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Abstract

This article reviews the foundations of the theory of the Bott index of a pair of unitary
matrices in the context of condensed matter theory, as developed by Hastings and
Loring (J. Math. Phys. 51, 015214 (2010), Ann. Phys. 326, 1699 (2011)), providing
a novel proof of the equality with the Chern number. The Bott index is defined for a
pair of unitary matrices, then extended to a pair of invertible matrices and homotopic
invariance of the index is proven. An insulator defined on a lattice on a two-torus, that
is a rectangular lattice with periodic boundary conditions, is considered and a pair of
quasi-unitary matrices associated to this physical system are introduced. It is shown
that their Bott index is well defined and the connection with the transverse conductance,
the Chern number, is established proving the equality of the two quantities, in certain
units.
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1 Introduction

The integer quantization of the transverse (Hall) conductance (IQHE) of a two-
dimensional electron gas under an external perpendicular magnetic field has been
experimentally discovered in 1980 [1], the fractional quantization (FQHE) a couple of
years later [2]. The theoretical analysis of these phenomena has never stopped since.
Initial landmarks have been established by Laughlin [3], Halperin [4] and Thouless
et al. [5]. Different schools of thought originated to explain these phenomena: who
focused on the two-dimensional bulk aspects of the sample [6]; who stressed the rele-
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vance of the one-dimensional edge [7] and who analyzed the interplay between bulk
and edge-physics [8]. The attention to a realistic geometrical setting is particularly
relevant in the approach of Buttiker [9], while a rigorous treatment of the strong disor-
der needed for the quantization of the conductance is central in the work of Bellissard,
summarized in [10]. The initial sections of [10] can be used as an introduction to the
IQHE. Another line of research on the mathematical physics aspects of IQHE is due
to Avron, Seiler and Simon [11, 12]. Haldane in 1988 formulated a lattice model with
localized magnetic fluxes over the corners of a honeycomb lattice but with total mag-
netic fluxes per plaquette equal to zero. This model manifests a quantized transverse
conductance [13] and nowadays is called Chern insulator. The Haldane model has been
relevant for the theoretical formulation [14, 15] and experimental discovery [16, 17] of
the topological insulators. Two relatively recent rigorous works, among others, on the
nature of the invariants describing topological insulators in two and higher dimensions
are [18, 19]. A rigorous discussion of the topology of one-dimensional systems with
open boundary conditions has been very recently provided by the authors of [20].

The quantization of the Hall conductance on a torus geometry, meaning that peri-
odic boundary conditions are imposed on a two- dimensional rectangular sample, is
determined by a topological invariant called Chern number. This has been showed for
the first time in the work of Thouless et al. [5], the emergence of the Chern number
has then been made explicit by Kohmoto in [21]. Also early contributions have been
made in [22] and [23].

Hastings and Loring in a set of articles [24-26] used mathematical tools includ-
ing non-commutative topology, C*-algebras and K-theory to rigorously search for the
topological invariants of the ten Altland and Zirnbauer symmetry classes [27] in a way
that is also relevant for numerical computations. The program of classification of topo-
logical invariants of Fermi systems according to their symmetries and dimensionality
started with the works of Qi et al. [28], Kitaev [29] and Ryu e al. [30].

One of the motivations for this article is to review the foundations of the theory of
the Bott index of a pair of unitary matrices in the context of condensed matter theory, as
developed by Hastings and Loring [25, 26], and in particular showing the equivalence
with the Chern number, with a novel proof of the equality of the two indices, providing
throughout new proofs that make this work self-contained.

In the physics literature the Bott index, following [25, 26], has been employed
to characterize several topological phenomena that goes from time-reversal invariant
systems [31], time-dependent systems [32—34], quasi periodic systems [35-38] and
ferromagnetic systems [39]. The former list is not exhaustive.

The structure of this article is as follows: In Sect. 2 the physical setting is presented:
a lattice on a two-torus, that is a finite rectangular lattice with periodic boundary
conditions, is considered and an insulator is defined on it. This is modeled by the
Fermi projection that fills the eigenstates of a short-ranged, bounded, gapped, single-
particle Hamiltonian below a spectral gap. The Hilbert space where the Hamiltonian
is defined is finite dimensional. The most important results of this section are the
bounds (3) and (4). Section 3 defines and discusses the Bott index of a pair of unitary
matrices according to [40—43], with the important generalization in Sect. 3.1 to a pair
of invertible matrices and the proof of homotopy invariance in Sect. 3.2. Section 4
gives a sufficient condition for the vanishing of the Bott index. Section 5 inspired by
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the approach of [26] in 5.1 proves that the Bott index approximates the Chern number.
A novel proof of the equality of the two indices is given in Sect. 5.2 through a mapping
to a differential equation following an analogous proof for the infinite two-dimensional
case recently presented in [44]. Three perspectives for future developments are given
in Sect. 6.

I anticipate here the main new result of this work that is an equality among the Bott
index of a pair of unitary matrices related to a Hamiltonian describing an insulator, on
a two-torus, as specified in definition 1, and the Chern number of its Fermi projection.
The proof of the theorem is in Sect. 5.2. Previously this relation has been established
only approximately making use of a pair of quasi-unitary matrices, this approach is
described in Sect. 5.1.

Theorem 11. Given a Hamiltonian H as in definition 1 and its Fermi projection P,
the unitary matrices

P2IPTP ’ Q2P LP
have a well-defined Bott index that satisfies:
. . X Y
Bott (e2’“‘°%”, ezf””%”) — 2T [PZP, PZP}

- i—ZImTr (PliX, P][iY, P]) = Ch(P)

2 Physical setting

The physical system under investigation is an insulator comprised of free fermions
on a lattice on a two-torus (that is a rectangular lattice with periodic boundary condi-
tions) filling up the energy levels of a single-particle Hamiltonian that is short-ranged,
bounded and gapped. The system’s fermions have in general N internal degrees of
freedom. The system admits weak disorder meaning that the Hamiltonian maintains a
spectral gap, the disorder is also supposed to be compatible with the periodic boundary
conditions. The presence of disorder makes the concept of Brillouin zone ill defined,
and therefore, I do not refer to it. The Hamiltonian has no extra symmetries. The first
application of the Bott index in condensed matter theory has been provided in [24].

This section shows that from the properties of the Hamiltonian, short-range,
bounded and gapped, two important estimates on norms of commutators follow that
in turn allow the introduction of two suitable unitary matrices whose Bott index will
be evaluated in Sect. 5.

Definition 1 The single-particle Hamiltonian H : I>(A) ® CN — [2(A) @ CV, with
A denoting a lattice on a two-torus, that is a lattice on a rectangle of sides L, and L,
with periodic boundary conditions,

N
H = Z Z Hn,m,l,k|n»l><mvk| ey

1,k=1n,meA

@ Springer



126 Page4of 24 D. Toniolo

is:

e short-ranged with range R, meaning that: H,, ,,, ; x = 0 when dist(n, m) > R, with
R« Lyand R K Ly.

e bounded: || H|| is upper bounded by a finite constant independent from the system’s
size.

e gapped: there exists an energy gap AFE in the spectrum of H with lower bound
unaltered increasing the size of A.

. RIH| RIH|
e Ly, Ly,R,||H| and AE are such that: LA K 1 and L,AE < 1.

The distance on the lattice is compatible with periodic boundary conditions. To
exemplify let us consider a square lattice, with lattice distance 1 over the rectangle
of sides L, and L, with periodic boundary conditions, then given n = (n,, ny) and
m = (my, my) with {ny, my} € {0, ..., Ly — 1} and {ny,m,} € {0, ..., L, — 1}, it is
dist(n, m) = mingez [nx — my + kLy| + minez |ny —my + 1L,

For the sake of simplicity from now on it is assumed N = 1.

We “build up” an insulator out of the single-particle Hamiltonian (1) filling from
the bottom the single-particle energy levels till an energy gap of size AE is reached.

Definition 2 Given the Hamiltonian H as defined in 1 and the chemical potential u
fixed within the spectral gap A E, the orthogonal projection P := x (H < u) is called
the Fermi projection.

We now introduce well-defined position operators on the torus. To construct the torus
we glue together the opposite sides of a rectangle of linear sizes Ly and L,. We
assign an ordering to the points of the rectangular lattice, such that the ith point
has coordinates (x;, y;). We then construct the diagonal matrix X, with elements
X;,j = x;0; j, and the corresponding matrix Y, ¥; ; = y;6; ;. The matrices X and Y
have L, L, diagonal elements. Note that points that are physically close on the lattice
may have corresponding entries in the matrix X distant from each other, but at most L,
elements far away. We then define the diagonal unitary matrices that are well defined
with respect to periodic boundary conditions, namely X — X+L,andY — Y +L,:

2 2w
exp lL_xXi’i , exp lL_in’i 2)

From now onitisset L := Ly = L.

Lemma 3
. R
2T, H]| < O (ZnHu) 3)
and
i X R|H]|
e L,P]nsO(L—AE )
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Proof We employ the Holmgren bound for the norm of a bounded operator A, that is:

Al 5max<supZ|<m|A|n>|,men> )

meA neA

m <> n denotes the exchange of the indices m and # in the sup and the > _. A proof of
this bound can be found in chapter 16 of [45], for convenience a proof is also presented
in “Appendix A.”

17T, H]|| < max (sup > 1l T, Hln)lom < n) (6)

meA neA
We notice that
(m|[e2™ T, Hln) = (m|(e*™' T H — He*™ T)|n) = (2" — >™'E) (m|H |n)(7)

Therefore

nmx

X . . 11,
e T, Hll <max [ sup Y (XL — ™ |[(m|H|n)|,m < n | (8)
MEA dist(n.m)<R

In Eq. (8) we took into account that given a fixed point m € A only the points of the
lattice within the range R contribute to (m|H |n). We see that

My

|827'[i I _627'[1'"%|

- My ;x —mx 27T .
= (2 (1= 7 ) | < omin{lny = mol, L= g —mil} )

Let us illustrate the bound (9) with m, = 1, n, = L — 1. The points (1, y) and
(L — 1, y) are on the opposite sides of the square lattice but they are close by on the
torus because of the periodic boundary conditions and therefore within the range R of
the Hamiltonian.

. . .1 L L—1 .1 1
|627”me _62711'%| — |62mz _e2mLT| _ |e2mz _e—2mz|

. 4
= l—e 2| < T” (10)

It follows that

. X R
™%, H]|| < O (ZnHu)
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To obtain the bound (4) we start considering, with z € p(H), and A any matrix, the
equality:

0=[A1]1=[A,(H—2)(H—2)'1=1[A,(H —2)I(H —2)!

+(H - 2)[A, (H —2)7'] (11)
[A,(H—-2)""=H-2""[(H-2),Al(H—-2)""
= (H —2)"'[H, Al(H — )™ (12)

The projection P on the occupied energy levels, with the loop I' in the complex plane
enclosing them, can be written as

P = Lf dz(z — H)™' (13)
2mi r
then:
2mi X 1 2m’£ -1
@ Pl = o § e - ] (14)
_ _7§ dz(H — 2 [H. ™ T1(H — )™ (15)
”[627'[['%’P]” < — 2 ||[H eZTHL ”% ||(H Z) l“ |dZ| (16)

I(H — )7 = dist(z, o (H))™!

Let us consider the positively oriented loop I' in Fig. 1. Along the edge of the loop
aligned with the imaginary axis of the complex-plane, assuming for simplicity that
the energy gap is located around zero, as in Fig. 1, we have that ||[(H — z)~'||> =
dist(z, o (H)) 72 = 1/ [(3E)? + (Imz)?]. Sending R — oo the only contribution to

Fig. 1 The red stripes enclose ilmz
the spectrum of H the loop T (0,iR)
R
o(H) o(H) o
(Ov 7ZR)
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the loop-integral comes from the edge along the imaginary axis, then:

7€ I(H — 27" |21dz] = /OO b i =
r —00 (AE)2 + (Imz)2 AE

2
Combining (3) and (16), this implies:

R|H]|

e, Pl < O (—)
LAE

3 Bottindex

The Bott index arose as an index to distinguish pairs of unitary matrices that can be
approximated by commuting unitary matrices from those that cannot. It was estab-
lished both as a winding number and a K-theoretic invariant in the early works of Exel
and Loring [40, 41, 46]. For a discussion of these aspects of the Bott index see [42]
and references therein.

The Bott index has been employed in the context of condensed matter physics by
Hastings and Loring in a set of papers [24-26].

In the following the logarithm of a matrix is defined according to the holomorphic
(Dunford) functional calculus, for a discussion see, for example, [47]. Denoting p
an invertible matrix and I" a contour enclosing its spectrum but not the origin of the
complex plane it is:

1
logp := —% logz(z1 — p)~'dz (18)
2mi Jr

If the spectrum of p does not contain real negative values then the contour I' is chosen
to not intersect the real negative axis of the complex plane and log z is the principal
logarithm of z.

Definition 4 Given two unitary matrices U and V, suchthat {—1} ¢ o (U vu-1 V’l),
or equivalently such that |[U, V]| < 2, their Bott index is defined as:

1

Bott(U, V) := —Trlog (UVU—lv—l) (19)
271

Remark the equivalenceof {—1} ¢ o (UVU_IV_I) and ||[U, V]| < 2 follows from:

lovu='v' -1 = |wv -voyu vl = U, V| (20)

Lemma 5 The Bott index of two unitary matrices, as in Definition 4, is an integer.
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Proof We denote {eiei}, with@; € (—m, ), the elements of the spectrum of the unitary
matrix UVU~'V~!. From det (UVU’IV’l) = 1, it follows that: 1 = []; " =

¢' 2%  This implies Bott(U, V) = = >0 €Z. mi

It is immediate to see that when U and V' are commuting their index is vanishing.

3.1 The Bott index of two invertible matrices

The Bott index of two invertible matrices, S and 7', can be defined similarly as done
for unitary matrices. To ensure that log (STS’1 T’l) is well defined, having chosen
the branch cut of the logarithm on the real negative axis, we need that o (ST S~!T~1)
does not contain any real negative value: o (ST S~!T~1) MR~ = @. Denoting with
Aj=1Aj et , 0; € (—m, ), the set of eigenvalues of STS~'T-! we get:

_ —1p—1Y) _ . 0 0; .
1= det(STS7'T )-l.l)\]—l-llkﬂe =[] = 5 Y0 en
J J J J
(21)

In Eq. (21) it has been used: 1 = ]_[j rj = |]_[j rjl = ]_[j |A], implying
0=73;log|x;l, then

1 1
Boti(S, 7) := 5 —Trlog (STS_IT_I) = — Zlog,\j
Tl Tl "

:—Zlog|k|+10 Z@ el (22)

Remark The unitary matrices are invertible matrices; the reason why two separate def-
initions are given for their Bott index is that the condition o (ST S —Ir=h AR =4¢
reduces in the unitary case to {—1} ¢ o (UVU~'V~!) and in turn to |[[U, V]|| < 2
that might be easier to check both analytically and numerically.

3.2 Homotopy invariance of the Bott index of two invertible matrices

Homotopy invariance of the Bott index of two unitary matrices has been previously
shown by Exel and Loring [40, 41, 46], in their approach this follows from casting
the Bott index as a winding number or a K-theoretic invariant. Here I take a direct
approach looking at the derivative of the index.

Lemma 6 Given two maps U(s) : [0,1] — GL(N,C) and V(s) : [0,1] —
GL(N, ©), continuous with respect to the operator norm, such that o (U(s)V (s)
U) 'Vs)™ )Y NR™ =0, Vs € [0, 1] it is:

Bott(U (s), V(s)) = Bott(U(0), V(0)) (23)
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Proof A continuous path of invertible matrices can be approximated in norm by a dif-
ferentiable path, [48] proposition 1.7.2. Let us consider the partial derivatives d;U (s)
and 9d5 V (s) of such a differentiable path.
3 Trlog(U (s)V (s)U 1 (s)V ™ (s))
=Tr[a,UEVEUT SV )V EOUGV T U 6)]
=Tl QU ()T~ () + U) @ V)V ()U ' (s)
+ UGV @U T ()U GV U ()

+USVEU @V VUV U ()] (24)
= Tr[(3,U ())U ()] + Trl[(3s V () V" (5)]
+ Tr[(3 U~ () U ()] + Tr[ (3, V"1 () V (5)] (25)

Since (3;U 1 (s))U (s) = —U~!(5)d,U (s), we obtain: d;Bott(U(s), V(s)) =0. O

4 A sufficient condition for the vanishing of the Bott index of a pair of
unitary matrices

Lemma7 Given U and V a pair of unitary matrices such that |[[U, V]| < 2, if

LU, V1ll1 < 4 then Bott(U, V) = 0. || - ||| denotes the trace norm, namely the sum

of the singular values.

Proof The statement follows from the inequality

1 1
[Bott(U, V)| < | logUVU'VTh| < 20, Vi (26)

Since Bott(U, V) is an integer, if its modulus has an upper bound strictly smaller than
1 then it vanishes.

Let us prove (26). Given the set of eigenvalues of UV U “ly =1 (et} with 6 i €
(—m, ), it holds:

1 1
—log(UVU'VH||; = — 0; 27
5 Ilog( ) 2712].:"' 27)

<Y = LwvuTlv -1,

T4 L 4

J
1 1
= Iy - voyuTtvl < 21U Vil (28)

The singular values of a normal matrix are the modulus of the eigenvalues; this is used
in (27). The inequality |0]| < %le’g — 1], with 6 € [—m, ], has been used in (28). O
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5 Equivalence of the Bott index and the Chern number on a finite
torus

The aim of this section is to introduce a pair of suitable quasi-unitary matrices, given
by (29), and a pair of unitary matrices, given by (72) that arise from the physical
system considered in Sect. 2 and prove that their Bott index equals the transverse
conductance. This implies that the transverse conductance is an integer.

In Sect. 5.1 I follow the ideas of Hastings and Loring that realized how to remove
the log in the expression of the Bott index up to corrections of order Iz”Igl In Sect. 5.2
I adopt a novel approach showing the exact equality of the Bott index of two unitary
matrices, given by (72) with the Chern number. The invertible matrices (29) and
the unitary matrices (72) are shown to be related by a homotopy within the invertible
matrices, implying the equality of their Bottindices. In Sect. 5.2 I also discuss subtleties
concerning homotopies and periodic boundary conditions on the lattice.

According to sections 2F and 4 of [10], the wordings “Chern number” and “trans-
verse conductance” will be used in here as synonymous.

In the following the notation is that of Sect. 2.

5.1 The Hastings-Loring approach, and more

;2rX
Hastings and Loring considered in [26] the pair of almost unitary matrices Pe(l E ) P

2y
and Pe( )P as acting on the subspace Ran(P). I will consider instead the pair of
almost unitary matrices over /%(A), already introduced by Loring in section 9 of [43]
given by (29).

Lemma 8 Given a Hamiltonian H as in 1, with P the Fermi projection, P = x(H <
W), and defining 6 2”X , Oy = 2”Y and P+ =1 — P, the matrices

Pt 4+ P’ p  PL4 PO p (29)
are almost unitary, namely it holds:

I(PL + Pel® Py*(PL + Pei® P) — 1] < 1 (30
[(P* + Pe'® P)(P* + P P)* — 1] « 1 @D

The same is true replacing 0y with 0y. Moreover, the pair (29) almost commute:
IlP++ Pe'™ P, P+ P! P]| < 1 (32)
Proof

[(PL + Pel% PY*(P 4 Pe'% P) — 1| = | P + Pe % PP — 1| (33)
= [|Pe % Pe% P — P|| = ||P(e7"% (P — 1)) P| (34)

@ Springer



On the Bott index of unitary matrices on a finite torus Page 110f24 126

= |[Pe P P| = I[P, e*"e)f]Pi[e”X, P (35)
S R|H|

<|[P,e P <O 1 36

=P e ™17 <0 T 5% "« (36)

Analogously ||(P+ + Pe'% P)(PL + Pel% P)* — 1| « 1. Moreover,

I[P+ + Pe'® P, P* + Pe'™ P]|| = ||[[Pe'® P, Pe'™ P]]| (37)
— ||P(ei0" Peiey _ eie},Peiex)P]” — ”P(eieypj_eiex _ eiexPJ‘eie«V)P]H (38)
= I[P, &P 1P e, P]— [P, %P1, P 39)

: : RIH|I\®
<2|[P, I[P, P <O ———= 1 40
< 20P, IR, N = O T 77 ) < (40)
O

We now want to evaluate the Bott index of the pair (29). With the aid of Eq. (44),
already stated in section 5.3 of [26], we get rid of the log in Eq. (45) introducing a
O(\2) correction, with A := %

Lemma9 Given U and V two invertible matrices over CN, N > 1, and given a
parameter g with g* X + ~» With U and V satisfying:

IU*U — 1|l = O(g®), |UU* —1|| = O(g?) (41)
V¥V -1 = 0(g%, IVV*—1| = O(g?) (42)
IU, V1l = O(gh), (43)

namely they are almost unitary and they almost commute. This implies that:
Hogwvu~'v=h —@wvu~'v' - < 0" (44)
1
|Bott(U, V) — 2—ImTr(UVU71 v hl <0 (45)
T

Proof Let us consider the log series, given A with ||A — 1| < 1, that implies A
invertible, it holds:

log A = Z( Pyt A n]l) (46)

n=1

Then:

A— A 1" 2
log A — (A — 11)||—||Z( prnd =17 )||<||A 1) Zu

n=2 n=2 n
47)
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Equation (44) follows from (47) with A = UV U ~1y =1 The trace of a matrix is less
equal than the norm of the matrix itself times the dimension of the space the matrix is
acting upon, then:

ITr{logUVU 'V —vu~—lv= —1)]| < OgHON) = O(g» (48)

Noticing that

1
Bott(U, V) = EImTrlog(UVU_IV_l) (49)

equation (45) follows. m]

To show the equality of the Bott index of the pair (29) with the Chern number of
P we make use of an expression of the latter that is suitable for this proof. The name
Chern number arises within the theory of Chern class, see [49, 50], as an invariant
of manifolds. For infinite systems in dimension two when the Hilbert space of the
system is [2(Z?) the authors of [10] have shown that given a Hamiltonian with a
local Fermi projection P, P é:il P + P1,is a Fredholm operator, with index equal,
after average over the disorder distribution, to the transverse conductance. The same
authors in section 2F and section 4 of their work [10] develop the linear response
theory that provides the form of the transverse conductance, this coincides with the

Chern character (number) of the projection P defined as follows:

Ch(P) = —27iTr,q. P [0x P, 0y P] (50)

0y and 0y denote non commutative derivatives, namely d; A := [—i X, A], 0yA =
[—iY, A], with X and Y the position operators. The trace Tr, 5. stays for the trace per
unit area, that is: Try . := limg_ oo T%. From (50) it follows that

Ch(P) = —4xImTr, . P [X, P1[Y, P] (51)
In fact:
27iTryq. P [0x P, 0, P] =27iTryq P [[—iX, P], [—iY, P]] (52)
=27iTry 4. P ((—i X, Pl[—iY, P]1 — [—-iY, P][-iX, P])
= —4xImTr, . P [—iX, P]1[—iY, P] (53)

I remark that in here I follow a sign convention for the Chern number different from
[10], but in agreement with definitions 6.3 and 6.6 of [12], and in agreement also
with appendix C of [29]. The definition of Chern number also generalizes to higher
dimensions as can be seen in chapter 6 of [48]. Prodan is discussed in theorem 5.11
and corollary 5.12 of [51] the stability properties of the Chern number with respect to
deformations of the Hamiltonian that gives rise to the Fermi projection P.

As far as regards the physical system on the torus that we are considering, as
described in Sect. 2, the definition of Chern number is as in Eq. (51) with Try 5.(1) =

ﬁTrIZ(A)(').
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On the Bott index of unitary matrices on a finite torus Page130f24 126

Theorem 10 Given a Hamiltonian H as in Definition 1 and its Fermi projection P,
the approximated expression of the Bott index, as in Eq. (45), of the almost unitary

2nX
matrices P + Pe< )P and P+ + Pe( )P equals the Chern number of the
projection P, as given in Eq. (51), within a correction of order O (f”AHbll )

Bott (Pl + Pe( T >P P+ Pe(’Ty) ) = Ch(P) + O()) (54)

RIH]
with A := TAE

Proof With an eye toward operators in infinite-dimensional Hilbert spaces, it is a good
idea to have a control on the order of magnitude of a trace, therefore starting from Eq.
(56) all the terms appearing under a trace are of order L ™2, being in our model the
Hilbert space of dimension of order L, it means that we are handling traces of O(1).

Bott(PJ‘—}-Pe(z ) p. Pt 1 pe (Z”Y)P)

1 1
= o ImTr (1 +[U, VIuT'lvTh) 002 = 5 mTr (1L + (U, VIU*V?) + o(?)
T T

(55)
— %ImTr (Pe® P, Pe'® P1Pe Pe® P) + 0(2) (56)
- élmTr (Pe—iey Pel% pLelts pe=ifs p _ pe=ify poits pLoity pp—its P) +067)
(58)

The terms inside the trace in Eq. (58) have quite a similar structure:
Pe™ % pel% pLels pe=i% p = P[—i6,, P1P*[ify, PIP + O  (59)

Inserting a couple of identities 1 = ¢!% ¢~/ = ¢%¢i% in the second term of (58)
we get:

Pei0 Peifs pLei®s pemifi p — peify peify o=ith ot pL ity o=ith 4% po=ifi p (60
= P (P +[~ify, P1) (P 4+ [i(6: — Oy), PT1) (P + iy, PD P +O0)®  (61)
= —P[ify, P1P*[i6y, P1P + P[ify, P1P*[i6y, P1P — P[—ify, P1P*[i6y, PP

+ P[—ify, P1P™[i6y, P1P + P[—ify, PIP*[if,, P1P + O(1)° (62)

In Eq. (62) there are two Hermitian terms, therefore they have imaginary part of the
trace vanishing, and two other terms cancel. Going back to (58), we get:

Bott (Pl+Pe( )P Pi+Pe( ¥ Y)P>
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— L (P[Gy, P1PL6,, P]) +O0) (63)
T

= —%ImTr (Pl6y, P16y, P1) + OG.) = —i—ZImTr (PIX, PI[Y, P]) + O()
(64)

We see that Eq. (64) coincides with Eq. (51) up to O(A). Some remarks from the
equations above: Egs. (59) and (61) follow from the identity, with A Hermitian:

. . 1 1
e4Be” " — B =1[iA, B+ E[iA, [iA, Bll+ ...+ —=[iA...[iA,B]..]+...
n!
(65)
I6x, Pl < O(X) is equation 5.5 of [25], this has been used in (59) and (61). This
also follows from the application of the Holmgren bound, in a similar fashion to what
done in Lemma 3, to ||[[X, H]||, with [(m|[X, H]|n)| = dist(my, ny)|(m|H |n)|. With

my and n, in the set [0, L — 1] N Z the distance dist reflects the periodic boundary
conditions, namely

dist(my, ny) = min{|n, — my|, L — [ny, — my|} (66)

Application of the same ideas leads to % ILX, [X, H]]Il = O(Az).
The first equation in (64) follows from:

ImTr (P[ey, P1PL(0,, P]) = ImTr ([ex, PlIty. P]Pl)
—ImTr (P[6y, P1[6y. P)) (67)

In (67) it has been used: [A, P] = P[A, P]P+ + P1[A, P]P with A bounded and
P a projection, this implies that P[A, P]P = 0. It has also been used: given B
and C skew adjoint matrices then ImTr(BC) = —ImTr(BC)* = —ImTr(C*B*) =
—ImTr(CB) = —ImTr(BC), implying ImTr(BC) = 0.

We stress that [ X, P]is well defined with periodic boundary conditions but neither
X P nor PX is well defined, if singularly taken. This implies that (64) is well defined
on a finite torus and coincides up to corrections of order O (1) with the transverse
conductance. m]

Hastings and Loring have developed the theory of the linear response on the torus
in section 5.3 of [26] making use of the current operator, with 6, = 2x %:

1. . . . 2
=3 (e He™® — 7 Hel% ) = Tﬂ[iX, H]+O(L™) (68)

They show that the Bott index equals the transverse conductance on the torus up to
correction of order O(L™1).
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It is worth mentioning that the Chern number of a finite-dimensional projection
P, rank(P) < oo, defined on an infinite-dimensional Hilbert space or on a finite-
dimensional Hilbert space with open boundary conditions is vanishing, in fact:

ImTr (P[X, P][Y. P]) = ImTr (P[X, PPy, P]) (69)
— ImTr (PXPlYP) — ImTr (PXYP — PXPYP) (70)
— _ImTr (PXPYP) = —ImTr (PYPXP) = 0 1)

In the first equality of (71) I have used the cyclic property of the trace with respect
the two blocks P X P, PY P; in the second equality the fact that if the trace of a (trace
class) operator coincides with the trace of its adjoint then it is real. This has also been
used in (70).

On the torus, namely with periodic boundary conditions, we cannot “open” the
commutator and take the trace of each operator, like it has been done in (70), in fact in
that case PXY P and PX PY P are not well defined with respect to periodic boundary
conditions.

A proof of the Bott index - Chern number equivalence based on a “momentum
space” approach has been discussed in [33].

5.2 An exact approach: homotopies on the torus: the right and the wrong way

As stated at the beginning of Sect. 5, I will provide here a novel proof of the Bott
index - Chern number correspondence, showing the equality among the Bott index
of the pair of unitary matrices given in Eq. (72) and the Chern number Ch(P) taking
advantage of an approach developed in [44] for bounded operators. The operators
(72) have been already suggested in the context of the integer quantum Hall effect
by Kitaev in appendix C of [52], and more recently, with a suitable modification, in
the context of infinite-dimensional Hilbert spaces by the authors of [53, 54]. Being
the Bott index an integer this shows that the correction O(X) in Eq. (54) is actually
vanishing. As an application of the homotopy invariance of the Bott index I will also
show in lemma 12 that the two almost unitary matrices 29 and the two unitary matrices
(72) are connected by an homotopy within the invertible matrices, providing another
proof of the equality of their Bott indices.

Theorem 11 Given a Hamiltonian H as in Definition 1 and its Fermi projection P,
the unitary matrices

.o X .5 Y
gzj”PfP , eZﬂlPZP (72)

have a well-defined Bott index that satisfies:
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4 . X v
Bott (ezmp%f’, e2’”f’%f’) = 27iTr |:PZP, PZP}

= i—ZImTr(P[iX, PIiY, P)) = Ch(P)  (73)

Proof First of all we start noticing that ¢>*** TP — pe2tiPLPp + P, implying that
[P, e2miP TP ] = 0. Let us show that the unitary matrices in (72) almost commute
implying that their Bott index is well defined. This is implied by || PX + Pei2"T P —
WiPTP | < O()?) that can be shown as follows:

ply pei2nip _ 2niP{P _ p (ezm% _ ezniP%P) P (74)

—p (é (27;!1')” [(%) _ <p%)D P (75

Using the following equality of bounded operators A and B

n—1
A"—B" =Y "B/(A—B)A"/! (76)
j=0

We obtain with n > 2

xX\" x\"
Pl(7) - (r2) ]
L L

-l wNix x X\t

=P P= ——P=)lP= P (77)
, L L L L
_~I:O
E=WaS'sY. X[ X nej=1]

=P P=) Pt (P2 P (78)
, L L\ L
| /=0 i
-1 X j J_X X n—j_l—

=P r=) Pt (P2 P (79)
, L L\UL
/=1 i
[(n—1 X G- X J_X X n—j—1

=P P= P—pP-—P|P— P (80)
‘ L L L L
/=1
[n—1 ¥\ U-D X7 . TX x\"—i-1

=P j PPt 2 PP P (8
=\ L L L L
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The norm of the matrix in Eq. (81) is bounded by (n — 2)O(\2). Using the series
expansion of the exponential it is possible to show that the norm of (75) is bounded
by O(?). In a more concise way we can obtain an upper bound of O(A) for (74), as
follows:

. X o X
||Pl _'_Pelzan —627.“PTP||

— ”P(elz”TX _627TiP%P)P” (82)
1
= ||2m'P/ 2L (- - P—P> FTPTPU=Dg,p)| (83)
0 L 'L
1
4 X X .
- ||27n'P/ 2Lt <— - P—P> PermiPTPA=N gy (84)
0 L 'L
X X X Ix
<21|=P— PSP|=2x|PLZP| =27 PL |2, P (85)
= L L L
<O0W (86)

In Eq. (83) a DuHamel formula has been used. Then:

I I:e%riP%P, esz%P:I I (87)
— ||P I:ezﬂiP%P _ Peizn%P_’_PeiZﬂ%P,eZﬂiP%P _ PeiZn%P +Pei2ﬂ%P] P”

(88)

< [PeiZ”%P, Peizﬂ%P] | +00) < 00 (89)

To prove Eq. (73) we consider the maps of unitary matrices U (¢) : [0, 1] — emitk TP

and V(1) : [0, 1] — ¢2™'"PTP Witht € (0, 1), U(r) and V (r) do not satisfy periodic
boundary conditions therefore they are not admissible homotopies, according to lemma
6, meaning that along the paths U (¢) and V (¢), Bott (U (¢), V (¢)) is allowed to change.
This can be seen for example looking at Eq. (25), we see that U ~1()d,U () must be a
well-defined matrix over the given Hilbert space, in our case /> (A) periodic boundary
conditions. On the contrary we see that

U 0a,Ut) = 2wiPXp (90)
t = 7

We now map the problem of determining the LHS of Eq. (73) into the solution of
a first-order different equation.

To simplify the notation we denote ¢, := ZnP%P and ¢, = ZJTP%P. Let
us define g(#) := Trlog (e/"%<e/"%re~1"%xe~1%y); the argument of the log satisfies
periodic boundary conditions, in fact with X — X +nLl and Y — Y + mL1, with
nand m € Z, we have that

2mitP(§4n1)P ; pX
e L — e2mtnP€27utP TP (91)
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2m'zP(Z+m]1 P ; Py
e T ) — 627TllmPez7TllPLP (92)

This implies that the trace defining g(¢) is well posed.

d7f _ Tr[(i¢xelt¢x e”¢~ve_”¢X€_”¢y + ett¢xi¢yett¢ye—zt¢xe—tt¢y
_ eitqﬁxeitqﬁyi(pxe—”(z’xe_it¢y (93)
_ oitts eizqs).e—imxi(pye—iqu).)en(/)yeit@ e—iz¢ye—it¢x] (94)

— Tt (i¢x + eiz@i%[n@ _ pitx eit:ﬁ),i(pxefit(pyefitzﬁx

_ettq>I ett¢y6—ll¢xi¢yezt¢xe—tt¢y6—zt¢x>

= Tr <l¢x + l¢y _ eitl]byl'(z)xe*iﬂf’y — eit¢}'e*it¢xi¢yeil¢x e*l’t‘lﬁ,") (95)
=Tr (7P igue " +igy — ig, — e Migye) (96)
—Tr (e—“q’yiqsxe”q’«v - i@) T (np,, - e—”%i(pye”@) 97)

1 1
=Tr </ dse 1P [—itgy, i¢x]e"”¢y) +Tr (/ dse 1% [ig,, —riqu]e"“%)
0 0
(98)
=Tr ([_it(])y, i¢x]) + Tr ([i¢y7 _it(px]) =2Tr ([i¢m i¢y]) (99)

Observing that g(0) =0

t t
g(t) = / g'(s)ds = / 2sTrligpy, ipylds = > Trliy, ipy] (100)
0 0

This implies that

ibe it 1 1 o
Bott(e'™, ') = —g(1) = =—Tr[idy, igy] (101)
2mi 2mi
Then
. . X v
Bott (&”’P%P, ezm”%”) — 27iTr [PZP, PZP} (102)
Moreover,
_ X v i
2miTe | P2P, PP | = 2 Tr (PXPYP — PYPXP) (103)
L 'L L2
2mi n n 47 n
=5 T (PYP XP — PXP YP) = S ImTrPXPLY P (104)
4 i 4
= F3ImTe[P, X]PLY. P) = ——SImTrP[X. PIIY. P] (105)

@ Springer



On the Bott index of unitary matrices on a finite torus Page 190f24 126

O

Lemma 12 Given H as in Definition 1 and P its Fermi projection, it holds:
Bott (Pezﬂ'% P+ PL pemiLp 4 PJ‘> = Bott (ezf”"’%f’, eZ”fP%P) (106)

Proof Equation (106) follows from the relation with the Chern number established in
Theorems 10 and 11. To exemplify the construct of a homotopy, Eq. (106) can also be
proven considering the paths:

p(s) == (1 — )2 PEP g (Pezﬂi%P n Pl) (107)

n(s) == (1 — )X PTP 4 g (Peh"%P n Pl) (108)

with s € [0, 1]. It is important to stress that p(s) and 7(s) are well defined for all
s € [0, 1] with respect to periodic boundary conditions, namely p(s) is invariant
when X — X 4+nL,Vn € Z. p(s) is almost unitary: p(s)p*(s) = 1 + O(1). This
can be seen as follows:

— 2miPLP | (p <ezm% _ e2m‘P%P) P (109)

According to Eq. (74), the term proportional to s in (109) is upper bounded by O(%).
The same holds for 1 (s).

ItisVs € [0, 1], |[[p(s), n(s)]]| < 2. Letus verify this. Setting as before 6, = 2 %
and 0, =27 %, we have:

Lo (s). n()1l
= I[(1 — $)e'POP 4 (Pei‘)«vP n PL) (1 —s)elPOP 4 (Pei9~“P n PL)]H
< (L= ™" & POPY 4 (1= 5)s|[[e TP, pel® P
+ (1 =9)s|[ePOF, P PY|| + s2 [P P, Pe'% P (110)
< (1= $)*[[PO. P, POLPI||| + (1 — s)s||[e'"*F, ]|

(1= 5)s|[ePOP, e ]| + 520 (Az) (111)

<(1-920 (/\2) + (1= )s|[PO,P.6,]]
+ —S)S||[P9_vP19x]||+S20()»)2 (112)
< (1-5)2002) +2(1 — 5)sO) + 52002 < 1 (113)
O
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As a final remark about the subtleties of homotopies let us consider W(s) :=
Pei2T(1=sPHTU=sPY) p o pL that is a unitary map with the same initial and final
point of p(s). Nevertheless, W (s) does not satisfy periodic boundary conditions with
s € (0, 1) therefore it is not admissible as an homotopy for the torus geometry.

6 Discussion and perspectives

The formulation of the theory that leads to the construction of the Bott index is com-
patible with weak disorder, meaning that disorder is admitted in the description of the
system by the model Hamiltonian as far as a spectral gap is present. The role of the
disorder in system with topological features is essential in fact it is the presence of
strong disorder that makes possible the presence of plateaus in the shape of the Hall
conductance as the external magnetic field is varied. See the introduction of [10] for
a discussion. The Chern number admits a formulation developed in [10], based on
the use of tools from non commutative geometry that shows its quantization even in
the presence of a disorder as strong as to close the band gap, for a visual illustration
of this see figure 1 of reference [55]. The presence of a mobility gap, meaning that
at the chemical potential there are only localized states, is still required, otherwise
the system would lose its insulating nature. A different rigorous approach to strong-
disordered systems is that of the so-called deterministic disorder, see for example [56]
and section 7 of [57] with the definition of SULE, and the more recent works [54, 58].
In the formulation of the Bott index a band gap has been assumed. It seems natural to
ask if the extension to strong disorder leads to a quantization of the Bott index.

A periodic driven Hamiltonians may host a peculiar topological invariant named,
after [59], W invariant that does not have a counterpart in the static case. The authors of
[60-62], among others, have extended the definition of the W invariant to the weak-
and strong-disorder cases for infinite systems in two dimensions. A formulation of
the W invariant for finite and disordered systems, in particular, the case of periodic
boundary conditions considered here, as far as I know, is missing.

The last point of this perspective is to offer a connection with the spectral localizer,
see [63] and references therein. Is it possible to replace the Fermi projection with the
Hamiltonian, or a computationally straightforward function of the Hamiltonian, in the
evaluation of the Bott index, for example, via homotopy? This would make the index
faster to compute affording also larger samples. The reference [64] provides a direct
comparison among the two indices.
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Appendices
Appendix A: Holmgren bound

A : 'H — 'H, a bounded operator over a separable Hilbert space H. It holds:

1Al < [sup ) 1Awml [sup Y [Anml (Al)
m n n m
Anm = (Xn, Axm), with {x,,} any ONB of H.
Proof || Al := supygj=1. )y =1} [{¢, AV)]

. AV = 1D i Anm¥il < Y 1ull Al Wil =D 1bnV/1Anm |/ 1Anm [V

(A2)

<Y Ignl <sup |An,m|) (sup |An‘m|> Y] (A3)
=" 1ol (sup |An,m|> > (sup |An,m|> V| (A4)

Applying Cauchy—Schwarz to the sums on n and m considered each as a scalar product,
we get:

(. AY)] ssup\/Z|¢a|2\/z|Ab,m|sup\/Z|An,C|/Z|w|2 (AS)
" a b " c d

It follows that:

IAIl < sup \/Z | Ap,m] sup \/Z | An.cl (A6)
m b n c

O
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