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Abstract
A variety of local index formulas is constructed for quantum Hamiltonians with pe-
riodic boundary conditions. All dimensions of physical space as well as many symmetry
constraints are covered, notably one-dimensional systems in Class DIII as well as two- and
three-dimensional systems in Class AIl. The constructions are based on several periodic
variations of the spectral localizer and are rooted in the existence of underlying fuzzy tori.
For these latter, a general invariant theory is developed.
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1 Overview

In several works [14, 15, 5] it was shown that the index pairing between K-theory and K-
homology elements can be computed as the half-signature of a suitably constructed finite di-
mensional matrix, called the spectral localizer. The main motivation for these works is the
application to topological insulators for which the bulk topological invariants (Chern numbers
and winding numbers) then become readily accessible in numerical computations. As will be
described below, the technique is based on the principle of placing the physical system in a
linearly growing Dirac trap and hence the spectral localizer is an intrinsically non-periodic ob-
ject. On the other hand, it is well-known that periodic approximations often provide stable
algorithms for bulk quantities in solid state systems (for invariants, this is described in [17]).
This work constructs new periodic versions of the spectral localizer, for sake of conciseness
referred to as periodic spectral localizers, which also allow to compute the topological invariants
numerically, possibly in a more stable manner than with the non-periodic spectral localizer
used in other works. Apart from this practical aspect, a further more theoretical insight is that
the periodic spectral localizers can be understood as the K-theory representatives of associated
fuzzy tori. Furthermore, the periodic spectral localizers may inspire extensions to interacting
systems (with periodic boundary conditions) with a computable gapped ground state.

Let us directly describe the periodic spectral localizer for a bounded tight-binding Hamil-
tonian H on the Hilbert space H = (*(Z? C¥) over an even dimensional lattice Z? with L local



degrees of freedom. This Hamiltonian is supposed to be of finite range R and periodic in space,
namely the L x L matrices (x|H |y) vanish for |z —y| > R and (z+pje;|H|y+pje;) = (z|H|y) for
some periods p; € N in the direction of the unit vectors e;, 7 = 1,...,d. The final assumption
on H is that it describes an insulator, i.e. it has a spectral gap at the Fermi level u. After an
energy shift, u = 0 and the Fermi projection is P = x(H < 0). For any such insulator it is well-
known (e.g. [18]) that there is an associated (even strong) Chern number Chy(P) € Z. This
paper provides yet another way to compute this topological invariant. Moreover, the formula
that is proven to work in the asymptotic regime of large volumes allows to associate numerical
topological invariants to rather small systems.

For that purpose, let p € N be a system size such that 2p is an integer multiple of each of the
p;. Then let H>* be the restriction of H to H, = (*((Z/(2pZ))?,C") with periodic boundary
conditions. Then the associated (even) periodic spectral localizer is a finite dimensional matrix
on (H,®H,) ® C* defined by

e = (Zim (B-eos(GX)) - Tisn(GX)5 ) 1 (5 0) . w
e Zj:l Sin(% Xj) Y - Zj:l (1 - COS(% Xj)) n 0 Hzer ’

where X; are the components j = 1,...,d of the position operators on the lattice, furthermore
A1y ..., A1 is a selfadjoint irreducible representation on C of the Clifford algebra with d — 1
generators, namely 49, +9;4: = 20;; fori,j = 1,...,d—1, and 44 = 11 with + = v/—1. Finally,
n > 0 is a parameter that should roughly be chosen as ||H||, sece Remark 3 below. Note that
the first summand in (1) is the restriction of a diagonal operator onto (H, ® H,) ® C and it
is periodic in all d directions of the discrete torus (Z/(2pZ))? = Z4 N [—p + 1, p]®.

Theorem 1 Let d be even and H be a finite-range periodic operator on H = (*(Z*,CL). Also
let p € N be such that 2p is an integer multiple of the periods and p > 2R. Suppose

Cd' M| H|Pn’
> e
where g = [|[H™'||7!, M = max;—1_ q4||[X;, H]||, and finally C = 15-10°. Moreover, n > £ is
such that

: (2)

(=) 40 13) < g )

Then the periodic spectral localizer is gapped with lower bound

2
g
Lrr)? > ———1 4
( 7770) — 600d772 ’ ( )

and the strong invariant given by the d-th Chern number of P = x(H < 0) is equal to the
half-signature of the periodic spectral localizer, namely

Cha(P) = 5 Sia(Ly) (5)
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Remark 2 Let us start out by comparing the periodic spectral localizer L}, with the spectral
localizer L, , used in prior works [14, 15, 5], and also explain the connection between the
two of them. The latter matrix L, , is defined on the same finite-dimensional Hilbert space
(H, ®H,) ® C* by

0 S XA “H, 0
L., = Kk . =1 + ( r ) : 6
! (25:1 Xi% 0 ) 0 H ©

Here the boundary condition on H, merely needs to be local, notably it can be either periodic
or simply be Dirichlet. The first matrix, without the factor x, is called the Dirac operator D
and is off-diagonal as the dimension d is even. The spectral localizer L, , is clearly not periodic
in the above sense because the position operators take large positive and negative values at the
boundaries of the discrete cube Z9N[—p+1, p]?. The main result of [15] (see also [5]) is that the
equality (5) holds with L on the r.h.s. replaced by L, ,, provided conditions on & and p hold
that are quantitatively Weaker than (2). In the latter regime, the spectral asymmetry of both
operators Ly and L, , is acquired near the center of the finite volume where both operators are
roughly the same which gives an intuitive understanding why Theorem 1 should hold (based on
the earlier results [14, 15]). Indeed, the proof of Theorem 1 consists of constructing a homotopy
from L , to Ly® inside the finite-dimensional invertible selfadjoint matrices. The essential step
is a deformation of the first summand in (1), which is explicitly given in (25) below. It further
results from the strategy of proof in Section 2 that the Hamiltonian can be tapered down, see
(23). This means that in the regime of (2) the contribution to the signature results merely
from the central part of the finite volume. Hence the half-signature in (5) is a local topological
marker in this regime, just as the half-signature of the spectral localizer of [14, 15]. However,
one can use the r.h.s. of (5) also for much smaller p for which periodic boundary conditions
are relevant so that the signature invariant is a global or bulk topological invariant. All of this
is numerically confirmed in Remark 6 on the example of a one-dimensional topological system,
but there is definitely a need for further investigations. o

Remark 3 Besides being the volume, the parameter p sets the length scale of the position
operator close to the origin because sin(z;) ~ Zx; and 1 — cos(5z;) ~ %(%:pj)Q. Comparing
with the (non-periodic) spectral localizer (spelled out in (6)), % hence plays the same role as
the parameter x in prior works [14, 15, 5|. Having this in mind, the condition in (2) is a more
stringent version of the main hypothesis in these works. Note that, given a gapped Hamiltonian
H, it can always be guaranteed by choosing p sufficiently large. The second bound (3) is a new

supplementary condition. For a flat band Hamiltonian which by definition satisfies g = ||H||,

the condition becomes n > £(1+ y/1 — 2;). In particular, n = 1 is allowed for a flat band

Hamiltonian with ¢ = |[[H|| = 1. As will be explained in second part of this introduction
and Section 5, this is reminiscent of the fact that the flat band Hamiltonian together with
suitable functions of the position operators forms a graded fuzzy torus. On the other hand, if
one chooses 77 = ||H|| (without imposing the flat band condition), then the bound (3) becomes
”HH —-1< 5 \/a which means that H has to be relatively close to a flat band Hamiltonian in the
sense that ||H|| is not allowed to be much bigger than g = ||[H!||~!. Furthermore, (3) is always
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satisfied if n > 2||H|| (simply because then the Lh.s. becomes negative due to g < ||H||). Note,
however, that for large 7, (2) enforces p to be larger, and furthermore the gap of Ly closes,
see the bound (4), and then its signature may not be numerically stable any more. Hence from
a numerical perspective, it may be best to choose 7 of the order of ||H|| and actually somewhat
smaller than ||H|| so that the periodic spectral localizer is associated to a fuzzy torus of small
width (in the sense of Definition 19 below). In conclusion, the discussion shows that one should
chose n =~ ||H|| and in the sequel not consider it as a free parameter. o

Remark 4 The bounds (2) and (3) have an intrinsic scale invariance. Actually, replacing H,
M, g and n by AH, AM, Ag and An respectively where A > 0 is a scaling parameter, leaves the
conditions invariant. All four quantities are expressed in energy units, while p is a space unit.
From a quantitative aspect, we believe that hypothesis (3) is relatively close to optimal, while
the condition (2) is certainly off by several orders of magnitude and even the dependence on g
is likely much worse than needed. Let us stress that once 7 is chosen as in Remark 3, there is
no further parameter other than p. One can then analyze numerically the behavior for small p
and safely use the half-signature as local topological marker, as long as it is stable. o

Remark 5 As pointed out in Remark 3, the condition (3) is easiest to satisfy if H is already
somewhat close to a flat band Hamiltonian. This can be attained by replacing a given initial
gapped finite-range periodic Hamiltonian H’ by a suitable polynomial H = ¢(H’) which is then
also periodic and of finite range, even though the range is increased by a factor given by the
degree of the polynomial ¢. The polynomial ¢ should be chosen odd with g(x) > 0 for z > 0 so
that H also has a spectral gap at 0, and, moreover, to have a degree as small as possible. Based
on the spectral information of H’, it is straightforward to construct a suitable polynomial. ¢

Remark 6 As already discussed in Remarks 2 and 4, we expect the signature of Ly to be sta-
ble for much smaller system sizes p. Let us support this belief by some numerics in the numeri-
cally most simple situation of a chiral model in dimension d = 1, namely the so-called SSH model
(see [18] for a detailed description of this much studied object). The chiral Hamiltonian is then
an off-diagonal 2 x 2 matrix with off-diagonal entry A given by an invertible tight-binding oper-
ator on (%(Z) which in Dirac Bra-Ket notation is given by A|x) = (m+m,)||x) + (1 +t,)|z+1),
where m > 0, (m,)zez and (t,).cz are independent and identically distributed random variables
in [\, \] with A < 1. For A and m sufficiently small, the operator A has a non-commutative
winding number equal to —1 in the present situation. According to Theorem 15 (the odd-
dimensional equivalent to Theorem 1), it can be computed using the following odd periodic

spectral localizer discussed in Section 3:

Irer — sin(£X)  1—cos(FX)\ 1 0 Ase .
np 1—cos(%X) —sin(%X) 1 (Azcr)* 0 .

Here X = X is the position operator and the right summand is the periodized SSH Hamiltonian
Hp in finite volume. Numerics readily show that its half-signature is —1 for a large span of p
and A, simply confirming Theorem 15. If the periodic boundary conditions are used, this reliably
works for p as small as 4. Also interesting is that drastic modifications of the Hamiltonian do
not alter the signature index if p is sufficiently large: instead of H}*, one can use H}* obtained
from HP* by setting all matrix elements (z|H5*|y) = 0 for either [x| > (1 —s)por [y| > (1 —s)p
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Figure 1: Plots of the full eigenvalue distribution for one realization of the Hamiltonian ]:l;jer
described in Remark 6, then its central part and in the third plot the eigenvalue distribution
of Li°,. The random variables are uniformly distributed, A = 0.5, m = 0.9¢, p = 300 and
s = 0.05. Hence the Hilbert space is of dimension 600 states and due to s = 0.05 the kernel of
Hp™ has about 60 states, and L}, has about 60 times the eigenvalues close to —2 and 2 each.
The half-signature of LY, is still —1.

where s € [0,1). Any s > 0 will eliminate the periodic boundary conditions and, moreover,
leads to a large kernel of H, roughly of dimension 4ps. Nevertheless, this kernel results from
regions where the first summand in (7) has large off-diagonal parts and hence does not lead to

a kernel of LP=. In the central region [—(1 — s)p, (1 — s)p]NZ where Ly extracts the topology

by means of its spectral asymmetry, the modified Hamiltonian ffpper coincides with the Hp®.
Indeed, numerics clearly show that the half-signature is still —1 as long as (1 — s)p &~ 30. This
clearly shows that the periodic spectral localizer in the regime of large p reads out the topology
locally close to the origin (where sin is linear and 1 — cos vanishes). o

Remark 7 In Section 4, it is shown how to deal with the strong Zs-invariants for Hamiltonians
lying in the suitable Cartan-Altland-Zirnbauer symmetry classes. In principle, one can also
access weak invariants by the techniques of the present work. Indeed, the experienced reader
will easily locate the relevant formulas for fuzzy tori in Section 5, but this is here not explained
in detail for solid state applications. o

Remark 8 Theorem 1 is stated for periodic Hamiltonians. However, for space homogeneous
random operators (in the sense of Bellissard [2], see also [18]), there is a natural construction
of periodic approximants [17]. For sufficiently large sizes of these approximants, the Chern
numbers coincide with those at infinite volume and can be computed using periodic boundary
conditions [17]. In order to avoid introducing the notational machinery, these results are not
spelled out in detail. o

Remark 9 From a K K-theoretic perspective (explained in some detail elsewhere), both Lpe
and L, , are representatives of a Kasparov product of two even K K-cycles [P] € KK°(C,A)
and [D] € KK°(A,C) for a suitable algebra A. The two gradings are apparent in (6), but
once the Kasparov product is computed, one can deform it without respecting the grading of
the separate Fredholm modules [D] and [P]. This is reflected by the lack of grading of the first
summand in expression (1) of the periodic spectral localizer. o
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Let us conclude this introduction with a brief discussion of the notion of a fuzzy d-torus in
connection with the periodic spectral localizer. This is discussed in detail in Section 5 which
we believe to be of considerable independent interest, possibly serving as a guideline to the
construction of numerically computable local index formulas for other fuzzy versions of classical
geometric objects. Abstract index formulas (not suitable for numerical implementation) have
been known for a long time [8, 6, 7], and invariants for the special case of fuzzy spheres were
already studied in other works, in particular [11, 15]. More specifically, a fuzzy d-torus consists
by definition of d operators Ai,..., A; which are almost unitary and almost commute, see
Definition 19. Motivated by standard models of topological insulators (see Chapter 2 in [18])
and the work [12], let us associate a selfadjoint operator to the fuzzy torus:

d d
{ 1 .
52 ®vj+< §ZA + Aj) >®’7d+17 (8)
j=1 7=1
where 71, ..., Y411 is an irreducible representation of the Clifford algebra with d + 1 generators.

In Section 5 it is shown that G is gapped and hence defines an even K-theory class which in
the case of a matrix torus of even dimension d can be read out as half-signature. At the root
of the construction of (8) is a classical map from the torus T¢ to the sphere S? of mapping
degree 1. This map is analyzed in detail in Appendix B. Using variations of this map, one
can construct a large set of invariants associated to the fuzzy torus, see Section 5. In the
context of Theorem 1, there are two fuzzy tori of matrices, namely e le ...,engd, Hpy and

Pe» P, ... Pe'v*P, where P, = X(Hp™ < 0). The first one is a (d + 1)-torus consisting of
d+1 operators, but the last operator HP in the list is selfadjoint; such a fuzzy (d + 1)-torus
is called a graded d-torus (see again Definition 19). Essentially the G-operator associated to

the graded fuzzy d-torus d PXl, et Hp® is the periodic spectral localizer. On the other

hand, P,e"r ’ Pp, o, P ’ de is an un-graded fuzzy d-torus. The latter is the reduced out
version of the former and both have the same topological content (see Proposition 33). Indeed,
for d = 2, this second fuzzy torus already played a role in [6, 7] and the recent work by Toniolo
on quantum Hall systems [23]. Combined with Theorem 1 one obtains:

Theorem 10 Let G = G(P,e'» X' P, ... P,e's™*P,) be constructed as in (8). For p sufficiently
large, one has

Cha(P) = 3 Sis(G) (9)

The remainder of the paper is organized as follows. Section 2 is dedicated to the proof of
Theorem 1. Section 3 describes the odd dimensional version of the periodic spectral localizer.
Then Section 4 shows how to modify the periodic spectral localizer so that it can be used to
compute Zy-invariants in systems with real symmetries such as time-reversal and particle-hole
symmetry. Finally Section 5 introduces the general notion of a fuzzy torus and shows how
to extract K-theoretic topological invariants from it. Finally Appendix A recalls the tight
connection between mapping degree and Chern number, which is then applied in Appendix B
in order to analyze the classical maps behind the index construction of the periodic spectral
localizer.



2 Periodic spectral localizer in even dimension

This section provides the proof of Theorem 1. Let H = H* be a bounded selfadjoint operator
on H = (*(Z CL) of finite range R which is periodic in all d directions with periods p =
(p1,-..,pa) € N As above let p € N be such that 2p is an integer multiple of all these p;.
Then H is 2p periodic in each of the d directions. It is well-known that such an operator can
be partially diagonalized by a Bloch-Floquet transformation F, : (2(Z%, C) — L*(T¢, C?)"L)
where T¢ = (R /47w pZ)*: .

F,HF, = / dk H (k) . (10)

d
T3

Then the periodic Hamiltonian appearing in (1) is H>* = H(0). Actually, any fiber H (k) could
be used as well and Theorem 1 remains valid. The first key observation, following directly from
the direct integral representation is that

spec(H}™) C spec(H) .

In particular, H>* also has a gap around the Fermi level y1 = 0 of size at least g = || H 17t

Next let us introduce the periodic function £ : R — [—1,1] by
() = sin(Z ), (11)
and then set &,(x) = 5(%). Due to the addition theorems, one then has
e” = 1—2&,(x)? +12&,(2)4/1 — &,(2)? (12)

for x € [—p,p]. The main estimates of the next lemma are folklore (e.g. [1]), but for the
convenience of the reader a full proof is nevertheless provided.

Lemma 11 Forj=1,....d and p € R, one has

e HIl < o I, A1 (13)

Furthermore if p € N is such that 2p is an integer multiple of the periods of H one has the
following commutator bounds for Hp:

H[COS(%X»,HEH} < ;H[XJ?H]H’ (14)

| [sin(55). 2| < s, H1 (15)
o112 25T

€)1 H] ™ < %HHH 11X, H]| - (16)



Proof. Let us start out by noting that £,(X;) is a linear combination of 2% and e "% X]',
see (11). Therefore DuHamel’s formula implies

eyl < (W51l + 155 ml) < 21,7l

which shows (13). As COS(%X ;) is a periodic multiplication operator one has

Ifeos(5X5), Hy" NIl < |[[cos(§.X;), HI||

s s
P P

and then (14) follows from DuHamel’s formula as above. Further, (15) holds by the same
argument. To show (16) note that

1 —cos(TX;)

&GP = ——2—

Then using the main theorem in [16] stating that for any positve semidefinite bounded operator
T on H, and any bounded operator S on H,

1 ) 1 1
|[T2, S]] < Z”S||2”[T’SH|2’

one obtains

< St [ - cosE X ]| < 2. )
= 4 p 2 p“r3)) P = 4\/% VAl )

where in the last step (14) was used. The square of this bound is precisely (16). O

I[1g (X))l H]

The next result shows that the signature in (5) is well-defined. Some elements of the proof
below are inspired by [12], others follow [15, 5].

Proposition 12 If all conditions of Theorem 1 hold, then the periodic spectral localizer satisfies
the bound (4). Moreover, if two parameter sets (n,p) and (1, p') both satisfy all conditions,
then

Sig(Ly) = Sig(LY,) .

Proof. Let us start out with several preliminaries. To shorten notations let us denote Hp*
simply by H,, Sin(%Xj) by s,; and COS(%Xj) by ¢, ;. Further let us introduce the Clifford
representation 7y, ..., V411 by

71:’3/1®0-1 5 ey ’yd—lz’?d—l®0-1a ’}/d:1®0'2, ,yd+1:1®037

where o1, 09 and o3 are the Pauli matrices. Finally let us set H p = %H o- Then the periodic
spectral localizer as given in (1) becomes

d d

Ly = Y spiv + (D= o) = Hp)asn t

j=1 j=1



Next let us introduce a tapering function as in [15, 5] by setting G(z) = 3(x(4z+3) — x (42 —3))
with y : R — [—1,1] being be the odd non-decreasing switch function with y(£+x) = %1 for
x > 1 given by x(z) = (2 — |z|) for z € [-1,1]. Then set G,(z) = G($). One finds that G,
satisfies by construction G,(x) = 1 for |z| < £ and G,(z) = 0 for || > p, and, moreover, it is
an even function. Furthermore, by Lemma 4 in [14] one has ||[G,(D), H® H]|| < % \[D, H® H]||
where D = Z 7; (see also [5]). As G, is even and Dy = 2?21 X;4; is normal, the operator

G,(D) is d1agonal Wlth diagonal entry G,(|Dy|) = G,(|D;]). Therefore the commutator bound
can also be stated as

G (1Dol), HIII < %H[DO,H]H- (18)

Then introduce an interpolating function G, : R — [0, 1] by G, +(x) = tGe(2)+(1—1). Finally
let us also set

Gy = GollDol) s Hppe = GiHy Gy,
where p' € [p, 2p| satisfies all conditions of Theorem 1. The path

d

€10,1] = L (1) Z spa + (D= ) = Hopre)asn (19)
j=1

connects Lze;p (0) = L}*, to an operator on (H, & Hy) @ C? that can be restricted to (H, ®

H,) ® C% casily. After these preparation, let us now start by computing the square

d d 2
L 2 = D s+ (2(1 —Cy ) — Hmp,,t) D1+ Y sy 500 @ 1
j=1 j=1 1<j<i<d
d d i
+ Z Sp/.j Z (1= ¢py) = Hopre] ® Yi%as1
7=1 7=1
d d ) 2 d )
> 5; o T Z (1—cpy) - Hp7p’7t> ®1 - Z s3> HppralllL . (20)
7j=1 7=1 7j=1
because [s, ;, Syl =[Sy, ¢py) =0 forall j,l=1,...,d. Hence
d d ) 2
>t (30 - )
j=1 j=1
d d ) ) d
= 25,2;/]+(Z(1_CP’J)> + (Hyp)? _Gptz (1 —cp )4, /+H (1_Cpa))Gpt
Jj=1 Jj=1 J=1
d d ) ) d A A
= >t (=) + (Hpp)? = MGy 3 (1= ey ) Hy + Hy(1 = 65)) G
j=1 7=1 7=1



where A > 0 is a parameter to be chosen later and H y = % Using si,’j + cz,d- = 1 for all
j=1,...,d one directly checks
d d ; d d d
St (S0 a) > S+ 30 e — 2300 e
j=1 j=1 j=1 j=1 j=1

Replacing in the above gives

d d 2
Z 8127’73'—’_ (Z<1 - Cp’,j) - Hp,pﬁt> = 2(1 - AGZJ) Z(l o CP’,J') + (Hp7p’7t)2
j=1

j=1
d
+ NG Y (L =y )X —Hy)+ (1= Hy)(1—cy )G -
j=1
Now let us use the elementary identity

. 1 - 1 -
1-H, = §(Hp,—1)2+§(1—]-]§,), (21)

which implies that

d d 2
D sist (Z(l — ) = Hp,,,/,t)

j=1

7=1
by d . .
5 G Y= )y = 172+ (Hy = 121 = ¢,) ) Gy
j=1
A d . .
+ 9 Gm(Z((l — )1 - H,?') +(1- Hp%)(l - Cp’,j»)Gpﬂf :
7=1

Both of the last two summands require a detailed analysis. In order to deal with the first of
them, let us use

(1- Cpﬁj)qu’ - 1>2 = ((ﬁp/ — 1) —cyy) +[1—cpy, HP' - 1})(1{]# —-1)

and
(Hy —1°(1—cyy) = (Hy—1)(1—cp;)(Hy —1) = [1 — ¢y, Hy — 1))

~

as well as (H,y — 1)(1 — ¢y ;)(Hy — 1) > 0. One gets
(1~ cpy)(Hy = 1)+ (Hy = 1)*(1 = ¢py) > =2|[[1 = ¢y, Hy — ||| Hy — 1|12

> —=2||ley 5, Hy |l (1 || + 1)1
> —dmax{[|Hy ||, 1} [[[cy 5, Hpyll| 1
A
> e max{[|H ||, An}[|[X;, H][| 1,
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where the last step follows from Lemma 11. This combined with G? < 1 leads to

d d ) 2
S (Z(l ) H)

Jj=1

d
~ 2T
> 21 = AG2)Y (A —cpy) + (Hpps) — max{|[H ||, An}d M1

2
= An?pf
\ d
5 G (Do = ey ) (1= F2) + (1= H2)(1 = 1)) ) G
=1
For the last summand, let us use that (12) implies 1_;” = &> where & ; = sin(5X;).
Thus

(1—cp))A—H)+ (1= H2)(1—cp)
= 41&, 511 = H)IEp 5| = 21€0 1[0 = H2), |6 51] = 2[1€0 51, (1 = H2)IEp 41

A 5/ 1 3
> 2= Holl (A=) = 8352 —= ayy W A A 1

Replacing in the above, one then gets

d d 2 d
ZSi/] -+ <Z Cp/,j) - ﬁp,p’,t) 2 <2 - (2)\ + H)\]‘ - 1H2 H > Z Cp ]
j=1 =1

+ (Hp,p',t)Q - max{||H||, \n} d M 1

2w
)\2/
5\/_

Hl|2 d\/ 1.

Now let us focus on the summand (H, )2 Due to (_E[p’p/’t)z > ¢*1 and again G2, <1

(Hpps)? = (G2 HYGE, + G2 HylGot, HylGoy + Gou[Hy, Gpi)G i HypGy)
> %Gﬁ,t - 7,2_2||H|| ||[ pits p’]” 1.

The commutator can be bounded using (18):
16
G Hylll = #lIG s (1Dol), Holll = 4G ([Do]), H]| < == [[Do, Al

where [Ge(|Do|), Hy & Hy] = [G2(|Dol), H] as R+ 5§ < p < p' so that periodic boundary
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conditions do not interfere in the commutator. Replacing this, one concludes from (20)

d

2
per —1 717 g
L (t)? > (2 — 22X+ A1 =) 1H§,||)Gf,’t> 2(1 —cyj) + ?Gﬁ’t
j=1
27 5T i
- >\772pl maX{HHH,)\n}dMl A 2\/7 ||H” 2dv M1

_ 32[H]]

Using 2?21(1—0,)/,]-) < 2d and also bounding ||[s, ;,
dM, this implies

Lper ( )2

(1) > (2 — (A ML= ATHR) G2, +
2w
)‘772/0/
32| H
S8 Ny T gy
pn np

max{| H|[, A} d M1 —

d
1
I[Do, H]| 1 — EZ Ilspr 5 H
j=1

Hyl|| < M by Lemma 11 and |[[Do, H]|| <

g’ : 9

4

1a7 %o )21—%] o O
J=1

5/
) QWHHH 2dvVM 1

Now the parenthesis in the first summand seen as a function of G/Z)’t has a negative derivative

for all G2, € [0, 1] as long as

2A+ A1 =\
which, after discarding the summand |[A1 —

n > ﬁl (which is required in Theorem 1).
G? = 1. Hence

e (02 > (2 — (2 AL ATEE) +
21
- Ve max{| H|,\n} d M1 —
 32|H
H2HdM1 M
P np

> (2 — (2 AL ATHE)) +

2w
— Ve max{| H|,\n}d M1 —
32 H
H2HdM1 M,
P np

12

92

*1H§,||, actually always holds for A > % and
Then the minimum of the parenthesis is taken at

d
>Z —Cpj) 22G4

\/_
2\/T||H|| 2dvV M1

2 d

927.[_2
1—cy)+ 27 1
8d1) 2> D (1 —cpy) + 2560d1?

7j=1

f ||HH 2dv/M1



because Z;.l:l(l —Cyj) > % ZJ ) (;T X2 > “(" (1-GY) > Z-(1—G}) where the second step

holds as (1 — G})x (Zj VX7 < pz) = 0 and the final step used the bound p’ < 2p. Because
spec(H,) C spec(H)
A= ATTE <AL= AT

Thus let us minimize f(\) =2\ + [|A1 — A~ 1H z|| over A € [4, ”n_”] By spectral calculus and
elementary analysis one finds
2 2
. . g~ IH]
min A) = min )\<2+max{1— , —1}) = f(Ae
et 7 el |IH]] Anp? A f)
where (\.)% = ”HQTJ“‘] Thus
1 g+ 3[|H]|? IH]] | : !
00 - L T )
() =5 V2@ + [H? U ) \/1—%( — i)

2

< Mo 0~ o)) < @@%(1_“%")2)

n n
where the first inequality follows from /1 + € + \/ﬁ < 2+ 1% holding for € € [—3,1]. Then
the term in the parenthesis satisfies
1772 g’ g’ ” I g N2 g9
2— (2A+[AL=ATH )+ 4dn > Q_f(ACHW > . <2+2(1_W) )+8dn2 >0,

where the last inequality is precisely the bound (3) divided by ‘H”. Due to [|[H|| > nAe > ¢
and the equality max{||H||, A\cn} = ||H|| one hence deduces

2.2
g’ 5\/_
Ly t)? > 1 - H||dM1 — H|2dVM1
128||H
—Mdm - —/d||H||M1
PNy neyg
2
g 128 + 37 \/_
> 1 - H||dM1 — H|2dvVM 1,

where 1 < ”%” and n > ¢ was used. Now p is bounded below by (2) and p’ bis bounded below
by p. Then elementary numerical estimates show that

2 g’
Lper >
WPP( ) - 600d772 ’

(22)

uniformly in ¢t € [0,1]. For ¢t = 0 this implies (4), namely the first claim of the proposition.

Now let (1, p) and (17, p') both satisfy all the conditions of Theorem 1 and suppose, without
restriction, that p' € [p,2p]. Continuity of L7 in 7 together with the bound (22) shows that

13



Sig(L,",) = Sig(L;",). Hence one can assume ' = 5. Then the above argument shows that

‘]cghe signature does not change along the paths ¢ € [0,1] — L% (¢) and ¢ € [0,1] — L} (?).
ut

L;?;),p’(l) = Lf]?;,p’(]')'Hg D (Dz’er)'HPIG’Hg )
where DP"" is the first summand in (1) with p replaced by p’ and the lower index Hs and
(Hpy © He) indicates its restriction to (Hz & Hs) ® C? and (Hy © Hy) © (He ®He)) ® c?
respectively. As Sig((D}")uen p ) = 0 it is sufficient to show
Sig(Ly, » (1)

) = Sig(Ly7, (V) -

L L
2 2

This follows as the path

d d
, . W 1
te0,1] =Y sin(rd=y X)) v + (Z(I_COS<WXJ))_EG§(|D0|)HG’2’(|DO|)>%1+17
j=1

J=1

of operators on (Hg &) ’Hg) ® C¥ entirely lies in the invertibles, which can be checked directly
by an argument very similar to the one showing that the path in (19) lies in the invertibles. O

In the proof of Proposition 12 it was shown that L} can be homotopically deformed into

d d
. T e 1 per
Lyno(1) = Dosin(E X5) 95 + 3 (L= cos(E Xp)uer — L GoHy "Gy (23)
j=1 Jj=1

without closing the gap, provided the conditions of Theorem 1 hold. In particular, one has
Sig(Ly=) = Sig(Lp, ,(1)). Here G, = G2 (|Dol) is a tapering function so that G,H;"G, is

1,0:P
a tempered Hamiltonian which is localized strictly inside the volume [—2, £]¢

£,5]%. In particular,
the boundary conditions on the Hamiltonian are irrelevant, namely G,H;*G, = G,HG,. As
already stressed in Section 1, this reflects that the signature is a local topological invariant

associated to the Hamiltonian.

The next step in the proof of Theorem 1 will be to deform the first two summands in (23).
To spell out that homotopy, it will be useful to express Lfl'f;,p(l) through the function £ by
means of the formula (12):

d d
1
LoD = 23 6i/1-€57% + X &un) = L GoHGan, (20
j=1 j=1

where ,; = sin(35X;), see (11). Then the homotopy in the parameter s € [0,1] will be given

by d d
L (1 = 2 1 — s2¢2 2 1 G, HG 2
7770( ’S) - (ng,j - gp,j i+ ngp,j’yd-‘rl) - 5 p p Vd+1 - ( 5)
j=1 j=1

Clearly Ly (1,1) = Ly (1), but moreover Ly (1,0) is essentially the spectral localizer with

the damped Hamiltonian G,HG,. It was already proved in earlier works [14, 15, 5] that the

14



half-signature of the spectral localizer with this damped Hamiltonian is equal to the index
pairing Ind(PFP + 1 — P) with F' as below, which by an index theorem [18] is in turn equal
to the Chern number. Hence a central element of the proof of Theorem 1 consists in checking
that the homotopy s € [0, 1] = Lz (1, s) lies in the invertible matrices.

Proposition 13 For (n, p) satisfying the conditions of Theorem 1,
1 : er
5 Sig(Ly7) = Ind(PFP+1-P),

where P = x(H < 0) and F = Dy|Dy|™! is the phase of Dy = Z;l:l X;75;, suitably reqularized
at the origin.

Proof. The main result of [15, 5] states that PF'P +1 — P is a Fredholm operator with index
that can be computed as the half-signature of the finite-volume restrictions L, , of the spectral
localizer defined in (6), provided that the parameters £ > 0 and p < oo are sufficiently small and
large respectively. As also the signature of the periodic spectral localizer Ly and its damped
version LP (1) is stable for such parameters by Proposition 12, it hence merely has to be

7,0:P

shown that for such parameters Lb* (1) is homotopic to L, inside of the invertible matrices

so that the signature does not change. Being able to choose p sufficiently large considerably
simplifies the proof because one can simply neglect all commutators of the type [Ge (| Do), H]
and [€2 ),
Proposition 12. Furthermore, it is possible to choose n = 2||H|| because then the bound (3) is
automatically satisfied.

Let us start out by proving that the path s € [0,1] = Lp(1,s) defined in (25) lies in the
invertible matrices forp sufficiently large. The proof will essentially follow the first part of the
proof of Proposition 12, namely one Slmply checks that Ly (1, 5)? > 0 for all s € [0,1]. Setting

G, = Gs(|Do|) and H = H 5||HH
above, the square of (25) can be computed using

d d
(ng Y 1- P] Vot Z 85;)17‘”1) = Z@ij
J=1 j=1

H] as they are of order O(%). Here s is the same function as used in the proof of

and, moreover, discarding commutators as described

and thus satisfies

L0, 2 436+ GG -2 (L GHG, + GG, Y ) + 0(h)
d d
B 425%2’79‘(1_SGi)+Giﬁ2Gi+25GP(Z§§,j(1_H)+(1—ﬁ)zf§,j)Gp+O<\/Lﬁ> :

J=1 J=1 Jj=1

with a remainder that is uniformly bounded in s € [0,1]. In the first summand one can use
the lower bound 1 — sG% > 1 — G2. In the second summand, let us simply use G2H*G? >

15



1

25 T HH2G4 Finally, the last summand is non-negative up to errors (’)(%) because 1 — H > %

and &2 (1 — )= (1 — )fm + (9(71)) by Lemma 11. Hence

d
16 g?

per 2 2 2 4 1
L’]7P<1’S) Z 426/),.1(1 o GP) 25 ||HH2G + 0(7)
Now one uses the geometric fact that E] &1 =-G3) > sin(7=
1 —G? + G* > 2 holding for any number G € [0,1] to conclude
L (1,5)* > min 16 9_2 dsin(7=)* b (1 - G2 —|—G4) + O0(%)

P\ = 25 ||H||?’ 8vd NG

3 . (16 ¢ )
Z Z—lmln{%w7481n(8\[> } +O(7)

The next (and essentially final) step is to homotopiclly deform

Lper 1 0 _ _GPﬁGP 22?:1 fﬁ,jﬁy;
e O S TV e 0
Zj:l €07 pl1Gp

-)*(1 — G?) and the bound

3

into

f/ﬁp = _deHGpA RZ] 1X 1 )
’ “Zj:l X% Gy HG

inside of the invertible matrices. This can readily be checked for the straight-line path from
Ly (1,0) to Ly, But due to the stability of the signature, one has Sig(L,) = Sig(Ls,,) for

r sufficiently small and p sufficiently large. But by [15, Theorem 3] or [5, Theorem 10.3.1] the
index of PF'P + 1 — P equals the half-signature of L, ,. O

Proof of Theorem 1: By a well-known index theorem [18] the Chern number Chy(P) is equal
to the index pairing appearing in Proposition 13, which hence directly implies the claim. O

Remark 14 As already stressed in the introduction, the quantitative aspects of the proofs in
this section are far from optimal. Considerably better (but still not optimal) estimates can be
obtained by working with

I >0 (1= cos(mxa(X;))) S sin(my (X)) 4 L1 (—HZ’“ 0 )
e Z;l=1 sin(mx.(X;)) 5 — ijl (1 — cos(ﬂxﬁ(Xj))) n 0 Hrer )

p
where xx(x) = x(kx) is constructed from a suitable switch function x and £ > 0 is a sup-
plementary parameter. Modifying the above proofs one can show that Chy(P) = 3 Sig(LZ, ,)
provided that (3) holds as well as the bounds

g’ 4Vd

< > —
"= 80eM|HT 7T Tk

Note that this merely requires p > C’ M| H||n/g> for some constant C’, which is considerably
weaker than (2). However, the advantage of Lb given in (1) over Lb7  is the simplicity of
the formula as well as the fact that L} essentially contains no other free parameter than the

volume (as discussed in Remark 3, one can safely choose n ~ ||H]|). o
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3 0Odd periodic spectral localizer

In this brief section, the odd-dimensional counterpart to Theorem 1 is described. Hence let H
be a finite-range tight-binding Hamiltonian on the Hilbert space H = ¢%(Z%, CL) with d odd
and L even and with a spectral gap at 0. On the fiber C* let J be a selfadjoint unitary with
eigenvalues 1 and —1 of equal multiplicity % The Hamiltonian is supposed to be chiral in the
sense that JH.J = —H. This implies that it is off-diagonal in the grading of J:

o (00 ()

where hence A is an invertible short-range periodic operator on 2(Z¢, (C%). As such it has a
strong invariant Chy(A) € Z called either a (higher) winding number or also an odd Chern
number [18]. Previous results [14, 5] allow to compute it as the signature of the spectral
localizer. Here a similar connection is established to the (odd) periodic spectral localizer which
is defined to be the finite-dimensional matrix on H, ® C? where H, = (>((Z/(2pZ))¢, C*) given
by

d . T d s
Lper _ Zj:l Sln(; X]) ’}/] Zjil (1 - COS(; X])) 1 per (27)
- d T d - - - .
P Zj:l (1 - COS(;XJ‘)) _ijl Sm(; X;) v n’
Just as in (1), the size p is a multiple of the periodicities of H, H>* is the Hamiltonian with

periodic boundary conditions on H, and vi,...,74 is an irreducible Clifford representation
acting on C%. Note that Hp® is again off-diagonal and its upper right entry is denoted by Ab.

Theorem 15 Let d be odd. Suppose that H s a finite-range periodic operator on H =
(%(Z%,CE) of the form (26). Let n and p satisfy the same conditions as in Theorem 1, in
particular the bounds (2) and (3). Then L% defined in (27) is gapped with the bound (4) and
the odd Chern number is

P

Chy(A) = %Sig(Lp'"). (28)

All the comments of Section 1 transpose to the odd-dimensional case. Example 26 in
Section 5 explains that, in the case of a flat band Hamiltonian, the signature invariant in
Theorem 15 is in fact associated to a fuzzy torus associated to H.

Sketch of proof of Theorem 15. A detailed proof will not be provided as it merely a mod-
ification of the proof of Theorem 1. However, let us briefly sketch the strategy of the argu-
ment. Unless differences are stressed, the same notations as in Section 2 will be used. Here
Gpr = G,u(D) for t € [0,1] and D = Z?:l X; ;. By an argument similar to the one leading
to Proposition 12, one shows that the path ¢ € [0, 1] — L% (t) for

7,050

(1) = ( Z?:l sin($ X;); Z;l:l (1- cos(% Xj))> 1

L 0 g, Coi o)
d ™ d s(T -
Zj:l (1 - COS(; Xj)) _ijl Sm(; X;) 7 o'

0.0 n (Gp,t<Azfr)*Gp,t 0

lies in the invertibles and fulfills the bound (4) if  and p satisfy the conditions of Theorem 15
and p’ fulfills p < p/ < 2p. Then, as in the proof of Proposition 12 one can conclude that
Sig(Lr+) is independent of 7 and p in the permitted range of parameters.

/
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To show that the half-signature of the periodic spectral localizer equals the Chern number

of A let us use the path s € [0,1] — L5 (1,s) given by

d d er
Lper(l S) B 2 Zj:l fp,j, /1 — 5252,3- Y5 2s Zj:l fg,j - %GpAZ GP (29>
YDA o d er) d
2s ijl 5,%,]' N %GP(AZ )G, =2 ijl $pi V 1-—s? ij T

with £, ; = sin(3;X;) as in (11). As in the proof of Proposition 13, one checks that L (1, s) is

invertible for p sufficiently large. Thus Sig(Ly) = Sig(Lr(1,0)). Finally, by transposing the
techniques of the proof of Proposition 13, Ly (1 0) can be deformed inside the set of invertibles
into the odd spectral localizer introduced in Section 1.4 of [14] but with A replaced by —A.
Then as Chy(A) = Chy(—A) Theorem 1 in [14] allows to conclude. O

4 Zo-invariants via periodic spectral localizer

This section addresses the real cases of the CAZ (Cartan-Altland-Zirnbauer) classification.
They all impose a symmetry property on the Hamiltonian that involves a complex conjugation
(real structure, denoted by an overline) on the complex Hilbert space. There are 64 such cases,
stemming from an 8-periodicity in both dimension d and the CAZ classes (both routed in Bott
periodicity). Only 16 of these cases are known to lead to Zy-valued strong invariants [19, 10]. In
previous works [13, 4] it was shown that a real skew-adjoint version of the spectral localizer, the
so-called skew localizer, can be used to compute these Zs-indices. In this section the associated
skew periodic localizer is introduced for the physically most relevant low-dimensional cases,
and it is shown that the sign of its Pfaffian is connected to the Zs-invariants. An exhaustive
treatment of all cases as in [4] is not provided here.

Let us now sketch the general common scheme. Like in [4], the skew periodic localizer
is constructed from the periodic localizer by a basis change and multiplication by 2. More
explicitly, in each of the relevant CAZ classes in even dimension d, there is a unitary R :
(H, ®H,) ® C¥ — (H,®H,) ® C* such that the skew periodic localizer given by

skew,per __ * T per
anp =R Ln,pR

is a real and skew-adjoint operator on (H,®H,)® C?. For odd d, the only modification is that
R:H,® c - H,® C% and Lyerrer then acts on H, ®@ C%. Cleary R depends on p, but as R
is local this dependence is suppressed in the notation. For even d and (7, p) as in Theorem 1
and for odd d and (n, p) as in Theorem 15 this operator is invertible and therefore has a non-
vanishing Pfaffian. Moreover, let D be a suitable perturbation of the first summand of the
periodic spectral localizer (1) or (27) by a term localized at the origin such that D is invertible
and such that D™ = 4 R*DR is real and skew-adjoint. Then its Pfaffian is well-defined, does
not vanish and the Zs-index associated to the Hamiltonian H is in each case proven to be given
by

Indy(T) = sgn(Pf(L;%"")) sgn(Pf(D5)) € Zy (30)
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where Indy(7") = dim(Ker(7")) mod 2 in the 16 relevant cases is defined as in [10] using the
Fredholm operators T = PFP + (1 — P) or T = EAE + (1 — E) with F being the Dirac
phase and E the Hardy projection. Let us stress that the sign of the Pfaffian depends on the
choice of basis and that for a suitable choice one can always arrange that sgn(Pf(D5<")) = 1
so that the equality (30) takes a more simple form. Let us also note that the index pairing
and therefore also the Zs-index does depend on the perturbation of the first summand of the
periodic spectral localizer at the origin. In the following this scheme is materialized in some of
the important cases by constructing the unitary R. Also explicit formulas for Lj© > will be
provided in these cases.

Case d =1 for CAZ class DIII: For d = 1 the Dirac operator is just the position operator
D = X. Let us add the projection onto its kernel to make it invertible, namely D = X + pq
where py is the orthogonal projection onto Ker(D) = span(|0)). Let H be a finite-range periodic
Hamiltonian on ¢*(Z,C¥) with L even that is in CAZ class DIII namely that has a odd time-
reversal symmetry and an even particle-hole symmetry. In a suitably chosen basis, H is of the
form (26) with an A € B(¢*(Z,C?)) fulfilling the additional symmetry

(102)*A*10y = A (31)

where o3 denotes the second Pauli matrix acting only on the fiber. The index pairing is
T =FAFE +1— E where E = x(D > 0). Then set

B 0 109 I+ 1 oy
o= (n ) me () o
Then Q is a self-adjoint real unitary and R is a particular choice for the root, namely R? =

(in principle one may choose other roots, but this choice leads to nice formulas below). The
one-dimensional periodic spectral localizer is

o sin(£X) 1 —cos($.X) 1 0 Ay
P \1—cos(3X) —sin(3X) o (A0

where AP is the off-diagonal entry of Hp*. As Ay fulfills the same symmetry relation as A,

namely (31) holds with A replaced by APer one then has QL7 ,Q = —Ly . Then set
Livr = 4RI R, D* = «RD,R,
where

B sin($.X) +po 1 —cos(5X)
7 \1—cos(3X) —sin(5X)—po ,

Both Ly and D3 are bounded real and skew-adjoint operators. Explicitly one finds:

skew,per __ —(1- COS<p ) SCE(Aper))l@ Sin(%X)wg + 5 1g S(Aze)
b = ( sin( Xoa — o S(Ap)” 109 (1 — cos(p ) 1 %(Aper))> ,

p

where R(B) = (B + B) an = (B — B) are real (note that they are different from
Re(B) = L(B + B*) and Sm(B) = o (B — B*)).

o
/CQ
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Proposition 16 For (1, p) as in Theorem 1, Ly and D™ are invertible and (30) holds.

Proof. First of all L}* and therefore L;*"** is invertible by Theorem 15. Therefore and as
D" is a real skew-adjoint invertible by construction, the r.h.s. of (30) is well-defined. One

has to show that it is independent of n and p. For L} ,(t), as in the proof of Theorem 15,

QLy,0Q = —Lij /(1)
for all ¢ € [0,1]. Therefore « R*L)" (t)R is a real skew-adjoint invertible and thus its Pfaffian
is well-defined, does not vanish and the sign of this Pfaffian is independent of t. Now let (7, p)
and (1, p’) both satisfy all the conditions of Theorem 1 and suppose, without restriction, that
p < p' < 2p. Continuity of L;"* in n allows to assume n = n’. By the above argument it is
sffucient to show
sgn(Pf(s R* Ly (1) R))sgn(Pf(D5™)) = sgn(Pf(e R*L}" (1) R))sgn(Pf(D5)) .

7,0:P 7:0,0’

But

L (1) = L% (D, @ (Do om,
where the lower index s indicates the restriction to He ® C? and the lower index (#, © He)
indicates the restriction to (H, © ’Hg) ® C2. Thus

seu(PE( R7Ly (1) R))sen(PE(DG™)) = sen(PE((e BTLYS /(1) R)u, ))sen(PE(D™ )u, 0m,)

7,0,0 7,050’
sen(PE((Dy™)a, ))sen(PE(Dy™ ), om, )

= sen(P((e B°L7 (1) R)w g ))sen(PE((D5™)n

7:0,0'

) -

L
2
By the same argument

sgn(Pf(e R* L}, (1) R))sgn(Pf(D5)) = sgn(Pf((2 R* Ly, (1) R)

0,0,p 7,0,p

))sen(PE((D; )2, ) -

w\b

Because the paths ¢ € [0,1] = (W R*L)" (4, (1)R)H% and ¢ € [0,1] = (Djs_yy >Hg both

lay in the real skew-adjoint invertibles

sgn(PE(( R L7 (D R)u, ) = sen(PH(( RTLEG (1) R)w, )

0,0:P 7,059 s

and
sen(PE((DS™y)) = sen(PHDRE))

for any fixed basis of He ® C2. This shows that the r.h.s. of (30) is independent of (1, p) in
the permitted range of parameters.

Thus it remains to show (30) where p can be chosen as large as needed. For Ly (1,s) as in
the proof of Theorem 15

QLip(Ls)Q = —Ly7, (1,s)
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for all s € [0,1]. Thus « R*Li* (1, s)R is a path of real skew-adjoint invertibles. Thus for fixed
and sufficiently large p, the Pfaffain of the skew periodic localizer has the same sign as the
Pfaffain of the skew localizer L, , for the considered index pairing introduced in Section 5.2 of
[4] but for —A instead of A. In the same way, one checks that the sign of the Pfaffian of D3
equals the sign of the Pfaffian of (+ R*((D + po) ® (D + po))R),. Then the claim follows from
Theorem 26 in [4] as Inda(FAE + (1 — E)) = Indo(—FAE + (1 — E)). O

Case d = 2 for CAZ class AIl: For d = 2 the Dirac operator is D = X v, + Xo72. Thus its
off-diagonal entry is Dy = X7 + 1 X5. Again in order to eliminate the kernel, Dy is replaced by
Dy + po with a projection py on the origin. For sake of simplicity let us suppress this in the
notations. In the present case, the index pairing is T = PFP + 1 — P where F = Dy|Dg|™*
is the Dirac phase and P = y(H < 0). Then the symmetry of the Hamiltonian is oy Hoy = H
where o3 is the second Pauli matrix which commutes with X; and X5. Then for @) as in (32) the
periodic spectral localizer defined by (1) satisfies QL5Q = — L. Finally the skew periodic
localizer and D*" are again defined by

skew,per ___ * T per skew __ *
Lo =y RPLIR . D™ =1R'D,R,

for R as in (32). Both are real and skew-adjoint and the explicit form of the skew periodic
localizer is

p— —103sin(2 X)) 105 Y7 (1= cos(2X;)) + sin(ZX,)
e oy Z?Zl(l — cos(2X;)) — sin(5X>) w02 sin(7 X1)

1( S(H) —wQafe(H)).

n \—oaR(H) —S(H)

By essentially the same proof as in Proposition 16 one obtains:

Proposition 17 For (1, p) as in Theorem 1, Ly and Dy are invertible and (30) holds.

Case d = 3 for CAZ class AII: For d = 3 the Dirac operator is D = X7, + Xovs + X37s.
Then let us set D = D + ypy. Let H be a finite-range periodic Hamiltonian on ¢2(Z, C)
that is in CAZ class AIl namely that has an odd time-reversal symmetry ooHo, = H. The
index pairing is 7 = E(1 — 2P)E 4+ 1 — E where E = x(D > 0) and P = y(H < 0). The skew
periodic localizer can be obtained form the even or odd periodic spectral localizer.

The even periodic spectral localizer, given by (1), fulfills QL3,Q = —Lr for
0 o272
= . 33
Q= (o, %) (33)

One possible choice of R is



where R? = 057, and R = R* = R~!. The skew periodic localizer is off-diagonal
skew,per O B
Ly = <—B; Op) g (35)
for B, = R*(z Z] 1 Sm(pX )y — 31+ Z] 1 COS(WX )+ %ngr)R-

Proposition 18 For (1, p) as in Theorem 1, L; """ and D3 are invertible and one has (30).
Choosing the even periodic spectral localizer and R as in (34) one obtains

Indy(T) = sgn(det(Bp))sgn(det(Cp))

for B, as above and C, = R* (1 Z _y sin(£.X;)79; + 7ipo — 31 + Z?:l cos($X;))R.

5 Fuzzy tori and their invariants

This section develops a general theory of fuzzy tori and their invariants. Here the terminology
of fuzzy geometric object is meant in the following sense: consider a classical geometric object
(compact or non-compact) as a subset of an Euclidean space R? defined by a set of equations
in the components of z = (x1,...,14) € R% replace these coordinates or functions of them by
operators in some algebra and ask the defining equations to be satisfied only approximately,
namely up to errors in operator norm; then these operators are called a fuzzy geometric object.
As this is a particular case of algebras defined by relation, an abstract study of the K-theoretic
invariants of such fuzzy objects has been known for a long time [8, 6, 7]. The construction
of these invariants was essentially based on the replacement of the fuzzy object into classical
maps from the geometric object to a sphere [11]. This leads to correct, but not very practical
maps. Here we rather use relatively easy polynomial maps into the dotted Euclidean space and
show that they do allow to construct the invariants, actually in a much easier manner that can
be implemented numerically. The focus is only on fuzzy tori, because of their great relevance
for solid state systems and hence connections to the first part of the paper. More precisely,
it is shown how these abstract constructions applied to natural fuzzy tori associated to the
situations analyzed in Sections 1 to 3 directly lead to the periodic spectral localizers.

Definition 19 Let A be a C*-algebra of operators on a separable Hilbert space H and let A~
denote its unitization. Then d invertible operators Ay, ..., Aq € A~ form a d-dimensional fuzzy
torus of width 6 € [0,1), or simply a fuzzy d-torus, if for all j,i =1,...,d

[A; A7 =1 <6, |lAFA; =1 <0, [[[4; Al < 6. (36)
If, moreover, is given a selfadjoint,
(Aa+1)” = Aan (37)

such that Ay, ..., Agy1 € A~ form a (d + 1)-dimensional fuzzy torus of width 6 € [0,1), then
Ay, ..., Ag € AY are said to form a graded fuzzy d-torus of width 6 > 0.
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Recall the definition of the real and imaginary part of an operator A:

1 1
= —(A+ 4", Sm(A) = —(A—A").
2 21
Definition 20 Associated to a fuzzy d-torus Ay, ..., Ag € A~ and a subset I C {1,...,d}, the

operator Gy = G(Ay, ..., Ay) is defined by

Re(A)

1| ||
Gr =Y Sm(A) @+ [ (- D1=> Re(A;) | @y . (38)
J=1 j=1
where I = {iy, ... i1} and 1, ..., Y441 is an irreducible selfadjoint representation of the Clif-

ford algebra with d + 1 generators. Furthermore, if Ay, ..., Agp1 € A~ form a graded fuzzy
d-torus, then an operator G; = Gr(Ai, ..., Agr1) is introduced by

] ]
G[ = Z %m(AZ]) (059 v + |[’1 — Z ?RG(AZJ) — Ad+1 X ’}/‘]H_l . (39)
j=1

By construction, G; = G} and @; = G are selfadjoint operators on H ® C% for some d'.
The results below show that G; and G; are invertible for sufficiently small 9, so that their
positive spectral projections fix K-theory classes which for matrices can simply be read out via
the signature. Underlying the construction in (38) are certain maps gy 71 : T¢ — R\ {0}
which for even |I| are analyzed in detail in Appendix B. In particular, it is shown that the
normalized maps g7 1-1//lgj1,1-1]| : T* — S have a mapping degree equal to 1. One then
gets Gy : T — C¥*¥ by multiplying the coefficients with an irreducible representation of |I|+1
Clifford generators:

] ]

Gr(e”) =) sin(0;) @+ [ (= D1 = cos(6y) | @y -
j=1 j=l1

As G(e?) remains gapped, Sig(G;(e*)) is independent of 6 and Sig(G;(e¥)) = Sig(G(1)) = 0.
The same holds for fuzzy tori composed of commuting unitary matrices:

Proposition 21 If a fuzzy d-torus consists of commuting unitary matrices Ay, . .., Aq, one has
Sig(Gy) = 0 and Sig(Gy) =0 for all 1.

Proof. As the matrices can be simultaneously diagonalized, the above argument applies to all
common eigenspaces. O

For non-commuting (but almost commuting) matrices, the signatures of G; and G 7 can be
different from zero though, see the examples below. Hence these signatures allow to distinguish
different_homotopy classes of fuzzy d-tori. As shown in Proposition 33 below, the definition
(39) of G essentially reduces to the same map. Furthermore, one has the following elementary
fact:
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Lemma 22 For odd |I|, there exists a further Clifford generator I' = 7|42 on the same repre-
sentation space for which T'G[I' = -G and I'G{I" = —GF.

Remark 23 The formulas (38) and (39) look very much alike, but there is nevertheless a
crucial difference that will be explained now. Given a graded fuzzy d-torus A;,..., Agy1 €
A~ one can, of course view it by definition as an (d + 1)-dimensional fuzzy torus and hence
associate the operators G; = Gr(Ajy, ..., Agr1). It requires the use of an irreducible selfadjoint
representation of the Clifford algebra with |I|4 2 generators even though, for d+1 € I and due
to Sm(Aqy1) = 0, the generator ;41 does not appear in the formula. Therefore, the operator
G satisfies the chirality relation 77+1Gry7+1 = —Gr, no matter whether |I| is even or odd.
For odd ||, it is not possible to add a further Clifford generator on the representation space.
On the other hand, if |I| is even, there then does exist an extra generator 7|713. Choosing the
representation such that

M= N®01, o N = W®0 s Va2 = W ®01, Y = 1Q02, Vs = 1Q03,

where 01, 03 and o3 are the Pauli matrices and 4, ..., 9|74+1 is an irreducible selfadjoint repre-
sentation of the Clifford algebra with ||+ 1 generators, one then has the two chirality relations

O'QG[O'Q = —G[, 0'3G[O'3 = —G] .

By an elementary argument with 2 x 2 matrices, the second relation implies that G is off-
diagonal in the grading of the Pauli matrices, and the first relation that the off-diagonal entry
is selfadjoint. Actually, setting [ = I \ {d+1} and comparing with the definition of G; written
with the 4, instead of the v;, one finds

G; = (Ggl C(?) , || even .

Hence @f is the reduced-out form of G;. Note that the spectra satisfy spec(Gy) = spec(éf) U

—spec(G;)). In particular, the spectrum of G 1 is always symmetric, while that of G'; may have
(—spec(G; P ; p yS sy 7 ; may
a spectral asymmetry. o

Before starting with the analysis of the gap of G; and G and their K-theoretic interpreta-
tions, let us provide several examples of fuzzy tori.

Example 24 Let § € R¥? be an anti-symmetric matrix and Ay = C*(Uy,...,Uy) be the
d-dimensional rotation algebra generated by d unitaries Uy, ..., Uy satisfying U;U; = €U, Us,.
One has the bound ||[U;, Uj]|| < (2(1 — cos(@i,j)))%. Hence if |6; ;| < 9§, then [|[U;, Uj]|| < 6. If
this holds for all i # j, then Uy, ..., Uy form a fuzzy d-torus of width §. o

Example 25 Let A € CY(T9, CL*L) be a continuously differentiable function from the classical

d-torus to the invertible L x L-matrices. This is viewed as a fiberwise multiplication operator
on L*(T? C%). Tt is supposed to lead to small norms ||A*A — 1| and |[|AA* — 1|, namely is
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almost unitary. It is well-known that A has odd Chern numbers (also called higher winding

numbers) given by
Tr ((A"'dA)?) .
Je((aay)

Let 19; for j = 1,...,d be the (selfadjoint) coordinate vector fields on the torus. Then e"™x=(9;)
is defined by functional calculus from a scaled smooth switch function x,(x) = x(kz). For
sufficiently small, an argument similar to the one leading to Lemma 11 implies that

d+1

Gd—-1)) /%
_1( )

6z7rx,i(zdl) o ,ezﬂx,ﬁ(zad) ,A

form a fuzzy (d + 1)-torus in the algebra of bounded operators on L*(T¢, CF). Its width can
be determined from s and the above two norms. Note that, due to x,(20;) = x(k20;), k plays
the role of Planck’s constant here. Also let us stress that associated to a classical d-torus T¢
is a fuzzy (d 4+ 1)-torus. Hence there there is a natural dimensional shift here. There is an
associated self-adjoint operator G'= Gy, 4413 If one chooses the Clifford representation

NMR®O3,..., Va®o3, 1Ry, 1 ®0q,

it is given by

(S sy d- Y cos(ria(9)) (0 4
¢ = (d—zizlcosm(zaj)) —zjzlsmwmaj)m) (& o)

Note that if d is even, then the Clifford representation admits another generator v4.; ® 1 with
respect to which G is odd. o

Example 26 Upon Fourier transform F : (2(Z¢,Cl) — L2?(T9, CL), Example 25 essentially
becomes the situation described in Section 3 because F*10;F = X, and the finite range con-
dition in Section 3 corresponds to a finite frequency condition. Then F*AF is a l-periodic
operator on (2(Z¢,C*) which for sake of simplicity is simply denoted by A again. Then
emxn(X1) - emxn(Xa) A form a fuzzy (d + 1)-torus in the algebra of bounded operators on
(%(Z4,CF), actually rather the much smaller algebra generated by the algebra A; of 1-periodic
short-range operators and the algebra K compact operators on ¢*(Z?, CL) (as a vector space,
this algebra is A; @ K, but the multiplication is not fiberwise). The associated operator

.....

o - S sin(mxa (X)) d— D cos(mxa(X;) | <0 A>
d— Y0 cos(mxu(X;)) — 0 sin(mxu(X;)) v Am0)°

In this formula, one can now let A be a 2p periodic operator. Furthermore, choosing x(z) = =
for |z| <1 and x(z) = sgn(z) for |z| > 1 as well as k = %, one then obtains an operator G' with

a restriction G, to H, = (*((Z/(2pZ))?, C*) coinciding with the odd periodic spectral localizer
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with n = 1, provided one replaces A by A, with periodic boundary conditions. The spectral
asymmetry of G entirely results from the spectral asymmetry of this finite-dimensional piece G,
(as can readily be shown for p sufficiently large and the arguments in Section 2 that modifying
the boundary conditions does not alter the signature either) and can hence be measured by the
half-signature of the odd periodic spectral localizer. The fuzzy torus (of square matrices of size

(2p)?L) leading to G, is given by e's PR et A,. Actually, the framework can further be
extended to operators A from the algebra A of covariant operators as defined in [2, 18]. Then
the fuzzy torus lies in the algebra A ® K. o

Example 27 Suppose that H = H* is an invertible finite-range operator on ¢2(Z¢,CL). Then

the operators

X (X1 X (Xa
eV xn( ),...,e o ),H.

form a graded fuzzy d-torus. Associated is therefore an operator G = @{17.“,(1}. If the irreducible
representation of the Clifford algebra with d + 1 generators is chosen to be

NMNRO1,. s Ya—1 @01, 1 R0z, 1 ®03

where 71, ...,74-1 is an irreducible representation of the Clifford algebra with d — 1 generators
(the tensor products will be dropped in the following), then one finds

d—1

G = Z S (e X))y oy 4 S (e X)) gy <d1 — Z%e e (X1)y H)O’g
7=1 7j=1
(e S cos(mn(X))) T sin(m (X)) % — 1sin(rxe (X))
Zy sin(mxe(X;)) 75 + esin(mxe (X)) H —d1+ Y37, cos(mx.(X;))

Replacing the v; by 4, and proceeding as in Example 26, one recovers the even periodic spectral
localizer with 7 = 1 as the finite-volume restriction of G. o

Example 28 Suppose given a C*-dynamical system (A, R? «) consisting of a C*-algebra (for
simplicity given as subalgebra of the bounded operators on some Hilbert space H and a con-
tinuous group action a of R? on A. The action is implemented (in a unique manner, up to
isomorphisms) by a strongly continuous unitary group action U on H, namely «,(A) = U} AU,
for A€ Aand z € R%L If ey,...,eq is a basis of R%, then t € R — Ute,; is a strongly con-
tinuous one-parameter group with generator X;. Then define unitaries ex=(Xi) by spectral
calculus. Further be given an invertible operator A € A fixing a class in K;(.A). This operator
is supposed to be sufficiently smooth w.r.t. the action « (see [20] for a detailed description of
conditions that assure the existence of semi-finite index parings in the presence of an a-invariant
tracial state on .4). One then has an associated fuzzy (d + 1)-torus eX=(X1)  ene(Xa) A of
width converging to 0 as kK — 0 (no detailed proof of this fact is provided here, as it read—
ily follows from the techniques of Lemma 11 and [5]). Similarly, given a sufficiently smooth
gapped selfadjoint operator H € A specifying a class in Ky(.A), one has a graded fuzzy d-torus

ex=(X1) - ens(Xa) [ From both of these tori, one can build lower-dimensional tori associ-
ated to choices of a subset I C {1,...,d}. Note that these constructions are generalizations of
the Examples 26 and 27. o
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The next two results give simple criteria on the width 0 assuring that G-operators are

1111

associated to a fuzzy |I|-torus so that the below results cover this case as well. As the estimate
of the gap is more simple and transparent, let us first restrict to a fuzzy d-torus given by unitary
instead of invertible operators. Note that this case is sufficient for Example 24.

Proposition 29 For unitaries Uy, ...,Ug € U(H), the operator G = Gy, ay(Us,...,Uq) sat-
isfies

¢t > G—w S mwimol. (41)
1<j<i<d

In particular, G is invertible if the unitaries Uy, ..., Uy € U(H) form a fuzzy d-torus of width
0 satisfying 1 — (g) 76 > 0.

Proof. The argument is essentially identical to the one leading to Proposition 4.3 in [12].
Using the Clifford relations, one finds

G2 — Z %m(Uj)Z + ((d — 1)1 — Z%e(%)) ®1+ Z [%m(UJ), %m(Ul)] (%) ViV

j=1 1<j<i<d
d d
= S ISmU) (d— 1)1 = 3 Re(U)] © 7700
]:1 =1
Using that
1[Sm(U;), Sm(U)]| < U U, [Sm(Uy), Re(Uilll < [I[U;, Uil

and that ~; is unitary for all j one obtains

G* = [ D Sm(Uy) + ((d— 1)1 —ZMUJ-)) ®1-3 > |[UUlL.  (42)

Moreover,
d d 2
Zs\m(Uj)? + <(d — 11— Z %(Uﬂ)
= SmU;)*+(d—1)"1—2(d—1) Y Re(U;) + (Z ?Re(Uj)>
=dl+(d—1°1-2(d-1)Y Re(U;)+ > (Re(Uy)Re(Us) + Re(U;)Re(U))) ,

27



where the last step follows from Sm(U;)? + Re(U;)* = 1. This simplifies to

S Sm(U;)? + <(d ~ 1)1 - Z%e(Uﬂ)

=1+ Z (1 = Re(U;))(1 = Re(U;)) + (1 — Re(U)) (1 — Re(U;))) - (43)

1<j<i<d

One directly checks that 1 — Re(U;) = 1(U; — 1)(U; — 1)* and therefore

Z Sm(U;)? + ((d - 1)1 - Z%e(Uﬂ)

J=1

=147 Y (0= DW= D= 1)Uy = 1)+ (U = DI = 1" (U5 = DI = 1)

+ (U = DU = DI = 17 (U5 = 1] + (U = DU = DU, ~ 1) (U~ 1)°
+ (Us = DI = 17, (U; = DI = 1) + (U = DU = DIU: = 1), (U~ 1)7]).

Using that the first and fourth summand are non-negative and ||(U; —1)|| < 2, ||(U; —1)]| < 2,
one obtains

S Sm(U;)+ ((d—l)l—zéﬁewj)) > (1-4 Y (Ul

Jj=1 Jj=1 1<j<i<d
Combining with (42) the claim (41) follows. O

Example 30 Let us continue with Example 24 of the non-commutative torus. If |6; ;| < § for
all i # j and § < 2d(d — 1), then G; = G;(Uy,...,Uy) is gapped by Proposition 29. If 5-6
consists only of rational numbers, it is well-known that the unitaries Uy, ..., Uy can be chosen
to be finite-dimensional matrices. In this case also GGy is a finite dimensional matrix and one can
hence define the invariants v; = § Sig(G) which are integer-valued because the representation
space of the Clifford algebra is even-dimensional so that also the selfadjoint matrix GG; acts on
an even-dimensional vector space. Let us now focus on the case d = 2 and [ = {1,2}. Then
6 is a scalar which is supposed to be 6 = %r Choosing the Clifford representation to be the
standard Pauli matrices, the associated operator G = G,2y(Uy, Us) is then

a — (1 —Re(Uy) — Re(Us)  Sm(Uy) —1Sm(Us) >
Sm(Uy) +1Sm(Us)  —1+ Re(Uy) + Re(Us)

By Proposition 29, GG is gapped provided that N > 14 7. In reality, the gap is already open for N
much smaller. Associated is then the invariant 3 Sig(G(Uy, Us)) € Z. Due to [6, Proposition 5.1]
and [7, Theorem 6.15] it is known that this integer is equal to the winding number of the path
te [0,1] ’—)det(tUle— (].—t)UQUl) o
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Example 31 This example is a continuation of Example 25, albeit with a function A = U €
CH(T?, U(L)) with values in the unitary matrices. For such a function, Proposition 29 applies.
Therefore the G-operator given in (40) is gapped. It is still an operator on an infinite dimen-
sional Hilbert space and has no finite-dimensional invariant subspaces (even if U only contains
a finite number of frequencies). Nevertheless, the operator has a spectral asymmetry which
can be extracted by projecting G down to frequencies of modulus less then p. If G, denotes
this restriction, then the proof of Theorem 1 shows that Chy(U) = 3Sig(G,) for p sufficiently
large. Let us note that the essential spectrum of the operator G in infinite volume consists of
{—1,1}. In particular, G does not have a compact resolvent so that it is not possible to define

an n-invariant, other than for the spectral localizer [14, 5]. Furthermore, let us note that for d

even, the symmetry v441G,7a+1 = —G,, implies that Sig(G,) = 0. However, for d even, one can
choose I of odd cardinality |I| < d and then the spectral asymmetry of the associated operators
G determines the odd Chern numbers of lower degree. o

Proposition 29 does not allow to show the G-operators associated to Examples 26 and 27
are gapped because A and H are not necessarily unitary, even though all other operators of the
fuzzy tori are unitary which, moreover, commute with each other. Of course, the situation of
Example 27 is dealt with in detail in the proof of Theorem 1 given in Section 2. The next result
generalizes Proposition 29 to invertible operators Ay, ..., Ay € B(H) that form a fuzzy d-torus.
This also provides the gap estimate of Theorem 1, albeit with considerably worse constants.

Proposition 32 If Ay,..., Ay € B(H) form a fuzzy d-torus of width 6 € (0, 1] the selfadjoint
operator G = G(Ay,...,Aq) satisfies

G* > (1 —33d%)1. (44)

1

In particular, G' is invertible if 6 < 355

Proof. Using the Clifford relations one has

G? = Z Sm(A;)* + ((d - 1)1 - Z 53?6(1%)) + Z [Sm(4;), Sm(A;)] ® 77

+ Z[%m(Aj), (d—1)1— Z Re(Ai)] @ v57am
> (Yo ama) + ((d NE %e%))

= D ISm(A), Sm(A)]l - Y !I[gm(Aj)ﬁe(Ai)]\!) : (45)

1<j<i<d ji=1
Using that spec(|4,]) € [(1—6)z, (1+6)2] and § < %, one checks that

1 ) _ _
1A= ANl < +6)2 < 1+5, AT < (1= < 1+25. (46)
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Therefore

I[As, 5] = A7 (A; A4S Ay — A AT AA) AT
JA P 1A A (ASA; — 1) + [Aj, A + (1 — A;AD AA|

<
< (1426)(2(1+6)5+6) < 86. (47)
This leads to

I1$m(A7), Sm(ANIN < 7 (045, A + 1[4, 47

)g%(5+85):56.

{147 Al + 147, A7)

In the same way one shows the bound
1
1[Sm(Ay), Re(AII < 5 (1[4, Adl| + [[TAs AT =+ [[145, A30[] + 1A A3 < 59,
for 5 # 4. For j =1 a slightly better estimate holds
1
1S (Ay), Re(A)ll = Sl 447 — A4 < 6.

Inserting this into (45) leads to

- (i%m(Aj)M ((d— 11 i%d@)?) > — <d6+ 15@)5) 1> —9d°51.

7j=1
(48)
It thus remains to prove a lower bound on the term in the parenthesis. Using
1 * * 1 * *
Im(A))* + Re(4;)* = S (AA; + A54;) > 1= [[(A4;47 - 1) + (434 - D1 = (1-0)1,
one finds
d d 2
> Sm(A;)* + <(d —1)1— Z afee(Aj)>
=1 '
d
> d(1—0)1+ (d—1)1—-2(d Z ) + Z (Re(A;)Re(A;) + Re(A;)Re(4;))
j=1 1<5<i<d
=1+ > ((1—Re(A;))(1 - Re(4)) + (1 — Re(A))(1 — Re(4;))) — do1 . (49)
1<j<i<d

One directly checks that

SA (A 1) — (1 - Re(4))) = 5(4,45 1)
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and therefore, by the first part of (36),

54~ 1A, ~ 1 — (@ - Re(a))]| < 54

N | —

Moreover, using (46)

VI

11— Re(4)] < 1+(1+0)2 <=, A4 -1 < (1+1+0)2)" <5,

DO | Ut

Using the last two bounds one gets
|5 (4; = (45 = 1)"(Ai = 1)(Ai = 1)" = (1 — Re(4;))(1 — Re(4)) ||
< 304~ DA 1) (5(A —1)(A — 1) — (1 - Re(A)]|

+{[(5(4; —1)(4; — 1)" — (1 — Re(A4;))) (1 — Re(A;)

1_1 1.5 )
< —5=0+=-0=- = =90.
-2 2 +2 2 2

Inserting this into (49) leads to

> Sm(A4;)° + <(d —1)1— Z%Re(Aj)>

Jj=1

> 1+ 411 > (A = 1)(A; = 1) (A = 1)(A — )" + (A — 1)(4; — 1)7(4; — 1)(4; — 1)7)

1<j<i<d

—d51—2(d)§5
2) 2

147 S (A - DA 1A - 1) (4, - 1)

1<j<i<d
+ (4 - D[4, - 1) (4 - DJ(A — 1)+ (4 — (A = 1)[(4; — 1)", (A — 1)7]
+ (A -DA -DA -1 (A -1+ (4 - D[(A - 1), (4, - D](4; - 1)

(A =14 - DA 1), (4, - 1)) - ;CFM |

v

The first and fourth summand are non-negative and can thus be left out for a lower bound. In
the other four summands, the commutators reduce to [A}, A;] or [A}, Aj] which can be bound
directly by (36) or by (47). Using, moreover, again ||A; — 1| < 5, one thus obtains

> Sm(A4;)” + ((d—m—Z%e(Aj)) > (1—%(3) (5+85+85+5))1 —;d251

J=1 J=1

> (1—24d25)1.
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Combining with (48) one obtains (44). O

The next result shows that a graded fuzzy d-torus can always be reduced to a suitably
associated ungraded fuzzy d-torus.

Proposition 33 Let Ay,..., Ag, Agr1 = Ay, € A~ be graded fuzzy d-torus of a sufficiently
small width 6 < . Let P denote the Riesz projection on the positive spectrum of Agy1. Then
PAP,. PAdP form a fuzzy d-torus of width 65 on the Hilbert space PH. Setting Gt =
,,,,, d}(PA P,...,PA,P), the operator G = G{L...,d}(Al, ., Ag, Agi1) is homotopic to GF @
(1 — P)va1 insz’de the invertible operators.

Proof. As ||AZ,, — 1| < 0 by assumption, Agqy is close to a symmetry and its spectrum
is separated into two intervals [—v/1+4d0,—+v/1 — 4] and [\/1 —0,+/1 + 8], see e.g. (46). Let
P denote the Riesz projection associated to [v/1 —d,v/1+6]. Then ||Agr1 — (2P — 1)|| <
1—+/1 =6 < 6 by the spectral mapping theorem. Moreover, the other conditions in (36) imply

1145, Pl < Ze(g%ail)H(Zl_Ad—s-l) HIPIA, Aaalll <26,
so that
||Aj — PA;P—(1—-P)A;(1 - P)H = H(l — P)[A;, P]H < 26.

Moreover, since ||4,|| = HA;TA]-H% < (1+ 5)% <1+ %57
|[PA;P,PAP]|| < ||P[A;, AiJP|| + || P[A;, P]A:P|| + ||[P[A;, P]A;P|| < 64,

the operators PA, P, ..., PA4P forms an (ungraded) fuzzy d-torus on the Hilbert space PH of
width 69. (Similarly, also (1—P)A;(1—P),...,(1—P)As(1—P) is an (ungraded) fuzzy d-torus
on the Hilbert space (1 — P)H of width 60, but this torus will not be used.) The associated
G-operator is denoted by G¥, see the statement of the proposition. One then has

16— 6P ed@ | < 5ds.

where
d

d
G =3 (1—P)Sm(A;)(1—P) @y + ((d+1 21 P)Re(A;)(1 - P))emﬂ.

j=1

Let us stress that this is not the G-operator on (1 — P)H associated to the fuzzy d-torus
1-P)A/(1—-P),...,(1 — P)A;(1 — P) for I = {1,...,d} by the definition (38), simply
because one of the summands is (d + 1)(1 — P) ® 7441 rather than (d —1)(1 — P) ® v441. It
hence remains to show that G~ is homotopic to (1— P)®~441 inside the invertible operators.
This follows directly from the next lemma. a

Lemma 34 Given a fuzzy d-torus Ay, ..., Aq of a sufficiently small width 9, the operator

d
G = Z SIm(A;) ®v; + ((d—i—ll—Z?Re )®7d+1

J=1

1s homotopic to Y41 inside the invertible operators.
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Proof. The homotopy will be given by the straight-line path ¢ € [0, 1] — G(¢) = (1—t)ya41+tG.
Explicitly

d

G(t) = a1 + t(i Sm(A;) ®; + (Z(l - %6(143‘))) ® %1+1> :

J=1 Jj=1

Now all commutators [Im(A;),Re(A4;)] are of order O(J), see the proof of Proposition 32.
Hence

Gty = 14263 (1= Re(Ag) +£2( 30 Sm(a,)* + (301 = Re(4,)))*) + 0(0)

Jj=1 J=1 J=1

But up to errors of order O(6), one also has 1 — Re(A;) > 0. Hence Gt)?2 > 1+ 00),
which implies the claim. Note that the claim merely reflects that the maps g4 441 defined in
Appendix B have a vanishing mapping degree and are hence homotopic to the identity. O

Now that the crucial property that the operators G; are gapped is proved for fuzzy tori
of sufficiently small width, it is possible to extract topological information from them. Recall
that elements of the K-group Ky(A) are homotopy equivalence classes of either projections
or equivalently invertible selfadjoints in matrix algebras of A, and that K;(A) are homotopy
equivalence classes of invertibles in matrix algebras of A or equivalent equivalence classes of
selfadjoint invertible which anti-commute with some symmetry in the matrix degrees of freedom
(see e.g. [14] for some further explanation of this). Based on Proposition 32 and Lemma 22
one therefore has the following.

Corollary 35 Let Ay,...,Aq be a fuzzy d-torus in a C*-algebra A of sufficiently small width.
For any index set I C {1,...,d}, one then obtains a class [Grlo € Ko(A) if I is of even
cardinality and a class G 1]1 € Kl( ) if I is of odd cardinality. For a graded fuzzy torus one
obtains [Grlo € Ko(A) and [G]y € Ki(A) respectively which can also be represented as the
G-operators of the reduced out fuzzy torus given in Proposition 33, namely [CA;[] = [G/].

If the algebra A is given by matrices (or compact operators), then one can read out the
K-theoretic content using the half-signatures  Sig(G;) € Z and 3 Slg(G 1) € Z if I is of even
cardinality. Again, if G is obtained by reducmg out a fuzzy (d —|— 1)-torus with G-operators
G, then Sig(G;) = Sig(G)).

Proof of Theorem 10. One only has to apply Corollary 35 to Example 27. O

In the case of two almost commuting unitaries Uy, Us (see Example 30) satisfying that
Sig(Gy1,2y(Ur, Us)) = 0, it is known [7] that they can be deformed into two commuting unitaries.
Hence one can expect the integers 3 Sig(G(Uy, Uz)) with I = {1}, {2}, {1,2} to fully classify all
fuzzy 2-tori. We even suspect that fuzzy matrix tori are completely classified by the signature
invariants constructed above:

Conjecture: Two fuzzy d-tori of matrices having the same signature invariants Sig(Gy) and
Sig(G) can be homotopically deformed into each other without closing the gaps of G; and G.
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A Mapping degree versus Chern number

For the convenience of the reader, this appendix provides a detailed proof of the connection
between mapping degree of a differentiable function f : T¢ — S? on an even-dimensional
torus and the Chern number of an associated matrix-valued projection P; : T¢ — C¥*¢ with
d’ = 2%. This fact is used in Appendix B which is crucial for an understanding the motivation
for the periodic spectral localizer and the G-operators in Section 5. While the main statement,
Corollary 37 below, is certainly well-known in the community, we could not localize a detailed
proof.

For d be even and let denote the restrictions of the euclidean coordinate functions to S¢ by
z;:S* - R for j € {1,...,d+ 1}. More precisely,

n
i(y) =y, y=| 1 |€s.
Yd+1

Furthermore, let f; = x;0 f : T* — R be jth component of the function f for j € {1,...,d+1}.
Let 71, ..., Y441 € C¥*? be an irreducible self-adjoint representation of the Clifford algebra with
the convention that

d
Y1t Vdel = 221 . (50)
Then let us define the map Py : T? — Cé>d 1y
d+1

Pk = 5(Xfib+1).

Then Pf(k) is an (orthogonal) projection for all k € T?. Its exterior derivative is dP; =
% ng 7v,df;, a matrix-valued 1-form on T?. Then let us set

wy = Tre(Pp(dP; A dP)?)

which is a d-form on T?. Using (50) as Tr(1) = 22, it is explicitly given by

d+1
Wy = Cd Z(—l)jJrlfjdfl VAP dfj,1 VAN dfj+1 VAN dfd+1 y Cd =

Jj=1

11
224

d
2

[SI[oH

dl22q

Similarly, let us define another projection-valued map PV : S* — C¥*? (called the Weyl

projection) by
d+1

PV (p) = %(Z%’(ﬁ)%‘ﬂq) :

Similar as above, there is an associated d-form on S¢ given by

d+1
wW == TI(PW(dPW A dPW>/\%) == Od Z(—l)j+1xjdx1 VANPIRIAN dl’j_l VAN dJ:j—l—l VANPIRIAN dl’d+1 .

J=1
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Proposition 36 For any differentiable map f : T¢ — S%, the differential form w; on T¢ equals
the pullback of the differential form wW by f:

wr = frov .

Proof. For a point k € T? let ny,...,nq : (—a,a) — T? for a > 0 represent tangent vectors of
T? at the point k, namely 7; is a differentiable curve fulfilling n;(0) = k for all j € {1,...,d}.
The tangent vector represented by 7; is denoted by [1;]. Then one has to show

wr(lml,- - [ma) = " (dfic([m)), - -, dfi[na])) . (51)

where df;, denotes the differential of f at the point k. A direct computation shows

wf([n1]7 SRR [nd])

d+1
= Cy > (=1 fidfy Ao Adfy N A N dfaa (I, - [na)
j=1
d+1 . 1
= Cy Z(—l)”lfj(k)ﬁ > dfi (o)) - dfs 1 (oG- dfia (o)) - - dfasa (o)
j=1 " 0€S,
C d+1 .
= 7;1 (17 f5(R) D (frome)(0) -+ (fi-1 0 mo(-1))'(0)
Coj=1 o€Sy

(fi+1 0 70()"(0) - -+ (far1 © Moa))'(0) -

In a similar manner one checks

W (dfi([m]); - - dfi(nal))

d+1
= Cd Z(—l)j+1$jd$1 FANRAN d{L’j_l N dZL‘j_H FANRAN d$d+1(dfk<[771]), e ,dfk([’f]d]))
j=1
d+1 A 1
= Cqy Z(—l)]ﬂ%‘(f(k))g Z dry (dfe o)) - - - dj—1 (dfe (1))
j=1 " 0€Sy
Az i1 (dfi o)) - - - A1 (dfy[Mo(a)))
o, d+1 A
T a (=1 f(k) 2;(901 o fome1))(0) -+ (210 f 01 (j-1))"(0)
7j=1 oESy
(410 f oM0(5)) (0) -+ (Tay1 0 f 0 Mo(a))'(0)
Cd - j+1 / /
o '1(—1)]Jr fi(k) z;(fl 0 No(1))'(0) -+ (fi=1 © Nr(j-1))"(0)
(fi+1 0 M0()'(0) - -+ (fat1 © o) '(0) -
Therefore (51) holds and the claim follows. O
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Now by a well-known pullback formula (e.g. tom Dieck’s lecture notes [22] contain a detailed

proof) one has
[or = aentn) [ o,
Td sd

where deg(f) is the mapping degree of f, generically defined as the sum over all preimages (of
a fixed point) of the signs of the determinants of the Jacobians. Next recall (e.g. [18]) the
definition of the dth Chern number of a differentiable projection-valued map P : M? — CEXL
on a d-dimensional manifold M:

Chy(P) = (-1) o /Md e (P(dP)") .

Then for wy = Tr(P;(dPs)?) as above, one obtains

vl

‘éi/ W = deg(f) Chy(P") .
Y sd

Chy(Py) = deg(f)(-1) a

(5m)

It hence remains to compute Chy(P") which is again well-known:
Chy(P") = (=1)2 .

(E.g. [3, 21] contains a detailed computation.) Summing up, one concludes:

Corollary 37 For d even and a smooth map f: T¢ — S¢, the dth Chern number of Py is

Cha(Pf) = (—1)% deg(f) -

B Mapping degree of some maps from torus to sphere

This appendix is about the mapping degrees of the maps g4, : T — R with d even and
m € R given by

d
i (6191’ o ezed) — (sin(@l), .., sin(fy), m — Z Cos(9n)> : (52)
n=1

where 6, € [0,27) for n € {1,...,d} and (e*,...,e®) € T? It can readily be checked that
the vector on the r.h.s. does not vanish if and only if m € R\ {—d, —d+ 2,...,d — 2,d}. For
such m, let us then set

fam (ewl, o ,e“gd) = chl’m (ewl, . ,ewd) H_lgdm (ewl, e e’gd) . (53)

Then fg,, : T4 — S? is a map onto the unit sphere with same mapping degree deg(fy..) =
deg(gam). By Corollary 37, this mapping degree is equal to the d-th Chern number Chgy(Py, ).
These Chern numbers were computed in Section 2.2.4 of [18] by analyzing the changes of the
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Chern numbers at the transition points {—d, —d+2,...,d—2,d}. The argument involves rather
delicate singular integrals, and this was revisited in detail in [21]. Here a direct alternative
argument based on the computation of the mapping degree of g, is provided. Let us stress
that the map g44-1 is at the root of the construction of the periodic spectral localizer and the
G-operators associated to fuzzy tori. It leads to a Chern number Chy(Py,, ) = 1.

To compactify notations, let us set € = (¢, ... %) € T? and = = (1, ...,7441) € R4
aswell as & = (z1,...,74) € R% Furthermore, let T be equipped with the orientation inherited
from the atlas (Uj, ¢;)jeq1,2) given by

U = {e?eT?:0,€e0,2r)\{Z} forn e {l,...,d}},
Uy = {e?eT?:0,€e0,2m)\ {¥} forn e {1,....d}},

and the charts
AN (61) (2} AN (61) (8a)
901(‘3 ) = (123111(191)7-“’ 121(3(1)) ’ 902(6 ) = (liossin(lﬁ)""’1—C‘,—Ossin((éd)>'

Moreover, let S be equipped with orientation inherited from the atlas (V;,1);) je{1,2} given by

Vi={xeS'"cR" izy #£1}, Vo= {xzeS'CR" 1y # -1},

and

— z1 Td ) ():( T2 21 z3 Td )
1/}1 (m) (1—£Ed+17 T 1—Id+1 ’ w2 L 1+Id+17 1+Id+1 ) 1+$d+17 T 1+Id+1 :

Proposition 38 If T? is equipped with the orientation inherited from the atlas (Uj, ©i)jef1,2}
and S? is equipped with the orientation inherited from the atlas (V;, V;)jeq1,2y the degree of the
map fam defined by (53) is given by

d—mn—1
Sie (DR, mned+1)Nn2N+1me(n—1,n+1),
d—mn—1
deg(fam) = {2 (DD, ne(0,d+1)N2N+1,me (—n—1,-n+1),
0, m € (—oo, —d) U (d, 00).

Proof. By the homotopy invariance of the mapping degree, it is sufficient to consider the case
me{—-d—1,—-d+1,...,d+ 1}. For the case m = d + 1, one can consider the maps

Gaasna(€) = (tsin(Gl),...,tsin(Hd),l—tZ(cos(@n) . 1)) ,

n=1

where ¢ € [0,1]. Then gg4111 = gaar1 and ggar10(e®) = py where py = (0,...,0,1) € S? is
the north pole. Now the norm satisfies

d d

d 2
gaas1e ()] = ¢ ZsinZ(Hj) +1+ QtZ(l — cos(f;)) + t2<2(1 - cos(Hj))> > 1.

J=1 J=1
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This implies that ¢t € [0,1] = fadgr1s = |gaariell " gaar1e is a homotopy from fz4.1 to a
constant map. Hence the mapping degree vanishes. (Note that this argument is essentially
reproduced for fuzzy tori in Lemma 34.) Let us next focus on the case m € {1,3,...,d — 1}.
The other points are dealt with in a similar manner (with the north instead of the south pole
used in the argument below). Consider the south pole given by ps = (0,...,0,—1) € S TIts
inverse image is

f;ﬁl(ps) = {e?eT?:0,e{0,r}forne{1,...,d},0; =7 for at most “=2=! many j} .
Then
P10 famo@y i RIN{Z eR? 1a,, € {£1}, #{j € {1,...,d} : 0 = -1} > ==L} — R?

is given by

_ ~ 1—x 1—x
(Y10 famow3") (&) = <x@11—m+22m2ﬂ ,~~-7xg+?1—m+22x2+1 )

Its kth component is

. (1 —2) (22 + 1)
10 Jdm © Po € k = d d ’ o
(W10 fameoa')(2) Q=m) I @2+ 1) +250 2, [, (a2 + 1) o

Let us denote the Jacobian matrix of this map by

T =Jyopimopst RINAE €R 1y € {£1}, #{j € {1, d} 25 = —1} > =3~} — RY.

To determine the mapping degree of f (at the point pg) it is sufficient to compute the restriction
of J to M = po(f1(ps)) explicitly given by

= {2 eR:z,e{-11}forne {1,...,d},z; = —1 for at most =2~ many j} .

One directly checks that the off-diagonal entries of J |y vanish, namely J(2),; = 0 for all & € M
and k,l € {1,...,d}, k # l. The diagonal entries of J|y are

~ . —kud
N TR ETIT) S s o

for € M and k € {1,...,d}. Therefore sgn(J (@) ) = —sgn(zy) and

Sgn(det(J(:i:))) — (_1)#{]’6{1 ,,,,, dyx;=1} _ (_1)#{je{1 ..... d}:mj:—l}’

where the last equality holds because d is even. Because

d
#{ﬁ:ERd:xne {-1,1} forn e {1,...,d},z; = —1 for k many j} = (k> ,

38



one has

deg(fam ps) = Z(—l)k(Z) .

k=0
As the mapping degree is independent of the point at which the preimage is taken (provided it
has a finite preimage), this shows the claim for m € {1,3,...,d — 1}. O
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