.13

Question 15 (Class C homotopy). When will there be a continuous and particle-hole symmetric
pair of maps map P* : [0,1] x T¢ — Proj,(H) with P*(0,k) = Pi(k), P*(1,k) = PF(k) and
CPf (k) = P7(—k)C for all k € T? and t € [0,1]?

This is the second original part of our work (to the best of our knowledge); in this case, we
formally prove that the results present in the Kitaev table are complete topological indices. Before

we move on, there is an interesting remark worth noticing:

Remark 5.2. If P* : T¢ — Proj,(H) is a odd particle-hole symmetric pair of projection-valued
maps, then P*(k)@® P~ (k) can be treated as a fermionic time-reversal symmetric projection-valued

map because:

C(PY(k)+ P (k) = (P (k) + Pt (—k))C
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5.1 d=0

Thanks to Lemma 4.4, we can interpret H as a quaternionic Hilbert space where C acts as a
secondary imaginary unit. Moreover, if dim(#H) < oo, then the dimension is even dim(#H) = 2N

and there is a basis of H on which C acts as KJwhere K is the standard complex conjugation and

0 1,
J= .

Proposition 5.3. Two odd particle-hole symmetric pairs of projection-valued maps Poi,PljE €
Proj,,(H) will always have a symmetric frame and be symmetrically unitarily equivalent and ho-

motopic.

Proof. In order to obtain a symmetric frame, we can find an orthonormal basis {v?}j€{17...7n} of
Ran(F; ). Then we can define {vny; = Cvj}jcqi,.. ny and those will constitute an orthonormal
basis of Ran(P;"). The union of the two will constitute the symmetric frame we needed.

For the symmetric unitary equivalence, we can use Proposition 4.6 or Proposition 4.4 to obtain
a basis {U?}j€{2n+17...’dim(’}_l)} of ker(Py" + P;). For simplicity we do not apply these theorems
faithfully, but we want to change the order of the vectors so that the following holds:

0 . if1<j<n
Y itn4+1<35<2n

—Vjtq if 7 > 2n odd

if 7 > 2n even

If we repeat this procedure to Pli, we will obtain the orthonormal basis {U}}je{l,...,dim(y)} with
identical properties and the unitary equivalence is the unitary operator V' € U(#H) such that V(’U]Q) =
vl forall j € {1, ,dim(H)}. In fact, it is trivial to verify that CV = VC and that P;" = VPV 1.

Instead, for the homotopy problem, we can interpret V as an element of Sp(2N) if dim(#H) = 2N,
or as an element of U (Hy) if dim(#H) = oco. In both cases, these sets are the sets of unitary operators
that commute with C. Since both are path-connected thanks to Theorems A.5, A.2, we can find
a homotopy V; between V and 1. Therefore, it is elementary to see that P = V}PO“—LV;_l is the

symmetric homotopy we were looking for. O

5.2 d=1

Proposition 5.4. Two odd particle-hole symmetric pairs of projection-valued maps P, Pli :T! —
Proj,,(H) will always have a symmetric frame and be symmetrically unitarily equivalent and homo-

topic.

Proof. The first two statements of the proposition are very easy to prove; in fact, we can apply
Proposition 1.4 to construct a periodic and continuous frame {v}(k)};eq1,... ny of Py (k): Then
{vnyj(k) = Cv?(—k)}je{l,,..,n} will be a periodic and continuous frame of Py (k) and the union of
the two collections will constitute the symmetric frame we needed.

Moreover, we can use the Lemma 4.8 or Proposition 4.9 to build a continuous orthonormal basis

{U?(k)}je{2n+1,~-- ,dim(H)} of ker(Pd"(k) + P()_(k))
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such that
—v9, (k) f1<j<n
09 (—k ifn+1<45<2n

—U?+1(—k) if j > 2n odd

v?fl(—k:) if j > 2n even

We can repeat this procedure to PE(k) in order to obtain {Ujl'(k)}je{l,~~~,dim(7-[)} with identical
properties, and then the symmetric unitary equivalence we needed is the unitary-valued map V (k)
with V(k)v?(k:) = vjl(k) for all k € T! and j € {1,--- ,dim(#H)}. In fact, it is elementary to check
that OV (k) = V(—k)C and that PE(k) = V(k)Py(k)*V (k)=

Instead, for the homotopy problem, we want to define Vp(k) such that CVy(k) = Vo(—k)C,
P (k) = Vo(k) Py (k)Vo(k)~" and such that the unitary-valued maps Vo (k), V (k) are homotopic. If
dim(H) = oo, we can impose Vy(k) = 1. Instead, if dim(H) = 2N < oo, we can apply the Lemma
4.4 to obtain a basis on which C acts as K.J, therefore, the symmetric relation CV (k) = V(—k)C
implies that V(0), V() € Sp(2N) and det(V (k)) = det(V (—k)). This means that we can apply the
Lemma A.9 to conclude that [det(V (k))] = 2]. Then we can define V;(k) as the operator such that:

e”k%?(k) for j € {1,n+ 1}

’ v;-) (k) otherwise

It is immediate to notice that [Py(k), Vo(k)] = 0, CV (k) = V(—k)C and that [det(Vp(k))] = 2l =
[det(V (k))]. Actually, we know something more: it is possible to compute [det(V (k))]xe[o, Decause
det(V(0)) = det(V(m)) = 1 since V(0), V(r) are symplectic matrices. This partial winding number
is exactly equal to | as well as [det(Vo(k))|xeo,n) = [. Now we want to define a homotopy Vi (k)
with Vi (k) = V(k) such that CV;(k) = Vi(—k)C for all t € [0,1],k € T'. This means that
V;(0), V() must commute with C for all ¢t € [0,1]. If dim(#H) = oo, this happens if and only if
Vi(0), Vi(m) € U(H)m which is contractible thanks to Theorem A.2. Instead, if dim(H) = 2N < oo,
this happens if and only if V;(0), Vi(7) € Sp(2N), which is connected owing to Theorem A.5. This
means that V;(k) is defined for (¢, k) € 9([0, 1] x [0,7]). Now we want to extend the definition inside
the square, this is always possible if dim(H) = oo because U(H) is contractible due to Theorem
A.2. When dim(#H) = 2N < oo, this is possible if the winding number of the determinant is zero.
However, we built Vj(k) exactly to make this possible, because the determinant stays constant as

Vi(k) travels inside Sp(2NV) and

[det(V (k))]kejo,n = [det(Vo(k))]keo,n = I

This means that it is possible to define V;(k) also for (¢, k) € [0, 1] x [0, w]. To conclude, we only need
to use the symmetry constraint to define Vi(k) = C~1Vi(—k)C for k € [—,0]. This is perfectly
symmetric and periodic because when k € {0, 7} the map takes values inside the space of unitary

operators that commute with C. This means that
P (k) = Vi(k) Py (k) Vi (k)™

is the symmetric homotopy we were looking for. O
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5.3 d=2

Theorem 5.5. Consider a odd particle-hole symmetric pair of projection-valued maps P* : T2 —
Proj, (H), then it is always possible to construct a symmetric and quasiperiodic frame {v;(k)} for
je{l,---,2n} such that:

e The first n vectors span Ran(P~(k)), and the others span Ran(P*(k)).
® Cvj(k) = _Un+j(_k) for1<j<mn.

o All of them are periodic in k except v1 and vp41 which are only periodic in ko with pseudo-

pertodicity in ki:

vi(m, ko) = eiCh(P_)kzvl(—w, ka),  vpii1(m ko) = eiCh(PJr)k?UnH(—ﬂ', ka), Vko € Tt

Moreover, two odd particle-hole symmetric pairs of projection-valued maps P, Pli : T? — Proj,,(H)
are symmetrically unitarily equivalent and homotopic if and only if Ch(P; ) = Ch(P; ).

Proof. e (Symmetric frame)

We can apply Theorem 1.10 to the projection-valued map P(kl, ko) = P~ (k1 —m, k2) to obtain

a frame {0;(k)}jeq1,... ny Of P(k) with pseudoperiodicity o (27, kz) = ' M(P)k24, (0, ko). This
means that {v;(ki1, k2) = 0;(k1 —7, k2)}jeq1,... n) Will be a pseudoperiodic frame of P~ (k) and,
since P~ and P are homotopic thanks to Pi(ky, ke) = P~ (k1 — tm,kz), Ch(P~) = Ch(P).
Then {vnyj(k) = Cvj(=k)}jeqr . ny Will be a frame of P* (k). The union of the two frames
will constitute the symmetric quasiperiodic frame we were looking for because Ch(P~) =

— Ch(P™") thanks to Remark 3.15.

o (Symmetric unitary equivalence)

We can start slowly by noticing that if two odd particle-hole symmetric pairs of projection-
valued maps are symmetrically unitarily equivalent, then the projection-valued maps Fy , P;”
must be unitarily equivalent, therefore Ch(F, ) = Ch(F; ). To prove the converse we can ap-
ply the previous argument to Py (k) and P (k) in conjunction with Lemma 4.11, if dim(#) =

oo, or Proposition 4.16, if dim(H) < oo to obtain two collections of orthonormal bases

{U?(k)}j€{1,~--,dim(’}-l)}v {Ujl'(k)}je{l,~--,dim(7-l)} such that:
1. All v?(k‘) and vjl(k') are continuous in k.
2. All fu?(k) and vjl(k) are periodic in k with the only exceptions being:

U?(”? k2) = ei Ch(POi)kz’U?(_Wv kQ)a U’?L—f—l(ﬂ—? k2) = ei Ch(PoJr)kQUg—s—l(_W? k2)> Vky € Tl

U% (77) k?) = ei Ch(Pl_)kQU%(_Trv k?)a U111+1(7r) k?) - ei Ch(Pr)kaTIL+1(_7T’ k?)? Vko € Tl
vgn—i—l(ﬂ-v k2) = 62‘h(é())k2v(2)n—i-1(77[-7 kQ)’ vgn+2(ﬂ-’ k2) = eih(%)bvgn+2(*ﬂ-v k2) Vko € Tl

’U%n—l—l(W? k2) = eih(dl)kQ’U%n—H(_ﬂ-a k2)a U%n+2(ﬂ-v k2) = eih(él)k2vin+2(_ﬂ-7 k2) VkQ € Tl
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Where

0 if dim(H) = o0

h(6) =<0 if dim(H) < oo and §(1 — P+ (k) — P~ (k)) =1

1 if dim(H) < oo and §(1 — PT (k) — P~ (k)) = -1

for § defined in Definition 4.12.
3. The vectors are linked by the symmetric relations:
—1)2+j(—k) if1<j<n
0 (k) ifn+1<j<2n

(.
Cod(k)=<{ "
—v9,1(=k) if j > 2n odd

v?_l(—k) if j > 2n even

4. The first n vectors span respectively Ran(P; (k)) and Ran(P; (k)), the second n vectors
span respectively Ran(P;(k)) and Ran(P; (k)) while the remaining span respectively
ker(Py + Py (k)) and ker(P; (k) + P;" (k)).

Then the symmetric unitary equivalence we need is the unitary operator V (k) such that:
V(k)vj(k) =vj(k) forall je{l,--- ,dim(H)}, ke T>

In fact, it is obvious that this respects the symmetry constraint CV (k) = V(—k)C and that
PE(k) = V(k)Pi(k)V(k)~!. However it may not be so obvious that this is periodic in k;

since it was defined over a pseudoperiodic frame. Luckily it is immediate to check that:
V(m, k)00 (7, k) = vl (7, ky) = ! PPyl (7 y) =
= ! COPORY (g o )od (=, kp) =
= V(=m, ko) (m, k)
V (ko) (7, k) = vl (k) = € PEDR0) (o ky) =
= eiCh(PkaV(—w, kg)ng(—ﬂ', ko) =
=V (=, ko)vn (7, ko)

Moreover, if we interpret Py (k)® Py (k) as an element of class AIl we have that 6(Py @ Py ) =

e™Ch(Fy ) | this also means that

S(Pf @ Pr) = ™) = emOhB) = 5P e P
So, using Lemma 4.15 we know that
1=06(1) = 6(1 — (B & Py )Py & By ) = 0(1 = (P & PP))o(P" & Pr)

In particular we have that h(6y) = h(d1), so v, and v}, satisfy the same pseudoperiodic
conditions as well as vJ, ,, and v],,,. So it is very easy to prove that V(—m,ky) acts as

V(m, ko) on H and this proves the periodicity of the unitary-valued map V.
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o (Symmetric homotopy) First of all we need to notice that a homotopy of pairs of projection-
valued maps includes having a homotopy between P, and P, , so the Chern number must be
preserved thanks to Theorem 1.10. Conversely, suppose that Ch(F, ) = Ch(P; ). Then from
the previous point we can create a symmetric unitary equivalence Py (k) = V (k)Py(k)V (k)1
with CV (k) = V(—k)C. The first step is to define a unitary-valued map Vg : T2 — U(H)
such that TVy(k) = Vo(—k)T, Pit (k) = Vo(k)P5E (k)Vo(k) ™ and Vo(k) is homotopic to V (k).
If dim(#H) = oo we can define Vy(k) = 1. Instead, if dim(H) = 2N < oo, we need to do
something more. First, we need to use Lemma 4.4 to select a basis on which C' acts as JK.

Then we need to observe that the condition CV (k) = V(—k)C means that JV (k) = V(—k)J.

So, if we consider the triangle A inside [—, 7]? with vertexes

Q1= (—71',7T), Q2 = (7T>7T)7 Q3 = (7T7 —7T)

we can name (k) = det(V'(k)), then on the points k, fixed by the involution k — —k we have
that J = V (k) JV (ks), so V(ks) € Sp(2n). Moreover, on the segments Q1Q2, Q1, Q3, Q2Q3,
we have that A(k) = A\(—k). Therefore, on those segments, we can apply Lemma A.9 to have
that

P‘(tv W)]te[ﬂr,w] = 2m, [)‘(71-7 t)]te[fﬂ,fﬂ =2, P‘(tv _t)]tE[*Tl',ﬂ'] =2h.

Since the map is defined also inside the triangle, the winding number of A in A must be zero,
so 2m = 2l + 2h. Now we can use the quasiperiodic frame {v9(k), -+, —Tv% (—k)} to define
the unitary operator Vp(k) with:

1)]0- (k) otherwise
This is actually periodic in k because, for example,

Vo(—m, k)v) (m, ko) = Vo(—, ko)™ O (=, kp) = ™M) im0 p) =
_ 6—2im7r€i(m7r+lk:2)eiwh(é)v(l)(_ﬂ_’ kz) — ei(mw+lk2)v?(7r, kz) _
= ‘/O(ﬂ-v kQ)/U?(ﬂ-a k?)
In both cases, dim(H) = oo, dim(#H) = 2N we want to define a homotopy V; between Vj and
V and to do so we need to work on A. Notice that on the sides of the triangle Q1Q2, Q1Q3

and (Q2@Q3 the projector-valued maps behave as a one-dimensional time reversal symmetry

projector-valued maps: in fact
CP(ki,m) = P(=k1,—m)C = P(—k1,m)C,

CP(m, ky) = P(—m,—k2)C = P(m, —k2)C,
CP(k1,—k1) = P(—k1,k1)C.

So we can replicate the proof in Theorem 5.4 to build V;(k) for k € A with CV,(k) = V,(—=k)C
forallt € [0,1], k € OA. This means that V;(k) is defined for (¢,k) € 9([0,1] x A). This region
however, is homeomorphic to S? and since mo(U(2N)) = {0} = 72 (U(H)), thanks to Theorems
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A.3 and A.2, it is always possible to extend the definition inside for (¢,k) € [0,1] x A. As a
final adjustment we just need to define the map in the complementary triangle by imposing
Vi(k) = C7Vi(=k)C for k € [—m,7]?\ /. Then V;(k) is continuous, periodic and symmetric
and therefore

Py(k) = Vi(k) Po(k) Vi (k)™

is the symmetric homotopy we were looking for since [Py(k), Vo(k)] = 0.
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Chapter 6

Class AIII

In class AIII, the only symmetry present is a chiral symmetry, so the objects we want to study in

this chapter are defined in Definitions 1.15 1.14 that we write once more for the sake of completeness:

Definition 6.1 (chiral-invariant projection-valued map). Given a unitary operator S acting on H

with S? = 1, a projection-valued map P : T¢ — Proj, (#) is chiral invariant if and only if
SP(k) = P(k)S VkeT%

Definition 6.2 (chiral-symmetric pair of projection-valued maps). Given a unitary operator S
acting on H with S? = 1, a pair of projection-valued maps P* : T? — Proj,,(#) is chiral symmetric
if and only if:

SPt(k)= P (k)S and PT (k)P (k)=0 Vke T
Definition 6.3. We can decompose H = ker(S — 1) @ ker(S + 1) and these are two orthogonal

Hilbert subspaces. In this decomposition, S acts as 0 . Now any chiral-invariant projection-

k k
valued map P : T? — Proj,(#) can be written in this decomposition as Qu(k) Qa(k) and it is
Q3(k)  Qa(k)

immediate to prove that the following relations are equivalent:

Q1(k)* = Qi1 (k)
Pk} = P(R) Qa(k)* = Qa(k)
P(k) = P(k)* L=k ke
SP(k) = P(k)S Qu(h)* = Qulk)

Qa(k) = 0

Qs(k) =0

This means that P(k) is uniquely determined by two projection-valued maps @1 (k) and Q4(k) that
we will rename PT(k) € Proj(ker(S — 1)) and P*(k) € Proj(ker(S + 1)).

In general, even if we do not know the ranks of Pi(k:), it is easy to prove that the ranks are
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constant in k. In fact, we can write the projection on ker(S F1) as (1 £.5)/2, and therefore:

Ph(k) = P(k)# ~ dim(Ran(P(k))) = r [P(k:)]lis}
This must be constant in k£ since the right term is a continuous function with values in Z. From
a physical point of view this is related to a fiber Hamiltonian H (k) that anti-commutes with S.
If there is k € T% such that the spectrum of H (INc) does not contain zero, then we can find all
eigenvectors {Uj(];?)}je{l,m,l} with positive eigenvalues in the Bloch band € and {Svj(l;:)}je{L...,l}
will be all eigenvectors with negative eigenvalues in ). Therefore, all of them will make up a basis
of Ran(P(k)), so 21 = n and it is immediate to prove that {v;(k) + Svj(l;?)}je{l,---,l} will be a basis
of PT(k) while {v;(k) — Svj(l%)}je{l,... 4y will be a basis of PY(k). In the great majority of physical
model it happens that such k&, so in general n = 2] and dim(Ran(P*(k))) = I. However, to maintain
maximum generality, we will not assume that they are equal.
This means that two chiral-invariant projection-valued maps Py, P; : T¢ — Proj,,(H) are tan-
tamount to two pairs of projection-valued maps Pi, Pli : T? — Proj(ker(S ¥ 1)) with fixed ranks.
Those pairs are not intertwined by any symmetry relation, so they can be treated as pairs of unre-

lated elements in Class A; this means that it will be very easy to answer the following questions.

Question 16 (Class AIII fixed frame). When will there be a continuous and chiral-fixed frame
{vi(k), -+ ,vn(k)}, namely a continuous and periodic collection of orthonormal vectors that span
Py(k) such that Suj(k) = fu;(k) for all j € {1,---,n}? In case there is none, is it possible to
have a frame with the properties listed before and regular pseudoperiodic conditions like the ones
obtained in Theorem 6.97

Question 17 (Class AIII fixed unitary equivalence). When will there be a chiral-fixed unitary-
valued map V : T¢ — U(H) such that PE(k) = V (k)P (k)SV (k)= and SV (k) = V(k)S for all
k € T?

Question 18 (Class AIII fixed homotopy). When will there be a continuous and chiral- fixed map
P :[0,1] x T¢ — Proj,,(H) with P=(0,k) = Pi(k), P¥(1,k) = P(k) and SP;(k) = Py(k)S for all
k€T and t € [0,1]?

Since we have all the instruments to answer these questions now, we write the answers here.

Theorem 6.4. Consider a pair of chiral-invariant projection-valued maps Py, Py : T — Proj,,(H).

Consider the decompositions

Ri) = RS2 A0 = P>

and set
mi = dim(Ran(P}(k))), m} = dim(Ran(P}(k))).

If d < 2, it is always possible to construct two continuous and periodic fixed frames, and two chiral-
wvariant projection-valued maps are unitarily equivalent and homotopic with respect to chiral sym-
metry if and only if mg = m% Instead, if d = 2, it is always possible to construct a pseudoperiodic
fized frame {vj(k)}jeq1,... ny such that:
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1. The first mg vectors span Pg(k‘) and the other span P&(k‘).
2. They are continuous and orthonormal.

3. They are all periodic in both arguments with the only exceptions being:

01(2m, kz) = & DR, (0, k) (27, ko) = ¢! IRy 1 (0,ky) Vo € T
0

vmg-i-l
Uj(k) lf]E{l,,mg}
—vj(k) ifj e {mb,-- ,n}

Finally, the two chiral-invariant projection-valued maps are unitarily equivalent and homotopic if
and only if mg = m% and Ch(Poi) = Ch(Pli).

4. SUJ(]{J) =

Proof. The proof is obtained by applying Proposition 1.1, Proposition 1.4 and Theorem 1.10 to PT,
Pf and Pé, Pli on the two Hilbert subspaces ker(S — 1) and ker(S — 1). O

Instead, if Poi, Pli : T? — Proj,(H) are two chiral-symmetric pairs of projection-valued maps,

we will try to answer the following questions.

Question 19 (Class AIIl symmetric frame). When will there be a continuous and chiral symmetric
frame {v(k), -+ ,v2,(k)}, namely a continuous and periodic collection of orthonormal vectors such
that the first n span P; (k), the other n span Py (k), and with Svj(k) = v,;(k) for all j €
{1,--- ,n},k € T? In case there is none, is it possible to have a frame with the properties listed

before and regular pseudoperiodic conditions?

Question 20 (Class AIIl symmetric unitary equivalence). When will there be a chiral symmetric
unitary-valued map V : T¢ — U(H) such that P{E(k) = V(k)Pif(k)V (k)~! and SV (k) = V(k)SC
for all k € T??

Question 21 (Class AIIl symmetric homotopy). When will there be a continuous and chiral sym-
metric pair of maps P* : [0,1] x T¢ — Proj,(H) with P*(0,k) = P (k), P*(1,k) = PE(k) and
SPT(t,k) = P (t,k)S for all k € T? and t € [0,1]?

This is the third original part of our work to the best of our knowledge, and, similarly to what

happens in class D, the answers depend on the dimension of the Hilbert space.

Remark 6.5. If P* : T — Proj,(H) is a chiral-symmetric pair of projection-valued maps, then
Pt (k)+ P~ (k) and 1 — P*(k) — P~ (k) are two chiral-invariant projection-valued map because:

S(Pt(k)+ P (k) = (P (k) + PT(k))S.

Furthermore, for a fixed k € T?, we can find an orthonormal basis {vitjeqi, o my of P~(k), so that

{Svj}jeqt,.. ;3 is an orthonormal basis of P* (k). Then {v;(k)4Sv;};eq1,... 1y will be an orthonormal

basis of Ran(P~ (k) + PT(k)) Nker(S ¥ 1). In particular dim(ker(S 4 1)) > n.
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6.1 d=0

Proposition 6.6. Two chiral-symmetric pairs of projection-valued maps Poi,Pli € Proj,,(H) will

always have a symmetric frame and be symmetrically unitarily equivalent and homotopic.

Proof. In order to obtain a symmetric frame, we can find an orthonormal basis {v?}je{l,---,n} of
Ran(F; ). Then we can define {vny; = Svj}jef1,... ny and those will constitute an orthonormal
basis of Ran(P;"). The union of the two sets will constitute the symmetric frame we needed.

For the symmetric unitary equivalence, we can see 1 — F;” — PO+ as a chiral-invariant projection-

valued map. Then in the sense of Definition 1.14 we can decompose it as:
1 - Py —Pf =P+ P
Thanks to Remark 6.5 we can define:
my = dim(Ran(Poi)) = dim(ker(SF 1)) — n,
and if we choose an orthonormal basis for both, it is easy to build an orthonormal basis
{U?}je{—m¢+1,~~ 2n+mq}

such that:

1. Those vectors span P& for —my < j <0.

2. They span POT for 2n < j < my.

3. They span F; for 0 < j < n.

4. They span PS‘ for n < j < 2n.

5.
(
0 .
—v; form <35 <0
0 .
G0 — Upy; for0<j<n
’ v forn < j <2n
j—n =

vj for 2n < j < 2n+my

If we replicate the procedure with PljE we can build {vjl }je{—m¢+1,~~- 2n+mq} with identical properties,
and it is immediate to check that the unitary operator V' such that Vv? = vjl forallm < j < 2n+my
satisfies
PE=VPfV™! SV =VS§.
Instead, for the homotopy problem, we notice that the condition SV = V'S is met if and only

7l

it V' is a diagonal operator < 0 in the decomposition H = ker(S — 1) & ker(S + 1), where

v+
VY e U(ker(S T 1)). Since both U (ker(S T 1)) are connected, thanks to Theorems A.2 or A.3,

Voo
we can find two homotopies Vti with VOi =1 and Vli = V1. Then the operator V; = ( (; v i)
t
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commutes with S and Pti = VtPOiV;fl is the homotopy we are looking for since the symmetry
constraint over V; implies that SP;f = P, S for all t € [0, 1]. O

6.2 d=1

We want to start this section with the definition of a topological invariant that exists only when

dim(H) = 2n. In this setting, we can identify H = C** and decompose all operators on a basis on
0
-1,

which S acts as

Definition 6.7 (The Z invariant). If P* : T! — Proj,,(C?") is a chiral-symmetric pair of projection-
valued maps with SPT (k) = P~(k)S, we can define R(k) = P*(k) — P~ (k) and it is true that:

R(k)?> =1L,, R(k)=R(k)*, SR(k)=—R(k)S.

I, O

So it follows immediately that, on the basis where S is written as S = (0 I
n

), R(k) is of the

0 Uk

form R(k) = (U(k))* 0

), for a unitary-valued map U : T* — U(n). Now we can define

Z = [det(U(k))] € Z.

Proposition 6.8. The quantity Z is a homotopy invariant of the pair; however, it is not invariant
under symmetric unitary equivalences. Moreover, if two chiral-symmetric pairs of projection-valued

maps are symmetrically unitarily equivalent, PE(k) = V (k)P (k)V (k)~" and

(1, 0 _(V(k) 0O
S_<o —]1n>’v(k)_< 0 V%k:))

We have that the invariant will change according to the relation:
2y = [det(VT(k))] — [det(V¥(k))] + Zo

Proof. If Pti(k:) is a chiral symmetric homotopy, then, on a suitable basis,

R(k) = P;‘(k) — P (k)= ( 0 Ut(k:)>

Uk)* 0

is still a continuous map, and so it is U;(k). So, the map ¢ — [det(U;(k))] is continuous and, since it
can only assume values in Z, is constant. Instead, if POi and Pli are symmetrically unitarily equiva-
lent, the definition tells us that there is a unitary-valued map V (k) with P (k) = V (k) P5 (k)V (k)
and SV (k) = V(k)S. This means that on the same suitable basis V' can be decomposed as

.
V(k) = (V o(k) . i(zk)> where V¥ : T! — U(n).
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This implies that Ry (k) = V (k) Ro(k)V (k)71 so:

0 U(k)Y  (VT(k) 0 0 Uo(k)\ (VT(k)* 0 B
ok o )\ o ViR \Usk)* © 0 VHk)*)

B 0 ViR Uk (VIR 0\
A\ VHE) Uy (k)* 0 0 VHER)*)

_ 0 VT (k) Uo (k) VH(k)*
(VTR U (k) VH (k)*)* 0

Therefore we can measure how the invariant changes after unitary equivalences:
2y = [det(Un(k))] = [det(VT (k)] — [det(V¥(k))] + Zo

O

Proposition 6.9. Two chiral-symmetric pairs of projection-valued maps P, Pli : T' — Proj,, (H)
will always have a symmetric frame and be symmetrically unitarily equivalent. For the homotopy
problem, if dim(H) > 2n, they are always homotopic with respect to the symmetry. However, if

dim(H) = 2n, they are homotopic with respect to the chiral symmetry if and only if Zy = Z;.

Proof. The first two statements of the proposition are very easy to prove; in fact, we can apply
Proposition 1.4 to construct a periodic and continuous frame {v?(k)}je{17...7n} of Py (k): Then
{vn+;(k) = Svg(k:)}je{l,... 3 will be a periodic and continuous frame of Py (k) and the union of the
two collections will constitute the symmetric frame we needed.

Moreover, we can call
PHk) = (1 — Py (k) — Py (k))(S F1)/2

according to Definition 6.3. Then we can apply Lemma 1.3 or Proposition 1.4 to both of them to

build two continuous orthonormal basis

{U?(k)}j€{7m¢+1,---,0} {U?(k)}j€{2n+1,---,2n+mT}

spanning P& (k) and POT (k), respectively. This means that:

—¥(k) form; <j<0

0 (k) for0<j<n
Sv)(k) = et (k) = Vk e T
U?_n(k‘) forn < j<2n

vj(k) for 2n < j <2n 4+ my

We can repeat this procedure to P (k) to obtain {v}(k:)}je{mi,l’_._ 2n+m,} With identical properties,
and afterward the symmetric unitary equivalence we needed is the unitary-valued map V' (k) with
V(k)vjo-(k) = Ujl(]{) for all k € T' and j € {1,--- ,dim(#)}. In fact, it is elementary to check that
SV (k) = V(k)S and that P (k) = V(k)Py(k)*V (k)= "

Instead, for the homotopy problem in dim(#) = 2n, we notice that the classification of chiral
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symmetry pairs of projector-valued maps is tantamount to the classification of unitary-valued maps.
In fact, on a suitable basis on which S is diagonal, we can build U (k) starting from P*(k) as we did
in Definition I.14. But we can do the converse because in C?" it holds that P~ (k) + PT (k) = Iy,

So, given a unitary-valued map U (k), we can define

1 L, UK
Pi(k)—2<iU(k)* Hn)

and it is very easy to check that this Pi(k) is a pair of chiral symmetric projection-valued maps.
Since these constructions preserve the continuity in k& we find that two chiral-symmetric pairs of
projection-valued maps Pi,Pli are homotopic if and only if their off-diagonal components are
homotopic. Due to Theorem A.3, this happens if and only if Zy = Z;.

Instead, if 2n < dim(H) < oo, we can use the additional dimensions to eliminate the winding
numbers. Since dim(H) > 2n we have that one between m4, m; must be greater than zero.
Suppose for simplicity that m > 0, the other case is equivalent. Then, given a symmetric unitary
equivalence V (k) between P (k) and P (k), the symmetry constraint SV (k) = V(k)S forces V (k)

to be decomposed as

k) = <vT(k) 0

0 Vi(k;)> where V¥ : T — U (ker(S F 1)).

Now, if we call I¥ = [det(V(k))] € Z, we can define the unitary-valued map Vp(k) such that:

eiknv?(k:) forj=1,n+1
Vo(k)o} (k) = { e®E=1D0(k)  for j =0
v? (k) otherwise

This Vy(k) commutes with S, so it can be decomposed into Voi(k). We can notice that the vectors

’U?(k) + v2+j(k) for 1 < j < n together with the vectors U?(/f) for j > 2n form an orthonormal basis
of ker(S — 1) and VOT(k:) acts diagonally on this basis with det(VOT(k‘)) = et 50 [det(VOT(k))] =1

Similarly, the vectors v?(k) = vg+j(k) for 1 < j < n with the vectors v?(k‘) for 7 < 0 form an
orthonormal basis of ker(S+1) and once more, Voi(k) acts diagonally on this basis with det(%i(k)) =
ekl gik( =) — Giklt g4 [det(Voi(k))] = I+. Since the winding numbers agree, we can use Theorem
A.3 to build two homotopies Vti(k) € U(ker(S F 1)) connecting V¥(k) with V(}(k) In the end, we
vik) 0

0 Vi(k)
every (t,k) € [0,1] x T! and finally our symmetric homotopy will be:

can merge the two homotopies into V;(k) = < which clearly commutes with S for

B (k) = Vi(k) Py (k) Vi (k)

because SPT (k) = P~(k)S and Vp(k) commutes with both P (k) for every k € T".
Finally, if dim(#) = oo, one between m4 and m| must be infinite. If we suppose for simplicity
that m| = oo, we can replicate the proof done before with ¥ = 0. Then we will obtain the same

result after applying Theorem A.2 to V*¥(k) instead of Theorem A.3. Instead, if my = m| = oo we
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can impose Vg = 1 and apply Theorem A.2 to both Vi(k‘), thus obtaining the thesis. OJ

6.3 d=2

In this symmetry class the answers will depend deeply on the dimension of the Hilbert space, so

the main theorem will be split into two different statements.

Remark 6.10. If dim(H) = 2n and P* : T? — Proj,(H) is a chiral-symmetric pair of projection-

valued maps, we can replicate the steps of Definition 6.7 to obtain the off-diagonal decomposition

This time U is a map U : T? — U(n), which means that we can compute the winding number in

two different directions:
Z(P*) = ([det(U(k1,0)], [det(U(0, ks))]) € Z°

Theorem 6.11. If dim(H) = 2n, two chiral-symmetric pairs of projection-valued maps PDi,PljE :
T? — Proj,,(H) will always admit a symmetric and periodic frame and be symmetrically unitarily
equivalent. However, they will be symmetrically homotopic if and only if Zg = 2.

Instead, if dim(H) > 2n, given a chiral-symmetric pair of projection-valued maps P* : T? —
Proj, (H), then it is always possible to construct a symmetric and quasiperiodic frame {v;(k)} for
je{l,---,2n} such that:

e The first n vectors span Ran(P~(k)), and the others span Ran(P*(k)).
o Svj(k) =vpyj(k) for1 <j<n.

o All of them are periodic in k except v1 and vp41 which are only periodic in ko with pseudo-

periodicity in ky:

v1(2m, ko) = eiCh(P_)kzvl(O, k2),  Uny1(2m, ko) = e Ch(P_)kQUnH(O, ka), Vko € Tt

Moreover, two chiral-symmetric pairs of projection-valued maps P, Pf—L : T2 — Proj,,(H) are sym-

metrically unitarily equivalent and homotopic if and only if:
Ch(Py) = Ch(P;), Ch(P])=Ch(P!) and Ch(P})=Ch(P}).

Remark 6.12. We want to emphasize some aspects of this theorem before its proof. First of all, why
does Ch(P™) not appear? The answer is pretty simple; the symmetry constraint tells us that P* (k)
is unitarily equivalent to P~ (k), so they will have the same Chern number. This also means that if
dim(H) = 2n, then P~ (k) + Pt (k) = I3,. So Ch(P* + P~) = 0 and, thanks to the Lemma 1.8, we
can conclude that if dim(H) = 2n, then Ch(P~) = Ch(P*) = 0. Moreover, is there any relation
between the different Z invariants presented? Clearly, the two integer numbers that compose Z
cannot be related as it is very easy to define a unitary-valued map with arbitrary winding numbers

in the two directions. Then one may ask if there is a relation between Z and Ch(P~), but once
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again the answer is pretty simple, because when the first exists, the other must be zero. In the
end, there may be a constraint between all the Chern numbers. This can be found because, if

2n < dim(H) < oo, we can apply Lemma 1.8 to
Lgim(y) = P~ (k) + Pt (k) + P(k) + P*(k)

obtaining that:
0 = Ch (Igim(3¢)) = 2Ch(P~) + Ch(P") + Ch(P*).

Instead, if dim(?H) = oo, we lose this relation, but one or both between Ch(PT), Ch(P) must be

Zero.

Proof. o (dim(H) = 2n)

We can apply Theorem 1.10 to the projector-valued map Py (ki, k2) to obtain a frame {v?(k:)}
for j € {1,--- ,n} of P, (k) which is continuous and periodic since Ch(P~) = 0 thanks to the
previous remark. Then {vgﬂ-(k‘) = Sv?(k:)}je{l,...’n} will be a frame of Pt (k) and the union
of the two frames will constitute the symmetric periodic frame we were looking for. We can
then replicate the procedure with P (k) to build {v}(k)}je{ly_.. .2n}y With identical properties
and the unitary-valued map V' (k) such that V(k)v;-)(k) = vjl(k) will be the unitary equivalence
we needed.

For the homotopy problem we can apply Proposition 6.8 to obtain that, if two chiral-symmetric
pairs of projection-valued maps are homotopic, then Z; = Zy. For the converse, we recall
a statement in the proof of Proposition 6.9 that ensures us that the classification of chiral-
symmetric pairs of projection-valued maps is tantamount to the classification of unitary-valued
maps. In fact, on a suitable basis on which S is diagonal, we can build U (k) starting from
P*(k) as we did in Definition 1.14. But we can do the converse because in H = C?" it
holds that P~ (k) + P (k) = I,. So, given a unitary-valued map U(k), we can define the

chiral-symmetric pair of projection-valued maps:

1 L. EU(K)
Pi(k)_2<iU(k)* Hﬂ)

So we want to create a homotopy between Uy(k) and Uj (k) moving in U(n). Since Zy = 24,

we know that
[det(Uo(k1, 0))] = [det(Ur (k1, 0))],  [det(Uo(0, k2))] = [det(U1(0,kz))

Then we can apply Theorem A.3 to build the homotopy Ui(k) for k = (k1,0) and for k =
(0, k2). Thanks to periodicity this means that we also defined the homotopy for k = (k1,27)
and k = (27, k2). This means that our homotopy Uy (k) is defined up to this point in the region
(t, k1, ko) € O([0,1] x [0,27] x [0,27]) which is homeomorphic to S2. Thanks to Theorem A.3,
it is possible to extend the map continuously also inside this region, obtaining the homotopy

we needed.

o (dim(H) > 2n)
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We can start slowly by noticing that if two chiral-symmetric pairs of projection-valued maps
are unitarily equivalent or homotopic with respect to the symmetry, then the projection-valued
maps F, , P, must be unitarily equivalent, therefore Ch(FP; ) = Ch(P; ). The same also
happens with the projection-valued maps POi , Pli because if Pti(k) is a symmetric homotopy,
then

PHE) = (1 — B (k) — P (k))(S £1)/2

is a homotopy connecting them, so Ch(Pg ) = Ch(Pli ). To prove the converse suppose that
the three Chern numbers of both families agree (recall that if the rank of the projection has

infinite dimension we imposed a null Chern number in Definition 1.6).

We can start by applying Theorem 1.10 to P, (k) in order to obtain a continuous frame

{U?(k)}je{l,--- .} With periodicity in k except for the first that satisfies
(27, k) = & o R200(0, ky)

Then we can impose v (k) = Sv?(k:) for 0 < j < n to obtain the symmetric frame depicted
in the hypothesis. Now we can apply Theorem 1.10 to both Poi(k:) (or Lemma 1.9 if some

range has infinite dimension) to obtain two continuous collections of orthonormal bases

{03 (k) }jetomy+1,-0p {05 (B)}ierons1, 2ntm}

spanning P& (k) and POT (k) respectively, those collections are taken with full periodicity in &
with the only exception being:

v)(2m, ko) = eiCh(P3)k2v8(O,k2), V9,11 (27, ko) = eiCh(Pg)k2'U2n+1(0,k2) Vky € T,
This means that:

—v?(k) formy <j <0

Su0(k) = “§+J<k> for 0 < j <n
o

vk e T?.

U]*’n

k) forn<j<2n

vj(k) for 2n < j < 2n+my

We can repeat this procedure to PZ(k) in order to obtain {Ujl'(k)}je{ml—l,~--,2n+mT} with
identical properties and afterward the symmetric unitary equivalence we needed is the unitary-
valued map V' (k) with V(k:)v?(k) = vjl(k) forall k € T' and j € {1,--- ,dim(#)}. In fact it is
clementary to check that SV (k) = V (k)S and that PE(k) = V(k)Py(k)*V (k)~!. However, it
may not be clear that this V' is periodic in k. Luckily it is immediate to check on a non-periodic

vector (vi(k) for simplicity) that:

V(2m, ko)v) (2, ko) = v} (27, kp) = €’ MR (—r oy =
= e MRV (0, ko)1) (0, ks) =
= V(Oa kQ),U?(27ra k2)
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so V(2m, k2) acts on the basis in the same way as V(0, k2). We can replicate this argument
with all the non-periodic vectors and obtain that if all the Chern numbers agree, then V is

periodic.

As for the homotopy problem, since dim(#) > 2n, we have that one between my and m,
must be greater than zero. Suppose for simplicity that m > 0, the other case is equivalent.
Then, given a symmetric unitary equivalence V (k) between P (k) and P;(k), the symmetry
constraint SV (k) = V(k)S forces V (k) to be decomposed as

1
V(k) = <V ék) Vﬁk)) where V¥ : T2 — U (ker(S T 1)).

Suppose now that dim(#) < oo, then we can call
= ([det (v, 0)], [det(VE(0, k2))] ) € 22

and we can define the unitary-valued map Vj(k) such that:

eik’lTvg(k) forj=1,n+1
Vo(k)vj (k) = q e =1D00(k) for j =0
v9(k) otherwise

This Vp(k) commutes with S, so it can be decomposed into Voi(k). We can notice that the

0 .
n+j

basis of ker(S — 1) and VOT(k) acts diagonally on this basis with det(VOT(k)) ="' 5o

vectors ’U?(k‘) + v, (k) for 1 < j < n with the vectors v?(k) forj > 2n form an orthonormal

([det(Ve (b, 0))] [det(VE (0, k)] ) = 17
Similarly, the vectors v?(k:) - vgﬂ-(k) for 1 < j < n with the vectors v?(k:) for j < 0 form
an orthonormal basis of ker(S + 1) and once more, Voi(k:) acts diagonally on this basis with
det(Voi(k)) — ikl ik (1M —IT) eik-lJ" SO

(et (Vg (r, 0))], [det(Vi (0, k2))] ) = 1.

Since the winding numbers agree, we can use Theorem A.3 to build four homotopies
V,* (k1,0), ViH0, k2) € Uker(S + 1))

connecting V¥(ky1,0) with Voi(kl,O) and V30, k) with Voi(O, k2). Using periodicity we can

impose Vti(kl, 27) = Vti(krl, 0) and Vt$(27r, ko) = V;i(O, k2). This means that Vf(k‘) are defined

for (¢, k1, k2) € 0([0,1] x [0, 27] x [0, 27]) and this region is homeomorphic to S2. So, thanks to

Theorem A.3, it is always possible to extend continuously those homotopies inside the cuboid,

obtaining V;i(k) € U(ker(SF1)) for every (t, ki, k2) € [0,1] x [0,27] x [0, 27]. In the end, we
Vik) 0

can merge the two homotopies into Vi(k) = which clearly commutes with
0 Vi)
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S for every (t, k) € [0,1] x T? and finally our symmetric homotopy will be:
P (k) = Vik) Py (k) Vi(k) ™!

because SP* (k) = P~ (k)S and Vy(k) commutes with both P (k) for every k € T'.

Finally, if dim(#) = oo, one between m4 and m| must be infinite. If we suppose for simplicity
that m| = oo, we can replicate the proof done before with I¥ = 0, then we can obtain the same
result after applying Theorem A.2 to V*¥(k) instead of Theorem A.3. Instead, if my = m) = 00
we can impose Vy = 1 and apply Theorem A.2 to both V*(k) obtaining the thesis.

O
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Chapter 7
Explicit models

Now we want to analyze one-dimensional models studied in the physical literature and propose some
variations that are useful to highlight the role of dimerization in tight-binding (discrete) models.
The two famous models that we want to analyze are the SSH model and the Kitaev chain proposed
in [56] and [38].

A one-dimensional discrete model is described by a self-adjoint operator H acting on I2(T") where
' is a discrete and periodic subset of R given by a finite number of points X = {x1,--- ,z,} plus
all its translates X + Z = I'. If the Hamiltonian commutes with integer translations T, (f)(z) =
f(xz—m) for all m € Z, then the Hamiltonian is said to be periodic, and there is a standard way to
study the spectrum and its properties. As said in the Introduction, we need to choose a dimerization,
which means that we choose a periodicity cell W = {z,--- ,2),} C I’ such that I' = Up,ezW + n
and with WNW +n = () for all n # 0, a natural choice is W = X. Then we can define a unitary
transformation: U : [?(T') — [?(Z) ® C" using the canonical basis {e1, - ,e,} of C* as follows:

U: *T) — PZ)eC" 1 ifx=y
where d,(y) =
5m+x9 = O ®ej 0 otherwise

It is immediate to check that, if H is a periodic operator, UHU ! is still a periodic operator acting
on [?(Z) ® C™. Then it is customary to use the Fourier transform:
F: ¥2Z)oC* — LS dk,C")
ikm
677’1 ® ej — eﬁ . 6]‘
So that we can study the operator H=FUHU 'F~!. Since UHU ! was translation invariant, we
have that H is a fiber operator in the sense of Definition I.3, meaning that its action over a function

splits into the action of a family of matrices, i.e. there is a family of matrices H (k) such that:

(£15) (k) = H(E) - £(R).

This family of matrices contains all the topological properties useful for the study of the original
H.

Suppose that we have two different choices of dimerization, that is, two unitary operators Uy 5 :
12(T') — 1*(Z) ® C" built as before. The first thing we need to notice is that the operator U; Uy *
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7.1. SSH Model

must commute with the integer translations T),, so the operator }"UlU{l}'_l will admit a fiber

decomposition:

(FUU; ' F7Uf) (k) = V(k) f (k).

Then we can use those two unitaries to repeat the process described before to obtain Hijo =
U172HU1_721 and H'Lz = FHy 2 F ! with fibers Hy 5(k). However, it is clear that the relation between
the two is:

Hy = U)Uy 'HyUsUt = Hy(k) = V(E)Hao(E)V (k)L

Now, if a symmetry A is present, there is a reasonable constraint that we need to place. In
fact we will have two ways to dimerize the symmetry: Ay = Uy 2 AU 21, meaning that the two
Hamiltonians H; o will act on the same space but will respect two different symmetries, and since
all the topological invariants make large use of the symmetries, we need to find a common ground
between them. In fact, it is very productive to study the couples of choices that lead to the same

symmetry, meaning that for every possible symmetry we will ask that:

A = Ay & U AU = U, AU & [U;'UL A =0 (7.1)

7.1 SSH Model

7.1.1 Original model

This model was originally proposed in [56] to describe the motion of a particle inside a chain of
polyacetylene. In this model the particle can occupy a discrete set of positions, the sites labeled A
and B; for simplicity we assume that the lattice of the sites A coincides with Z while the lattice
of the sites B is its translate d + Z. Then the Hamiltonian acting on [?(X) = I2(Z U (Z + d)) is
described using the functions
5.(a") = 0 ifx#a
1 ifx=2a
In particular the term H, ,» = (6, Hd,) is called hopping term and is depicted in the following
picture as an arrow going from site x to site 2’ with value H, ,». We will indeed represent discrete
models by oriented graphs with weights. In this case, the SSH model is defined using the hopping

terms in the picture and a real parameter § € R:

1+06 1 1406 1 1+96
L K Y Y RS
DS OWS NS0 MBS NS O
146 1 146 1 144

In order to obtain an Hamiltonian acting on [?(Z) x C", we need to replicate the procedure
described before and choose a dimerization. This can be done in multiple ways, but for simplicity,

in this section we just study the two commonly adopted dimerizations. Using the teal dimerization,
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as represented in the above figure, means using the unitary operator U; such that:

Up: 12(ZUZ+d) — 12(Z)®C?
On — on @ e
5n+d —> 571 X e2

Instead, using the brown dimerization means using the unitary operator Uy such that:

Up: (ZUZ+d) — [*(Z)®C?
On — on @ e
5n—1+d — 5n & ea

The two different Hamiltonians acting over the basis 6, ® e; of I?(Z) ® C? will be:

~ 0 0 0 1496 01
H1:U1HU11(5n®ej)=5n1®<1 0>6j+5n®< >€j+6n+l®<0 >6j

1+96 0 0

0 1+6 0 1 0 0
Hy = UsHU; (6, @ e;) = 6,,_1 ® ei+ 0y @ ei+ 0pi1 ® €;
2= UaHUy 2 1<0 0)” (10)’ t <1+50>”

Moreover, it is true that:

h®er = o ®er

U1U2_1 =V acts as
5n®€2 — 5n—1®62

and by construction H; = VH,V L

The fundamental properties of these models are:

e Near hopping terms: The particle can jump only between neighborhood sites.

1 0
o Chiral symmetry: The system enjoys the chiral symmetry S = 1® 0 with SH = —HS.

Moreover the representation of S is independent of the chosen dimerization has required in

Equation 7.1.

e Periodicity: The system is translation invariant, meaning that the Hamiltonian commutes

with the integer translations 1), (6, ® v) = dptm @ v.

If we replicate the procedure illustrated in the introduction, we obtain the two fiber Hamiltoni-

ans:

0 ek + 146 0 L4 (1+8)e
Hi(k)=| _., , Hy(k) = . :
e +1+9 0 1+ (1+d)e 0

Also FVF~!is a fiber operator with
1 1 0
(FYF1)(0) = <O k) F ) = V(RS (h)

This means that H; (k) and Ho(k) are unitarily equivalent because Hy(k) = V (k)Hz(k)V (k)L
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Using Theorem 1.5 we know that the spectrum of H is the union of the spectra of H(k) for
k € T'. In particular, if 0 € o(H), we will obtain a chiral-invariant projection-valued map by
considering the spectral projection around zero. However, Proposition 6.4 tells us that this case is
topologically trivial, so, to obtain something nontrivial, we need to impose 0 ¢ o(H) in order to have
a spectral gap. This means that we need to impose det(H;(k)) # 0 # det(Ha(k)) for all k& € T!.
Since the matrices are always off-diagonal, this happens if and only if 1484 ¢ # 0 # 1+ (146)e?*
for all k € T!. The first locus 1 + § + €’*, for ranging k € T, describes a circumference in C with
center in 1 + ¢ and radius 1 that crosses zero when § = 0, —2. The second locus 1 + (1 + 6)e* is a
circumference in C with radius |1+ d| and center in 1 that crosses zero when 6 = 0, —2. This means
that we have a spectral gap when § # 0, —2. Proposition 6.9 tells us that the topological information
of this class is encoded in P (k) — P~ (k), which is exactly equal to sgn(H (k)) = H(k)/|H(k)|.
In particular, the proposition states that the topological phases are classified using Z, which is
the winding number around zero of the determinant of the off-diagonal component of sgn(H (k)).
In this case, the absolute value does not contribute to the winding number, so to compute Z it
is sufficient to check the winding number of the off-diagonal component of H(k) directly. For
Hi(k), we consider the circumference 1 + § + e’*: since the center is the point 1 + 4, the radius
is 1 and the parameter moves through the circumference anticlockwise, the winding number is
clearly 1 if § € (—2,0) and zero otherwise. Instead, for Hy(k), we consider the circumference
14 (14 6)e~ . Since the center is the point 1, the radius is |1 + | and the parameter moves
through the circumference clockwise, the winding number is zero if 6 € (0,2) and —1 otherwise.
This is consistent with the statement of Proposition 6.8: in fact, after a different dimerization, we
must have that Z; = Zy + [det(V (k)1)] — [det(V (k)Y)]. In this case V(k)T = 1, V(k)t = 7, so
[det(V (k)1)] = 0, [det(V (k)¥)] = —1. In the end, we can summarize the topological information in
the following picture, where the red part denotes the points in which the spectrum is not gapped
and the colored numbers denote the values of Z depending on the two different dimerizations (teal

and brown).
0,1 1,0 0,—1

0=—2 0=0 )

From a physical point of view, the system has an accidental time reversal symmetry: in fact,
the Hamiltonian and the chiral symmetry commute with the standard complex conjugation, which
acts as an even time reversal symmetry. Considering also the even particle-hole symmetry given
by the composition of chiral and time-reversal symmetry, we realize that the model is actually an

element in the BDI class.

7.1.2 Complexified model

In this part we want to propose a refined SSH-like model for the AIII class that does not have
additional symmetries. To do so, we need to break the time reversal symmetry: our first attempt
is to change the parameter § with a complex one § + i such that the model is no longer invariant

under complex conjugation. Therefore, the model becomes as follows:
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146+mni 1 146+ni 1 14+6+mni

14+6—m 1 T4+06—mi 1 14+6—ni

%

So, the Hamiltonian after dimerization in teal is:

0 0 0 140 +ni 01
H1(5n®€j): n—1®<1 0)e]+5n®<1+5?71 0 >6j+6n+1®< )6]"

While, after the dimerization in brown, the Hamiltonian is:

0 1+6—mi 0 1 0 0
Hy(0p, ®€;) = 0p_1® e+ 0, ® e+ 0pi1 ® e;.
2( n j) n—1 (0 0 ) J n <1 0) J n+1 <1+(5+77i 0> J

Using the standard Fourier theory we can obtain the fiber Hamiltonians:

0 L+6+mni+ e
Hy (k) = "
1+5—nmi+e 0

Hy(k) = 0 (1468 —mi)e ™ +1
TN gi)et 11 0

This model is not time-reversal symmetric for 7 # 0 also because the spectrum of the fibers is
At (k) =% |14 0 +mni + €| and it’s clear that n # 0 = Ay (k) # A_(k) and this conflicts with the
fact that when a time reversal symmetry is present the condition on the spectrum is A(k) = A(—k).
In fact, every reasonable time reversal symmetry should commute with translation operators, which
leads to the fact that H(k) is antiunitary equivalent to H(—£k), which is not the case since their
eigenvalues are different.

Before we move on, we need to check the values of the parameters that do not produce a spectral

gap. The admissible values need to satisfy:

ACE) £0 Wk € 8t e 17 S0(R) o 17 sink)

146 # —cos(k) d #1—cos(k)

Therefore we need to exclude the points in the plane (6,17) € R? lying in the circumference with
center (—1,0) and radius 1.

Finally, we can study the topological invariants of the model. As before, we need to compute the
winding number around zero of the determinant of the off-diagonal term. In this case, it is simply
the winding number around zero of the function z1 (k) = 1+0+ni+e™ or zo(k) = (1+5—ni)e * +1.
The first is clearly 1 if the parameters (6,7) are within the circle with center (—1,0) and radius 1
and zero otherwise. The second is 0 within the circle and —1 otherwise. If we depict the points
that close the spectral gap in red and the values of the invariant in teal and brown, we obtain the

picture:
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7.1.3 Double model

In order to give physical meaning to the proposed complex hoppings, one could interpret them as
the effect of an external magnetic field. However, in a pure one-dimensional model every magnetic
field can be gauged away and reduced to a setting which is again time-reversal invariant. So in
order to definitely break the time reversal symmetry we propose a different model. Since there are
no magnetic fields in dimension one, we need to move in dimension two. In fact if we join two
SSH models and allow complex hoppings between the two, the model can still be treated as a near-
hopping 1-d model, but there will be a closed loop with non-zero magnetic flux so the time-reversal
symmetry is broken beyond any further objections. We can describe this model using nodes and

hopping terms in the following way:
1+0 1 1+9 1 1+46

\_/
1+90

1+9¢

Here § is a real parameter representing the difference of potential between two consecutive
carbon atoms and ¢ another real parameter representing the strength of the magnetic field.

Notice that the loop inside the teal box has non zero magnetic flux inside of it, but that the
slightly larger cycle A - C — A - D — B — D — A has zero magnetic flux, so the average
magnetic flux of the system is zero.

If we choose the teal box as a dimerization (to be concise we will only study a single dimerization)
and enumerate the sites in the box using the alphabetical order we have the Hamiltonian H :
12(Z) ® C* — 1?(Z) ® C* and the chiral symmetry S such that:

H(6, ®v) =0p—1 @ A+ 6, @ Agv + Opy1 ® Ajv S(6, @ v) = Mo
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with:
0 0 146 € 0 1 0 1 0
0 0 L | 0 00 0 1
Ag = e , A= , M=
146 e 0 0 0 0 00 00 -1 0
e 1 0 0 0 146 0 0 00 0 -1
Using the canonical techniques we can write the fiber Hamiltonian:
0 0 146+ ek et
0 0 i 14 (1+6)e ik
Hk) = . | e +(1+9)e
1+0+e el 0 0
e 14 (14 6)et* 0 0

Now the topological study can be done by looking only at the off diagonal block

1+6+e* e’
2(k) = i —ik |
e 1+ (1+0)e

First of all, the values of the parameters that do not close the spectral gap are those for which
det(z(k)) # 0 Yk € S'. So we need to exclude the points (¢,§) such that exists k € S with:

det(z(k)) = 2+ 20 — cos(2¢) + cos(k)(2 + 25 + 6?) — i [sin(k)(20 + 6%) + sin(2¢)] =0
In particular at § = 0 the equation reduces to the system:

2 — cos(2¢) = —2cos(k) 1- M = —cos(k)
=

=
sin(2¢) =0 ¢ € 5L
cos(k) = -1+ ﬁ cos(k) = —1/2
=
NS Y/ ¢ €l

meaning that the points (7Z,0) must be excluded. While at § = —2 the equation becomes:

—2 — cos(2¢) = —2cos(k) 1+ % = cos(k)
=

=
sin(2¢) =0 ¢ €SZ
cos(k) =1+ ﬂ cos(k) =1/2
= =
¢ € FL p€F+TL

So also the points (5 +7Z, —2) must be excluded. Instead, for ¢ different from those two values we

notice that a couple of parameters (¢, d) must be excluded if and only if:

2426 — cos(2¢)1?  [sin(2¢)]? _
2 4 26 + 42 26+62]

because if this equation is true, then we can rewrite the first term as cos(k) and the second term
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as sin(k) for some k € T!. By plotting this equation, we get the curve of forbidden points (in red)

which is clearly m-periodical in ¢:

¢p=—m/2 5 p=m/2
6= —n T
0=1
¢
dy=-1
§=-2
-1 —1 0=-3

In the picture the teal numbers are the values of the topological invariant Z equal to the winding
number of the determinant of z(k) in the connected components of the parameters space. In fact
the invariant reduces to the following winding numbers denoted [f (k)] for the following values of

the parameters:
(¢,0) = (1/2,3) = Z =1[94 17 cos(k) + —1bisin(k)] = —1
(¢,0) = (7/2,0) = Z = [3+2cos(k)] =0

1

(¢,0) = (7/2,-3/2) = Z = [i cos(k) + ?Zfsin(k)]

(¢,0) = (m/2,-3) = Z = [-3+ 5cos(k) — 3isin(k)] = —1

—_

(¢,0)=(0,-1/2) = Z = [i cos(k) + :jfsin(k;)] =

(¢,0) = (m/2,—2) = Z = [-3+ 2cos(k)] = 0

Since Z is invariant under continuous changes of the parameters (¢,d) which do not cross the
curves describing spectrally gapless Hamiltonians, the values computed above are sufficient to label
all connected components of the parameter space. In particular, we find several regions showing

non-trivial topological phases.

Gabriele Peluso 4



7.2. Kitaev Chain

7.2 Kitaev Chain

7.2.1 Original Model

The Hamiltonian of the model proposed in [38] can be described by the hopping terms in the picture:
1-6 1+0
v v
) 1-6
5 &) Bl
We can use three different dimerizations: teal, brown, and violet. They lead to three Hamilto-

nians Hy, H, H3 acting on the basis d,, ® e; of 12(Z) ® C? after we identify the sites A with e; and
the sites B with es:

0 1-96 0 u 0 1446
100 ® ;) ! <1+5 0 >€3 (u 0) €3 T Ontl (1—5 0 )eﬂ

0 0 0 1-96
® ej+ 61 ® ej+0p ® e+
uw 0 1-6 0
0 1+94
+ 5n+1 ( ) €; + 5n+2 (0 0 )
® e; +0 ® 0
A V()
0 0
+ 0ptr1 ® i+ 0yt ®
+1 (M 0>€g n+2 (1_5 O)

where 9, i are real parameters. The fundamental properties of this model are:

((5®€]—n2

=

0 1+9
H3 (0, ®ej) = 6p—2 6j+(5n®<1+5 0 >€j+

e Near hopping terms: The particle can jump only between neighborhood sites.

1 0
e Particle-hole symmetry: The model enjoys the particle-hole symmetry C =1 ® (0 1) K,

where K is the standard complex conjugation on C?: CH = —HC.

o Periodicity: The system is translation invariant, meaning that the Hamiltonian commutes

with the integer translations T, (0, ® v) = dppm @ v.

After the Fourier transform, we have the three fiber Hamiltonians:

H,(8) = < 0 - p~+ 2 cos(k) + 2i0 sin(k:))
w~+ 2 cos(k) — 2id sin(k) 0
_ 0 (1= 8) + pe™ + (14 8)e?
Ha(k) = <(1 —8) + pe™* 4 (1 4 §)e2ik 0 >
_ 0 (1= 8)e™ 4 e 4 (149)
Hs(k) = <(1 §)e* 4 petk 4 (1+6) 0 >
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7.2. Kitaev Chain

As we said in the beginning of the chapter about Class D, if 0 € o(H) the spectral projection
around it defines an element in class AI. However, this class is topologically trivial owning to
Proposition 2.6. In order to study something topologically interesting, we need to impose that
0 ¢ o(H), which leads to the condition det(Hy(k)) # 0 Vk € T!. So we need to impose (u +
2cos(k))? + (26sin(k))? # 0 Vk € T!. This curve is an ellipse in C with center on j, real axis with
length 4 and imaginary axis with length 40. With some calculations, we have that the solutions of
the previous inequality require p # +2 and if § = 0 we need to exclude p ¢ (—2,2). Proposition
3.8 tells us that the topological classification depends on

Pi(isgn(H(0))), Pf(isgn(H(m))),

provided that everything is written on a basis on which C acts as K. We can overcome this problem

1 0
by observing that C'e; = e; and C/(iea) = iea, so we can change the basis of C? using U = < )

0 2
and study:
UH,(k — —i(p + 2 cos(k) + 2id sin(k))
i(p+ 2cos(k) — 2id sin(k)) 0

0 —i((1 = 8) + pe'® + (1 + 6)e?*)

UH2 - —ik e~ 2tk
—i((1 =9§ —2ik —ik 1 S
UH3(k)U* = | . i(( Je #N 4 pe™ + (14 9))
i(1 = 0)e* + pe'® + (1+9)) 0
UCU*—U((l) 0>]CU*_/C

This means that the topological indexes we are looking for are:

_ wn| 0 Tirt2) U O TE)
(el (g 57 (e ()
_ i(p+2) . 0 —i(2 — p)
el ) (ot )
_ som —i(p+2) on 0 —i(2 —p)
e (e <@g<u+ R CH )

2)
0 .
In every case, if o9 = is the second Pauli matrix, we have that sgn(oy) = o9, so it

holds that

Pf(isgn(aoy)) = Pf(isgn(a)sgn(og2)) = Pf(isgn(a)oy) = Pf 0 sen(a) = sgn(a)
—sgn(a) 0

Therefore we obtain:

Py = (sgn(p +2),sgn(p — 2)) Pa=Ps = (sgn(p+2),sgn(2 — )
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7.2. Kitaev Chain

So we can depict the topological phases and their topological indexes in the following picture. We
will denote the points that make the system gapless in red and the values of the topological phases

using the color of the dimerization they refer to.

b
1,-1)
(1,1)
(1,1)
(-1,-1) 1,1
(—1,1) 1,—1)
(—1,1) rE (—2,2) (1,-1)
Ju!
(1,-1
(1,1)
(1,1)
p=—2 pw=2

This is perfectly compatible with the statement of Proposition 3.6: in fact one can easily verify

that the fiber Hamiltonians UH;(k)U* are unitarily equivalent using the unitary-valued maps
1 0 1 0
Vo (k) = (O eik) o Vaa(k) = <0 eik)

UHy(k)U* = Va1 (k)UH2(k)U* Va1 (k)" UHy(k)U* = V31(k)UH3(k)U* V3 1(k)*

in fact

Since det(V2,1(0)) = det(V31(0)) = 1 and det(Va1(m)) = det(Vz1(m)) = —1 we explicitly recover
the changes of the topological phases present in the picture.
The counterintuitive features of this model are two hidden symmetries: a time reversal symmetry

given by the standard complex conjugation (on the original basis), and a chiral symmetry S =

0
1® 0 with SH = —HS. So we have an element in the BDI class once again and we would

love to modify the Kitaev chain in order to have a model which is strictly in Class D. To do so, we
need to investigate some crucial properties of the model.

First of all, the chiral symmetry is present independently of the values of the hopping terms.
In fact if every closed hopping loop in the model has an even number of jumps, then we can paint
the nodes in the model in a chessboard style and we can create a chiral symmetry as the operator
that changes the signs of the functions valued at the blue nodes while maintaining the signs of the
functions valued at the red nodes. So, chiral symmetry is a property that depends on which jumps
are present and which are not, regardless of the hopping amplitude.

Moreover, a system can be particle-hole symmetric and chiral symmetric without being time-
reversal symmetric. This is due to the fact then in Class BDI one needs to assume specific

(anti)commutation relation among two of the symmetries to obtain the third as their composi-
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7.2. Kitaev Chain

tion; in fact, if they do not commute or anti-commute their composition does not square to plus or
minus one, so it does not qualify as a symmetry according to our definition.

Now, our goal is to propose a Kitaev-like model for the D class that does not have additional
symmetries. In order to achieve that, we can try to break the time-reversal symmetry. To do so
we can proceed in three different ways: We can try to break directly the time-reversal symmetry,
we can try to break the chiral symmetry, or we can try to break the commutation rule between the
chiral symmetry and the particle-hole symmetry.

The last, however, is not so useful since the chiral symmetry gives birth to the richest topological
structure, and there are no gains in looking at a chiral model just to study the topology given by a

particle-hole symmetry.

7.2.2 Failure of the complexified model

It is reasonable to replicate the process done for the SSH model and try to replace the parameters
with complex parameters; however, this approach will inevitably fail. Whatever parameters we may
place in the Kitaev chain, it will always have a time reversal symmetry.

Let us see what happens with this general Hamiltonian acting over 1?(Z) ® C? of the form:
H((;n X® 6]‘) =0p_1 ® ATBJ‘ + 6, ® Aoej + 5n+1 X Alej

with Ay, Ag = Ay € My 2(C). If the system also has a particle-hole symmetry written in the form
C = Id® M with M : C?> — C? an anti-unitary operator such that HC = —CH, then there is
always a basis of C? such that M acts on this basis as the standard complex conjugation K, so
without losing generality we just assume that this basis is already the standard basis e;, es. Then,

if we compute the anti-commutation relation over 4, ® e;, we get:

On—1 ® KATe; + 0, @ KAgej + dpy1 @ KAre; = =01 ® ATKej — 0, @ AgKej — dpnt1 ® A1Ke;
so that we end up with the three relations:
1= —Aj, /TO = — Ay, A = —A;.

This means that Ag, A1 are purely imaginary matrices and since Ag is self-adjoint it must be in
the form Ag = p - o9 with 4 € R. Instead, the real vector space of purely imaginary matrices
is generated by the set {il,io1, 09,703}, meaning that A1 = a-il +b-io; + ¢- 09 + d - iog with
a,b,c,d € R. Now to create a proper chiral symmetry S we need a unitary matrix squaring to the
identity that anti-commutes with both Ay and A; while commuting with the complex conjugation.
Since {0}, 05} = 19,1, the set of matrices that anti-commute with Ag is a complex vector space
generated by o1 and o3, but we need to take only the real linear combinations to ensure commutation
with the complex conjugation. Finally, for the chiral symmetry to square to the identity we need
to have:

(zo1 + yo3)? = 221 + xyoi0o3 + yrosoy + 321 = (22 + )1

meaning that we need to take only linear combinations with S = cos(t)o; + sin(t)os. Finally we
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need to check when this anti-commutes with A;:

{A1,S} =idacos(t){L, o1} +ibcos(t){o1,01} + aisin(t){l, o3} + idsin(t){os3,03} =
= 2ia cos(t)o1 + 2iasin(t)os + (2ibcos(t) + 2id sin(t))I

Whenever a = 0 the equation above can be set to zero by taking ¢ = arctan(—b/d), meaning
that we end up with a perfectly functioning chiral symmetry that commutes with the particle-hole
symmetry, giving us also a time reversal symmetry. Moreover ia = tr(A;), so whenever the hopping
matrix is without trace we can find a time reversal symmetry and this is precisely what happens in

the Kitaev chain, regardless of the possible values of the parameters.

7.2.3 Additional hopping

Now we can try to break the chiral symmetry by adding additional hopping terms to the model.
As suggested by the arguments above, we will try to implement these hoppings such that A; has a

multiple of ¢l on the diagonal. So we propose a new model:

1—9 1406

A B |
1+6|\ 2/ 1-96

Since showing all the possible jumps would have led to a very clumped picture, we omitted

showing the reverse hoppings with conjugate amplitude. The Hamiltonians Hy, Ho, H3 after the

dimerizations teal, brown and violet (respectively) are in the form:
—ta 1-96 0 u ia 1496
Hi(0, ®e;) =0p—1 & e; + 0, & e; + 0t ® e;
i i) ! <1—i—5 —ia) ! (u 0) ! = (1—5 ia > !
0 1+ —ia 0 1-94
Hy(0, ® €j) =0p—2 ® <0 0 ) ej +0p—1® ( 0 _m> ej +0p ® (1 5 0 ) ej+
e S T E T
n €j n €j
i pwoia) 2 1+6 0/~

0 0 —ia 0 0 1496
3 ‘i) ? <1 -9 O) “ ! ( L —ia) “ (1 +0 0 ) “
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7.2. Kitaev Chain

After the Fourier transform we get the fiber Hamiltonians:

Hy (k) = ( iae'® - iae~* M + (1 Té?eik —|— (1 - (5)6_ik>
pA (1+6)e ™ + (1 —8)e* iae* —iae~*

Ho(k) = ( iae'® - iae” | (1+ 5)ef2i]f + ,ule_ik.—i— (1- 5))
(1 —8) + e + (14 6)e?* iae® — iae=*

Hy (k) = ( iae'® - iae~ | (1-— (5)6?2%‘ + ,u-e_ik.—i— (1+ 5))
(14 8) + e + (1 — §)e?* iae'® —iae~*

The particle-hole symmetry is once again I® 03/KC. Using the simple form A2 —tr(H (k))A\+det(H (k))

of the characteristic polynomial of a 2 x 2 matrix we get that the eigenvalues of the fiber are:

—dasin(k) & 1/16a2 sin(k)? — 4 - [4a?sin(k)2 + (u + 2 cos(k))? + 462 sin(k)?]
Ax(k) = 5 =

= —2asin(k) + |pu + 2 cos(k) + 2id sin(k)|

Notice that as a # 0 it true that Ay (k) # A1 (—k) and Ay (k) # A_(k) so the model cannot have a
chiral symmetry nor a time-reversal symmetry.
In order for the model to be an insulator the eigenvalues must always be different from zero,

meaning that the product of the two shall always be smaller then zero, so we study the condition:
A (k)A_(k) < 0 < 4a®sin(k)? — (1 + 2cos(k))? — 46sin(k)? < 0 &

& (p+2cos(k))? + 4sin(k)?(0% — a®) > 0

Now just replace 62 — a? =t so we get that as in the normal Kitaev Chain p # 42 otherwise for
k = nm the spectral gap closes. It is clear that for ¢ > 0 and p # £2 the inequality is always
true because we are adding two positive terms, while for ¢ < 0 we need to exclude all the p such
that u = —2cos(k) £ 2sin(k)y/—t this means that we need to exclude the range of the function
—2cos(k) — 2sin(k)y/—t which is [—2 cos arctan(y/—t)(1 — t), 2 cos arctan(y/—t) (1 — t)].

Now we can use the change of basis used before U = 0 and study:
i

UH(0)U" = (.( ! _i(”+2)> UH,(m)U* = (.( 0 —i(u—2)>
7 il

w+2) 0 —2) 0
. 0 —i(u+2) . 0 —i2—-p)
UHQ(O)U = (z(,u n 2) 0 > UHQ(?T)U = <1(2 B 'u) 0 )
. 0 —i(p+2) . 0 —i(2 — p)
UHg(O)U = (i('u—|—2) 0 > UHg(?T)U = (i(Z—M) 0 )

This is exactly the case studied before, so we can just conclude the study of the topological
phases of this model by drawing the Pfaffians (P(0), P(7)) in the following picture:
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7.2. Kitaev Chain

(1,1) (1,-1) (1,-1)

(=1,1) (—1,—-1) (=1,-1)

(=1,-1) (—=1,1) (-1,1)

Gabriele Peluso 91



Chapter 8

Conclusions

In this final chapter we want to summarize the results obtained in this thesis and better explain

their contribution to the existing literature.

8.1 Summary

We recall that the we were interested in continuous projection-valued maps P : T¢ — Proj,,(H)
or in pairs of continuous projection-valued maps P* : T¢ — Proj,(H) with a fixed rank n in a

separable Hilbert space. Those maps may satisfy one of the symmetry conditions
TP(k) = P(—k)T, CP*(k)=P (-k)C, or SP(k)=P (k)S

for anti-unitary operators T, C' or a unitary operator S with 72 = +1, C?> = +1 and S? = 1. The
details of the symmetry conditions are given in Definitions 1.14, 1.15, 2.1, 3.1, 4.1, 5.1. Since in this
thesis we studied models with a single symmetry, we assume that only one symmetry can be present
at any given time. This means that we studied Classes A, Al, AIl, AIIIl, D and C of Kitaev’s table
[.1 present in the Introduction. Our first goal was to find for every symmetric projection-valued
map a continuous and symmetric frame with the best pseudoperiodic conditions we could get.
When d = 1, we never encounter a topological obstruction in the construction of frames with full
periodicity. The details of the symmetric conditions and the proofs are presented in Propositions
1.4, 2.6, 3.8, 4.9, 5.4, and 6.9. Instead, when d = 2, we encountered a topological obstruction
in the construction of a periodic and symmetric frame. In particular, for a projection-valued map
without symmetries (in Class A), all vectors can be constructed with full periodicity except one with
pseudoperiodicity v(27, ko) = €' *(P)k24(0, ky) due to Theorem 1.10 (Ch(P) is the Chern number
in Definition 1.6). This topological obstruction vanished in Class AI, where it was always possible
to construct a continuous, periodic, and symmetric frame as stated in Theorem 2.10. Something
interesting happens in Class AII, where we needed Theorem 4.14 to decompose P = P @ P~ where
the pair P* is essentially an element in Class C and §(P) = ¢m “®P7) ig the invariant defined in
Definition 4.12. Then we found a pseudoperiodic frame for P~ and took the symmetric counterparts
of all vectors to obtain a frame for PT. The union of the two frames constituted a frame of P.
Since one element of the frame of P~ was generally pseudoperiodic, the symmetric counterpart had
a conjugated pseudoperiodicity, and the frame for P had two pseudoperiodic vectors as stated in

Theorem 4.16. The procedure was replicated to all classes with pairs of projection-valued maps
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(AIIL,C,D) as stated in Theorems 3.16, 5.5, and 6.11 .
Then we were interested in intertwining two projection-valued maps or pairs of projection-valued

maps in the same class using a unitary-valued map V' (k) such that
TV (k) =V (=K)T, CV(k)=V(=k)C, or SV(k)=V(k)S

depending on the symmetry present. This divides each symmetry class into subclasses of unitarily
equivalent elements. Propositions 1.4, 2.6, 3.8, 4.9, 3.8, 5.4, 6.9 and Theorems 1.10, 2.10, 3.16, 4.16,
5.5, 6.11 stated that, when d < 2, every element is unitarily equivalent to any other element of the
same symmetry class. Instead, when d = 2, there may be pairs of elements that are not unitarily
equivalent. In particular, the subclasses of unitarily equivalent elements are in bijection with the
possible values of the topological quantities present in the right column of the following table (Pi
are defined in Theorem 6.11).

Classes | Symmetries | Topological labels of unitarily equivalent classes
AZ T C S d=2
A 0 0 O Ch(P) e Z
AIIl |0 0 1 (Ch(P~), Ch(PT), Ch(P")) € 73
Al 1 0 0 {0}
D 0 1 0 Ch(P7)eZ
AITl [-1 0 0 0(P) € Zs
C 0 -1 0 Ch(P7)eZ

Finally, we were interested in connecting two projection-valued maps or pairs of projection-
valued maps using an homotopy that stays within the symmetry class throughout the homotopy. In
other words, we were interested in the connected components of the symmetry classes. The proposi-
tions and theorems mentioned before stated that the connected components coincide precisely with
the subclasses of unitarily equivalent elements except when dim(H) = 2n for Class AIII and class

D. In those cases, we can express the number of connected components using the following table:

Classes | Symmetries Connected components (dim(H) = 2n)
Az |T C S | d=0 d=1 d=2
Al |0 0 1 {0} Z(PY)eZ Z(P*)ez?
D 0 1 0 |PeZy|P(0),P(r)eZ3 | P(0,0),P(r,0),P0,x),Ch(P~) € Z3 X Z

The explicit definitions of P and Z can be found respectively in Definition 3.5 and 6.7.

8.2 Originality and comparison with existing literature

As stated in the beginning of this thesis, some results are not original, and we want to compare
them with already existing theorems.

Before moving to a class by class discussion, we want to comment on some general aspects of the
literature that are present in all classes. We discussed in the Introduction the original topological
classification made using K-theory [1, 7, 37] and the physical details it overlooks. Although some
issued can still be addressed using K-theory [58], or homotopy theory of states [36] (for d < 3), we

preferred to build on the research line of [23| because we believe it yields to easier proofs, clearer
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depiction of the dymerization ambiguity, and more computable invariants than the K-theoretic
counterparts [40]. However, our approach is less applicable to disordered models than the K-
theoretic approach or the Fredholm index approach. The former was used in [26] to derive a
topological classification for projection-valued maps using indexes of pairs of projections and then
used in [8, 9] to obtain a topological classification of local disordered symmetric Hamiltonians in
d<2.

In Chapter 1, our formulation of the Chern number in Definition 1.6 may look different from
existing formulas, so we want to prove that our formulation is a generalization of the usual Chern
number that can be computed for continuous projection-valued maps while the other formulations
usually require differentiable projection-valued maps. The easiest way to prove this is to use the

parallel transport. So in the following, we will briefly recall some results present in [10].

Theorem 8.1 (Parallel transport). If P : T' — Proj,,(H) is a real-analytic projection-valued map,
then the following Cauchy problem has a unique unitary solution T(t) € U(H) for allt € R

T (t) = [, P(t)P()|T(t)
T(0) =1

Moreover, this solution is as reqular as P and it satisfies the property:

Corollary 8.2. If T(2r) = e for a self-adjoint operator L, then it is possible to make parallel
transport periodic by defining U(t) = T(t)e™/?™. This U is now periodic with the same intertwining
property:

Using those two results, we can consider a projection-valued map P : T? — Proj,(#)), define

U(kz) for P(0,k2), and then construct a ko—family of parallel transports

0Ty, (t) = [0 P(t, ko), P(t, ka)] Tk, (t)
T, (0) =1

This means that the operator T}, (t)U(k2) is continuous, periodic in ko and with the nice property:
P(t, k2) = Ti, (£)U (k2) P(0, 0)[Ti, (1)U (k2)] ™"
So we can compute our Chern number using an orthonormal basis {v;};e1,... oy of P(0,0) :
Ch(P) = [det [(vq, U(ka) Ty, (2m)U (k2)vp)] | = [det [(vq(ka), T, (27)vp(k2))]]

where {v;(k2)} = {U(k2)v;} is a frame of P(0,kz). However, this coincides exactly with the
definition of the Chern number given in [46], precisely in Theorem I11.2.4.
Of course, it would be impossible to conclude this section without mentioning the double com-

mutator formula

/TQmTr{P ) O, P (K), O, P(K)| P(k) }dk
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that allows us to explicitly compute the Chern number using only projectors.

Therefore, our results on Class A are perfectly compatible with the existing literature, such as
the results obtained in: [47], where the Chern number was interpreted as a topological obstruction
to the construction of a smooth frame; [49], where the K-theoretic approach was used to define
a bulk-edge correspondence; [12], where the homotopy theory of states is used as an attempt to
treat the case of interacting Hamiltonian; [11] and [46], where the authors investigated the problem
of constructing Parseval frames in d < 4. This means that our original contributions for Class A
are minimal; the completeness of the invariant with respect to homotopy, the extension of existing
result in less regularity, continuous instead of C' and a faster way to prove existing theorems.

The same happens for Class Al, where our methods give the same results present in: [10, 18],
where the problem of constructing a symmetric frame was solved in d < 3; [13], the topological
classification is achieved using K-theory ; and [15], where the topological classification is done using
differential geometric invariants. Since our homotopy classification coincides with the K-theoretic
one, our contributions for this class are minimal and identical to those of Class A.

Something more interesting happens for Class AIl, where our contributions are moderate because
in Theorem 4.2 we discovered that any fermionic time-reversal symmetric projection-valued map
can be decomposed as a pair of odd particle-hole symmetric pair of projection-valued maps. This
is compatible with the fact that mathematical models in Class AII usually descend from quantum
systems of spin—% particles, and the decomposition is given using the spin operator .S,. If it commutes
with the original Hamiltonian and anti-commutes with 7', then it commutes with P and the canonical
decomposition is given in terms of spin up and spin down P*(k) = PH(k) = P(k)%j. Under these
hypotheses, it was already known that the Z, invariant can be expressed as the parity of the Chern
number of PT = P* as well as the parity of P* = P~ ([3, 17, 26, 54]). However, if S, does not
commute with H, this easy decomposition is impossible to perform. Luckily, our decomposition
theorem gives a way to decompose any fermionic time-reversal symmetric projection-valued map,
and the two projection-valued maps could be interpreted as the first step to obtain a pseudo-spin
decomposition of P, parallel to the approach presented in [42]. What we lack in this thesis is a
way to explicitly construct a pseudo-spin operator S, acting on the original Hilbert space L2 (R?)
or [?(I') such that it commutes with H, it anti-commutes with T and such that P* = szzj.
Moreover, there are several ways to compute the Zo invariant present in this class, and in principle
it could be possible to find a direct equality between our formulation and the ones present in [18]
or in [33]. However, Theorem 4.16 states that if our invariant is zero, it is possible to construct a
symmetric, periodic, and continuous frame. It also states that our invariant is a complete topological
invariant of this class, so there are only two connected components to study. Since the results
present in [18] explicitly state that their Zy invariant is constant on the connected components of
the class, coincides with all the previous formulations of the invariant, and measures the obstruction
in building continuous, symmetric, and periodic frames, we have that our invariant coincides with
the others. As for the homotopy part, our classification does not obtain different results then the
classification made using vector bundle theory [14], differential geometry invariants [15], so our
contributions in this topic are similar to those of Class A

Our noticeable contributions appear when comparing our results for Classes D, AIIl with the
existing literature. Propositions 6.9, 3.8 and Theorems 6.11, 3.16 expand the results present in [23|
for d = 2 and state that, when the dimension of the fiber Hilbert space is minimal (dim(H) = 2n),
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the complete topological invariants that describe these classes are more than the one predicted in
the Kitaev table (see the Introduction). This is not a surprise since the K-theory used to compute
the Kitaev table leads to the topological invariants that depend specifically on the dimension d
considered. So, it is natural that the Z?-invariant Z (Definition 6.7) we obtained for Class AIII
when d = 2 does not appear in the table since it comes from the Z invariant in dimension d = 1.
The same can be said for the additional copies of Zo that appear in the classification of Class D.
In fact, they all descend from the zero-dimensional invariant P (Definition 3.5) and do not appear
in the Kitaev table. The only exception occurs for d = 1 when the product between P(0) and
P(m) can be expressed as the 1-dimensional invariant Z (see Definition 3.9 and Proposition 3.10).
However, there is an extremely interesting fact that we noticed: some invariants in these classes are
not preserved under unitary equivalences, and in the chapter about explicit models we gave several
examples of this. This means that the notion of topological invariant needs to be refined to take
into account the difference between a homotopic invariant and a unitary invariant. Up to this point,
the topological invariants were divided into strong invariants and weak invariants: as said before,
the first were those that depend specifically on the dimension d and the latter were those inherited
from lower dimensions. Since in the Introduction we establish different choices of a dimerization
as an example where it is relevant to study unitary equivalences, we propose to call homotopic
invariants that are not unitarily invariant relative invariants to remind that their values depend on
the choice of a dimerization. On the other hand, we propose to call invariants that are unitarily
invariant absolute invariants to remind that they do not depend on a choice of a dimerization. We

summarize the strong/weak vs absolute /relative invariants in the following table.

Strong Weak
Absolute | Ch(P),d(P) when d =2 | Ch(P(k1,k2,0)),d(P(k1,k2,0) when d > 2
Relative Z,Z whend =1 PO)ifd=1,7,2Z when d =2

What is truly surprising is the fact that our results are in complete contrast with the Kitaev table
as soon as dim(#) > 2n. In particular, we lose one-dimensional invariants in both classes and gain
at least one invariant in Class AIII for d = 2. We will give an explanation to this phenomenon on
Class D, but something similar can be done for Class AIIl. From a mathematical point of view, this
can be explained by the fact that there is a hidden hypothesis that leads to the Kitaev table. This
hypothesis is that the pair of projection-valued maps must sum to the identity P+ (k) + P~ (k) = 1.
This hypothesis is also used in the K-theory approach to the classification problem. In fact, the
K-theory classification depends on the notion of stable equivalence which states that two vector
bundles £, D are stably equivalent if and only if there exist two trivial vector bundles 7;,Zo such
that €& @ Z; is isomorphic to D & Zo. This condition can be read in the projection-valued map
formalism as the fact that two projection-valued maps Py, P; are equivalent according to K-theory
if and only if there are two projection-valued maps Iy, I1 such that Py Iy is homotopic to Py & I;.
When this notion is used to study pairs of particle-hole symmetric pairs of projection-valued maps,
we have that two pairs Poi, PljE are equivalent according to K-theory if there are two particle-hole
symmetric pairs of projection-valued maps ISE, I f[ such that (Py @ Iy)* are homotopic to (P @ I;)*.
According to K-theory, every invariant obtained is preserved after stable equivalences. So, it would
be reasonable to suppose that adding additional dimensions to the Hilbert space H cannot break

any invariant that comes from K-theory. This seems to contradict the fact that, when dim(#) > 2n,
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we lose the topological invariants P. However, the dimensions added using the K-theory approach
come from the particle-hole symmetric pair of projection-valued maps I*. This means that, in order

to proper apply the K-theory approach, one needs to split the fiber Hilbert space H into subspaces
H=H ®H"=Ran(P~ @I )®Ran(PT o I")

From a physical point of view this means that the original Hamiltonian must have a spectral
gap around zero and that we are actually studying the particle-hole symmetric pair of projection-
valued maps P¥ = P* @ I*. For this pair, it is true that dim(Ran(P¥)) = dim(#)/2 and that
Pt @ P~ =1. This implies that if dim(#) < oo, the K-theory essentially studies models in which
dim(#H) = 2dim(Ran(P¥)). So, applying the K-theory approach to Class D consist of considering
periodic Hamiltonians with a spectral gap around zero, focusing on the Bloch bands immediately
adjacent to zero and computing the invariants of the particle-hole symmetric pair of projection-
valued maps that come from the two Bloch bands. Those invariants are supposed to be stable up
to summing the particle-hole symmetric pairs of projection-valued maps that descends from other
Bloch bands. Instead, the homotopy approach does not require a spectral gap around zero and
studies the properties of the specific pair of symmetric Bloch bands selected. It can also perfectly
treat the dimerization ambiguity which is impossible to treat using K-theory. So, if dim(H) > 2n,
our results can be interpreted as a complete topological classification that cannot be derived from K-
theory. We believe this is a major achievement of this formalism, in fact K-theoretic classification
of Class AIIl where present in the literature [16] as well as classification of disordered materials
through index theorems [50] and bulk-edge correspondence [25], but they all avoid to address the
continuum setting and the dymerization ambiguity. One attempt to reconcile the K-theory with the
dymerization ambiguity is present in [57]| that also contains the notion of relative invariant. But
in the end the difficulties present in the study of continuum models where never fully addressed
except for the SSH model [55] and for one-dimensional models that are also periodic in time [22].
We hope that our results for the case dim(#H) > 2n can give meaningful insight on the difference
between continuum and tight-binding models.

Finally, for Class C we rigorously proved in Proposition 5.4 and in Theorem 5.5 that the K-theory
classification predicted in the Kitaev table coincides with our complete topological classification and
there are no exotic phenomena occurring in this class like those occurring in Class D.

To conclude, we believe that the true original contribution is the overall formalism presented,

in fact, the three step procedure consisting in:
e describing topological invariants as characteristic pseudo-periodic conditions;
e construct symmetric unitary equivalences using pseudoperiodic frames;
e construct symmetric homotopies from unitary equivalences,

allows for a complete description of topological phases of matter that takes into account the different
physical information one is interested in. It also allows for easy computations of the invariants that
are otherwise harder to derive using K-theory. Moreover, it solves in a natural way the dymerization
ambiguity mentioned in the Introduction and explain the vanishing of topological invariants in

continuum models observed in the literature.

Gabriele Peluso 97



8.3. Future developments

8.3 Future developments

o (Extension to the other entries of the Kitaev table) The techniques developed in this thesis
can be used to replicate the study we did for the classes with a single symmetry to the
four remaining classes with three symmetries and also for d < 3. The obstacle in studying
the remaining four classes is that they have three symmetries instead of one, and one needs
to carefully describe all the possible commuting or anti-commuting relations between the
symmetries before attempting a topological classification. Instead, the difficulty present in
the study of the d = 3 case is that w3(U(n)) is not trivial for n > 1, making the topological
study much harder.

e (Non-periodic framework) In case the original Hamiltonian is slightly perturbed, it is expected
that the strong invariants will survive also in absence of translation invariance. Some impor-
tant results in this direction are obtained in [8] for d = 1 and in [20] and [4] for Class AII
in d = 2. However, in d = 2, there is an ongoing debate on the proper local perturbations
that can be considered to obtain a class of local Hamiltonians with topological properties.
For Class AII in particular, we hope that our interpretation of the § invariant as a parity of a
Chern number can be generalized in non-periodic frameworks as a parity of a Chern marker
(defined in [41]). For the other classes in d = 2 the problem of finding the proper local condi-
tions such that the homotopy classes of local Hamiltonians is the one predicted by the Kitaev

table remains open (to the best of our knowledge).

o (Bulk-edge correspondence) Since the models studied in this thesis were fully periodic, they are
used to approximate the motion of a particle in the bulk of the material, where the presence
of edges is negligible. For this reason, the topological invariants obtained by studying periodic
models are called bulk invariants. It is also possible to study Hamiltonians acting on the half-
line or the half-plane and those models represent in particular the motion of a particle near the
edges. Those Hamiltonians admit a topological classification in terms of Fredholm operators
and the topological invariants are usually Fredholm indices and Atiyah-Singer indices ([4],
[8]). Since they take into account the behavior of the system near the edge, those invariants
are referred to as edge invariants. An important result would be to topologically classify the
edge models and establish a bulk-edge correspondence between the bulk invariants of a periodic
model and the edge invariants of its truncation. Some important results have already been
achieved. For example in [59] the Chern number is shown to be the coefficient of the quantum
Hall conductivity in a proper two-dimensional model. Instead in [8] is present a topological
edge classification for one-dimensional models. Other great contributions are present in [49],
[5], or [6].

o (Recovering the lost topological invariants) Our results about relative topological invariants
are extremely concerning. In fact, the relative invariants we obtained are only present when
dim(H) = 2n and this means that they are only present in tight-binding models. However,
discrete models are essentially approximations of continuum models and it is disturbing that
this thesis states that there is a complete loss of topological information in continuum models.
We want to present a conjecture that describes what could be really going on. Suppose

that a continuum system undergoes a change of the physical parameters while maintaining
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periodicity and possible symmetric constraint. Suppose for simplicity that we are studying
a model in Class D and that all Bloch bands of the system remain separated with just one
exception: the two bands near zero (€; and —{2;) are separated at the start of the process
(t = 0), then at some point (0 < £ < 1) they become united in a bigger Bloch band that
contains zero and at the end of the process (¢t = 1) they separate once again. If this happens
Q; and —€; will have the two associated projection-valued maps P;", P, : T¢ — Proj, (H)
only for the values of ¢ for which the two Bloch bands are separated. However it is always
possible to define the projection-valued map P; : T¢ — Proj,, (H) associated to €; U —.
On the values of ¢ for which the bands are separated we have that P, = P;" @ P, . If the
dependence on t is continuous it is possible to define a unitary-valued map U : T¢ — U(H)
such that Py(k)U(k) = U(k)Py(k) using iteratively the Kato-Nagy construction (as we did in
Propositions 1.2, 1.5, 2.4 and 2.8). Then we can choose a symmetric frame (due to Proposition
3.8) {v;j(k)}jeqr,... 2ny Of PiF (k) such that the matrix representation

By (K)]ap = (va(k), Py vy (k)

as a 2n x 2n matrix is constant. Then we have that {U(k)v;(k)}jeq1,... 2n} is @ frame of Py (k)

but is not a symmetric frame for the pair Pli(k:) This means that the matrix representation
[P (k)]as = (U (k)va(k), Py U (k)up(k))

is not necessarily constant. Now the two matrix-valued maps P (k) and P (k) can be treated
as two projection-valued maps from T¢ to C?" and, provided that U respects the symmetry
constraint CU (k) = U(k)C, they constitute a symmetric pair in the sense of Definition 3.1.
Now we can compute the topological invariants of this class for both maps and usually the
invariants of the first will be trivial because the map is constant, while the others may be non-
trivial. In order for this to have some meaning, it is important to control how the invariants
change depending on the choices of U and the frame {v;(k)}. A different frame {u;(k)} will
lead to a unitary-valued map [V (k)]qp = (va(k),up(k)) and the new matrix representations
will be:
V(k)TIPE(R)V (K), V(k)T'PEV(E).

Therefore the topological invariants may change according to Proposition 3.6 but the changes
are equal on both sides, meaning that the topological information that should remain con-
stant is the change of topological phase between the starting point of the transformation
and the arriving point. Instead the dependence on U can really change everything beyond
control because it depends on the specific transformation considered and we conjecture that
it is possible to have a unique U for any given perturbation of the Hamiltonian that passes
through a gapless phase. If this is possible, then the relative topological invariants can even
be interpreted in continuum models as changes of topological invariants as the model moves
through a gapless phase. Hence, they are relative with respect to the specific transformation

considered.
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Appendix A

Tools from algebraic geometry

Definition A.1 (Winding number). Given a map f : S — S!, the winding number, often denoted
[f], is an integer number exhibited by the natural isomorphism 1 (S') ~ Z. It can be computed by
e’?™  Then, the map f can be lifted

considering the natural covering g : R — S' such that g(t) =
to a continuous map u : [—7m,m] — R such that g(u(t)) = f(w(¢)). Despite the numerous lifting

options, the quantity [f] = p(m) — p(—m) € Z is well defined and depends only on the homotopy
class of f.

Theorem A.2 (Kuiper’s theorem). If H is a real, complex, or quaternionic separable Hilbert space

with infinite dimension, then U(H) is weakly contractible.
The proof can be found in [39].

Theorem A.3. If H is a complex Hilbert space with finite dimension, then mo(U(H)) ~ {0},
T (U(H)) = Z using the homomorphism that computes the winding number of the determinant and

mo(U(H)) ~ {0}.

Proof. We can express U(H) as U(n), set of n x n unitary and complex matrices. Then we can

express it as a Cartesian product using the bijective map:

U(n) — St x SU(n)

U = <det(U),<det(OU)_l HO >U>
n—1

This means that there is a short exact sequence of groups
{T} — SU(n) — U(n) — S* — {T}.
A sequence like this induces a long exact sequence
ey (SY) = m(SUM)) = 1y (UM)) = mi(S1) = w51 (SU(m)) = -

Since S admits a universal covering using R, we have that Wj(Sl) is trivial for j < 1. Moreover,
using the table containing the values of 7;(SU(n)) in Appendix A, Section 6, Part VII of [32] we
have that:

m0(SY) ~ mo(S1) ~ mo(SU(n)) =~ 1 (SU(n)) ~ m(SU(n)) ~ {0},
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and also that 7 (S!) ~ Z using the homomorphism that computes the winding number of the map.
Additional details on this topic can be found in [29] on page 344. O

Theorem A.4. The set of n x n real orthogonal matrices O(n) has two arc-wise connected compo-

nents O+(n) = {M € O(n)|det(M) = £1}.
The detailed proof of this well-known fact can be found in Chapter 10 of [43].

0 I
Theorem A.5. If J = I On , K is the standard complex conjugation and Sp(2n) = {U €

n

U(2n)|JKU = UJK}, then Sp(2n) is simply connected.

Proof. A matrix U is in Sp(2n) if and only if it can be written in exponential form using U = '

where H is self-adjoint such that (JH)" = JH thanks to Proposition 3.5 and Corollary 11.10 in [27].
Since this relation is linear, we can move U toward the identity with the continuous transformation
Uy = e for t € [0,1]. O

Proposition A.6. Let (X,0) be a topological group and w1 (X, Id) its fundamental group centered
at the identity. If f,g € m1(X, Id) then the function f o g(t) = f(t) o g(t) is homotopic to [f * g|(t)

which is the concatenation of the loops f and g.

Proof. The homotopy we are looking for is the following;:

2 s
f(ﬁ) if t<3
F(t,s) = f(%)og(%tj) if $<t<1-3%
9(%) if1-3<t

In fact it is continuous since f, g start and end at the identity so f(0) = f(1) = g(0) = g(1) = Id
and F(t,0) = f(t) o g(t) = f o g(t) while

pany=fC TSI e,
g(2t—1) if t>1/2

O

Corollary A.7. Consider S' = {ew € C} as a topological group with the standard product of C. If
f,g: St — St are two smooth maps with f(1) = g(1) = 1 then the winding number of f - g is the

sum of the winding number of f and the one of g.

Proof. If we apply the previous theorem we know that f - ¢ is homotopic to f * g and it is well
known that 71(S?, 1) is isomorphic as a group to Z with the group isomorphism that maps every
function to its winding number: again this fact can be checked in section 5 of the first chapter in

[43]. So, if we denote by [h] the winding number of the function h, we have that:

[f -9l =1[f*g]=[f]+ 9]
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Lemma A.8. If \: T! — T! is a continuous map with A\(k) = A\(—k), then [\] = 0.

Proof. We can construct an explicit homotopy A; for ¢ € [0, 1] between A and the constant function
Ao = A7) = A(—n):

A(k) for ke[-m (t—1)7rU[(1—1t)r, 7]

(k) =
At —1)r] = A1 —t)n] for kel(t—1)m (1—1t)n]

In fact, the two branches of the function connect for k = (¢ — 1)m, (1 — ¢)m and also connect for

k =m = —m since A(m) = A(—7). This means that \;(k) is continuous. O

Lemma A.9. If X : T! — St is a map with A\(7) = A\(—7) = A(0) = 1 and such that \(—k) = \(k),
then [A] € 2Z is even.

Proof. We can choose a lift y : [-m, 7] — R such that e#(*) = X\(k) with x(0) = 0. Then the
proprieties translate to the fact that u(k) = —u(—k) and p(r), u(—m) € 27Z. So, the winding

number will be:

] = p(r) ;:(—TF) _ 2#;5:?) coz
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Nomenclature

XQ Characteristic function over the set 2

IT Chiral symmetry (CS)

1 Identity operator on an Hilbert space

I, n X n identity matrix

0X  Boundary of the topological space X

g Particle-hole symmetry (PHS)

mn(X) Group of the maps from S™ to X modulo homotopies
Proj,,(H) Set of the projections of H with rank n

SU(n) Group of n x n complex and unitary matrices with unitary determinant
U(n) Group of n x n complex and unitary matrices

S) Time reversal symmetry (TRS)

U(H) Set of unitary operators from H to itself

Uprz Bloch-Floquet-Zak transform

L?(X) Space of square-integrable functions over X

M, (C) n x n matrices with complex coefficients

Sp(2n) Unitary complex matrices that are also symplectic matrices.
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