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HIGHER K-GROUPS FOR OPERATOR SYSTEMS

WALTER D. VAN SUIJLEKOM

ABSTRACT. We extend our previous definition of K-theoretic invariants for op-
erator systems based on hermitian forms to higher K-theoretical invariants. We
realize the need for a positive parameter 6 as a measure for the spectral gap of the
representatives for the K-theory classes. For each ¢ and integer p > 0 this gives
operator system invariants V;j(f, n), indexed by the corresponding matrix size.

The corresponding direct system of these invariants has a direct limit that pos-
sesses a semigroup structure, and we define the Kg-groups as the corresponding
Grothendieck groups. This is an invariant of unital operator systems, and, more
generally, an invariant up to Morita equivalence of operator systems. Moreover,
there is a formal periodicity that reduces all these groups to either K§ or K{. We
illustrate our invariants by means of the spectral localizer.
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1. INTRODUCTION

We continue our quest for a definition of K-theory for operator systems. In a
previous work, we have defined a Ky-group which we proved to be an invariant of
operator systems up to complete order isomorphism. Moreover, we showed that it
is stably equivalent, which by [9] amounts to invariance under Morita equivalence
of unital operator systems.

In this work, we extend this and define higher K-groups. At the same time, with
the applications to the spectral localizer of [12] in mind, we realize the need for a
parameter 6 that indicates (and quantifies the size of) a spectral gap in the elements
that represent K-theory classes. This also solves the problem one is facing when
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considering the space of all invertible elements in a finite-dimensional operator
system, namely, that this space is contractible.

The definition of KS extends the group Ky considered in [21] which is obtained
as a special case by setting 56 = 0. The groups K{(E) are defined, and shown to
be stably equivalent as well. Moreover, we may introduce higher K-groups Kg (E)
by exploiting graded Clifford algebras, for which we show a formal periodicity to
hold, thus reducing them to K and K{ for p even and odd, respectively.

As an illustrative example, we obtain the spectral localizer as an index pairing
Ind?, : Kg(E) — Zin the even (p = 0) and odd (p = 1) case, respectively.

Acknowledgements. [ would like to thank Alain Connes and Kristin Courtney for
useful discussions. I am grateful to Yuezhao Li for his suggestions and comments.

2. BACKGROUND ON OPERATOR SYSTEMS

We start by briefly recalling the theory of operator systems, referring to [8} 17,
18|, [3] for more details.

A unital operator system (E,e) is a matrix-ordered *-vector space E, equipped
with an Archimedean order unit e. A map ¢ : E — F between operator sys-
tems determines a family of maps ¢(") : M, (E) — M, (F) given by ¢ ([xij]) =
[¢(xij)]. Amap ¢ : E — F between unital operator systems is called completely
positive if each (") is positive (n > 1). We also abbreviate completely positive by
cp, and unital completely positive by ucp.

A dilation of a ucp map ¢ : E — B(H) of a unital operator system is a ucp map
Y : E — B(K), where K is a Hilbert space containing # such that Py(x)|y =
¢(x) for all x € E. The ucp map ¢ is called maximal if every dilation of ¢ is
obtained by attaching a direct summand.

A non-zero cp map ¢ : E — B(H) is said to be pure if the only cp maps satisfy-
ing 0 < ¢ < ¢ are scalar multiples of ¢.

We may view E as a concrete operator system in the C*-algebra C*(E) it gen-
erates; in this case, we say that a ucp map ¢ : E — B(H) has the unique extension
property if it has a unique ucp extension to C*(E) which is a *-representation. If,
in addition, the *-representation is irreducible, it is called a boundary representation
[2]. The following result is well-known in the literature [2, 15} [T} [11] 6] (see also

[21]).
Proposition 1. Let ¢ : E — B(H) be a ucp map. Then

(1) ¢ is maximal if and only if it has the unique extension property.
(2) ¢ is pure and maximal if and only if it is a boundary representation.

3. 6-GAPPED K-THEORY FOR UNITAL OPERATOR SYSTEMS: K AND K¢

Even though in an operator system we cannot speak about invertible elements,
we may use the pure and maximal ucp maps to quantify the extent to which an
element is (non)singular.

Definition 2. Let (E,e) be a unital operator system and let 5§ > 0. An element x €
M, (E) is called é-singular if for all s € (0, 8) there exists a g > 0 such that for all pure
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and maximal ucp maps ¢ : E — B(H ) we have

n 0 . n
) 0 (s (0 5))] 250102

The largest real number g > 0 such that (1) holds is called the s-gap of x.

We will write G°(E, n) for all §-singular elements in My, (E), and H?(E, n) for the
5-singular self-adjoint elements in M, (E). We extend this definition of §-singular
to the limiting case 6 = 0 to be those elements for which (1) holds with s = 0; in the
self-adjoint case these are precisely the non-singular hermitian forms considered
previously in [21].

Proposition 3. An element x € M,,(E) is d-singular if and only if

are invertible elements in My, (Cs,y (E)) forall s € (0,6), where ig : E — C&, (E) is
the C*-envelope.

Proof. In [6] the C*-envelope of E is constructed as the direct sum of all boundary
representations (Hq, 0):

g E— @B(HU).

Now if x € M,(E) then a matrix such as the above is invertible if and only if

its image zgl) (x) is bounded from below by g -id. (3,). But this holds if and
only if (1) holds for all boundary representations o. Since by Proposition|(l|a ucp
map is a boundary representation if and only if it is pure and maximal, the result
follows. 0

We can now translate §-singularity into spectral properties of zgl) (x)in Ci,y (E).
For this consider the following spectrum

(n) (n)
I.i=0 0 e (x) =qAeC| —A () is not invertible
zén) (x*) 0 () -2

This subset of R is symmetric around 0 since we may unitarily conjugate

1 0 —A 1(n)(x) 1 0\ A 1(n)(x)
(0 —1> <z§5”>(x*) a )(0 —1) __<1§5")(x*) "

The notion of é-singularity can now be captured by the property that +s ¢ X, for
all s € (0, §), or, equivalently:

Corollary 4. Let 6 > 0. An element x € M, (E) is 5-singular iff £, C (—oo, —6] U
{0} U[s, ).

Our notion of é-singularity thus allows to detect the presence of a so-called
spectral gap of size 6. This terminology is borrowed from physics where the spectral
gap is the energy difference between the ground state and the first excited state.
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For this reason we also refer to such elements as being 6-gapped. Moreover, we can
find an explicit lower bound for the s-gap, since

( s 1§5n)(x)>
zén)(x*) s

In the self-adjoint case, we have the following result.

(2) >min{A: A €s+ X} =min{s, 6 —s}

Corollary 5. Let 6 > 0. A self-adjoint element x € M, (E) is d-singular iff lé")(x) has
spectral gap 5, i.e. U(zgn)(x)) C (=00, —8]U{0} U [5, 0).

Proof. This follows by a similarity transformation:

( s 1](5")(x)) N <s+1§5")(x) 0 > .
zgl) (x) s 0 s — zén)(x)

Indeed, the matrix on the right-hand side is invertible iff +s ¢ G(zén) (x)) for all
s € (0,0). O

3.1. The K§-groups. The Ky-group of non-singular self-adjoint elements has been
treated in detail in [21]; let us consider here the changes when é-singular, or §-
gapped self-adjoint elements are considered.

Definition 6. Let & > 0 and x,x' € H(E,n). We say that x ~y x' if there exists
x € H(C([0,1]) ® E), n) such that
x(0) = x; x(1) =«
We denote the equivalence class of x € H®(E, n) by [x],, and the set of all such equivalence
classes in H®(E,n) by V{(E, n), or, equivalently,
VY(E,n) = H*(E,n)/~,.
All these sets V{(E, n) for n > 1 are invariants of unital operator systems:

Proposition 7. If E and F are completely order isomorphic then V§(E,n) = V3§ (F,n),
foranyn > 1.

Proof. This follows directly from the fact that in this case Cg,, (E) = Cg, (F) via a
unital *-isomorphism. O

If we combine this structure at each level n with the direct sum of é-gapped
self-adjoint elements, we obtain a semigroup structure as follows. Consider the
direct system of sets (V3 (E, 1), tym) where for m > n

(3) tum 2 VS(E, n) — VS (E, m)

[x]n = [x S emfn]mr
We denote the direct limit of the direct system (3) by lﬂ VS(E, n). A more explicit
description is given as follows: for x € H°(E,n) and x' € H®(E,n’) we write
x ~ x'if there exists a k > n,n’ such that x ® ex_,, ~ x' @ ex_, in H*(E, k). We will
write [x]g, or simply [x], for the equivalence class corresponding to x € H?(E, n)

and V{(E) := 0,V (E, n)/~ for the corresponding set of equivalence classes. The
following is then clear from the definition of the direct limit.
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Proposition 8. The set V(E) is the direct limit li_ngvg(E, n) of the direct system (3).
Moreover, it is a semigroup when equipped with the direct sum [x] + [x'] = [x ® x| and
identity element 0 = |e].

The K§-group K(E) for a unital operator system E is now defined to be the
Grothendieck group of V¢ (E); we will refer to it as the 5-gapped Ky-group of E. In
[21] we have shown that for 5 = 0, that is, for non-singular self-adjoint elements,
this group coincides with the C*-algebraic Ko-group in the case of a C*-algebra,
that it behaves well with respect to direct sums, and that it is invariant under
Morita equivalence of unital operator systems. For later use, we record the fol-
lowing result also in the case of general 6 > 0. The proof follows mutatis mutandis
from that of [21, Theorem 18]

Proposition 9 (Stability of K§). Let E be a unital operator system, 5 > 0, and let N be a
natural number. Then V§(E) is isomorphic to V§(My (E)) (and so are the corresponding
K§-groups).

3.2. K¢ for unital operator systems. For the analogue of K; for operator systems
we drop the assumption of being self-adjoint, and consider é-singularity in the
sense of Definition [2} or, in view of Corollary [4 the presence of a spectral gap of
size 6. Let us start with some motivating examples.

Example 10. (i) (Almost unitaries and quantitative K-theory) In [16] the quantitative
Kq-group of a filtered C*-algebra A = (A,) was defined in terms of e-r-unitaries,
i.e. elements u € My, (Ay) such that ||u*u — 1||, ||uu* — 1|| < e. This implies that

(L?* g>2 > (1—e).

In other words, the spectrum of the matrix on the left-hand side has spectrum con-
tained in (—oo, —68] U [8,00) for all § < (1 —¢)Y/2. We conclude that u €
G°(Ay, n) for all those & (including & = 0).

(ii) (Unitaries in operator spaces and systems) In [4] unitaries in operator spaces and
operator systems where characterized. These turn out to be unitaries in matrices with
entries in the C*-envelope, so that we find that they define elements in G*(E,n) as
longas0 <6 < 1.

(iii) (The odd spectral localizer) The odd spectral localizer [12] is defined in terms of a
spectral compression x = PTP of an invertible element T in a C*-algebra A C B(H)
by a projection in H. We then have

“ ()?* z;>z L <Tg* T*T>2P+ P <[P, T]([)P, T S T])ZP

Since T is invertible, it is bounded below by some ¢ > 0; the same applies to T*.
Consequently, we find from

0 x2 2 2
(o 8) z@-mr

in terms of 1 = ||[P, T]||. So, provided & < (g2 —n?)Y/? and n < g we find that
x € G5(PAP,1).
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(iv) (Toeplitz matrices) Consider the unitary u given by the bilateral shift operator (%(Z).
If we compress this with a projection onto spanc{e1, . .. ey} in terms of the canonical
orthonormal basis of ¢%(Z), we obtain the following Toeplitz matrix:

o1 --- --- 0
oo 1 ---0
PuP=|: © - .
00 -~ 0 1
00 -~ 0 0

This is a candidate for index pairings in the spectral localizer (for the circle, [12}[10]),
and as such we expect it to represent an element in the Toeplitz operator system. Note
that even though u is invertible, PuP is not invertible (in fact, for this case we have
g = n = 1 in the previous example). However, the eigenvalues of

s Pup
Pu*P s
are shifted from those of PuP to become equal to —1 +s,s,14s. Hence, PuP is
S-singular provided 0 < 6 < 1.

Definition 11. Let 6 > 0 and x,x’ € G5(E, n). We say that x ~y, x' if there exists an
element X € G°(C([0,1]) ® E), n) such that

X(0) =x; x(1) =%
We will write V2 (E,n) = G®(E,n)/~, for the set of equivalence classes of elements in
G%(E, n).

Remark 12. Let us come back to the parameter & in the definition of 5-singularity (Def-
inition [2). In fact, we could have set 5 = 0 from the start (as we did with hermitian
forms in [21]]) and have simply considered all invertible elements in 1g(E) C C%,, (E) up
to homotopy equivalence. However, in most cases of interest —including the applications
to the spectral localizer (cf. Example [I0fiv|and Section [B| below)— such an invariant be-
comes trivial. Indeed, if E has a finite-dimensional C*-envelope M;(C) then we claim that
1(E) N My (C)* is contractible to the point 1 (e) = 1 (and the same applies to M, (E)).
Namely, for any x € 1g(E) N My(C)* choose z € S so that no eigenvalue of x lies on
the ray through the origin and z (since x has finitely many eigenvalues, this is always
possible). For any t € [0,1] we define y(t) = tx + z(1 — t)I;. Then dety(t) = 0 iff
z(1 — 1/t) is an eigenvalue of x. By our choice of z we find that dety(t) # O for all
t € [0, 1]. Moreover, since complex linear combinations of x and 1 are contained in 1 (E)
it follows that the path y(t) is contained in 1g(E) N My(C)*. More generally, we may

conclude that z,(gn) (Myn(E)) N M,4(C)* is contractible to a point for any n > 1.

Again, we have the following invariance properties of the sets V{(E, n):

Proposition 13. If E and F are unital operator systems. If ¢ : E — F is a ucp map for
which there exists a x-homomorphism ¢ that makes the following diagram commute,

) E— % F
[

CznV(E) — anV(F)
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then there is an induced map ¢* : V¥ (E, n) — VI (F,n) defined by

¢* ([x]n) = [¢) (x)]n.

In particular, if E and F are completely order isomorphic then V{(E,n) = V}(F, n), for
any n > 1.

Lemma 14. Let E and F be unital operator system and let 6 > 0. Then for any n we have
VO(E&® E,n) 2 V(E,n) x VO(F,n).

Again, as with the group Ky discussed in the previous section, we may intro-
duce a semigroup structure on the direct limit V{(E) := lim VO(E,n) of a direct
system (V?(E, n), 1) with connecting morphisms defined as in {3} It is a semi-
group when equipped with the direct sum [x] 4 [x'] = [x @ x| and identity ele-
ment 0 = [e].

Definition 15. Let (E,e) be a unital operator system and let & > 0. We define the
K-theory group K2(E) of E to be the Grothendieck group of V2 (E).

We will refer to this group as the 6-gapped K;-group of E. Similar to Proposition
P]above we may show:

Proposition 16 (Stability of K9). Let E be a unital operator system, 5 > 0, and let N be a
natural number. Then V{ (E) is isomorphic to V(M (E)) (and so are the corresponding
K&-groups).

4. HIGHER 6-GAPPED K-GROUPS AND FORMAL PERIODICITY

As in K-theory for C*-algebras there are also higher-order invariants, which we
now introduce. We first need the following.

Definition 17. An operator system E is called Zy-graded if there is a direct sum de-
composition of x-vector spaces E = E©) & E() such that the corresponding grading
x — (=1)1¥lx is a complete order isomorphism.

Consequently, there is a *-isomorphism on the C*-envelope that extends the
grading on E, turning CZ,, (E) into a Z,-graded C*-algebra.

Much in the same way as Van Daele defined K-theory for graded Banach alge-
bras [19}20], we will consider odd §-singular elements in M, (E) as our candidates

for K-theory representatives. More precisely, we set

Definition 18. Let (E, e) be a Z,-graded unital operator system. We define
HY(E,n) := H*(E,n) "M, (EV);  (d=0,1).

and also set V3 (E,n) = H%(E, n)/~,.

It would be interesting to develop this theory further for graded operator sys-
tems, similar to [19, 20], however, we will focus here on the ungraded case. For
this, we will exploit the graded Clifford algebras (cf. Appendix|A) to connect to
our previous definitions of V§ and V?. Let E be an ungraded unital operator sys-
tem, and consider the tensor product E ® Cl,. Given the structure of the Clifford
algebras as matrix algebras, the operator system structure of this tensor product is
unambiguous, and so is the grading on it.
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Definition 19. Let (E,e) be an (ungraded) unital operator system and let 5 > 0. We
define the higher invariants Vj(E, n) for p = 0,1,..., by
Vg(E, n):= V]‘,f(E ® Cly, n)

The higher 6-gapped K-theory groups Kg(E) of a unital operator system E are defined
as the Grothendieck groups of the corresponding direct limits V}f(E) = li%ng(E, n),
equipped with direct sum as the additive operation.

Let us now check that this definition is consistent with that of the invariants
VS(E,n) and V?(E, n) (introduced in Definitions |§I and .

For the first case, p = 0, we can indeed identify using Equation (L0):

0 —x

The last isomorphism follows from the fact that there is a similarity transformation
between the following matrices:

HY(E@ LY, n) = {(x 0 ) € H5(E,2n)} ~ HY(E, n).

s 0 x O

0 s 0 —x s X

x 0 s O N<x s)®ﬂ2
0 —x 0 s

Upon taking the homotopy equivalence classes, we find agreement with Definition
[l Note that such a doubling has also been considered in the definition of K-theory
of ungraded Banach algebras in [[19, Remark 2.13(iv)].

For p = 1 we have, using Equation (11):

HY(E@ 1Y, n) = {(f x) € H%(E, 2n)} =~ G%(E,n),

0
again via a similarity transformation, this time:
s 0 0 «x
0 s x* 0 s X
0 x s 0|7 (x* s) @l
x* 0 0 s

We thus find agreement of the above definition of V}(E, n) with Definition
More generally, we have the following, which may be considered as an operator
system analogue of formal periodicity:

Proposition 20. Let (E,e) be a unital operator system and let & > 0. Then
Vou(E,n) 2 Vg (Myn(E),m), Vi1 (E,n) = VP (Man (), 1)
foranym > 0.
Proof. For the even-dimensional case, we use to obtain
Vi, (En) = HY(EoCLY),  n)/.,
= {(39) € HY(E® (Myn(C) & Mon (©)), )} /-,

{x € B (Mo (E),m)} /-, = V3 (Man(E), n).

1
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For the odd-dimensional case, we instead use to write
1
Vst (En) = HUE® Clyy) 5, m)/ -,
= {(25) € H(E® Mynir (O),m)} /-,
= {x € G*(Mpn(E),n) } /~, = V}(Man(E), ). O

Proposition @ in combination with the stability of K§ and K¢ (Proposition EI
and|[16), then yields the following periodicity result:

Theorem 21. Let (E,e) be an ungraded unital operator system and let 5 > 0. Then
K3,,(E) = K§(E) and K3,, . (E) = K{(E).

5. APPLICATION TO THE SPECTRAL LOCALIZER

In [13] [12] the spectral localizer was introduced as a powerful tool for index
pairings. They reduce the computation of a certain Fredholm index to the compu-
tation of the signature of a finite-dimensional matrix —the spectral localizer. We
will put it in the context of our notion of K-theory, realizing the spectral localizer
as a spectral flow formula (very much as in [13, [14]) which maps Vg(E, n) = Z.
For more details on spectral flow, including the spectral localizer, we refer to the
excellent textbook [7]] and references therein.

In order to describe the index map from V;? (E,n), we need an operator system
spectral triple [5].

Definition 22. A (unital) operator system spectral triple is given by a triple (E, H, D)
where E is a unital operator system realized concretely so that E C C¥,,(E) C B(H),
and a self-adjoint operator D : Dom(D) — H such that

o the commutators [D, x| extend to bounded operators for all x € & for a dense

x-subspace £ C E;

e the resolvent (i + D)~ is a compact operator.
An operator system spectral triple is called even if in addition to the above, there is a
grading operator y (so that y* = v, v? = 1) which commutes with all x € E and
anti-commutes with D. Otherwise, it is called odd.

In the even case, we can decompose H = H @ H_ according to the eigenval-
ues of y, and decompose accordingly

_ (0 Do
o= (5 )

In the odd case, there is no such grading, but for convenience we will then write
DO =D.

Given an operator system spectral triple (E, /, D), a parameter k > 0 and an
element x € G®(&,n) we now define the generalized spectral localizer for any s €
(0, 8) as the following (unbounded) self-adjoint operator on H“4":

s x KDSM 0
_ x* s 0 «Dg"
(6) ;CK(D,X,S) - K(DSDH)* 0 —s —x

0 k(Dg")*  —x*  —s
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We use the term ‘generalized’ to distinguish it from the even and odd spectral
localizer consider in [7]. However, they are not unrelated:

Remark 23. Note that if we set s = 0 in the odd case (so that Dy = D) we obtain (twice)
the odd spectral localizer L‘,idd introduced in [12]:

kD®" x
Lu(D,x,5 = 0) ~ (Lg)¥%; Li‘”‘( x _KD@”)'

that is, up to a similarity transformation.
In the even case, we will instead consider pairings with self-adjoint elements x €
HO(&,n) in which case we find for s = 0 the even spectral localizer L&°" of [13]:

x k(Dg)®"
Li(D,x,s =0) ~ (LM% LY = (K(DS)EBH (—092 )

In general, the shift s € (0, ) is crucial in order to define the spectral localizer
at the level of the operator systems, even though in some cases it may be set to
zero (cf. Section 5.1 below).

Proposition 24. Let (E, H, D) be a finite-dimensional operator system spectral triple.
Let x € G®(&,n) and let s € (0,5) and write gs = min{s, 5 — s}. Then the signature of
the generalized spectral localizer,

Sig(L«(D, x,s)),

is constant in the (k,s)-region defined by 0 < k < ¢2||[D,x]|| "' and 0 < s < &, and
invariant under homotopy equivalence. Consequently, we have an induced map Ind?, :
VO(E,n) — Z given by
1
Ind% ([x]) = lim - Sig(L«(D,x,s)),
k,5—0 4

where the limit is taken in the above region.

In the even case, we take x € H®(E,n) whence the induced map is Ind$, : VS(E,n) —
Z.

Proof. Without loss of generality we take n = 1 and compute very similar to [13]

that
«2DgDg 0 (s x 2 0 —k[Do, x]
0  «*DyDj x* s —k[Dg, x*] 0

0 «[Dg, ] @oipy o\ (s x\
k[Do,x] 0 0 «*DjDo xS
@) > (g§ —KII[D,XHI) Iy (B))-

Hence L«(D, x,s) is invertible (and thus has well-defined signature) provided
0 < k < g%|[D,x]|"* and 0 < s < &. Moreover, the signature is constant in
this region since no eigenvalues will cross the origin. This also makes the limit
of Sig(L«(D, x,s)) when (k,s) approach the origin from within this region well-
defined.

Also, one may easily check that

Sig(L«(D,x® x',s)) = Sig(L«(D, x,s)) + Sig(L«(D, %/, s)).

L(D,x,5)* = (
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In order to see that Sig(L«(D,e,s)) = 0 consider (in the odd case) an orthonormal
eigensystem {v,}) of D in H so that Dvy = Av,. We may write the matrix of
L«(D, x,s) in this eigensystem as

s 1 kA O

1 S 0 kA
8) (vr, L(D, x,8)vy) =8 n A0 —s -1

0 kA -1 —s

which has set of eigenvalues {++/(1+’s)% + k2A2} so that the signature of the
spectral localizer vanishes.

In the even case, we consider instead an eigensystem {v, = (v}, vy )} in Hy @
H- such that Dyv, = )\vj{ and yvj[ = ivf Again, we find that the matrix of
L«(D, x,s) in this eigensystem is given by (8) so that the signature of the spectral
localizer vanishes.

Consider now a homotopy X in G°(E, n) (or in H°(E, n) in the even case) be-
tween x = x(0) and x’ = x(1) with s-gap > g;. By a computation similar to the
one in Eq. (7) we find that

L(D,%,5)* > g — sup ||[D, ¥(1)]]|
t

So as long as k < g2/ sup; ||[D, x(t)]|| we find that Sig L«(D, X(t)) is constant in t.
We combine this with the fact that k < ¢2/|/[D,%(0)]|| and k < ¢2/||[D, x(1)]| to
conclude that lim, o Sig L«(D, x(0),s) = limy 0 Sig L«(D, x(1),s). This com-
pletes the proof. O

We may now rephrase the main results of [13}[12]]. For an invertible (self-adjoint)
element 2 € A one considers the class [4] in the K-theory group of the C*-algebra
A. Given a spectral triple (A, H, D), there is an index pairing Indp ([a]). As shown
in loc.cit. this index may be computed in terms of a spectrally truncated (operator
system) spectral triple (PAP, PH, PDP) for a spectral projection P (of D) of suffi-
ciently high rank. Indeed, we then have

) Indp([a]) = iSig(ﬁK(PDP, x,0)) = %Sig(Liven/Odd)

since in fact it is shown in [12] that £(D, x,0) already has a positive gap, say
L«(D,x,0)? > ¢2. Thus, adding the matrix with diagonal entries (s,s, —s, —s) to
obtain £ (D, x,s) will not change this property, as long as s < g.

5.1. Example: spectral localizer on the circle. Let us illustrate the spectral local-
izer by spectral truncations of the circle. We consider a unitary u(t) = ¢™ with
winding number m and want to use the spectral localizer to compute the index
pairing with Dg1 = —id /dt.

We take a spectral projection Py onto spanc{e_n,e_n+1,...,en} and realize
that PyuPy is a Toeplitz matrix with 1’s on the m'th diagonal, and zeros elsewhere.
Note that PyuPy is not invertible, however the following self-adjoint 2 x 2 matrix
with values in the truncated operator system is non-singular for any s € (0, 5) for

some 6 > 0:
SPN PNMPN
PNM*PN SPN
Hence PyuPy € G°(PyC(SY)Py, 1).
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Sig (Lx,n) =2 (for S withN=3,k =1, wn =1) Sig (L, n) =4 (for ST with N=3, k = 0.1, wn =2)

3 e o e o o O o

3le o e o ® o o

FIGURE 1. The negative and positive eigenvalues for the spectral
localizer L,y = Li ns=0 on the circle form = 1,k = 1,N =3
(left) and m = 2,k = 0.1, N = 3 (right). The red (diamond-
shaped) dots indicate the surplus of positive eigenvalues as com-
pared to the negative ones.

The spectral localizer is given in this case by the following matrix:

S PNI/[PN KPNDPN 0
R _ PNM*PN S 0 KPNDPN
EK,N,S = EK(PNDPN, PNMPN,S) = (KPNDPN 0 s —PyuPy
0 KPNDPN 7PNM*PN —S

The main result of [12] (¢f. Eq. (9) and the discussion following it) can now be used
to show that for suitable N, k there exists g > 0 so that the generalized spectral
localizer satisfies EE Ns = g2 forany s < §, including s = 0. As such, the signature
can be computed b}; sétting s = 0, so that

1_. 1_.
IndeDpN([PNuPN]) = ESlg EK,N,S:O = ESIg LK,N/
where as in Remarkwe have written £y n o = LN @ L,y in terms of

I . KPNDPN PNMPN
N =\ Pyu*Py —PyDPy

The main result of [12]] states that Ind(PpuPp) = lSig Ly N so that we deduce that
Ind(PpuPp) = Indpyppy ([PnuPN])

In Figure [1) we illustrate the resulting signature by showing the negative and
positive eigenvalues of L, 5. We find already for low N that the spectral localizer
is equal to (twice) the winding number of u.

APPENDIX A. CLIFFORD ALGEBRAS
Recall the definition of the Clifford algebras Cl, for p > 1 associated to the
vector spaces CP with their standard quadratic form. These are Z,-graded C*-
algebras, ie. Cl, = CI;JO) @ (Clél). For each p we have a grading operator I'" such
that (Cl,g,d) = {a € Cl, : Ta = (—1)4al} (if p is odd, this grading operator is an
element in the multiplier algebra of Cl,).
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In the odd case p = 2m + 1 we have Cly;;+1 = Mon (C) & Mpn (C) and we may

take
0 Iom
r—= (Hzm 6 ) € Mym+1(C).

Consequently,
Cll?, = {(x,x) : x € Myn(C)} C Mgn(C) & Mo (C).
(10) CIE), L 2 {(x,—x) : x € Mon(C)} € Man(C) ® M (C).
Instead, if p = 2m then Cly,, = Myon(C) and we may take

_ (Lo 0
(% L)

{5 9)xvemao}.
{(§ 5):mvemm@}.
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