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Abstract

Given z € (0,00) Connes and Marcolli showed in [9] that it is possible to construct a
space of dimension z. Such spaces are given by semifinite spectral triples, a generalisation
of spectral triples which in turn are a generalisation of manifolds. We will investigate
these z-dimensional spaces and give applications in physics to dimensional regularisation
and zeta regularisation. For these applications the product of semifinite spectral triples is
necessary. We will prove in the general case that the product of two semifinite spectral
triples again yields a semifinite triple. Also we will establish that these products preserve
finite summability and regularity.
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Introduction

As the title suggests, this thesis deals with z-dimensional spaces where z is a positive real number.
At first thought it might seem absurd that it is possible for spaces to have a dimension which is
not an integer, because the spaces one comes across in linear algebra or differential geometry all
have integer dimension. But people who are acquainted with fractals or with noncommutative ge-
ometry know that it is possible to define a notion of dimension which extends the dimension with
whom everybody is familiar and which attains noninteger values. The framework which we shall
use to define these spaces is noncommutative geometry [6]. Geometric spaces in noncommutative
geometry are different from spaces in for example linear algebra, topology or differential geom-
etry. In noncommutative geometry spaces are not given by a collection of points, but they are
described by a spectral triple: a tuple consisting of an algebra, a Hilbert space and a self-adjoint
operator. The motivation to look at such spectral triples comes from the Gelfand duality [16]
which relates topology and operator algebras. This duality consists of an isomorphism between
compact Hausdorff topological spaces and commutative unital C*-algebras. For manifolds there
exists an analogous construction, namely it is possible to construct a spectral triple. If you start
with a manifold, the algebra of the triple is commutative. The converse is also true if the algebra
of the triple is commutative and the triple satisfies some other technical conditions, then the
triple corresponds to a compact manifold [7]. Therefore generalising from commutative algebras
to noncommutative algebras leads to a new kind of geometry: Noncommutative Geometry. This
is precisely the geometry we are interested in and with the tools from noncommutative geometry
we are able to actually define the spaces we are looking for.

Before I started with this project I had no background in noncommutative geometry. When I first
heard about noncommutative geometry and in particular about this topic, I became interested
in it. I wanted to know how this machinery works and that it is actually useful in applications. I
spent more than half a year on this project and I enjoyed it. I hope this text will give the reader
insight in noncommutative geometry and in particular in these z-dimensional spaces. But also I
hope that this text convinces the reader that such spaces are more than abstract nonsense and
that they actually have useful applications.

This thesis roughly consists of three parts. We start with reviewing the basics from functional
analysis, we will show how noncommutative geometry is a generalisation of differential geometry
and give an overview of the concepts of noncommutative geometry which will be used in the
rest of the thesis. In particular we will explain how the notion of dimension and the smooth
structure of a manifold can be extended to spectral triples: the noncommutative manifolds.
In the second part we will consider the generalisation of spectral triples to semifinite spectral
triples. An important tool which will be needed when we look at the applications is the product
of semifinite spectral triples. When we have all the prerequisites we will eventually construct the
spaces of real dimension, this construction is based on the work of Connes and Marcolli in [9].
We will investigate these spaces in detail and actually prove that they are z-dimensional. In the
last part we will give applications in physics of these spaces. We will describe how the spaces
can be used in dimensional regularisation [21] and zeta function regularisation [20]. These are
procedures which are commonly used in physics to deal with divergent integrals.

This text is aimed at master students in mathematics who have a good background in functional
analysis. The results from functional analysis which will be used are stated in the preliminaries,
but familiarity with it is convenient. Knowledge of noncommutative geometry is not necessary,
that theory will gradually be recalled.
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1 Preliminaries

In this section we will give a concise overview of the mathematical tools we will use during this
thesis and we will also introduce the notion which will be used. Most results will be stated
without proof, but we will give references. We start with the basics from measure theory. We
continue with functional analysis and finally we will combine the theory of traces on von Neumann
algebras with measure theory.

1.1 Measure theory

Now we will recall some notions from measure theory which we will need later on. The books
[3, 4] give together a very good overview of measure theory.

Definition 1.1. Suppose X is a set. A o-algebra on X is ¥ C P(X) is a class of subsets of X,
which satisfies the properties

1. X,0€%;
2. if A,BEY, then ANB, AUB, A\ B € X;
3. if (ATL)TLEN C Z, then UneNAn € E,

If ¥ is a o-algebra on a set X, we call (X, X) a measurable space. If (X, 7) is a topological space,
the smallest o-algebra ¥ which contains 7 is called the Borel o-algebra of X, we denote this
o-algebra by B(X) (if it is clear which topology is involved).

Definition 1.2. Suppose ¥ is a o-algebra on X. We call f: X — C a simple function if there
exists Ay,..., A, € ¥ and aq,...,a, € C, such that f = Z;’Zl anla;. Note that we can always
select the Ay, ..., A, as disjoint sets.

We call f measurable if f~1(U) € ¥ for all U € B(C). More generally for measurable spaces
(X1,%1) and (Xo,X5) we call f: X1 — X a measurable function if f~1(B) € ¥, for all B € %s.
We call f Borel measurable if it is measurable with respect to the Borel o-algebras on X; and
Xo.

Theorem 1.3. [3, Thm. 2.1.5] Suppose f, g, fn for n € N are measurable functions with respect
o (X,X) and suppose c,d are scalars. Then

(i) if ¢ : C — C is Borel-measurable, then p o f is ¥-measurable;
(ii) the functions cf + dg and fg are measurable with respect to ¥;
(ii3) if g(x) # 0 for all z, then the function f/g is measurable with respect to X;

(iv) if for all x there exists a finite limit fo(x) := lim, o fn(x), then the function fy is mea-
surable with respect to X;

(v) if the functions sup,, fn(x) and inf, f,(z) are finite for all x, then they are measurable with
respect to 3.

Definition 1.4. Suppose (X, ) is a measurable space. A measure on (X,¥) is a map p: ¥ —
[0, 0] such that p(0) = 0 and p(U,, En) = >_,, n(Ey) for each disjoint sequence (E,), C ¥. In
this case (X, X, u) is called a measure space.

We call p a finite measure or (X, X, 1) a finite measure space if u(X) < oo and we call pu o-finite
if there exist a sequence (E,), C X such that u(E,) < oo for all n and |, E,, = X.

Remark 1.5. From a measure one can construct an integral, we will descrlbe that procedure
here. Suppose (X 3, p) is a measure space. For a simple function f = Z _q 0nla, we define
Jx fdu = SN anp(Ay). One can check that this definition is independent of the chosen
representation of f.

Suppose f: X — [0,00) is a measurable function, then we define

/ fdp :=sup / gdp : g < fand gis simple}.
b'e
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Now if f is measurable, we can split f = fT — f~ where the function fT, f~ are nonnegative. If
Jx [Tdu <ooor [ f~du < oo, we define

Afw:[Q*W—AfWM

If both fX fTdu < oo and fX fdp < oo, we call f integrable. We denote the integrable
functions by £1(X, %, u) or sometimes simply by £1(X) if no confusion is possible. We also
define for 1 < p < oo the space

LP(X, 3, pn):={f:X — C: fis X-measurable, / |fIP dp < oo}
b

We will deal with the case p = oo later.

Definition 1.6. Note that if f, g are functions on X and u({z € X : f(x) # g(z)}) = 0, then
Jx fdp = [y gdp. Let N(X,%, ) :={f : fis measurable [, fdu = 0}. Define the quotient
spaces

LP(X,3, p) = LP(X, 5, 1) /N.

On such a space there is a norm || - [|, : LP(X) — C, || fll, == ([ |fI? du)l/p. The case when
p = oo is a little more tricky. By definition f € £°(X, 3, u) if there exists N € X such that
p#(N) =0 and flx\y is a bounded function.

1 flloe i=inf { sup |F1x\n(@)] = N € 2, u(N) =0}
zeX

The quantity || f]|eo is the essential supremum of |f|. Again
L2(X, %, p) = L%(X, 35, p) /N

We will not distinguish between £7(X) and L?(X), although in the second space we are working
with equivalence classes instead of functions. We say a property P holds almost everywhere if
there exists a set N such that p(N) = 0 and P holds on X \ N. For example f = g almost
everywhere if there exists N such that u(N) =0 and f(x) = g(z) for all z ¢ N.

Proposition 1.7. The vector space (LP(X),| - ||p) is a Banach space. If p =2, it is a Hilbert-
space (cf. Definition 1.14) with inner product given by (f,g) := [y fgdu.

The following inequality holds (it is known as Holder’s inequality). If p,q € [1, 0],
f € I¥(X) and g € LI(X), then | gl < |l

+l=1

1,1
P q ’
Theorem 1.8 (Monotone convergence theorem). . Let (fy)n be a sequence of measurable func-
tions such that f, > 0 for all n and f, < fny1 almost everywhere, then

limsup/ fdu= / limsup f, du < oo.
n—oo X X mn—oo

Theorem 1.9 (Dominated convergence theorem). Let (f,)n C LY(X) and suppose there exists
h € LY(X) such that |f,| < h almost everywhere and f = lim,_,~ f, ezists almost everywhere,
then

n—oo

lim fndp = / fdu.
X X

Theorem 1.10 (Fubini’s theorem). Suppose for i = 1,2 the tuples (X;,%;, p;) are measure
spaces. Let X := X7 x X5 and X be the o-algebra generated by 31 X Xo. Then there exists a
unique measure (1 on X such that pu(Ay x Ag) = p1(A1)uz(Asz) for all A; € 3;. Furthermore if f
is a mon-negative ¥-measurable function, then

/ f@ﬂm:/ f@ﬂm:/fWSM- (L1)
X1 /X2 X2 /X3 X
If f € LY(X, %, 1) then (1.1) also holds for f and [y fdu € R.
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1.2 Functional analysis

In this subsection we will start with Hilbert spaces and bounded operators on such spaces. Then
we will review the unbounded operators including the spectral theorems and functional calculus
and we will finish with von Neumann algebras. We will follow the books [11], [26], [30].

Notation 1.11. Let V be a vector space and S C V a subset. Denote by
n
span(S) := {Z)‘isi :neN, N\ eC,s; € S}
i=1

the linear span of S.
Definition 1.12. Let E be a vector space. (-,-) : E x E — C is called an inner product if
1.  +— {(x,a) is linear for all a € E;
2. (z,y) = (y,z) for all z,y € F;
3. (x,x) € 0,00) for all z € E.
4. (z,x) =0 if and only if z = 0.

We call E an inner product space if there exists an inner product (-,-) : E x E — C on E. Note
that we adopt the convention from mathematics: the inner product is linear in the first entry
and conjugate linear in the second entry.

Remark 1.13. We can define a norm on an inner product space by ||z|| := \/{(z,z). So in
particular inner product spaces are normed vector spaces.

Definition 1.14. A Hilbert space is an inner product space which is complete relative to the
topology induced by its inner product norm. We usually denote a Hilbert space by H or K. If
we want to be more specific we use (H, (-,-)) to denote the inner product.

We know from linear algebra that finite dimensional vector spaces always have an (orthonormal)
basis. We can also define a basis for Hilbert spaces.

Definition 1.15. Let (#, (-, -)) be a Hilbert space. We call a subset {e; : j € J} C H orthonor-
mal if (e;,e;) =6, ; for all 4, j € J. Furthermore if the linear span span({e; : j € J}) is dense in
H, we call the set {e; : j € J} an orthonormal basis. If { admits a countable orthonormal basis
we call this space separable.

Lemma 1.16. Every Hilbert space H admits an orthonormal basis and if a set € C H is or-
thonormal then there exists an orthonormal basis £ D E.

Proof. The first statement follows from the second one by picking a vector h € H of norm 1
and extending {h} to an orthonormal basis. The second statement can be proved using Zorn’s
lemma. X

The inner product behaves as expected with orthonormal bases.

Lemma 1.17. If H is a separable Hilbert space with orthonormal basis (en)n, h € H and
(cn)n C C such that Y, |cn|* < oo, then > o7 cnen € H and the equality

nzzocn(emm = < Tgocnen,h>

holds.
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Proof. From the assumptions it follows impy o0 > oy [€n]? = 0 and impy oo || Dooe y cnenll =
0. For N € N it holds

oo

oo oo oo
’<ch€n,h> - ch<€nah>‘ = < Z Cnen, h Z Cn env ’
n=0 n=0 n=N n=N
oo o0
(> cnen, h) ’+‘ch ens h
n=N

n=

IA

[e'e] e o] _1 o0 1
<[ 30 eneall I+ (30 Jeal?) (2 Hewm?)
n=N n=N n=N
o0 oo 1
3
<A (]| 32 enen]| + (3 1enl?) 7).
n=N n=N
which tends to 0 as N — oo. X

Now we will review operators between Hilbert spaces, usually we will only consider operators
on a single Hilbert space. We start with the bounded operators because they are a lot easier to
work with, later we will continue with the unbounded ones. In this section H and K will denote
Hilbert spaces.

Definition 1.18. A linear map T : H — K is a bounded operator if the norm of T
|7 := sup{||Th|| : h € H, ||h|| =1} < co.

B(H,K) we denote the bounded operators from H in . We use the shorthand notation
B(H) := B(H,H).

Proposition 1.19. [11, Prop. 11.2.1] If T : H — K is a linear map, then the following are
equivalent

(i) T € B(H,K);
(i1) T is continuous.

Definition 1.20. We call T € B(H,K) invertible if there exists 77! € B(K,H) such that
TT-' = Ix and T7'T = I. The resolvent set of T is the set p(T) = {A € C : T —
A is invertible}. The spectrum of T equals o(T) := C\ p(T). The function

R:p(T) — B(H), A= (T =)t
is called the resolvent of T. We define the spectral radius of T by (T') := sup{|\| : A € o(T)}.

Theorem 1.21. [27, Thm. VL5, VI.6] If T € B(H), then o(T) is compact and nonempty,
r(T) = lim, o0 |T™||*/™ and the resolvent identity

(TN =T =) =p=NT =) (T=N)""  for X\ uep(T)
holds. In particular (T — \)~! and (T — p)~t commute for A\, € p(T).

Theorem 1.22. [26, Thm. 3.2.3] For every T € B(H,K) there exists an operator T* € B(K, H)
such that
(Th,k) = (h, T"k) forallheH, ke k.

Definition 1.23. We call the operator T corresponding to 7" obtained from Theorem 1.22 the
adjoint of T. If T € B(H) and T = T*, then T is called self-adjoint. If TT* = T*T, then T is
called normal.
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Self-adjoint and normal operators play a very important role, because for these operators one
can construct a very import tool, the so called functional calculus. We will tell more about that
later. First some elementary results of the definition.

Theorem 1.24. [26, Thm. 3.2.3] If T € B(H), then ||T| = |T*|| = |TT*||*/? (this implies
that B(H) is a C*-algebra, but more about that later). The map T — T* is conjugate linear,
(T*)* =T, (TS)* = S*T* and if T is invertible then (T*)~! = (T1)*

Definition 1.25. An operator T' € B(H, K) is called a finite rank operatorif the space T(H) C K
is finite dimensional.

Theorem 1.26. [11, Thm. I1.4.4] Let T € B(H). Denote B := {h € H : ||h|| < 1} the closed
unit ball in H. Then the following are equivalent:

(t) T(B) C H is compact;
(i) T is the norm-limit of finite rank operators;
(iii) T* is the norm-limit of finite rank operator.

Definition 1.27. An operator T' € B(#) which satisfies one of the conditions (and hence all)
of the previous theorem is called a compact operator. We denote the compact operators on H by

K(H).
Lemma 1.28. K(H) C B(H) is a two-sided ideal.

Proof. The only non trivial fact we have to check is that if K € K(H) and T € B(H) then
TK and KT are compact. We establish the first, the second is analogous. Suppose (K,,), is
a sequence of finite rank operators such that |K — K,|| — 0. Then TK,, is of finite rank and
ITK —TK,| <||T|IK,— K| — 0. So TK is compact. X

We obtain directly from this lemma and Theorems 1.21 and 1.24 the following results.

Corollary 1.29. If for some X € p(T) the operator (T — )=t is compact then for any p € p(T)

the operator (T — p)~' is compact. If T is self-adjoint for the spectral radius it holds that
r(T) =71

We will now state the spectral theorem for compact self-adjoint operators. Later we will give
also a spectral theorem unbounded normal operators (cf. Theorem 1.70).

Theorem 1.30 (Spectral theorem). [11, Thm. IL5.1] If T € B(H) is a compact self-adjoint
operator, then T has at most a countable number of distinct eigenvalues, say {\,, n € N}. Then
An € R for all n € N. Denote by P, € B(H) the projection onto ker(T — \,), which is a finite
dimensional subspace. Then P, P,, = P, P, =0 if n #m and

T = i AP,
n=0

where the series is norm-convergent in B(H).

Now we will give an short overview of von Neumann algebras after that we will continue with
the unbounded operators.

Definition 1.31. Let H be a Hilbert space and S C B(H) be a subset. The commutant of S,
denoted by S’, is defined as

S":={be€ B(H) : ab= ba for all a € S}.

On B(H) one can define a lot of different topologies, the most common one is the norm topology,
but among others we have the weak and strong operator topology.
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Definition 1.32. The weak operator topology (WOT) is the weakest topology on B(H) such that
T — (Tx,y) is continuous for all z,y € H. The strong operator topology (SOT) is the weakest
topology on B(H) such that T + ||Tz|| is continuous for all x € H.

So a net (a;); C B(H) converges SOT to a € B(#H) if and only if ||(a; — a)z| — 0 for all z € H.
Similary, a net (a;); C B(#H) converges WOT to a € B(H) if and only if ((a; — a)z,y) — 0 for
all z,y € H.

Remark 1.33. Note that the WOT is weaker than the SOT which in turn is weaker than the
norm-topology. So if a; — a in norm, then it converges to a in SOT as well. And if a; — a in
SOT then it converges also to a in WOT.

The double commutant theorem of von Neumann relates the algebraic notion of the commutant
with the analytic notion of a topology to each other.

Theorem 1.34 (Double commutant theorem, von Neumann). [23] Suppose M C B(H) is a
unital x-subalgebra, then the following are equivalent:

(i) M" = M;
(i) M is closed in the weak operator topology;
(iti) M is closed in the strong operator topology.

Definition 1.35. A unital x-subalgebra M C B(#H) is called a von Neumann algebra if it satisfies
one and therefore all conditions of the double commutant theorem. The algebra MN M’ is called
the center of M. If the center equals C, then M is called a factor.

Now we consider the projections of M. The projections say a lot about the von Neumann
algebra, so we will elaborate on this subject. We will follow [30].

Definition 1.36. A projection p € M is an element satisfying p = p* = p?. Let P(M) denote
the projections of M. If p € M N M, it is called a central projection.

Define the partial ordering < on the projections by p < ¢ if pH C ¢H. We can define an
equivalence relation on the projections by p ~ q if there exists u € M such that p = v*u and
q = uu*. These two together define a partial ordering < on the projections by p < ¢ if and only
if there exists a projection p’ such that p ~ p’ < q.

A projection p is said to be finite if p ~ ¢ < p implies p = q. Otherwise p is called infinite. A
projection p is purely infinite if ¢ < p and ¢ is finite implies ¢ = 0. p is called abelian if the
algebra pMp is abelian. The projection p is minimal if ¢ < p implies ¢ = 0 or ¢ = p.

Observe that in a factor the projection 1 is the only nonzero central projection.

Definition 1.37. A von Neumann algebra M is called finite, infinite, purely infinite if the
projection 1 has this property.

Definition 1.38. A von Neumann algebra M is of type I if for every central projection p there
exists a nonzero projection ¢ such that g < p.

If M does not admit any finite projections, then M is of type III. Equivalently we could have
demanded that 1 is purely infinite.

If M has no nonzero abelian projections and for every nonzero central projection p there exists
q nonzero finite projection such that ¢ < p, then M is of type II. If M is of type II and finite
then it is of type II;. If M is of type II and has no nonzero finite projection, then it is of type
1.

Theorem 1.39. [30, Thm. V.2.19] Let M be a von Neumann algebra. Then there is a unique
direct sum decomposition

M=M;p @M, @ Mpr, © My (1.2)

Definition 1.40. Suppose M is decomposed as in (1.2). If M;;; = 0, the algebra M is called
semifinite.
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Definition 1.41. A {trace 7 on a von Neumann algebra M is a map 7 : M — [0, 00] which
satisfies:

e 7(a+b)=7(a)+ 7(b) for all a,b € My;
e 7(Xa) = A7(a) foralla € M, A > 0;
e 7(aa*) = 1(a*a) for all @ € M.

If 7(I) = oo, we call 7 an infinite trace. If for all nonzero € M there exists a nonzero y € M,
such that y < z and 7(y) < oo, the trace 7 is called semifinite. If 7(a) = 0 implies a = 0, 7 is
called a faithful trace. If 7(a) = lim7(a;) for each increasing net (a;); C M4 with lima; = a in
the strong operator topology, 7 is called normal.

Example 1.42. The trace Tr on B(H) for some Hilbert space H is a faithful normal trace. Tr
is semifinite and it is finite if and only if H is finite dimensional.
The linear mapping f +— f(a b) f(x) dz yields a trace on the von Neumann algebra L*>°(a,b). This

trace is finite if and only if @ and b are finite. It is semifinite, normal (because of the monotone
convergence theorem) and faithful.

Theorem 1.43. For a von Neumann algebra M the following are equivalent
(i) M is semifinite;
(ii) M admits a semifinite faithful normal trace.

Proof.  See [30, Theorem V.2.15]. X

Lemma 1.44. Let M be a type I factor. Let p be a nonzero minimal projection in M and let T
be a faithful (semi-)finite trace on M. Then for all projections ¢ € M we have 7(q) € {n7(p) :
n € N} U {co}.

Proof. Suppose g € P(M). We have three cases:
1. 7(¢) = oo then we are done.
2. 7(q) = 0 then we are done as well.

3. 0 < 7(¢q) < oo. In this case there exists m € N such that m7(p) > 7(q). If ¢ ~ p, then by
definition there exists a u € M such that ¢ = v*u and p = uu* hence 7(q) = T(u*u) =
7(uu*) = 7(p). So suppose p < q. Let ¢ € P(M) such that ¢ ~ g1 > p. Then since
q1 —p > 0 and p are orthogonal

7(¢) =7(q1) =7(qn —p+p) = 7(q1 — p) + 7(p).

Thus 7(¢1 —p) = 7(¢) — 7(p). In particular (m — 1)7(p) > 7(q1). Now ¢; is again in case 2
or 3. If we are in case 2, then 7(¢1) = 0 and hence 7(q) = 7(p). If we are in case 3, we can
apply the same reasoning to g1, we obtain g such that 7(g2) = 7(q1) — 7(p) = 7(q) — 27(p).
Repeating this argument at most m times gives a sequence of projection ¢, g1, .. ., ¢» such
that 7(g;) = 7(¢) — j7(p). By the choice of m there exists an i such that 0 < 7(¢;) < 7(p).
However 0 < 7(g;) < 7(p) is not possible, because of minimality of p. Hence 7(¢;) = 0 and

7(q) = iT(p).

This concludes the proof. X

Lemma 1.45. If M is a finite von Neumann algebra, then M admits a finite normal trace. In
particular if M s a factor all semifinite normal traces on M are finite.
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Proof.  The first statement is immediate from [30, Thm. V.2.4]. The other assertion follows
from the first one and the fact that any two traces on a semifinite factor are proportional ([30,
Cor V.2.32)). X

A trace on a von Neumann algebra can be considered as a noncommutative integral. For integrals
we have the Holder inequality and Fubini’s theorem. We therefore expect that such results
generalise to traces, such a generalisation is true if one assumes some regularity conditions on
the trace.

Proposition 1.46. [31, Thm. IX.2.13] If M is a semifinite von Neumann algebra with a faithful,
semifinite, normal trace T, one can define a measure topology on M (consult [31, §IX.2] for
the details). Denote the completion of M in this topology by M(M). For x € M(M) put
|||, := 7(|z[P)/P. Then the following holds

laz|ly < |lalll|z]l1 for x € M(M), ||z]|1 < o0 and a € M.

In particular since M C (M) for all x,y € M it holds that

T(lzyl) < Nzl (). (1.3)

A lot more can be said about projections and traces in von Neumann algebras, but here we only
state the results we need. Now we will continue with unbounded operators. The difficulty with
these operators is that they are no longer continuous and that they are not defined on the whole
space.

Definition 1.47. If H and K are Hilbert spaces, a linear operator is a pair (T, Dom(T)) where
Dom(T) C H is a linear space and T : Dom(T) — K is a linear operator. We call Dom(T)
the domain of T. We say (T,Dom(T)) is densely defined if Dom(T) C H is dense. We say
(S,Dom(S)) is an extension of T if Dom(T) C Dom(S) and Sz = Tz for all z € Dom(T), we
denote this by 7" C S. Thus T' = S is by definition 7" C S and T" D S, thus for two operators
to be equal it is necessary that the domains coincide. We say (T, Dom(T")) is bounded if there
exists a constant ¢ > 0 such that ||Tx| < ¢||z|| for all x € Dom(T).

Note that if (T, Dom(T)) is a bounded operator we can continuously extend T to a bounded
operator on Dom(7T). It has become more difficult to take the sum of two operators, the product
or the inverse, because we have to deal with the domains. Outside of the domains the operators

are undefined.

Definition 1.48. Suppose (S, Dom(S)) and (T, Dom(T)) are linear operators, then
(S + T,Dom(S) N Dom(T)), (ST, Dom(T) N T~ (Dom(S))), (T, T(Dom(T)))
are linear operators. These are the sum, product and inverse of S and T'.

Note that it is mot necessary that the sum or product of two densely defined operators is again
densely defined. It is even possible that if (S, Dom(S)) and (7, Dom(T')) are densely defined, but
Dom(S) N Dom(T") = {0}.

Unbounded operators are no longer continuous (cf. Proposition 1.19), but there is a class of
operators which still have a proper behaviour with respect to limits. These operators are the
closed operators.

Definition 1.49. An operator (T,Dom(T)) : H — K is called closed if its graph G(T') defined
by,

G(T)={r@®Tz : x € Dom(T)} CH DK,
is closed in H @ K. We call an operator T closable if there exists a closed extension of T. One
can show that an operator is closable if and only if the closure G(T) is again a graph of some
operator. We call the (unique) operator which has graph G(T'), the closure of T. We denoted
the closure by T

10



1.2. Functional analysis

Note that the closed graph theorem implies that a closed operator with domain the whole Hilbert
space is necessarily a bounded operator. The following lemma explains the controlled behaviour
of limits.

Lemma 1.50. For an operator (T, Dom(T)), the following are equivalent:
(i) T is closed;

(i) If (xp)n C Dom(T), x, — = and Tz, — y for some x € H and y € K, then x € Dom(T)
and Tx =y.

We also want to construct an adjoint operator, again this is more difficult than in the bounded
case. In this construction we apply the Riesz representation theorem, for this it is necessary that
T is densely defined.

Definition 1.51. Suppose (7, Dom(T")) is a densely defined operator. We put
Dom(T*) :={z € K : y+— (Ty,x) is a bounded functional on Dom(T)}.

Because Dom(T") C H dense, the map ¢ : y — (Ty, x) extends to a continuous functional on H.
By the Riesz representation theorem there exists a unique vector z € K such that ¢(y) = (y, 2).
We define T*(z) := z, then (T, Dom(T™)) is a linear operator.

Remark 1.52. From the definitions it follows that if S C T, then T* C S* and
S*+T*C(S+T1T)", T*S* C (ST)*,
provided that S,T,S + T and ST are all densely defined.

Proposition 1.53. [11, Prop. X.1.6] If (T,Dom(T)) : H — K is a densely defined operator,
then

(i) T* is closed;
(i) T* is densely defined if and only if T is closable;
(iii) If T is closable, then T = T**.
From now on we will only consider densely defined operators from H in H, unless stated otherwise.

Definition 1.54. An operator (T, Dom(T)) is called symmetric if
(Tx,y) = (x, Ty) for all z,y, € Dom(T).

If T =T, thus in particular it is required that Dom(7T") = Dom(7™*), then (T, Dom(T)) is called
self-adjoint. If T is symmetric we say T is essentially self-adjoint if T* is self-adjoint. An operator
T is called normal if T is closed, densely defined and N*N = NN*.

Note that if T is densely defined and symmetric, then T™* is the closure of T. So an equivalent
definition of essentially self-adjointness would be that T has a unique self-adjoint extension.

Definition 1.55. Suppose 7 is an (unbounded) operator. Denote Dom*(T) := ()7, Dom(7™).
If z € Dom™ (T') and there exists a constant B > 0 (dependent on z) such that | T"z| < B™ for
all n, then z is called a bounded vector. If there exists a constant C' > 0 such that ||T"z| < C™n!
for all n, then x is called an analytic vector. We denote all bounded vectors of T' by Domb(T)
and all analytic vectors by Dom®(T'). It is clear that Dom®(T’) and Dom®(T') are linear subspaces
and Dom®(T) € Dom®(T).

Proposition 1.56. Suppose T is an unbounded operator on H with domain Dom(T). The
following holds:

11



1. PRELIMINARIES

(i) if T is self-adjoint, then Dom®(T) C H dense;

(ii) (Nelson’s theorem) if T is symmetric and Dom®(T) C H is dense, then T is essentially
self-adjoint;

(111) if T is closed and symmetric, then T is self-adjoint if and only if Dom®(T) C H dense.

Proof. Ttem (i) is [29, Lemma 7.13]. Item (ii) is Nelson’s theorem, [29, Theorem 7.16]. Assertion
(iii) follows directly from (i) and (ii) with the observation that Dom®(T) ¢ Dom®(T). X

Definition 1.57. If (T,Dom(T)) : H — K is a linear operator, we call T' boundedly invertible if
there exists a bounded linear operator S : L — H such that TS =1 and ST C 1.

Proposition 1.58. [11, Prop. X.1.15] Let (T, Dom(T)) be a linear operator. Then
(i) T is boundedly invertible if and only if ker(T) = {0}, ran(T) = K and T is closed;
(ii) If T is boundedly invertible, the inverse is unique. We denote this inverse by T1.

As we did before for bounded operators, we can introduce the spectrum and resolvent set for
unbounded operators.

Definition 1.59. For a linear operator (T, Dom(T)) : H — K we define the resolvent set p(T') :=
{A € C : A —T is boundedly invertible }. We define the spectrum as before o(T) := C\ p(T).

Theorem 1.60. [11, Prop. X.1.15] If (T, Dom(T)) is a closed symmetric operator, then precisely
one of the following possibilities occurs

(1) o(T) = C;
(ii) o(T) = {A € C : Im(\) > 0};
(iii) o(T) ={A € C : Im(\) < 0};
(iv) o(T
Furthermore (iv) holds if and only if (T,Dom(T)) is self-adjoint.

) CR.

The spectrum of operators will be of importance later when we state the spectral theorems.

Theorem 1.61. [27, Thm. VIIL.2] Let (T, Dom(T")) be a closed densely defined linear operator.
Then p(T) C C open subset and

o(T) — B(H), A= (A=1)"1
is an analytic operator valued function. Furthermore the first resolvent identity
(TN = (T @) = (= NT =) (T=N"" forApenT)  (14)
holds. In particular {(A —T)™' : X € p(T)} is a commuting family of bounded operators.

Note that the difference with the above theorem and Theorem 1.21 is that now we do not assume
that T is bounded.

If a separable Hilbert space admits an orthonormal basis consisting of eigenvectors of a linear
operator D, then it is easy to check wether D is self-adjoint and if the resolvent is compact.

Theorem 1.62. Suppose H is a separable Hilbert space and D : Dom(D) — H is an (unbounded)
linear operator, such that H has an orthonormal basis (e, ), consisting of eigenvectors of D with
corresponding eigenvalues (Ap)n. If An € R for all n € N, then D is self-adjoint on the domain
Dom(D) :={h =3, ane, €H : >, |an]* < oo and Y, A|a,|* < co}.

If in addition lim, o |\,| = oo, then o(D) = {\, : n € N} and for a € p(D) the operator
(a — D)™t is compact.

12



1.2. Functional analysis

Proof. For h € H we write a, := (h,ey), then h = )" ane, in || - [|2-norm. Observe that for
h =3, ane, € Dom(D) we have Dh = > A,anen, because Y. A2|a,|*> < oo it follows that
Dh € H. Since e, € Dom(D) for all n € N, span({e,, : n € N}) C Dom(D). The vector space
span({e, : n € N}) is dense in H, so Dom(D) C H dense. Therefore D is densely defined.
Now suppose f,g € Dom(D). Write f = 3" ane, and g =) b,e,. Then because A, € R

(Df,g) ZA anbm (€n, €m) ZA anbp(en,en) ZanAmbm<enaem> = (f,Dg).
n,m n,m
The first and the last equalities hold, because of Lemma 1.17. This shows D is symmetric.
Now we will show Dom(D) = Dom(D*). It is trivial that Dom(D) C Dom(D*), so we have to
establish the converse inclusion. Suppose h ¢ Dom(D). Then Y |a,|* < oo, but > A2|a,|* =
oco. Put fy := 25:1 AnGnén. Since fy is given as a finite linear combination of e, it is obvious
that fy € Dom(D). Now

N 0o N oo
(Dfn,h) = Z()\iamem, Zanen> = Z Z)\?namﬁﬁm,en Z A2 a2
m=1 n=1 m=1n=1
Since h is not in the domain of D* this becomes arbitrarily large as N — oo. Hence the
linear map Dom(D) — C, f — (Af,h) cannot be bounded. This implies h ¢ Dom(D*), thus
Dom(D) D Dom(D*) and (D,Dom(D)) is self-adjoint.
Assume lim,,_, o |Ap| = 00. Fix o € C\ {\,, : n € N}. Define T : H — Dom(D) and for n € N
the maps T}, : H — Dom(D) on the orthonormal basis by T'(e,,) := ﬁ em and

Tn(em) = {a_lkmem lfmgn

0 ifm>n
and extend them linearly to H. Then all maps T}, have finite rank and map into Dom(D). To
show that T" maps into Dom(D) we use the fact that lim, o |An| = 00, so {A, : n € N} has
no accumulation points and therefore this set is closed. Let ¢ > 0 be such that Bs(a) N {\,
n € N} = (), then ﬁ < % for all n. Furthermore it holds that lim,_ ’ai)\| = 1, thus

there exists C' > 0 such that |ai’3\nf < C for all n. Suppose f € H, write f =) aney, then
Tf=>, % €n So

z;ai’; 12g5i22|an|2<oo
Z;a_ |A2<02\an\2<oo

Hence T'f € Dom(D).

We will show that T is the norm-limit of the finite rank operators T;,. This will imply that T is
compact. Since lim, o [An| = 00 and | — A, | > 6 for all n e N, we have lim,, o EEwi /\ 1= =0.
Let € > 0, pick M € N such that for all m > M it holds [ =—[ <e. Let f € H with [|f| =1,
write f = apey, then for m > M we have

o0
<5H Z An€n

n=m-+1

- 1
ITf = Tufll = 32— anen <elfl =
n=m-+1 n
So limy, 00 |7 — Tl = 0, hence T is compact. Since T(a — D)e, = (D — a)Te, = e,
and T(H) € Dom(D) we obtain T(ow — D) C 1 and (o« — D)T = 1. So o € p(D). Clearly
{A\n : n € N} C o(D). Thus we have o(D) = {\, : n € N} and (o — D)~ ! is compact for all

a € p(D). X
The converse of this theorem does not need to hold, it is possible that a self-adjoint operator

D does not have any eigenvectors. However a generalisation is true, this will be the spectral
theorem see Theorem 1.70.
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1. PRELIMINARIES

1.3 Spectral theory

Here we will describe the importance of the spectrum of an operator. We will state the spectral
theorem and the functional calculus of self-adjoint operators.

Definition 1.63. Suppose (X,X) is a measurable space and H a Hilbert space. A mapping
E : Y — B(H) is called a spectral measure if it satisfies the following conditions:
(i) E(A) is a projection for each A € ¥;
(ii) E(0) =0, B(X) =1;
(iil) E B)=FE(A)E(B), for all A,B € ¥};
)

(A
(iv) if (An)n C X is a sequence of disjoint measurable sets, then
E( U An) =Y B
n=1 n=1

Notation 1.64. If F: B(X) — B(H) is a spectral measure, each pair z,y € H defines a finite
complex measure on B(X) by Ey ,(A) :== (P(A)z,y). That E, , is a finite complex measure can
directly be verified from the properties of a spectral measure.

With a spectral measure we can integrate functions to obtain operators. The following proposi-
tion gives the precise relation for bounded functions.

Proposition 1.65. [11, Prop. IX.1.10] If E : ¥ — B(H) is a spectral measure and ¢ : X — C
is a bounded X-measurable function, then there exists a unique normal operator T € B(H) such
that if e > 0 and {Aq,..., A} is a X-partition of X with the property that for all k

sup{|p(z) — p(2')| : @, 2" € Ay} <e,
it holds that for all x) € Ay

HT - zn:go(xk)E(Ak)H <e
k=1

Notation 1.66. The operator T of Proposition 1.65 obtained from E and ¢ is called the integral
of ¢ with respect to E. We denote T := [ ¢ dE.

With some efforts it is possible to extend this result to unbounded operators. The idea is to
write an unbounded function as a sum of bounded functions and apply the construction on these
bounded functions. One only needs to specify the domain of the operator.

Definition 1.67. Suppose ¢ : X — C is a X-measurable function and E' a spectral measure. For
n € Ndefine A, :={z € X : n—1< p(x) <n}. Then ¢, =14, ¢ is bounded and F,, defined
by E,(A) := E(ANA,) is a spectral measure. Hence the operator [ ¢, dE,, is well-defined. Let

D= {nen s 3o||( [ enan)maann| < )
n=1

and for h € D, put

Th:=Y" (/% dEn)En(An)h.
n=1
For each h € D, his series converges in norm. It appears that 7" is a normal operator with
domain D,. Again we call T' the integral of ¢ with respect to E. We also denote T := f pdE.

In this thesis we will often use the functional calculus for unbounded self-adjoint operators. We
will state here the properties for normal operators [11, Theorem 4.7, 4.10, 4.11], this is a little
bit more general than we will need.

14



1.3. Spectral theory

Theorem 1.68. [11, Thm. X.4.7] If ¥ is a o-algebra of Q, E : ¥ — P(H) is a spectral measure
and ¢ : Q — C is X-measurable. Then the following holds

(i) The operator fcpdE is normal, thus in particular closed;

(ii) The operator [ @ dE has domain Dom (fgodE) = {h EH : [|pl?dEL), < oo};
(iii) ( ([ ¢dE)h.g) = [ ¢ dBny;

(i) |[(foap)n| = [1oP .

Theorem 1.69. [11, Thm. X.4.10] Under the same assumptions as in Theorem 1.68. Denote
by X the collection of all ¥-measurable functions ¢ : @ — C and consider the map p : X — CLH)
of measurable functions into the closed operators given by p(p) := [ @dE. Then for ¢,9» € X

(i) p(¢)* = p(®);
(ii) p(p) D p(p)p(¥), Dom(p()p()) = Dom(p(+))) N Dom(p(p1)));
(ii) If 1 is bounded, p(p)p(¥) = p(¥)p(¢) = p(¢¥);

(iv) p(e)*p(e) = p(lol?).

Theorem 1.70 (Spectral theorem). [11, Thm. X. 4.11] If N is a normal operator on H, then
there exists a unique spectral measure E : B(C) — P(H) such that

(i) N = [ 2dB(:);

(1) E(B) =014 BNno(N)=0;

(111) if U C C open and U No(N) # 0, then E(U) # 0;

(iv) if A € B(H) such that AN C NA, then A([ ¢ dE) C ([ ¢ dE)A for all ¢ Borel measurable.
The relation between N and its spectral measure E is sometimes expressed by “assume N has
spectral decomposition N = [ zdE” or “suppose N has spectral measure E”.

For unbounded operators which can be diagonalized as in Theorem 1.62 the functional calculus

(for unbounded operators) has an appealing form. This is the content of the next theorem

Theorem 1.71. Let (D,Dom(D)) be a self-adjoint operator on a separable Hilbert space H and
let (en)n be an orthonormal basis consisting of eigenvectors for D with corresponding eigenvalues
(A)n- Then for ¢ € C(a(D),C) the functional calculus is given by

e(D)f =3 o) freaden,  (f € Dom(e(D)),

where Dom(p(D)) :={f € H : >, (M) ([, en)]? < oo}

Proof. By assumption the operator D is given by Df = >~ A, (f,en)en, for f € Dom(D) = {f €
H >, | Anlfen)|? < oo} Another way to write D is by using spectral measures. Observe that
o(D) = {\, : n € N}. Denote by E,, the projection on e,. Define E(Q) := > {E, : A\, € },
a sum of orthogonal projections, then E is a spectral measure for D. We write D = [ AdE(\)
and (D) = [ dE.
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1. PRELIMINARIES

Observe f € D,, if and only if [ |p|?dEy s < co. Since (D) is countable

/(D)WdEf,f S oW P By ()

neN

= > o) (Enf, f)
neN

_th f7en>en7f>
neN

—le ) en)?

Hence Dom(p(D)) :=={f € H : 3, [p(An){f, €n)|* < 0o}. Using lemma 1.17 we have for f € D,
and h € H the following equalities

<Zcp W f,en)en, > Zcp ((f,en)en, h)

neN

=Y oA Ern(An)

neN

= /gOdEf)h.

DI = [ edBra = (X o0l enens )

n

Thus for all h € H

and we conclude ¢(D)f =" o(A){f, en)en. X

We cannot expect that an unbounded operator is an element of a von Neumann algebra. But we
can introduce a notion which is similar. For a von Neumann algebra M we have by definition
M" = M. So observe x € M, if and only if {z}" C M.

Definition 1.72. If S is an unbounded operator on H and T" € B(H) we say that S and T
commute if TS C ST. Denote by {S}' :={T € B(H) : T commutes with S}. Then {S}’ is an
algebra in B(#H). If S is densely defined and closed, then {S}’ is closed.

Put W*(S) := ({S}Y n{S*}). If S is bounded, then W*(S) is precisely the von Neumann
algebra generated by S. We say S is affiliated with a von Neumann algebra M if W*(S) C M.
Or equivalently if {S} N{S*} > M'.

For self-adjoint operators it is possible to prove the spectral theorem via the Cayley transform.
This transform maps (unbounded) self-adjoint operators to unitary operators and vice-versa [26,
Prop. 5.2.5]. One can then prove the spectral theorem for unbounded self-adjoint operators
via the spectral theorem of bounded unitary operators. However the spectral theorem as stated
above for normal operators cannot be proved via this method. But we have another reason to be
interested in the Cayley transform, see the lemmas below. We are only interested in self-adjoint
operators, so we will not define it for symmetric operators.

Definition 1.73. Let (T, Dom(T)) be a self-adjoint operator in H. The Cayley transform of T
is defined as the operator x(T) := (T —i)(T +14)~!

Lemma 1.74. [26, Lemma 5.2.8] Suppose (T, Dom(T)) is an unbounded self-adjoint operator on
H, then T affiliated to N if and only x(T) € N.

We have another equivalent formulation when an operator is affiliated to a von Neumann algebra.
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1.3. Spectral theory

Lemma 1.75. Suppose (T, Dom(T)) is an (unbounded) self-adjoint operator on H with spectral
decomposition T = [NdE and suppose N C B(H) is a von Neumann algebra. Then T is
affiliated to N if and only if E(A) € N for all A € B(o(T)).

Proof. First assume T is affiliated with N'. Then E(A) = 14(7T') and by the spectral theorem
if T and B commute, so do 14(7T) and B. Thus {T}' C {E(A) : A€ B(c(T))}. Hence

N =N">{T} 5 {E(A) : AecB(o(T))} >{E(A) : AecB(o(T))}.

For the converse implication we will use lemma 1.74, thus that a self-adjoint operator T is
affiliated to N if and only if the Cayley transform (7)) € A'. Observe

1—x
i+x

T)= /de, where f(x) =

Then f(o(T)) C {z € C : |z] =1}, f is continuous and f is bounded. Write f = Z?:o i ),
Where each function f) is positive. There exists sequences of simple functions ( fy; G ))n such that
fn 1 fU) as n — co. By the monotone convergence theorem we have

fU dEx— fU dE |f9) — fD2dE, , — 0. (1.5)
|(f s am)a— ([ s a)a] = |

Because fy @) are simple functions the operators [ fT(Lj ) dE are linear combinations of the spectral
projections F(A). By assumption each projection F(A) commutes with all B € A/. Thus the

operators ffr(bj) dE commute with all B € N’. Since £(T) is bounded, Dom(x(T)) = H. Now
let © € H and € > 0. Let J be large such that (1.5) < e for all j > J, then

(f o) n(f |
< H(/f(j) dE)Bx— /f}ﬂ') dE B:c”—i—” /f,(ﬂ) dE)Bx—B(/f,gj) dE)xH
+HB(/f<J> dE)z /fﬂdE
§s+0+||B||H</fnj)dE)x— (/f@dE)xH
<

<e(1+[B])

o (ff(j) dE)Bm = B(ff’r(ij) dE):L‘. Thus <(T) = Z?:o il fO)(T) commutes with A”. Hence
k(T) € N =N and T is affiliated with V. X

We introduce some notation.

Notation 1.76. Let £(X,X, F) be the Y-measurable functions. Denote by

- {feL(X,E,E) : /de:0}7

the E-null functions. Then we can define the equivalence classes of measurable functions
L(X,%,E) = L(X, X, E)/N.

With the Theorems 1.68, 1.69 and 1.70 the following functional calculus is immediate.

Theorem 1.77. [26, Thm. 5.3.8] Suppose (D,Dom(D)) is a self-adjoint operator on H with
spectral measure E. Then the map

L(o(D),B(c(D)),E) — {S : S is affiliated with W*(D)}, fe /de

is an essential x-isomorphism. In particular Id, py(D) = D and 1(D) = Idy,.
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Definition 1.78. Suppose (S,X,v) is a finite measure space, M C B(H) a semifinite von
Neumann algebra and p a semifinite faithful normal trace on M. We denote

LY (M, p) := {T : Dom(T) — H : T affiliated with M, p(|T|) < co}.

LYM, p) := L} (M, p) N M, i.e. the bounded trace class operators.
A bounded function f : S — L1(M, p) is x-measurable if for all h € H the functions f(-)h: S — H
and f(-)*h : S — H are measurable. Define

L5 (S,v, LY (M, p)) == {f: S — L*(M,p) : fis|-|-bounded , *measurable}.

Proposition 1.79. [1, Lemma 3.10] Let M C B(H) be a semifinite von Neumann algebra
with semifinite faithful normal trace p and (S,%,v) a finite measure space. Assume that f €
L£39°(S,v; LY (M, p)) and f is uniformly L'(M, p)-bounded (i.e. there exists C' > 0 such that
p(If(s)]) < C foralls € S), then [q f(s)dv € LY(N,p), the function p(f(-)) is measurable with
respect to the o-algebra ¥ and

([ @a) = [ ).

1.4 Relations between traces and measures

In this subsection we will dive into the relation between traces and (spectral) measures. We
will see that we can combine measure theory and spectral theory. First we will show that the
combination of a trace and a spectral measure defines an ordinary measure on the sigma algebra
on which the spectral measure is defined. Then we will integrate with respect to that measure.
In the second part of this subsection we will give a generalisation of compact operators.

Lemma 1.80. Let Y be a o-algebra on a set Q. Let N be a von Neumann algebra and 7 : N —
[0, 00] be a normal trace. Suppose E : Y — P(H) is a spectral measure such that E(A) € N for
all A€ X. Then

pir,5(A) = 1(E(A)) (1.6)

defines a measure on X. If T is a finite trace, then (i, g is a finite measure.

Proof.  First observe that u, g is well defined since E(A) € Ny for all A € X, therefore p, g
maps indeed into [0, 00]. It remains to show we have o-additivity. Let (A,), be a sequence of
disjoint ¥-measurable sets. Then, by definition of . g, the fact that E is a spectral measure
and that 7 is normal, we have

pes(UAn) =(B(UA4n)) = (X BA) = Y r(B(A) = 3 prs(An).

Hence pi. g is a measure. X

Recall that if p is a measure, a function f :  — C is called u-essentially bounded if there exists
a measurable set A and a constant C such that u(A) =0 and |f(y)] < C for all y € Q\ A. We
can generalise this definition to spectral measures and relate it to general measures.

Definition 1.81. Let ¥ be a o-algebra of Q, E : ¥ — P(#H) be a spectral measure and f : 2 — C
be a Y-measurable function. We call f FE-essentially bounded if there exists an A € ¥ and a
constant C' > 0 such that the projection F(A) = 0 and |f(y)| < C for all y € Q\ A. By L>®(Q, E)
we denote all the F-essentially bounded functions on 2. We can equip this space with the norm

[flloc, 2 = inf{sgglf(m)\ tAeX, E(4A) =0}

—inf{a e R : E({y : |f(y)] > a}) = 0}.
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1.4. Relations between traces and measures

Lemma 1.82. Let ¥ be a o-algebra of Q, E : ¥ — B(H) be a spectral measure and f : Q@ — C
be a X-measurable function. Then the following are equivalent:

(i) [ is E-essentially bounded;
(i) for all x € H the function f is E, ,-essentially bounded;
(i) Dom([ fdE) =H.

Proof.  Assume (i), then select A and C from the definition of E-essentially boundedness. If
x € H, clearly E(A)x = 0. Hence E, ;(A) = (E(A)z,z) = (0,z) = 0. Hence f is E, ,-essentially
bounded. So (ii) holds.

Now assume (ii). Let € H. Select A € 3 and C' > 0 such that E; ;(A) =0 and |f(y)| < C for
all y € Q\ A. Then we have

/ P dBy. — / 2By, + / P dE,.
Q o\ A

< / C2dE, . +0
o\A

=C*E(Q\ Az, )
< 2l

Hence [, |f|*dE, . < 00, so x € Dom([ fdE). Hence (iii) holds.

Now we will show that (iii) implies assertion (i). According to Theorem 1.68 [ fdFE is a closed
operator. Now if Dom( [ f dE) = H, the closed graph theorem implies that [ f dE is a bounded
operator. Denote f, := flizecq:|f(x)<n}- Then ||fyllco,z < n. Using Theorem 1.77 it follows
that the map L>(Q, E) — B(H), g — [ gdE is norm preserving. Hence for all n we have

| falloo, & = H/fndEH < H/deH < .
Thus also || f|lee,e < 00. So (i) holds. X

In general from a measure we can construct an integral. In the case the spectral measure is given
as the spectral decomposition of a self-adjoint operator we obtain the following link between the
functional calculus and integration with respect to the measure p, g constructed above (1.6).

Theorem 1.83. Suppose T is a self-adjoint operator on a Hilbert space H with spectral de-
composition T = fU(T) MNdE. Let N C B(H) be a von Neumann algebra, with a normal trace

7: Ni — [0,00] and assume that T is affiliated with N'. If f : o(T) — C is a Borel-measurable
function such that f >0 or f € LY(o(T),B(o(T)), pir.g) then,

faprg =7(f(T)). (L.7)

Proof. To prove this theorem we will apply the standard machine of measure theory. So first
suppose f = 14 for some A € B(c(T)). Then since T is affiliated with A" by Lemma 1.75 we
have E(A) € {T} C N. Because F(A) is a projection it is positive, hence E(A) € Ni. Then
we obtain

[t = [ adpes = () = 7(E@) = ([ LidE) = r(1a(1)) = 7(4(D))
o(T) o(T)
Now if f is a simple function, say f Zf:]:l o, A, we obtain by linearity of the integral, the trace
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and the functional calculus

N
= Z an/ lAn dPJT,E
o(T)

N
= / Z anlAn d,uT,E
o(T) n=1
: fdusr

E-
o(T

If f is a positive measurable function, then there exists a sequence of simple functions (fy, ), with
fn T f pointwise. Theorem 1.68 implies that

(D) = £@)a) = [ = 1B,

which tends to 0 as n — oo because of the monotone convergence theorem (Theorem 1.8). By
construction the operators f,,(T') € N. Since N is a von Neumann algebra it is WOT-closed,
hence f(T) € N. Clearly f(T) is positive because f is, so f(T) € Ny. Using the fact that 7 is
a normal trace gives 7(f,(T)) — 7(f(T)). Again an application of the monotone convergence
theorem yields

T(f(T)) = lim T(fn(T)) = lim I dﬂ‘r,E :/ limsup f, d/J“T,E = deT,E- (18)

n—00 n—oo () (T) mn—oo o(T)

This proves the proposition in the case that f is positive.

If f is not necessarily positive, but f € L (o(T),B(o(T)), pr.E), then fa(T) |fl dpr g < o0.
We split up f in four parts, f = Re(f)T — Re(f)” + ¢Im(f)" — iIm(f)~ and apply the pre-
vious equality (1.8) to each of the four summands. It follows that fU(T) Re(f)Tdprp < o0

and for Re(f)™,Im(f)",Im(f)” as well. By linearity of the integral and trace we obtain
fU(T) fdpre =7(f(T)), as desired. X

The aim of the rest of this section is use spectral measures and the classical trace to give an
equivalent formulation of a compact operator. Thereafter it will be generalised to semifinite
traces to obtain a generalised notion of a compact operator.

Lemma 1.84. If A€ B(R), f: A— C is a bounded measurable function and T' has the spectral
decomposition T = [ NdE, then

([ razye] < 1rie 1B < 171 N
for z € Dom(f(T)):={x € H : [|fI?dE, ., < }.
Proof. By Hahn-Banach, for all z € H there exists 2’ € H, ||2’|| = 1 such that ||z]| = (z,2/) =
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sup|,=1(2 ¥). Let z be such that || [, fdEz|| = ([, fdE,z,2). Then we have

H(/Ade)xH:<(/Ade)m,z>
- [ faz..

< 1 fllse [Ea,2 (A)]

< flloo sup, [(E(A)z,y)]
yll=

= [Iflloe 1 E(A)]|
< 1 lloe Nl

The second last equality also follows by Hahn-Banach. X

Proposition 1.85. Let H be an infinite dimensional Hilbert space. Let T be an (unbounded)
self-adjoint operator with spectral decomposition T = [ AdE. Then the following are equivalent:

(i) for all X ¢ o(T), (T —\)~! € K(H);
(ii) there exists a Mg & o(T) such that (T — X\g) € K(H);
(iii) for all X € R, Tr(E([—X,A])) < o0.

Proof. Clearly (i) implies (ii). For the converse we use the so called first resolvent formula (1.4).
For A € R, A # Ao we then have (T — A\)™t = (T'— o) ™t + (Mo — A\)(T — Xo) 1T — \)~L. Since
K(H) is an ideal in B(H) it follows that (T — )~ € K(H).

Now we will show (iii) implies (i). For n € N consider S, := f[_n,n] )\%)\o dE. Let Qn : H = H
be the orthogonal projection of H onto S,,(#). Then by construction Q,(H) C E([—n,n])(H).
By assumption Tr(E([—n,n])) < oo, so Tr(Q,) < co. Therefore S, is a finite rank operator. It
remains to show that (S,,), converges to (T'— Ag)~! in norm.

Observe that for the function f : R — C, A — )\%)\0 we have Dom(f(T)) = H. This holds
because for A € B(R), we have E(A) = E(ANo(T)) and by assumption g ¢ o(T) and o(T) is
closed. So there exists § > 0 such that Bs(A\g) No(T) = (. But then

1 2 1 1
dE; » < — | dE;; = = (ER)z, .
/R‘)\—)\o’ % (52/]R . 52< (R)z, z) < o0

So indeed H = Dom(f(T)). Now let ¢ > 0. Select N € N such that |N%)\O|, |ﬁ| < e. Then
for n > N and z € H, we have by Lemma 1.84

1Sz — (T — Ao)~'a|| = H(/ A_lAO dE) o - (/RA—le 4E)

[7717”]

1
: Y
H ( /(—oo,—n)u(n,oo) A—=Xo ) v

< el (L9)

This establishes (i).

Now suppose (i) holds we will show (iii) is true. Because o(T') C R, the operator (T' —i)~! is
compact. So there exists a sequence of finite rank operators (S,), such that S, converges to
(T'—4)~" in norm. Since (T'—i)~' = [L(A—i)" ' dE, for all € > 0 there exist N € N and vy > 0
such that for all n > N and v > 1y it holds that

1
— dB| < /2+2/2 == (1.10)

Sn—/[ ! -dE|| < ||Sn—(T—i)_1H+H(T—z’)‘1—/

—v,v] A—i [—v,v]
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Now suppose that Tr(E([—po, o])) = oo. Let e := ﬁ

Note that because Tr(E([—po, t0])) = oo, the range of E([—po, o)) is infinite dimensional. Let
n > N, since S, is finite rank there exists = € ker(S,) N E([—uo, po])H, © # 0. Fix such an
element = of norm 1. Then for this z and for v > max{vy, 1o} the following equality holds

(/[_W] Al—z'dE)f”: (/[_ }Al—z‘dE)’”'

HosHo

and select corresponding N and vj.

This implies that

1 1
e[, smema=N ], 75l
( gl A= ) ( [—Ho, ko] A—i )
1
= sup / -dE) x,y ’
lyll=1 ‘<( [—pou0] A — ) >
1
> / _dE) z,x
(g x=28)25)

A+
= L dE,.
/[Mo’lto] )\2 + 1 o
A+
> |Im ( dE, z)
[=r0sk0] >\2 + 1

1
= 5 dE, »
\/[NO7MO] /\2 + 1

> €| By o ([—o, to])]
= e (E([—po, po))z, x)
=e.

But this is a contradiction with equation (1.10). Hence we established (iii). X

A converse of theorem 1.62 holds, but we need to assume that the resolvent is compact.

Proposition 1.86. Suppose T is a self-adjoint operator and (T — \)~* compact for some \ ¢
o(T), then H has an orthonormal basis consisting of eigenvectors of T.

Proof. Let X € p(T) and assume that the operator (T'— \)~! is compact. By [27, Thm. VI.15]
the spectrum o((T — \)~!) is discrete. Therefore o(T) is discrete. Select \g € R\ o(T). Then by
the first resolvent (1.4) (T'— \o)~! is compact and since Ay € R the operator is self-adjoint. Thus
by [27, Thm. VI.16] (T — o)~ ! admits an orthonormal basis (e, ),, consisting of eigenvectors with
eigenvalues (uy,), for (T'— X\g)~!. But then (e,), is also an orthonormal basis of eigenvectors
with eigenvalues (u,, ! + X),, for T'. X

We can easily generalise Proposition 1.85 to semifinite infinite traces on a type II von Neumann
algebra. This will be the content of Theorem 1.90. To obtain such a similar result we first
need to introduce some terminology. Note that for a projection P : H — H we have Tr(P) =
dim(ran(P)), the following is a straightforward generalisation of this fact.

Notation 1.87. Let M be a von Neumann algebra acting on H and 7 be a trace on M. We
denote

P(M) :={P e M : P is a projection}, the projections;

Pe(M,7):={P € P(M) : 7(P) < oo}, the 7-finite projections;

R(M, T) := span(Py(M, 7)), the T-finite rank operators;

K(M, ) := clo(R(M, 1)), the T-compact operators. Here the closure is taken in the norm topol-
ogy.

22
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Lemma 1.88. Let A be a Banach algebra and I C A an ideal. Then I C A is a closed ideal.

Proof. That I is a linear subspace and that it is closed, is by construction. Remains to show
that it is an ideal. So let z € I and a € A. Pick a net (x;); C I such that ||z — z;|| — 0. Then
|lza — z;al| < ||z — xi||||lal]| = 0. But x;a € I C I for all i. By closedness za € I. Similarly for z*
we have ||z} — 2*|| = 0 and 2 € I C I for all i, by closedness z* € 1. X

As a direct corollary of this lemma we obtain.

Corollary 1.89. Let M be a von Neumann algebra acting on H and 7 be a trace on M, then
K(M,T) is a closed ideal in B(H) in the norm topology. Furthermore K(M,T) equals the closed
ideal generated by the T-finite projections.

Theorem 1.90. Let M be an infinite, semi-finite von Neumann algebra acting on H, equipped
with a normal, faithful trace T. Suppose T is a self-adjoint M-affiliated (unbounded) operator on
H with spectral decomposition T = f)\dE. Then the following are equivalent:

(i) for all X ¢ o(T), (T — )"t € K(M,1);
(i) there exists a Ao & o(T') such that (T — Xg) € K(M,T);
(i1i) for all X € R, T(E([-)\,A])) < oo.

Proof. We can copy most of the proof of Proposition 1.85 by replacing Tr by 7. Equivalence of
(i) and (ii) remains the same.

In the proof of (iii) implies (i) it remains to show that the constructed operators S,, are elements
of M. But this follows from 1.77, because the function

1
A—Xo

f:0(T)—=C, A

is continuous and bounded (o(T) is closed and Ag ¢ o(T)). And therefore the functions f,, :=
J1[—n,n) are Borel-measurable and bounded. So S, are bounded normal operators affiliated with
W*(T), hence S,, € W*(T) C M. Let @, be the orthogonal projection of H on S,,(H). Then by
the same argument as before we can show that 7(Q,) < oo, so S, € R(H, 7). And the estimate
(1.9) shows S, — (T'— Xo) ™! in norm.

In the implication (i) to (iii) we again argue by contradiction. Suppose 7(E([—po, po])) = oo.
The proof is almost the same as in 1.85, the only extra thing we have to check is that we can find
an element = € ker(S,) N E([—p0, to]). This can be done. Namely let @,, be again the projection
on the range of S,. By orthogonality of @),, and 1 — @,, we obtain

T(E([=po, po])) = T(E([—po, po] A Qn + E([—p0, po]) A (1 = Qn))
= 7(E([=po, to] A Qn)) + 7(E([—po, po]) A (1 = Qn))
S T(Qn) + T(E([fljJOaNOD A (1 - Qn))

Since 7(Qy) < oo for all n

T(E([=po, po]) A (1 = Qn)) = T(E([=p0, pro])) = 7(Qn) = oo
Hence (E([—po, po]) A (1 —Qyp))H # {0}. In other words exists an element z € E([—po, to])H N
ker(S,,), with z # 0. X

Definition 1.91. If M is a semifinite von Neumann algebra acting on H, with a normal, faithful
trace 7 and if T is a self-adjoint M-affiliated operator on H which satisfies one of the conditions
of Theorem 1.90, then T is called a 7-discrete operator.
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2 Essentials from noncommutative geometry

In this section we will give the basics of noncommutative geometry. In the first two subsections
we will closely follow the lecture notes by Landsman [22]. If in these subsections of a result
no proof is given, the proof can be found in those notes. In this section we will describe how
noncommutative geometry is a generalisation of differential geometry. We will use the torus as
our guiding example. We choose the torus, because its tangent bundle is trivial which makes the
differential geometry easier.

2.1 Differential geometry

In this section we will review the concepts from differential geometry which we will need later on
when we consider the spin manifolds, see e.g. [15] for more information on differential geometry.
We assume familiarity with manifolds and vector bundles. We would like to define the Dirac
operator on a spin manifold. For this we need to define the spin-bundle. We denote T? := S x §1
for the torus, where S! is the circle. Equivalently we can also define T? = R?/Z2.

Example 2.1. We have TT? = T2 x R?, i.e. the tangent bundle is trivial.

Proof. Define for i = 1,2 the vector fields Y;(z,y) := (z,y) x e; where (e;);=12 are the standard
basis vectors of R?2. Then Y; are smooth and Y;(z + m,y + n) = Yi(x,y) for m,n € Z. Thus
y; indeed defines a vector field on T2. In each fiber T{, ,)T? the sections (Y;);—12(z,y) form a
complete orthonormal set. Therefore [15, Thm. 1.40] implies TT? = T? x R2. X

Definition 2.2. A metric g on a vector bundle E over M is given by a collection of inner
products {g, : E, X E, = C : p € M}, such that for all smooth section s,s’ € I'(E) the map
P gp(Sp, 8},) is smooth.

Example 2.3. Since the tangent bundle TT? is trivial, we can define a metric on the tangent
bundle which is independent of the fiber. Namely define the metric g : TT? x TT? — R by

gz : RxR = R, gz (v, w) = viwy + vows.

Note that this is just the standard inner product in each fiber. It is clear that if s, s : T? — TT?
are smooth sections of the tangent bundle, the map = — g, (s, s.) is smooth.

Suppose a group acts on a manifold, if this action satisfies some nice properties the quotient
space is again a manifold. These conditions are satisfied for principal fibre bundles

Definition 2.4. Suppose P is a manifold and G a Lie group which acts on P from the right. We
let M := P/G with projection 7 : P — M. We say that the pair (P, G) is a principal G-bundle
if it satisfies the conditions:

(i) G acts free on P (i.e. if pg = p then g = e);

(ii) for all x € M there exists U C M open and a bundle morphism P|y : 7~ Y(U) - U x G
such that (P|y(z,h))g = Plu(z, hg), thus P|y intertwines the action of G on P with the
action of G on U x G.

Lemma 2.5. If (P,G) is a principal fibre bundle then
(i) the quotient space M = P/G is a manifold;
(ii) the projection w: P — M is G-invariant (i.e. w(pg) = n(p)).

If the group also acts on a vector space under some conditions we can use this to define a vector
bundle on the quotient space. This will be the associated vector bundle.

Definition 2.6. Let (P, G) be a principal G-bundle and let G be acting on a vector space V.
Again denote M := P/G. Then E := P xg V := (P x V)/G is a vector bundle over M with
fibers E, = V. The quotient is defined by the right action of G via (p,v)g := (pg,g~'v). E is
called the associated vector bundle of V to (P,G).
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2. ESSENTTALS FROM NONCOMMUTATIVE GEOMETRY

The smooth sections of this vector bundle are related to the smooth G-invariant functions of P
to V.

Lemma 2.7. Given a principal fiber bundle (P, G) it holds that
D(PxgV)=C®(PV)Y (:={feC™(P,V): f(pg) =g ' f(p) foralpe P, geG}).

We would like to differentiate sections of vector bundles along vector fields. This is what covariant
derivatives do for us.

Definition 2.8. Denote by X(M) the smooth vector fields on M. A covariant derivative V on
a vector bundle F is a bilinear map

V:X(M)xT'(E)—>T(E), (X,0)— Vxo,

which for all f € C*(M), X € X(M), o € T'(E) satisfies:

(i) Vixo = fVxo;

(i) Vx(f-0)=Vx(o)  f+o-(X]).
Definition 2.9. A connection on a vector bundle E is a linear map

V:T'(E) = T(E) @ceon T'(T*M)
which satisfies the Leibniz rule
Vie-f)= (Vo) - f+oxdf for all f € C®°(M),oc € T(E).

Here d: C*°(M) — I'(T* M) is the exterior derivative.

If we have an associated vector bundle one can look at covariant derivatives in another way which
appears to be equivalent (cf. Lemma 2.11).

Definition 2.10. Suppose (P,G) is a principal G-bundle, let M := P/G. An FEhresmann
connection on P is a collection of maps {h, : Trp,M — T,P : p € P} which satisfies the
conditions

(1) 7' (hp(0)) =0, for all o € T,P (here n’ is the derivative of 7);
(ii) hpg = R ohy forallp € P, g € G (here Ry is the map p — pg);
(iii) the vector field p — h,(X) is smooth for all X € X(M).

Lemma 2.11. Suppose E := P xXg V is an associated vector bundle over the manifold M and
(hp)pep is an Ehresmann connection on P. Then the map

Vxo(p) = hp(Xnp)op) o€ CF(PV)=T(P xgV)
defines a covariant derivative on E.

There is also a converse to this construction. Given a covariant derivative, you can construct an
Ehresmann connection.

Remark 2.12. Suppose E := P x¢g V is an associated vector bundle over the manifold M and
V : X(M) x I'(E) — I'(E) is a covariant derivative. Then V is a connection where V(o) :=
Voel(E)T*M. Le. V(o)(X) =Vxo for X € X(M), o € T(E).

Assume we work locally such that Py =2 U x G and (P xg V)|y =2 U x V. Then V —d is linear,
thus because we are working locally there exists a smooth T,G-valued function A such that on

U we have V — d = A. Now define
hag0 =0 — (A(z),0).

This defines an Ehresmann connection on P.
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A special connection on the tangent space is given by the Levi-Civita connection.

Theorem 2.13. For each manifold M with metric g there exists a unique covariant derivative
V on the tangent bundle T M, called the Levi-Civita connection, which satisfies the following two
requirements.

(i) Xg(Y,Z) = g(VxY, Z) +g(Y,VxZ), for all X,Y,Z € X(M);
(i) VxY — VyX — [X,Y] =0, for all X,Y € X(M).

If a connection V satisfies condition (i) it is called metric, if it satisfies condition (ii) the connec-
tion is torsion free.

Example 2.14. For XY € ['(TT?), write X = 2101 + 2202,Y = 3101 + y20>. Consider the
vector field VxY := Z?zl X (y;)0;, then V : (X,Y) — VxY is the Levi-Civita connection of
the torus.

Proof. Because the Levi-Civita connection exists and is unique, it is sufficient to check that V
is a connection and that it satisfies the conditions of the Levi-Civita connection.

It is immediate that V is bilinear. Suppose X,Y, Z are vector fields on T? and f : T? — R a
smooth map. Then

VixY = ZfX Y:)0; _fZX (y:)0; = fVXY;
ZX (fyi)ds = Z( (Nyids + X (4:)0:) = X(f)Y + fVXY;
Xg(Y,Z) = inai Y121 + Y2z2) = inai(yj)zj + iy;0i(2;)
= ZX yi)zi +yiX(z) = gJ(VxY, Z)+9(Y,VxZ);

ZCU :0i(y;0;) — yi0i(x;0;) = Zwiai(yj)aj — vi0;(2;)0; + Z-Tiyjaiaj — 4i7;0;0;

4,3

—Za: 8 y] &(arj)(’)] ZVXY—VyX.

The first two computations show that V is a connection, the third shows it is metric and the
fourth shows it is torsion free. Hence V is the Levi-Civita connection. X

2.2 Towards noncommutative geometry

Here we will describe the spin manifolds and how these give rise to a spectral triple. We start
with some algebraic objects: Clifford algebras and spin groups. With these we will construct the
spinor bundle so that we can define a Hilbert space associated to the manifold M on which the
Dirac operator can act.

Definition 2.15. Suppose V is a vector space. The tensor algebra T'(V) := EBZO:O V®" . The
product of elementary tensors is given by concatenation, to be explicit

(M@ V) (W R W) =01 Q.. Uy, QWL R ... Wy
This product can be extended with distributivity to arbitrary elements of T'(V').

Definition 2.16. Let g : R™ X R™ — R be the bilinear map given by the standard inner product
(i.e. g(v,w) := vqwi +...v,wy,). Denote by Z, the two-sided ideal generated by elements of
the form v ® v — g(v,v). Now the algebra CI} := T(R™)/Z, is called a Clifford algebra. The

27
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multiplication in CI} is called the Clifford multiplication. There are more kinds of Clifford
algebras when one varies the bilinear map g. Since we do not need them, we will not define those
algebras.

Let Z, be the two-sided ideal generated by the elements v ® v for v € V. Define the exterior
algebra \*V :=T(V)/Z,.

It is possible to select a specific set in CI,} which is a group. This is called the Spin group.
Definition 2.17. Let
Spin(n) = {tvy ---v, : pis even, t = £1, v; € R", g(v;,v;) = 1} C CI;}.

Spin(n) is a group, called the spin group. Multiplication in Spin(n) is given by restricting the
multiplication of CI;}. Define an anti-automorphism ' of Spin(n) by

tvy v e=to R
P P

Using this anti-automorphism it is possible to let Spin(n) act on R™. Again the Clifford multi-
plication is needed.

Lemma 2.18. For s € Spin(n) define a linear map
A(s) : R™ — R, w > sws'.

It holds that A(Spin(n)) C SO(n). This follows from the fact that for a wvector v the map
w — vwv is a reflection and the composition of two reflections is in SO(n). In fact the following
sequence is exact

1——=Zy —— Spin(n) . SO(n) ——=1.
This map X is called the double covering of SO(n).
Example 2.19. We have Spin(2) = SO(2), but also the sequence

1 —> 7y — Spin(2) —>> SO(2) —= 1

is exact. Here the map A : Spin(2) — SO(2) is given by A\(u)x := uxu', where the multiplication
is in the Clifford algebra and if (u1 - - - ug)' = ug - - - uy.

Proof.  We will only show that Spin(2) = SO(2). Denote by e1, es the standard basis of R2.
Then a basis for the Clifford algebra O3 is given by 1, ey, ez, e; ®ea. One readily checks that the
following map given on the basis vectors extends linearly to an algebra isomorphism ¢ between

Cly and Ms(R).
10 0 1
1'—)(0 1)—] 61|—><1 0)

. 1 0 @ e 0 -1
27\ -1 awe™iy o
By definition the spin group is given by
Spin(2) = {tvy ---v, : p even, v; € R?, g(v;,v;) =1 fori=1,---p, t = +1}

= {tvivy : v; € R?, g(vs,v;) = 1 for i = 1,2, t = +1} U {1},

This equality holds because of the multiplication in C’l;Ir . We now show that ¢ restricts to a group
isomorphism 1) between Spin(2) and SO(2). Let vw € Spin(2). Say v = (vi,v2), w = (w1, ws)
with v? +v3 = w} + w3 = 1. Then a straightforward computation shows

b(vw) = V1W1 + Vow2  —U1W2 + VaWi
VW2 — V2W1  V1W1 + V2Ws2
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2.2. Towards noncommutative geometry

Then det(¢)(vw)) = 1 and ¥(vw)y(vw)t = I. So indeed ¥ maps into SO(2). Since ¢ is an
isomorphism, % is an injective group homomorphism. So it remains to show surjectivity. Recall

SO(2) = { (COS(O‘) - Sin(o‘)> caeo, 2@} — {ra:a e [0,2m)).

sin(e)  cos(a)

Let ro € SO(2) then ¢((cos(),sin(a))(1,0)) = r,. Hence we have surjectivity. The statement
about the exact sequence is Lemma 2.18. X

An oriented manifold is a manifold in which we can choose an orientation, that is we can choose
in each fiber a positively oriented basis (e}m .. .,e;‘) such that for each i p — e; varies in a
smooth way along the fibers. To be precise, there exists an atlas such that the Jacobians of the
transition functions are positive. In the class of oriented manifolds we can select a class with

extra structure.

Definition 2.20. Suppose M is a manifold of dimension n. We say M is a spin manifold if M
is oriented and there exists a principal Spin(n)-bundle Spin(M) with an isomorphism

Spm(M) X Spin(n) R"=TM.

We continue by computing the associated spin(2)-bundle Spin(T?) on the torus. It appears this
bundle is again trivial.

Example 2.21. The spin bundle Spin(T?) = Spin(2) x T2.
Proof. The spin bundle on a spin manifold M is defined implicitly by
Spin(M) X spinm) R" = TM,
via the isomorphism [p,v] — p(v). Thus it is sufficient to show that we have an isomorphism
(Spin(2) X T?) X gpin(2) R* = T? x R? = TT>.

Recall that from the construction of the associated vector bundle it is given that the group
Spin(2) acts on Spin(T?) x R? by (p,v)g := (pg,g~*v). We define the map

v : (Spin(2) x ']I‘Q) X Spin(2) R? — T? x R?, [(w,p),v] = (p,u(v)).

Since

p(((u,p),v)9) = ¢((ug, p)g ™~ v) = (p,ug(g™"'v)) = (p,u(v)) = @((u,p),v),
the map ¢ is well-defined. It is clear that ¢ restricted to a fiber is linear a linear map. So ¢ is a
vector bundle morphism.
Because ¢((I,p),v) = (p,v), ¢ is surjective. It remains to show that ¢ is injective. Suppose
o([(u,p),v]) = @([(v',p"),v']). Then p = p’ and u(v) = «/(v'). Put g = u~tu/, which lies in
Spin(2). From this we obtain

/—1

((u,p),v)g = ((ug,p), g~ "v) = (v, p'), v’ uv) = (W', p), V).

Hence [(u, p),v] = [(v/,p'),v'] thus ¢ is injective. X

The Dirac operator on a spin manifold is a first order partial differential operator on a specific
vector bundle. On this bundle one needs to be able to multiply with elements from T'M, on
the spinor bundle (to be defined later) this is possible. For this multiplication we will use the
Fock representation. To deal with (partial) derivations we need connections, the Levi-Civita
connection will be used to construct a connection on the spinor bundle.

Lemma 2.22. Given n € N, there exists an irreducible faithful representations wp of CIY on
the vector space \* C"/? = c2? if n is even and on the vector space \* C("—1)/2 = c2 if
n is odd. This representation is called the Fock representation.
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2. ESSENTTALS FROM NONCOMMUTATIVE GEOMETRY

Restricting this representation to Spin(n) C CIF gives a representation of Spin(n). This one
needs no longer to be irreducible. Indeed, if n is even the representation splits in two inequivalent
representations.

We will compute the Fock representation for the torus, thus for Spin(2).

Example 2.23. The Fock representation of Spin(2) on S, is given on the generators by

L— oo —oven s (L Oy _; (i 0Ny,
— €1€1 = €2€2 0 1 =1, €1€2 0 —i = 103.

This representation is reducible.

Proof. We have an (irreducible) representation 7y of Cl} on C2? given on the generators b
P 2 g g y
el > 01, €q > 09, €169 > 103, where o; are the Pauli matrices

(i o)== e N

This is indeed a representation of Cl3, because 7p(e?) = np(1) = I = 0? = wp(e;)?, thus mp
preserves the relation vv = g(v,v). The representation 7 is irreducible, because if it is not,
there would be a vector v € C? and scalars \; € C such that o;v = A\v for i = 1,2,3. But it is
easily seen that this is impossible.

The restriction of 7r to Spin(2) C C’l;r gives a representation. This representation is not ir-
reducible, because it leaves the spaces (C((l)) and C((l)) invariant. We also see that o; is a map
between these two invariant subspaces, o7 is a grading operator. X

Definition 2.24. The spinor bundle S,, is defined as the vector bundle associated to the bundle
principal-Spin(n) bundle Spin(M), thus S, := Spin(M) X spin(n) Sn. Here Spin(n) acts on §
via the Fock representation.

As a special case of lemma 2.7 we have the following isomorphism

C=(Spin(M),S,)5P"") = 1(8,). (2.2)

Now we have every ingredient for the Dirac operator. In the following definition we will give the
definition of the Dirac operator on a spin manifold. We will give a local expression. For a more
detailed explanation one can consult e.g. [19, 22].

Definition 2.25. Suppose M is an oriented manifold. Given the Levi-Civita connection on T'M
we can define an Ehresmann connection on SO(M) via Remark 2.12. Denote this connection
by b8 : TrpyM — T,SO(M). Because of the double covering of SO(n) by Spin(n) (cf. Lemma
2.18) we have a projection 7 : Spin(M) — SO(M). Therefore in each fiber the tangent map

7, + Tp(Spin(M)) = Ty (SO(M))
is an isomorphism. We can lift the Ehresmann connection to Spin(M) via this map 7. Namely
define

he = (71';)_1 ) hfr

P Tﬂ.(p)M — TpSpin(M).

‘(p) -

Use the isomorphism (2.2) and lemma 2.11 to obtain a connection on S,, by
Vio(p) := hf:(Xw(p))a(p), o el(S,), X e T(TM).

This connection is called the spin connection of M. We now turn to the other object which is
needed for the Dirac operator. Recall the Fock representation (Definition 2.22) of the Clifford
algebra 7 : Cl} — End(S,). Locally TM|y =2 V x R™, for some V C R™. Thus in this chart
U, if (z,w) € V x R, we can act with 7p(w) on sections ¢ € I'(S,,). In particular let (e,), be
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an orthonormal frame! and ¢ € I'(S,,), then 7s(e,)1(z) is well-defined. Note that the elements
of a local frame are vector fields themselves. Now we can locally define the Dirac operator by

Dy(a) = =iy mp(ea)VEd(x), (¥ €T(Sa)),

where (e, ), is an orthonormal frame of TM, mx is the Fock represenation and V7 is the spin
connection.
We will also briefly sketch the global construction. Globally P is defined by

S flipo
D S, Y-S, @ T(T*M) 2L

NTM)® S, —=S, .
Here V¥ is again the spinor connection on the spinor bundle S,,. For vector spaces the map flip
is by

flip: VW —->WeV, VRW W V.
The function § gives the canonical isomorphism induced by the metric g between T*M and T M.
To be precise ¢ +— f, where p € TM is the unique element such that g(¢*, X) = ¢(X) for all
X € I(T'M). c¢ denotes the Clifford multiplication, this is a action of TM on the spinor bundle.
Since this involves Clifford modules we will not go into details about this operator.

Finally we can compute the Dirac operator on the torus.

Example 2.26. Since the metric is independent of the coordinates (in each fiber it is the
standard inner product of R?), all the Cristoffel symbols vanish. We choose the orthonormal
frame (e;);=1,2 of Sa, where e;(z) = (:U, ((1))) € Sy = C? and ey(x) = (m, ((1))) € Sy = C?. Using
the Fock representation of Example 2.23 and the fact that in the case of the torus the spinor
connection is simply derivation in the direction of the vector field, we can locally write the Dirac
operator as

m : F(Sg) — F(SQ);
Do) = =i 3 7ee;)0,0(0)

3

= —i(mr(e1)02, ¥ () + mp(e2) 0z, ¥ (7))
= _i(glarl + 028962)1/}(1')
_ 0 —iag;l — 81-2 ’(/Jl (371, 3;‘2)
77’6.’1‘1 + 6.7)2 O ¢2(I1; "1“2) '
Since every bundle we considered on the torus was trivial, in particular the spinor bundle, this
expression for I holds globally. From now on we will write # and y instead of x; and .
The Dirac operator was invented because in quantum mechanics one needed first order partial

differential operators and not second order. So the Laplacian needed to be reduced to a first
order system. Indeed, in our case of the torus I can be considered as the square root of the

Laplacian, since
mz _ 0 —10, — Oy 0 —10, — Oy
— \—10; + 0y —10, + Oy

_ ((_'Laa: - 8y)(_7'8w + 81/) 0 )
- 0 (=i, — 0,)(—i0y + 8,)

A R
I (- B

=A.

Lsometimes also called a vielbein
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The space
L3S,) = { M > S0 ) € Supe [ 15G) dvol(p) < o5},

is a Hilbert space. We will make computations in this Hilbert space for the torus. We introduce
the following constants and functions.

Notation 2.27. In this section we will use the following notations. For n,m € Z and ¢ = +1
define

Omon(2,7y) = e2mimetny).

m +in

Cm,n ‘= 5
vm?2 + n?

1 27i(mz+n 1
() = 73 € ( ' ) _ 7 Sfm,n(xay) _ <¢m,n’€,1(x,y)> )
e 5%\/% eZmilmetny) ECm,n" /5 Omn(T,Y) Vmne2(T,y))’

Amon,e == €2my/m? + n?;

)\m,n = )\m,n,l'

Observe ¢y nCmn = 1.

Example 2.28. The collection of spinors € := {{y ne : m,n € Z,e = £1} forms an orthonor-
mal basis of L?(T? C?). Furthermore ,, , . where n,m € Z, ¢ = +1 are eigenspinors with
corresponding eigenvalues A, o := €2mvVm? + n2.

Proof. Indeed, a direct computation shows that lDwmm,E = Amn,e®¥mone. Lo find these
eigenspinors one can first search for the eigenspinors of 1,7)2 = A using separation of variables.
These eigenspinors give conditions on the eigenspinors of I, because if ) = A1), then D21/) =
A2¢. The eigenspinors of 1252 appear to be of the form

C627ri(rn1 z+n1y)
(1‘7 y) = de?ﬂi(m21+n2y) ’

for some ¢,d € C, my, ma,ny,ne € Z such that m? +n? = m2 + n3. Once these are known, one
shows that the eigenfunctions of Ip should be of the form Ym,n,e and linear combinations thereof.
We use the Stone-Weierstrass theorem to show that A := span(€) is dense in I'(Sy) = C>°(T?, C?).
First consider the linear space A’ := span{, , : m,n € Z}. The torus T? is compact and Haus-
dorff, A’ is an algebra, it separates points, is closed under complex conjugation and it contains
the unit. So the Stone-Weierstrass theorem asserts that A’ is dense in C(T?,C).

Now observe that d}m,n,Jrl +wm,n71 = (\/ﬁwm,nv 0) and wm,n,+1 _wm,n,fl = (07 \/i\/%@m,n)
Then since A’ is dense in C(T?,C), A is dense in C(T?,C?) in the || - [|[so-norm. But then also A
is dense in L?(T? C?). So € is a complete system.

It remains to show independence. Recall, for n € Z it holds

1 .
/ 627mnwdx _ lf n 0 )
0 0 ifn#0
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Therefore
(Yt o3 Y s o)
1 ot
= 5/ / CmnP—-m/,—n' +€€,Cm,ncm/,n’ @m,n@—m/,—n’dzdy
o Jo
1 /Lot 1 1 .1
= 5/' / (pmfm’,nf’n'dxdy + §€Elcm)ncm/)n// / <Pm7m',n7n'd$dy
o Jo o Jo
1
= 5 (6m,m/5n,n’ + €€/Cm,ncm’,n/ 5m,m/5n,n’)
R fm=m'"andn=n"ande=¢
)0 otherwise '
Thus the set is orthonormal. X

Example 2.29. The spectrum of the Dirac operator ) of (C°°(T?), L?(T?,C?), I§) consists of
the eigenvalues of I i.e. o(Ip) = {e2mvVm?2 +n? : e = &1, m,n € Z}. For

DOH’I { Z dmnswmns : Z Idm,n,s|2 < 00, Z )\12n7n,g|dm,n,s|2 < OO},

m,n,e m,n,e m,n,e
the operator (19, Dom([p)) is self-adjoint and I) has a compact resolvent.

Proof. Example 2.28 shows the conditions of Theorem 1.62 are satisfied, from which the result
follows. X

Definition 2.30. A spectral triple consists of a triple (A, H, D) where A is an involutive algebra,
‘H is a Hilbert space and D is a self-adjoint (unbounded) operator on H with compact resolvent,
for which there exists a faithful representation 7 : A — B(#H) of bounded operators such that
for all a € A the operator [D,m(a)] is densely defined and extends to a bounded operator on H.
If in addition there exists a grading x : H — H such that xD = —Dx and xn(a) = w(a)x for all
a € A, then the tuple (A, H, D, x) is called an even spectral triple. If no such grading exists, the
triple (A, H, D) is called an odd spectral triple.

A very important class of spectral triples is given by spin manifolds. Following the construction
outlined in this paragraph they yield commutative spectral triples, i.e. triples for which the
algebra A is commutative. It is also possible to go the other way around, given a commutative
spectral triple (which satisfies some additional requirements), then there exists a compact man-
ifold which generates this spectral triple [7]. An explicit proof of the fact that the torus admits
a spectral triple can be found below (cf. Example 2.34).

Theorem 2.31. Suppose M is a spin manifold. The previous constructions (Definition 2.2/
and 2.25) yield the spinor bundle S and Dirac operator ID. The tuple (C>(M), L*(M,S), ID) is

a spectral triple.

Proof. See [19, Thm. 11.1]. X

For the torus it appears to be convenient to do computations with vectors of L?(T?,C2) of the
form (f,0) and (0, f), where f : T? — C. Therefore we introduce in addition to Notation 2.27
the following functions

Notation 2.32. For n,m € Z define

27rz(ma:+ny)
dm, n,l .T y )

dm n,—l €, y

/‘\

ﬂz(mx—i—ny))

an(x y) =T Sﬁm n)
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Remark 2.33. Note that the set {d,, n : m,n € Z, ¢ = £1} is an orthonormal basis of
L3(T?,C?). Indeed, clearly the spinors d,, . . are orthonormal. And the set is complete, because
wm,n,e = %dnhn,l + %gcnhndm,n,—L Furthermore

ek,ldm,ma = dk+m,l+n,€§

(0 —id -, (emitne) 0
w(dm,n,l) = (_Zax +ay > ( 0 - 27T(m+in>62m'(mx+ny) 0

=2n(m + in)dm n,—1;

- 0 —i0y — 81/ 0 B 2m(m — Z'n)€27ri(7nx+ny)
lp(dm’mil) - (—z@z +8y 0 ) <62ﬂ'i(mm+ny)) - ( 0

=2m(m — in)dm n1-

So D(dmne) = 2m(m + €in)dy, n—e. In particular IDQ(dm’n’g) = 472(m? + n?)dm ne, so the
vectors d, ne are eigenvectors for EQ. Also the vectors {dmn,. : m,n € Z, ¢ = £1} induce

an orthogonal decomposition H = H; & H_1, where H. equals the Hilbert space generated by
{dmmne : m,neZ}

Example 2.34. For A := C°°(T?), the triple (A, L?(T?,C?), D) is a spectral triple.

Proof. We have to check several conditions.

1. Tt is clear that A is a x-algebra.

2. We have a representation 7 of C*°(T?) on L?(T?,S?) = L?*(T?,C?) via multiplication i.e.
(m(f)g)(x) = f(x)g(x) (strictly speaking this is defined almost everywhere, because L?(T?, C?)

consists of equivalence classes). Each w(f) is bounded because ||7(f)gll2 < ||fllocllgll2. The
action is faithful, because if 7(f1) = 7(f2), then in particular for the function

g:(z,y)— (1,1) for all (z,y) € T,
we have (f1(z,y), fi(z,y)) = 7(f1)g(z,y) = n(f2)g(x,y) = (f2(2,y), fo(z,y)). Thus f1 = f; ae.
But f1 and fo are C'*°, hence f; = fo everywhere.
3. ID has a compact resolvent and is self-adjoint, this has been shown in Corollary 2.29.

4. Suppose f € A= C>®(T?). Then f = Zk’l oy 10k, for some double sequence of rapid decay
(g 1)k.1- Since I is closed we have

[E, ﬂ-(f)]dm,n,a = IZ)( Z ak,ldk+m,l+n,a) - Z ak‘,lek,lm(dm,n,s)
k,l k,l

= Z OszQﬂ'((k + m) + Z€(l + n))dk+m71+n7_e — ak7127r(m + ian)dk+m,l+n,—s
k1

= ( Z Ozk,lQ?T(k’ + i5l)€k,l> dm,n,—a
k,l

Observe that —id, f = Zk,l 2nkoy, 1o and Oy f = Zk,l 2milag,1ok,1. We obtain

[lpv W(f)]dm,n,e = W(—iawf + anf)dm,n,fe-
Therefore on span{d,, n. : m,n € Z, € € {—1,1}} the operator [, 7(f)] can be represented by

the matrix
0 m(—i0. f — Oy f)
(W(—iazf—&-ayf) 0 ) ’
with respect to the decomposition H = H; @ H_1 (see remark 2.33). Since each entry of this
matrix is a bounded operator and span{dy, . : m,n € Z, € € {—1,1}} is dense in L?(T? C?)
the operator [ID, 7(f)] extends to a bounded operator. And thus (C>(T2,C), L?(T?,C?), D) is
a spectral triple. X
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2.3 Summability, regularity and dimension spectrum

The notion of a dimension and the smooth structure of a manifold also translates to an algebraic
counterpart for spectral triples. This will be examined in this subsection.

Definition 2.35. Suppose (A, H, D) is a spectral triple. The triple is p-summable if Tr((1 +
D2)_p/2 < oo. The triple is p*-summable if for all € > 0 the triple is (p + €)-summable. The
triple is finitely summable if it is p summable for some p > 0. The metric dimension of a spectral
triple is defined to be m € N if the triple is m*-summable, but not (m — 1) T-summable. We say
the triple is #-summable if for all t > 0 it holds that Tr(e’“y) < 00.

Some authors define summability using |D| instead of (1 4+ D?)/2. We explicitly choose the

second possibility because if D is not invertible one has to deal with ker(|D|) = ker(D) in some
way. This can for example be done as in the Remark 2.36 stated below. Because D is self-adjoint,
D? is positive and hence 0 ¢ o((1 + D?)'/?), therefore with (1 4+ D?)/2 one does not have this
problem.

Remark 2.36. If (A, H, D) is a spectral triple and ker(D) # {0}, we can define a new spectral
triple which is only slightly different. We have H = ker(D)* @ ker(D). Define R : ker(D) @
ker(D) — ker(D) @ ker(D) given by the matrix decomposition

(0 )

Let & > 0 and now define a spectral triple (A, H, D) by

H :=ker(D)* & (ker(D) @ ker(D)) D := Dlyo(p): ®cR.

The action of the algebra A on H is given by alhy @ ha @ ha) :=a(hy ® ha) ® 0.
If the spectral triple is even with grading v we can extend this grading to 4 by

- (7 0
7 (O 7|ker(D)> ’

with respect to the decomposition H = H @ ker(D). Write Dy := Dlyey(p)y+- Since 7 anticom-
mutes with D we have

YD1 0\ _ (v 9y (Dr 0\ _ _ (Di 0\ [y 721\ _ (=D —me2Dr
Yo1D1 0 Y12 Y22 0 0 0 0/ \m2 722 0 0 ’
So v12D1 = D191 = 0. Since ker(D;) = 0 this implies 91 = 0. Since D is self-adjoint, D; is

self-adjoint and hence ran(D;)*+ = ker(D)*, so ran(D;) is dense in ker(D)*. Hence 715 = 0.
Thus 7 looks like

Y11 0 O
0 72 0 )
0 0 —7

from which it is clear that 4 anticommutes with D and commutes with A. For this reason we
will in some results assume that the Dirac operator D is invertible. If that is not the case one
can perform the above construction and then let € tend to zero.

Locally the torus is homeomorphic to R?, so we expect that the metric dimension of the torus is
also 2. This is indeed the case, see the next example.

Example 2.37. The metric dimension of the torus T? is 2. In particular the torus is finitely
summable.

35



2. ESSENTTALS FROM NONCOMMUTATIVE GEOMETRY

Proof. We will show that the triple is 27-summable. The Dirac operator D is self-adjoint, thus

Tr ((1+D%)72) = Y (1+ A2

m,n,e

So establish 2t-summability it is sufficient to show that the sequence (i), is O(n~ (/). Here
(fin)n are the eigenvalues of (1 + D?)~/2 arranged in decreasing order and with multiplicity.

In Lemma 2.28 we computed the eigenvalues of D. These are {e2mvm? + n?}. We will ignore
the factor 27, because this will not affect the order of growth of the eigenvalues. Observe that
0< %(m —n)? = %mQ + %nQ —mn. So mn < %(m2 + n?), hence for m,n > 0 it holds that

1(m+n)? = 3(m? +n?) + mn <m?+n? < (m+n)% So

%(\m\ +[n))? < (m? +n?) +1 < 2(|m| + |n|)? for all (m,n) € Z%\ {(0,0)}

and hence
! < ! < V2 )
V2(Im|+nf) = VI+m2+n2 = |[m| +|n|

We order the values {(|m|+ [n|)™' : (m,n) € Z*\ {(0,0)} }. The value 1 appears 4k times. To
take care of € we make a new sequence (ay), in which each number % appears 8k times (again
in decreasing order). If we order the set

{1+ (6\/m2+n2)2)71/2 ce==+1, mneZ}= {(1+m2+n2)71/2 te=+1, mneZ}

for all (m,n) € Z*\ {(0,0)}.

of eigenvalues of (1 + DQ)*I/2 in decreasing order, say (n),. Then %an < pin < V2a,. So it

is sufficient to show that the sequence (ay,), is O(n=/?). If k = STL("TH), then a; = L. More
generally if &k = 4(x(z + 1)), then

—4+v16-4-4.— 1 —

. 2.4

Therefore

5(4 +VIHR)| <ot < E(—l + VIR

So a, = O(k™2). So we conclude that D is 2*-summable and not 2-summable. Thus by defini-
tion of the metric dimension, the torus has metric dimension 2. X

The summability gives a part of the dimension of a spectral triple. But on can get more infor-
mation from the dimension spectrum, in some sense this also takes submanifolds into account.
We start with the necessary definitions and lemmas.

Definition 2.38. For a spectral triple (A, H, D) we define for a € A the operator §(a) := [|D|, a],
it is the unbounded derivation of a. We denote

Dom(§) :={T € B(H) : §(T) is bounded on H and T Dom(|D|) C Dom(|D])}.

If for all @ € A the operators a,[D, a] € Dom(&*), we call the triple a QC*-triple, or QC* for
short. If the triple is a QC*-triple for all k > 1, we call it QC™ or regular. An operator a € B(H)
with @ € Dom(8*) for all k& € N is called smooth.

Also define the following subspace Hoo :=[),, Dom(D™).

As the name suggests, smooth operators preserve smooth domains, therefore the following results
should be no surprise. These results are due to Connes in the paper [7].

Lemma 2.39. For a self-adjoint operator D on H, the space Hoo C H dense.
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Proof. Since D is self-adjoint, by the spectral theorem D has a spectral decomposition D =

Jg AdE. Suppose m € N and h € E([—m,m]), then D"h = f[_m m) A" dE and hence

= f svampl< [ jaeazial < 2nn) < .

So h € Heo. We conclude that span({E([—n,n]) : n € N}) C Hoo. But the linear space
span({E([-n,n]) : n € N}) C H dense. So Hoo C H dense. X

Lemma 2.40. Let (A, H, D) be a regular spectral triple, then for an element a € A it holds that
aHoo C Hoo-

Proof. See [7, Lemma 2.1]. We will first prove with induction that

m

IDI"a=Y" (7;:) 5" (a)|D|™*. (2.3)

k=0

For now we will only prove this as a formal expression, later we will show that this holds as
operators on suitable domains.
In the case m = 0 there is nothing to prove. Using |D|6*(a) = [|D|, 6¥(a)] + 6*(a)|D| we obtain

m

pia=3 (7 )it @it

k=0

I
NE

()0 @Iplm =0 s gty ppe

B
Il

0

— |p|mH! +ki—l ((ka 1) + (Z))a’f(a)|p|<m+1>-k + 67+ (a)

m—+1
=2 (m,j 1)6’“<a>|D|<m“>’f.

k=0

Now note that for a € Dom(&*) it holds that §*~1(a) € Dom(d) and Dom(D**!) C Dom(D),
hence
6% (a) Dom(D*1) ¢ (6% (a))(Dom(D)) C Dom(D). (2.4)

To finish the proof of this lemma it is sufficient to prove the following claim: if ¢ € Dom(6™), then
aDom(D™) C Dom(D™). For m = 0 there is nothing to prove and for m = 1 this is included in
the definition of §, so assume m > 2. Let h € Dom(D™), then |D|™~1=Fh € Dom(D**+!). Hence
by (2.4) we obtain 6*(a)|D|™1=*h € Dom(D). Combining this with (2.3) gives that

m—1
-1
D" Dah =) (mk )5k(a)D|m1kh € Dom(D).
k=0
Hence ah € Dom(D™) and (2.3) holds as operators on Dom(D™). X

In the above proof we have established the following useful result.

Corollary 2.41. If (A, H,D) is a spectral triple and a € Dom(0™), then a(Dom(D™)) C
Dom(D™).

Lemma 2.42. Suppose D is a self-adjoint operator and the operators a,d(a) : Hoo — H are
bounded. Then a preserves Dom(|D|) = Dom(D) and on Dom(D) the bounded extension of
0(a) = [|D|, a] and the commutator |D|T — T|D| coincide.

37



2. ESSENTTALS FROM NONCOMMUTATIVE GEOMETRY

Proof. See [7, Lemma 13.1]. By Lemma 2.39 it holds that H., C H is dense. So let h € Dom(D),
then there exists a sequence (hy,), C Heo such that h = lim, h,, and |D|h = lim, |D|h,. By
boundedness of a and §(a) it follows that

lim ah,, = ah, lim a|D|h,, = a|D|h, limd(a)h, = h.

Therefore (|D|ahy,), = (6(a)h, — a|D|hy,)y is convergent. Because |D| is closed and (ahy,), is
convergent we obtain lim,, |D|ah,, = |D|ah. Hence ah € Dom(|D|) = Dom(D). The other state-
ments of this lemma are trivial. X

Most of the times it is way more convenient to work with D? instead of with |D|. To establish
regularity of a spectral triple the following result can be useful. We will not prove this lemma
because the proof is very technical and does not give a lot of insight.

Lemma 2.43. Suppose (A, H,D) is a spectral triple and a : Hoo — H is a bounded linear
operator. Denote 6,(a) := [D?,a](1+ D?)~Y2. Then the following holds:

(i) If 61(a) and 6%(a) are bounded, then 6(a) is bounded;
(i) The operators 07 (a) are bounded for all n > 1 if and only if 6™(a) is bounded for all n > 1.

Proof. See [7, Lemma 13.2]. X

There exists another equivalent notion of smoothness of operators which is sometimes used in
the literature. Then an operator is called smooth if the map t — e**!PITe=*IP is smooth. We
will prove the equivalence.

Lemma 2.44. Suppose (A, H,D) is a spectral triple. Then for a € B(H) the following are
equivalent

(i) a € Mi_, Dom(s");
(ii) the map t — e!Plae="IPl is in C™(R, B(H)) with respect to the norm topology.

Proof.  See also [7, Lemma 13.4]. We start by calculating the derivative of the map t —
ePlae=Pl - For this we will freely use the properties of groups of unitary operators see for
example [11, §X.5]. We obtain

. w N w : .
it|D| 5=t Dl g, — hr% ;(el(t""'t)‘Dlae i(to+t)|DIp, _ gitolDl 40 zto\D\h)
t—

d
a't:toe

= lim l(ei(t0+t)|D|ae—ito\D\ (e—it|D|h) _ eito\D\ae—it0|D| (eit\D\h>)
t—0 ¢

+ PH(I)%(eito\D\aefi(tg+t)|D|h ~ ¢itolPlge-itolDIp)
o

1 i 1 i —1 —1 . i 1 i i
= tim 121 (1P 1)ae= 1P (e 1P1p) 4 Jim ¢oPlat (1P — 1) (¢I1n)

— gitol Dl |D|ae_it°‘D‘h _ eito|D\a|D|e—it0|D|h

= e"olPlg(g)e=0lPlp, (2.5)

Because e *IP! is unitary and commutes with |D|, this equality holds for h € H with h €
Dom(|D|) and ah € Dom(|D]).

Assume n = 1. Suppose (i) holds, then §(a) is bounded. Since by assumption (i) a Dom(D) C
Dom(D) equality (2.5) holds for h € Dom(|D]|) which is dense in H. Because the operator
e'tolPl§(a)e~iIPl is bounded, it is a bounded extension of % |,—¢, e®IPlae~*IPl. So the derivative
exists and is continuous because t +— e*!Pl is continuous, i.e. t — e*!Plae="Pl is in C*(R, B(H))
Conversely if (ii) holds, then (2.5) is true on Dom(|D|) N a~}(Dom(|D])). We will show, if
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2.3. Summability, regularity and dimension spectrum

h € Dom(|D|), then ah € Dom(|D|). Since D is self-adjoint, it holds that h € Dom(|D|) if
limy—o 1 (e®PIh — h) exists (cf. [11, X§5]. By assumption for all h € H the limit

1. ,
lim — (e”‘mae*”w‘h — h)
t—0 t

exists. Suppose h € Dom(|D]), then

1, . 1, . ) . 1, . )
lim — (e”lDlah - ah) = lim — (e”'Dlah — e”‘mae*”m‘h) + lim f(emD‘aeﬂtlDlh - ah)
t—0 t t—0 t t—=0t

; 1 : 1, . )
_n it|D|  ~ (,—it|D|y _ s~ (,it|D|, —it|D|p
= }g%e as (e h—h)+ }g% . (e"Plae h — ah). (2.6)

Both limits in (2.6) exist, the first one because h € Dom(|D]), the second one by assumption
(ii). Hence ah € Dom(|D|). Since Dom(|D|) C H dense, the operator §(a) extends to a bounded
operator on H. Therefore a € Dom(d) and (i) holds.

To prove the lemma for higher orders (i.e. n > 1) one can proceed by induction. Simply replace
the operator a by 6"~ (a) and use Corollary 2.41. X

As we showed in Remark 2.36, invertibility of D is not a big restriction. So we will assume in
the following definition and lemmas that D is invertible.

Definition 2.45. For a spectral triple (A, H, D) we define OP° := {T € B(H) : T is smooth}
and OP" := {T € B(H) : |D|~"T € OP°}. Note that it is immediate from this definition that
T € OP® if and only if |D|T € OP**# see also Lemma 2.47.

Notation 2.46. For an operator T denote VT := D2?T — TD?. If there is a possibility of
confusion, we will write Vp to indicate the dependence on D.

Lemma 2.47. Let T € OP° and n € N, then
(i) V*(T) € OP"™;
(ii) D727 =Y} _ (- IVFYT)D=%* + R,.

Here R, = (—1)"D=2V"™"(T)D~2" € OP~"~'. PFurthermore we have |D|*T is smooth if and
only if T|D|* is smooth.

Proof. 9, Lemma 1.136] X

The importance of this result lies in the property that it is now possible to interchange an element
A € A with factors D~2. We will use the following result a lot of times.

Lemma 2.48. If S € OP® and T € OP?, then ST € OP*t8. And if a < f3, then we have an
inclusion OP* C OP?.

Proof. By assumption |D|~%S and |D|=#T are smooth. Therefore by Lemma 2.47 T|D|=# is
smooth and thus |D|~*ST|D|~? is smooth. Again by this lemma ST|D|~?|D|* = ST|D|~(@+5)
is smooth. So ST € OP*+75,

As before we will assume that D is invertible. Then |D|~" is bounded for all » > 0 and |D|™"
commutes with |[D|. Thus §™(|D|~") extends to the zero operator, in particular |D|~" € Dom(d™)
for all n € N. So |D|~" is smooth. Hence 1 € OP" for all » > 0. Thus by the previous result, if
S € OP?, then S = S1 € Opat(B-a) = Op5B. X

Lemma 2.49. Suppose (A, H, D) is a regular p-summable spectral triple. Then for an element
B € OP~® with a > p the function
{z € C : Re(z) >m} —C, z +— Tr(B|D|™%)

extends to a function which is holomorphic in z = 0.
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Proof. Suppose a > p and B € OP~%. By Lemma 2.47 B|D|* € OP°. In particular B|D|* is
bounded. Note
Tr (B|D|~%) = Tr ((B|D|*)|D|~¢+))
and z — Tr(|D|~#) is holomorphic for s € {z € C : Re(s) > p}. Thus z — Tr(B|D|™?) is
X

holomorphic at z = 0.

We will need the following result a couple of times in the upcoming calculations, so we write it
down separately.

Lemma 2.50. Suppose H is a separable Hilbert Space with orthonormal basis (en)n. For k =
1,...,K let Ty, : H — H be a bounded operator and D > 0 a constant (independent of k), such
that ||[Tx|| < D. Let ¢, : N —= C, k=1,...,K be complex valued functions and C > 0 a constant
such that |cp(n)| < C for all k,n. Suppose T : H — H is defined by

Tx _ZTk<ch (x,en en)

Then T is a bounded operator of norm |T|| < KCD.

Proof. Let x € H, put «,, := (z,e,). Then

1Tzl < D NTR(Y er(m)anes)|

k=1 n

S I\ZCk Janen|?)!/?
—z (5 o

<22 DO(S o

= K Cll[l.

=

N

NH

N

X

Example 2.51. We will show that (C>°(T?,C), L?(T?,C?), D) is a regular triple. We will use
Lemma 2.43 because D? is a lot easier to work with than |D|. Because dy, n are eigenvectors
for D? with eigenvalue 472(m? + n?), the functional calculus for D? (Theorem 1.71) gives us

(14 D*)~Y2d,, o = (1 + 472 (m? +n?))~1/2,
Then for f € C=(T?,C), f = >k Ok 1Pk, We have

51(w(f))dm e = [D?, ()](1+D2 1/2q

m,n,g

)"
:(1—|—47T (m —I—TL 2(Zaledk+ml+ns e D dmnE))
= (1+47*(m? + n? 1/2(20% A ((k+m)? + (1 +n)* — (m? + n2))dk+m,l+n76>

= (14 47*(m? + n?) —1/2 Zakgélw (k2 +2km+l2—|—21n)ekl)dmn5 (2.7)
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2.3. Summability, regularity and dimension spectrum

Since 9, f = Zk)l 2mikpy, and O, f = kal 2milpy,; Equation (2.7) becomes

-1

( —4mmi
(14 4m2(m? + n?))1/2

(1+ 472(m? 4+ n?))
1/2 ayf) dm,n,6~

02+ 02) f+

1/2 Oz f

—47mni

T U 1 a2)

Observe that there exists a constant C' > 0 such that for all m,n € Z

—4mmai
(1 + 472(m?2 + n2))1/21

-1

—4mni
: <c
(14 4m2(m? + n?))1/2

(1 +4n2(m? + n2))172| =

Using induction
2p

5f(ﬂ(f))dm,n,s = Z Ck,l(ma n)ﬂ—(alafagl;f)dm,n,sa

k=1

for some collection of uniformly bounded functions ¢ : Z x Z — C. Since span{d,, n : m,n €
Z, e = £1} C L?(T?,C?) dense. It holds that

2p

))( Z a,,L7n,5d,,L7n75) = Z W(@’;azllf)( Z ck,l(m,n)am’n,sdm’n,s).

m,n,e k=1 m,n,e

Since each of the operators w(@kal f) is bounded, Lemma 2.50 implies that 67 (7 (f)) is bounded.
Note that [D,n(f)] is no longer an element of C*°(T? C), but we can show boundedness of
M ([D,7(f)]) in a similar way. Recall from example 2.34 that

(D, 7()]dm e = 7(=i0uf + €0y f)dmm,—c = »_ 2m(k +icl) ok idiimiin e (2.8)

k.l
Then
a1([D, 7T(f)])dm,n e = [ D, (O + DQ)_l/Qdm,n,e
=(1+ 4m (m +n )) 1/2( [ 7T(f)]dm n,e — (D, 7T(f)]Dzdm n,a)
= (1 + 4n*(m?* +n?))~ 1/2 (Dz Z 2n(k +iel)ag,1dk+m, l+n,_a)

k,l
— (D, 7)) (47 (m? + 1)y ) )

= (1 +4n2(m? +n?))"1/2 ( > 2m(k + iel)dn®((k +m)? + (14 n)*) ok 1dim n,—<
k,l

- 47r2(m2 + n2) Z 27T(k + isl)ak,ldk+m,l+n,fs)
k,l

= (1 + 472 (m? + n?))~1/2 ( 38w (k + iel) (K + 12 + 2km + ZZn)akylekJ)dm,n,_s
k,l

= (14 47*(m?* + 712))71/277((—1'337 +€0,)(=02% — 85 — Amimd, — Amindy) f)dpn, e
= (1+4n*(m?® + n?)"V2([D, (=02 f)] + [d, (=0 f)] + [D, 7(—4mim0s, f)]
+ [D, m(—4mindy f)])dm n.e-
Now we can use induction and the same arguments as before to obtain that 67([D,7(f)]) is a
bounded operator for each p € N. From Lemma 2.43 it follows that §™(a) is bounded for all n.

Then with Lemma 2.42 it follows that 6™ (a) Dom(D) C Dom(D). Hence §™(a) € Dom(d) for all
n and the torus is regular.
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Definition 2.52. Let (A, H, D) be a regular pT-summable spectral triple. Let B be the algebra
generated by §"(a) and 6" ([D,a]), a € A, n € N. For b € B and z € C with Re(z) > p define
G (2) := Tr(b(14+ D?)=#). The dimension spectrum is defined as the subset Sd C C, where z € Sd
if and only if there exits a b € B such that (the meromorphic continuation of) (, has a singularity
at z.

If Sd is discrete, the dimension spectrum is called discrete, if the functions (j have only simple
poles, the dimension spectrum is called simple.

The definition of the dimension spectrum might seem arbitrary, but in fact it is very useful.
In [10] Connes and Moscovici state and prove the local index theorem. With this theorem one
can compute the index of an operator by sums of residues of zeta functions (. One of the
assumptions of this theorem is that the dimension spectrum is discrete and simple.

Another motivation for considering the dimension spectrum is that in case of a spin manifold
the dimension spectrum consists of {0, 1,...,dim(M)}, so the dimension spectrum in some sense
also sees the dimensions of the submanifolds of the original one. In some sense it can be seen as
a generalisation of the dimension of a manifold. We will use this definition of dimension when
we later define the z-dimensional spaces.

In the definition of the dimension spectrum we speak of an analytic continuation, to do so we need
a holomorphic function. So we have to prove that s ~ Tr(b(1 + D?)~5/2) gives a holomorphic
function on an appropriate domain.

Lemma 2.53. If a spectral triple (A, H, D) is p™-summable, then the functions {(, : b € B}
are holomorphic on {z € C : Re(z) > p}.

Proof. Suppose (\), is the collection of eigenvalues of D. Then (1 + D?)~'/2 has eigenvalues
il = (14 A%)~Y2 Order these eigenvalues p/, as a decreasing sequence say (i,),. Then by
assumption of the metric dimension the sequence (uy,), is of order O(n'/™). Thus

[Go(s)] = | Tr(b(1 + D?)*/)| < [[b]| Te(|(1 + D?)=*/2)) = [[p]| > u,
n=0
which is convergent for s with Re(s) > m. We also have
—F (Zu) = > log(n) i,
n=0 n=0

which also converges if Re(s) > m. Thus the function (, : {z € C : Re(z) > m} — C is
holomorphic. X

Using Lemma 2.40 it is easy to prove the following result.

Corollary 2.54. If (A, H, D) is a reqular spectral triple, then for b € B the inclusion bH oo C Hoo
holds.

Proof. By Lemma 2.40 for an element a € A the inclusion aH, C Hoo holds. Since D(Hoo) C
Heo we have [D,a] = Da — aD where both summands exist. Then (Da — aD)Hs C Hoo. Use
induction to n and similar argument to show that 6" (a) = [|D|, 8"~ *(a)] preserves Hoo. X

Connes and Moscovici compute the dimension spectrum of spin manifolds.

Theorem 2.55. Suppose M is a closed Riemannian spin manifold of dimension p. Then the
triple (C>°(M), L?*(M,S), D) has simple dimension spectrum, which is contained in the set {n €
N :n <p}.
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2.3. Summability, regularity and dimension spectrum

Proof. See [10, Rem. II.1]. X

We would like to compute the dimension spectrum of the torus ourselves. Because it is very hard
to deal with the explicit expressions of the operators in B we will use a different approach using
pseudo-differential operators. We start with a general remark.

Remark 2.56. Suppose A and B are (pseudo-)differential operators of order k respectively I.
Then AB and BA are (pseudo-)differential operators of order k + [ and the leading symbols are
equal; o, (AB) = or(BA). Thus the commutator [A, B] does not have a term of order k + I,
the highest order terms of AB and BA cancel. Thus [A, B] is a (pseudo-)differential operator of
order k+1— 1.

Lemma 2.57. The algebra B of a spin manifold M only contains pseudo-differential operators
of order < 0.

Proof. Note that the operators in A = C°°(M) are just multiplication by smooth functions, so
they are differential operators of order 0. Also D is partial differential operator, it is of order
1. The operator |D| is a pseudo-differential operator of order 1. Thus from the previous remark

we have if b € AU [D, A, then b is of order < 0. Note that |D| = (DQ)I/Q, thus |D| is a
pseudo-differential operator of order 1. Using induction it immediately follows that §™(b) is also
of order < 0if b € AU[D, A]. Hence the result follows. D

In Example 2.59 we will compute the dimension spectrum of the torus. In the proof we will use
a heat kernel expansion for elements of the form b(1+ D?)~%. We will first give the basics about
these heat kernel expansions, a detailed treatment can be found in the book [18]. The following
remark is based [18, Ch. 1] and [19, Ch. 7].

Remark 2.58. Suppose P is an elliptic partial differential operator. It is possible to show that
e *F has a kernel K. Thus there exists a function K such that

@)= | K(t,z,y)f(y)dvol(y).
M

Apply this to be 7', then

be P (@) = [ b (b)) ool
Taking the trace gives
Tr(be 7)) = / Try, (bK (¢, x,x)) dvol(z), (2.9)
M

where Try, is the trace in the fiber V,,. Therefore we would like to have an expansion of bK (¢, z,y)
near x = y. Such an expansion exists: there exists coefficients e, (z;b, P) such that

(BE (t,2,9)) ey ~ Yt e, (2;0,P), st |0, (2.10)

n=0

Here m is the dimension of the manifold M and d and a are the orders of the operators P
respectively b. The notation

f(t)Nan(t), ast 0
n=0

is used if for all N there exists a constant Cy such that |f(¢) — Zg;ol n(t)] < Cn|fn(t)] in a
neighbourhood of ¢t = 0. Combination of (2.9) and (2.10) gives

Tr(be™'7) ~ > " tnmm=aldg, (b, P), ast ] 0. (2.11)
n=0
where a, (b, P) := [}, Try, (e (2;b, P)) dvol(x).
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Example 2.59. The dimension spectrum of the torus T? is contained in the set 2 — N.

Proof.  For brevity we will write in this proof P := (1 + D?). Note that the dimension of T?
is 2 and the operator P is an elliptic partial differential operator of order 2. By lemma 2.57
each b € B is of order 0, thus we can apply [19, Eq. (7.56¢)] to conclude that the kernel of the
operator be~ "’ has an asymptotic expansion given by

{Kpp(t,z,y) Ha=y Zt” D2, (z:b, P), as t | 0, (2.12)

for some coefficients e, (x; b, P) depending on x, b and P. For s € C, Re(s) > 0 we have by the

functional calculus 1 5o
P = — / t5 e~ P dt.
L'(s) Jo

/ bts™ 1 7tP dt.
>

2

Thus

Interchanging integral and trace gives for Re

G(s) = Tr(bP~%/?) = / /271 T (be ™) dt. (2.13)
0

This switch of integral and trace is allowed. Namely, write the trace as an infinite sum and apply
the dominated convergence theorem, because as we show below this integral converges absolutely
for Re(s) > 2

So we have to compute the poles of the analytic continuation of s — fooo t5/2=1 Ty (be*tp) dt. We
will split this integral in two parts: from 0 to 1 and 1 to co. The part s — floo t5/2=1 Ty (be*tp) dt
gives an entire function, because

‘/ /271 Tr (be™'F) dt’ s/ [t/ Tr (be™'P) | dt < ||b||/ R/ Ty (e71P) .
1

(2.14)
We know that the eigenvalues A, of the operator P increase as ~ n (see the proof of 2.37). Thus
the last integral of (2.14) converges for all s € C. And therefore the first integral of (2.14) gives
a holomorphic function.
To compute the dimension spectrum it thus suffices to compute the poles of the meromorphic
extension of

1
S / t3/27 1 Ty (be ') dt. (2.15)
0

Since we are in the situation of remark 2.58 we obtain from (2.11) and (2.12) the following heat

kernel expansion
oo

Tr(be ) ~ Z t™m=2/2q,. (b, P), ast | 0.
n=0
So for s € C with Re(s) > 2 we have

1 1 m
/ /271 Tr(be ™) dt ~ / ¢5/21 ( > D20, (b, P) + rm(t)) dt

0 0 n=0

m 1 1
:Z/ t<"+5—2)/2—1an(b,P)dt+/ /2 e, (8) dt

0

2
_ (n+s—2)/2
HZO—HS,Q[t Ji=8 an(b, P) + g (s)
—E P
non+$—2 (b )+Qm()
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Here the function r,, is the error-term of the asymptotic expansion (2.15). By definition r, is
O(t(m=2/2). Hence g (s) := [y t/2 Vrp(t) dt = [iy O +s=2/2=1) g = O(¢(™+5-2)/2), which
is holomorphic for s € C, with Re(s) > m—2. So the function (2.13) extends to the meromorphic
function

m 2
{s € C : Re(s) >m} — C, S Z —————an (b, P) + qm(5),
n:0n+s—2

with simple poles of residue 2a,,(b, P) at s = 2 —n. Thus the dimension spectrum is contained
in the set 2 — N. In particular the dimension spectrum is simple and discrete. X

Note that from the above proof it follows that m € 2 — N is in the dimension spectrum of the
torus if and only if there exists an b € B such that a,(b, P) # 0. So if we can calculate these
coefficients we know the dimension spectrum precisely.

2.4 Products of spectral triples

Given two spectral triples it is possible to construct the product of those triples. In the case of
a spin manifold taking the product of the spectral triples corresponds to taking the cartesian
product of the underlying manifolds. For the product of spectral triples we will need some
constructions using the tensor product. We will first review those.

This is a very concise overview, more information can be found in textbooks (e.g. [30, Chapter
IV]). We will assume knowledge of the (algebraic) tensor product of vector spaces. The tensor
product of vector spaces has the universal property that given two vector spaces U, V, W and a
bilinear map T : V x W — U, there exists a unique linear map 7" such that

VW —"sVeoWw

>

U

commutes. Here ¢ : V. x W — V ® W denotes the inclusion i(v, w) := v ® w. In fact one can
define the tensor product of vector spaces using this universal property.

For two algebras A and B we can define the algebra A ® B as the vector space A ® B equipped
with the product given by (a ® b) - (¢’ @ b') := (aa’) ® (bb') and extend this linearly and with
distributivity. Again we have a property of unique extension of bilinear maps over A ® B when
considered as vector spaces.

For two Hilbert spaces H and K we denote H ®q;4 K for the tensor product of H and K as vector
spaces. This space needs to be equipped with a inner product. Define (h1 ®q14 k1, ho Qqig k2) =
(h1, ha)p(k1, k2)c for elementary tensors and by linear extension. In general (H ®q4 KC, (-, )
is not complete in the norm induced by this inner product. Therefore we let H ® K be the
completion of the pre-Hilbert space H ®414 K in the norm induced by the inner product (-, -).
In the same way it is possible to extend two operators to the tensor product.

Lemma 2.60. Suppose S € B(H) and T € B(K) are bounded operators, then the map S @ T
given on the elementary tensors by ST (h®k) := (Sh)® (Tk) extends linearly and continuously
to the full Hilbert space H ® K.

Proof. 1t is trivial that we an extends this operator to H ®q;4 K. To continuously extend this
operator to the whole space H ® K it is sufficient to show that S ® T is bounded on the dense
subspace H ®q9 K C H® K. Indeed, let h € H ®qiy K and write h = Z?Zl e; ® f;, for an
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orthonormal set (e;)?" ;, then

IseTW|? = |3 se o T
=1
= (Sei, Se; )T fi, Tfy)
ij=1
<Y UISIPKes e ITIPfin £5)]
ij=1

= ISP NI D 1es eadl (i, fi)]
=1

= 18I 170 | 3 desrea) (i )

= ISIZNTIZ| D fesses) (Fis )
ij=1

= [ISI* |11

Using these bounded operators we can define the tensor product of von Neumann algebras.

Definition 2.61. Suppose for i = 1,2, M; C B(H;) are von Neumann algebras. We define
M1 ® Ms to be the von Neumann algebra generated by the elements a; ® aq, for a; € M;. More
precise M1 ® My = {a1 ® ag : a1 € My, ag € Mz}’ C B(H1 ® Hg). This is well-defined,
because as we showed before (cf. Lemma 2.60) the operators a; ®as are again bounded operators.

Lemma 2.60 has an analogy for unbounded operators. But this is more subtle because we have
to deal with the domains. We will state it as a lemma.

Lemma 2.62. Suppose (S,Dom(S)) and (T,Dom(T)) are densily defined closable operators on
H respectively IC. Then there exists a densily defined closed operator SQT such that ST (h®k) =
Sh® Tk for all h € Dom(S) and h € Dom(T).

Proof.  Define the operator S ®q4 T : Dom(S) ®qig Dom(T) = H R K by S Qaig T(h @ k) =
(Sh) ® (Tk). This is operator well-defined. Since S and T are closable Dom(.S), Dom(S*) C H
dense and Dom(T"), Dom(7T*) C K dense. Hence Dom(S)®@Dom(T), Dom(S*)®@Dom(T™*) C HRK
dense. Since clearly S* ®g19 T* C (S Qqig T)*, the operator (S ®q4 T)* is densely defined and
therefore S ®q14 T' is closable. We define S ® T' := S ®q4 T, which satisfies the requirements. X

These constructions will be applied in the following proposition, which constructs the product
of spectral triples.

Proposition 2.63. Given an even spectral triple Si = (A1, Hi,D1,71) and a spectral triple
Sy = (Az, Ha, Ds), then the tuple S; X Sa given by

S1 X Sy = (A ® Ay, H1 @ Ha, D1 @ 1+ 41 ® Dy)

is a spectral triple. If Sy is also even with grading ~ys, then the product triple Sy x Ss is even with
grading v1 ® Ya.

Proof. We will give a sketch of the proof which shows the main ideas. Later we will give a full
proof when we generalise this result to the case of semifinite spectral triples see theorem 3.10.
A very brief construction of the product can be found in [19, §10.5]. In the case H; and Hs are
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separable a proof of this proposition can be found in the article [12], this is the proof of which
we give a sketch.

We have two faithful representations m : A; — B(#H;). This yields a representation m ® 7o
on the tensor product H; ® Hso via the familiar construction. m; ® me(a; ® az)hy @ hy =
T1 (al)hl X 7T2(a2)h2.

The algebra A; ® As obeys the requirements of a spectral triple. Since for ¢ = 1,2 the represen-
tations m; of A; are faithful and A; acts by bounded operators on H;, we have an embedding of
A; into B(H;). Then also A; ® Ay C B(H1) @ B(Hs) = B(H1 ® Ha), where B(H1) ® B(Hs)
is the tensor product of the von Neumann algebras B(#H1) and B(#Hz). Therefore A3 ® Az is
faithfully represented by m; ® 7 and acts by bounded operators. The algebra A; ® As has an
involution given on the elementary tensors by (a1 ® a2)* = a} ® a3. And if both 4; and A have
a unit then so does A; ® As.

Now we will turn our attention to the Dirac operator. We will show that the operator D :=
Dy ® 1+ v ® Dy is densely defined, self-adjoint, ||[D, 7 ® m2(a)]|| < oo for all a € A; ® Az and
has a compact resolvent.

It is relatively easy to show that the domains of the operators D; ® 1 and v, ® Dy are given by
Dom(D; ® 1) = Dom(D;) ® He and Dom(y; ® Ds) = Ha ® Dom(Ds), (this is proved in detail in
lemma 3.13). Hence Dom(D) = Dom(D;) ® Ha N He ® Dom(Ds) = Dom(D;) ® Dom(D2) which
is dense in H1 ® Ho.

Self-adjointness and compactness of the resolvent requires some more work. In the case H; and
‘Ho are separable there exist orthonormal bases of H; and Hs consisting of eigenvectors for D,
respectively Ds. From these bases it is possible (but we will not do that) to construct an or-
thonormal basis for H; ® Hsy consisting of eigenvectors for D. The eigenvalues are of the form
+/ A2 + p?, where A and p are eigenvalues of D; respectively Do, counted with multiplicity.
Hence the eigenvalues are all real and tend to infinity. So D has a self-adjoint extension and a
compact resolvent.

Suppose a € A; ® A is of the form a = a; ® as. Then

[D,m ® ma(a1 ® az)] = [D1,m1(a1)] @ ma(az) — m1(a1) ® [Da, ma(as)].

Because [D1,71(a1)] and [Dag, ma(az)] are densely defined and bounded and the operators ms(as)
and 7 (ay) are bounded, the commutator [D, 71 ® ma(a; ® ag)] is densely defined and extends to
a bounded operator. Now for an arbitrary element a = Y- ; a; ® by we can show boundedness
by linearity of m; and D;.

These results show that S; x Sp is a spectral triple.

To prove the last assertion, suppose that Ss is also even with grading x». A direct computation
shows

(71 ®72)(D1 ® 143 ® Da) = 11 D1 @72 + 77 ® 72 D2
=—D1m ®72 + 7} ® (—Da¥2)
=—(D1@1+7 ®Dz2)(n ®2)-

Similarly for an elementary tensor a; ® as one has

1 @72 (a1 ®az) (71 ®72) = m1(a1)71 ®m2(az)y2 = 1171(a1) @y2ma(az) = (1@ 72) T @M (a1 Qaz).

Hence S; x S is an even spectral triple if S; and Sy are. X

We can prove results about the summability and regularity of the product triple. We will do this
later in the more general setting of semifinite spectral triples, this can be found in Section 3.2.
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3 Semifinite noncommutative geometry

The objective of the next section is to construct spectral triples which satisfy a specific re-
quirement so that they can be considered to be z-dimensional for z € (0,00). After a short
examination one easily sees that one cannot find a spectral triple with that property. Therefore
we are forced to generalise the spectral triples. This will lead to the semifinite spectral triples.
We will take a closer look at these triples in general in this section.

3.1 Semifinite spectral triples and their properties

The difference between an ordinary spectral triple and a semifinite one is that we no longer require
that the resolvent of the Dirac operator is compact, but we want it to be compact relative to a
trace on a semifinite von Neumann algebra (cf. Subsection 1.91).

Definition 3.1. A semifinite spectral triple (A, H,D;N,T) consists of a Hilbert space H a
semifinite von Neumann algebra A acting on H with a faithful normal semifinite trace 7, an
involutive algebra A C N and a self-adjoint operator D affiliated to A'. Furthermore we require
that for all a € A the operator [D,a] is densely defined and extends to a bounded operator on
‘H and that the operator D is 7-discrete.

If in addition there exists a grading v € N such that yD = —D~ and ya = ay for all a € A.
Then the tuple (A, H, D; N, 7,7) is called an even semifinite spectral triple. If no such grading
exists, the tuple (A, H, D; N, 7) is called an odd semifinite spectral triple.

The reason for the requirement v € A is that we would like to be able to take the trace 7(va)
for a € A.

Most of the definitions of the classical case copy to the semifinite setting, in most cases we only
have to deal with the substitution of Tr by a trace 7.

Definition 3.2. Suppose (A, H,D;N,7) is a semifinite spectral triple. We say the triple is
p-T-summable if T((1 + D?)7P/2) < co. The triple is T-finitely summable if it is p-T-summable
for some p > 0. The triple is p*-r-summable if 7((1 + D?)"P/2*2) < oo for all £ > 0. The triple

is said to be 0-7-summable if 7(e~*P*) < oo for any t > 0.
These different notions of 7-summability are related to one another, see the next lemma.

Lemma 3.3. Suppose (A, H,D;N,7) is a semifinite spectral triple and q > p > 0. If the triple
is p-T-summable, then it is pt-T-summable, g-summable and 0-T-summable.

Proof. Suppose 1 < p < q. Because D is affiliated to N and (14 D?)~! is bounded, the operator
(1+ DQ)_(‘Z_”)/2 € N. Thus by Proposition 1.46 the following inequality holds

7((1+D?*)~%?) = 7((1+ D?)~@=P)/2(1 4 D?)7P/2) < ||(1+ D?) =@ P)/2||7((1+ D*)7P/?) < oc.

and thus D is g-7—summable. If € > 0, put g := p + 2¢ from which pT-7-summability follows.
For the last assertion, we know that for ¢ > 0 and « > 0 fixed, the function g;  : [0,00) — R,

Gr.a(z) = (1 + 22)*/2e~t" is bounded, say by Ci.. Then
7(e7P%) = 7(|ge.p(D)| (1 + D?)7P/?) < €y, ((1 4+ D?)77/?) < o0,

so the operator is f-7-summable. X

Definition 3.4. A regular 7-finitely summable semifinite spectral triple (A, H, D; N, 7) is said
to have dimension spectrum Sd C C if for all b € B the zeta function ¢ : z — 7(b(1 + D?)~%/?)
(for Re(z) large), extends analytically to C\ Sd. If Sd is discrete, then (A, H, D; N, 7) is said to
have a discrete dimension spectrum. If (; has at most simple poles, the dimension spectrum is
called simple.
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3. SEMIFINITE NONCOMMUTATIVE GEOMETRY

3.2 Products of semifinite spectral triples

We can generalise the construction of Proposition 2.63 of the product of two spectral triples
to a product of semifinite spectral triples. It is clear that we cannot expect the product to be
a classical spectral triple, but we do obtain a semifinite spectral triple. This is the content of
Theorem 3.10. Note that such a theorem exceeds Proposition 2.63, because a classical spectral
triple is a semifinite spectral triple with type I von Neumann algebra B(#) and trace Tr. We
start with the preparations for the proof of this theorem.

Lemma 3.5. Let Hq and Ha be two Hilbert spaces. Suppose Ha has an orthonormal basis (€;)icr.
Denote K; for a copy of Hi. Then the map

UI@}Ci—)Hl ® Ha, (xi)iejHin(@ei
iel i€l
18 an isometry.

Proof. Note that this sum is well-defined, because if (z;); € @,c; K; at most countably many
elements x; can be non-zero. Now clearly U is bijective and it preserves the norm. Hence it is
an isometry. X

Proposition 3.6. Let My and My be semifinite von Neumann algebras, then My ® My is a
semifinite von Neumann algebra.

Proof. See [2, Thm. 111.2.5.27]. X

Combination of 1.43 and 3.6 shows that given two semifinite von Neumann algebras M; and
M with semifinite faithful normal traces 7, and 75 there exists a semifinite normal trace on
M1 ® M. Tt is possible to construct such a trace from 71 and 7. The obvious choice is 71 ® 7,
which indeed works.

Proposition 3.7. Suppose for i = 1,2 M, is a semifinite von Neumann algebra with faithful
semifinite normal trace 7;, then 7 := 71 ® 79 : (M1 @ Ma)1 — [0,00] is a faithful semifinite
normal trace. In particular this trace factors, thus 71 ® Ta(a1 ® az) = 11(a1)72(asz).

Proof. From [31, VIIL.§4] it follows that the map 7 ® 72 is a faithful semifinite normal weight.
(A weight on a C*-algebra is a function ¢ : A, — [0, 00] such that ¢(0) = 0, ¢(Aa) = Ap(a) for
alla € Ay and A > 0 and ¢(a + b) = ¢(a) + ¢(b) for all a,b € Ay). So it remains to show that
7 has the trace property, i.e. 7(aa*) = 7(a*a) for all a € My @ Ms. Let a =), x, @ yy, then

n n n n n m

Since 7; is a trace we have 7;(ab) = 7;(ba) for all a,b € M, with 7;(a), 7(b) < co. Therefore
7; extends to a linear functional on span{a € M, : 7;(a) < co}. And if a,b € span{a € My :
7i(a) < oo} it holds hat 7;(ab) = 7;(ba). Observe if T(aa*) = oo then also 7(a*a) = oo. So
assume 7(aa*) < co. In that case a =), zn ® y,, with |71 (2,)| < 0o and |72(yy)| < oo for all n

and hence
o) = r(Z X anr, @ yny:;)
= ZZH Tn T ) T2 (YnY,)
= ZZﬁ ) T2 (YY)
T( Z Z Ty, Tp ® y:nyn>
n m

T(a*a).
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3.2. Products of semifinite spectral triples

So indeed 71 ® T is a trace. X

Lemma 3.8. In the notation of Lemma 3.7 suppose for i = 1,2 the operators K; : H; — H; are
T;-compact. Then K1 ® Ko : H1 @ Ho — H1 ® Ha is a T-compact operator.

Proof. Let ¢ > 0. Select for i = 1,2 operators R; € B(H;) such that ||K; — R;|| < &, with
the property that for the projection P; on the range of R; the trace 7;(P;) < co. Then P; ® P
is the projection on the range of Ry ® Rp. By the factorisation of 7 (Lemma 3.7) we have
T(P1 ® P2) = 11 (P1)T2(P2) < co. And by the cross-norm property of the norm on the tensor
product

|K1 ® Ko — Ry @ Ra|| < [|[ K1 ® Ky — K1 @ Ro|| + || K1 ® Ry — Ry @ Ra|

< K| || K2 — Rol + || K1 — Ral| [| Rzl
< (K]l + || K2 + e)e.

X
Lemma 3.9. Suppose M is a von Neumann algebra acting on Hy. Then (M @ B(Hs)) =
M’ & Cl.
Proof.  See [30, Prop. IV.1.6]. X

Theorem 3.10. Suppose S; := (A1, H1, D1; N1, 71,71) 18 an even semifinite spectral triple and
Sy := (Ag, Ha, Da; No, 72) is a semifinite spectral triple. Then

S:= (A1 ® Ay, H1 @M, D1 @1+ 71 @ Dy N1 @ No, 71 ® 72)

18 a semifinite spectral triple. If in addition also Sy is even with a grading 2, then S is even
with grading v1 ® 2.

Definition 3.11. The triple S is called the product of the triples §; and S;. In accordance with
Proposition 2.63 this product triple will be denoted by S; x S :=S.

Remark 3.12. If we start with two even spectral triples §; and Ss, the triples §; x Sp and
Sy x 81 are related in the following way. The algebras, Hilbert spaces and von Neumann algebras
of these two triples are isomorphic and the Dirac operators D1 ® 14+v; ® Dy and D1 @y +1® Do
are unitarily equivalent. Namely for

U=-(101+71®1+1®7% — 11 ®72)

NNy

it holds that [33]
UD1®14+7 ®D)U" =D @2+ 1® Ds.

We will now prove Theorem 3.10.

Proof. The proof of this theorem is quite lengthy since we have to check several things. It
is similar to the proof of Proposition 2.63 but it involves at lot more technical difficulties in
particular the compactness of the resolvent is difficult since we no longer have a basis of the
Hilbert space consisting of eigenvectors of the Dirac operator.

For the ease of notion we introduce the following objects

A=A1®As, H = H1QHo,, N = N1N>, T = T| ®To, D :=D1®1+v1®Ds.

Where Dom(D) := Dom(D;) ® Dom(D5). If we have a second grading 2 on S; we denote
v =71 ® 72. Note that we are in the special situation that D; ® 1 and v; ® Do anti-commute
and therefore that D? = D? ® 1 + 1 ® D%. Now we will start the actual proof.
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3. SEMIFINITE NONCOMMUTATIVE GEOMETRY

It is clear that N is a von Neumann algebra acting on H. By Lemma 3.6 N is a semifinite von
Neumann algebra and by Lemma 3.7 7 is a semifinite faithful normal trace.

Concerning the algebra, the tensor product of two involutive algebras is again an involutive alge-
bra. And since A; C N, the inclusion A C A is obvious. If we have a grading s, then obviously
T=7 ®7 € N1 @ N.

Before we can prove self-adjointness of the operator D we will prove the next lemma.

Lemma 3.13. The operators D1 ® 1 and v1 ® Dy with domains respectively Dom(D1) ® Ha and
H1 @ Dom(Ds) are self-adjoint.

Note that Dom (D) ® He and H; @ Dom(D1) are tensor products of vector spaces and not tensor
products of Hilbert spaces because Dom(D;) are not Hilbert spaces.

Proof. Asin Lemma 3.5 let (e;);ecr be an orthonormal basis of Hs and let U : H1@Hs — P
be the isometry >, z; ® €; — (2;);. Then

2€I

el iel

Observe U(Dom(D;) ® Ha) = D, Dom(D;);. Hence
Dom((U(D; @ 1)U*)¥)
= {(yz)z € @IC @Dom Dy); — C; Py Z Dz, ;) is bounded}

i€l el el

Suppose (y:)i € B,c; Ki and there exists an ig € I such that y;, ¢ Dom(D;). Then by self-
adjointness of Dy the map

Dom(D;) = C; x +— (D1, vi,) (3.1)

is unbounded. For an element (x;); with x; = 0 if i # 49, we have ), (D1xi,yi) = (%iy, Yio)-

Hence (3.1) shows that for y ¢ @,; Dom(D;); the map

@Dom(Dl)i = C; (z;)i — Z(Dwfi, Yi)
iel iel

is unbounded. Thus Dom((U(D;®1)U*)*) C @;c; Dom(D1);. So Dom((D;®1)*) C Dom(D;)®
Ho. For the converse inclusion let y € Dom(D;) @ Ha, say y = Zf:’ L yln) ® y("). Then for

T = Z% 1 x(lm) ® x(m) we have by self-adjointness of Dy

M N
(D@ 1)z,y) = (D)3 oW euf™), 3 s o)
N M " =
=3 > D™ )™ ")
n=1m=1
N N
:Z < m) ) y(”)>< (m)7 (”)>
n=1m=1
M
O RET ®1(zy<n)®y2 )>
m=1
= (z,D1 ® ly). (3.2)

So Dom(D1)®@Hs — C, x — (z, (D1 ®1)y), is a bounded map (bounded by |[(D; ®1)y||). Hence
Dom((D; ® 1)*) = Dom(D;) ® Has.
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3.2. Products of semifinite spectral triples

Similarly we have Dom((1 ® D3)*) = H1 ® Dom(Ds). The map (11 ® 1)* =1 ®1=7®1is
bounded and maps H1 ® Dom(D5) on itself, thus

Dom((v1 ® D2)*) = Dom((v1 ® 1)*(1 ® D2)*) = H; @ Dom(Ds).

The computation in (3.2) shows D; ® 1 is symmetric, and we have Dom(D; ® 1) = Dom(D;) ®
Ho = Dom((D; ® 1)*). So Dy ® 1 is self-adjoint on the domain Dom(D;) ® Ha. A similar
argument applies to 11 ® Dy = (71 ® 1)(1 ® Da). X

Now we are able to prove that D is self-adjoint on the domain Dom(D;) ® Dom(D3). The idea is
to apply Nelson’s theorem 1.56 to the operator D, from which we will obtain that D is essentially
self-adjoint and then we will show that D is closed.

From Proposition 1.56 and the fact that D; and Dy are self-adjoint we obtain that Dom®(D;) C
H; dense for i = 1,2. Let € Dom®(D;) and y € Dom®(D,), we will show that z ® y €
Domb(Dl ® 1471 ® Dy). Select C > 0 such that

DYzl < C™l=ll;  [1D3yll < C"[lyll-

Observe that (D7 ® 1 +71 ® D2)? = D? ® 1 + 1 ® D3 and that the operators D ® 1 and 1 ® D3
commute. Hence

Ip* @@yl = |[(Die1+ 16 DY) @ey)|

=X (”) DYz D"y
=0 M
n
n j 2(n—j
<y ( j) | D] D2y

=0

n
< (n) C21 2(n—j)
=0

(202)n < (20)2n

and also

ID* @@yl = (D@ 1+ 7@ Da)(Di@1+10 D3)" (@@ y)|
n

n . n_<
=||(D1®1+m D)y (J,)Dfﬂa; ® D2( ‘7)yH

J=°

n

Z( >D2g+1 ® D2 2(n— J)y+ ( )71D1 2® D (n—j)+1yH

JO‘7

s 0

| A

=0
n 2541 2(n—j n 2] 2(n—j)+1
Z( )nDﬁ+ 2| |DE Ty + (j>||v1|||D1JIIIID2( Dy

”) CR+I ) (”) 02 02n—j)+1
j

j=
(Z ( )02”) 20
=0
= (202) 2C < (20)* 1,
Hence z®y € Dom®(D). Since Dom®(D) is a linear subspace and Dom®(D;) C H; dense, we have

Dom’(D;) ® Dom®(D3) € Dom®(D) C Hy ® Ha dense. But since Dom®(D) € Dom®(D) then
clearly Dom®(D) C H dense. It is also clear that D is symmetric, so D is essentially self-adjoint.
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3. SEMIFINITE NONCOMMUTATIVE GEOMETRY

It remains to show that D is closed on Dom(D;)®Dom(D5). To that end, let (), be a sequence
in Dom(D;) ® Dom(D3) converging to x € H; ® Hz such that (Dx,,), is a Cauchy sequence in
Hi ® Ho. For the moment fix m,n and write y = x,, — ;. Then (D7 ® 1)y € H1; ® Dom(Ds)
and (71 ® Do)y € Dom(D;) ® Ho. For ease of notation write S := vy ® Dy and T := D; ® 1.
Then STy = —T'Sy and thus

(Dy, Dy) = (T'y, Ty) + (Sy, Sy) + (T'y, Sy) + (Sy, Ty)
= (Ty,Ty) + (Sy, Sy) + (STy,y) + (I'Sy,y)
= (Ty, Ty) + (Sy, Sy) + (STy — STy, y)
= (T'y, T'y) + (Sy, Sy). (3.3)

By Lemma 3.13 D1 ®1 and v; ® D5 are self-adjoint and hence closed on the domains Dom(D;)®H4
respectively H; ® Dom(D3). The fact that (D), is Cauchy combined with (3.3) gives that
(Tzy,)n and (Sx,), are Cauchy. By closedness of the operators T and S we have z € (Dom(D;)®
Ha) N (H1 @ Dom(D2)) = Dom(D;) ® Dom(D5). Also the sequences (Tx,,), and (Sz,), both
have a limit in H, say z1 respectively zo and Tz = 2z; and Sz = 25. Thus

lim Dx, = lim Tx, + Sz, =21 +20 =Tx+ Sx = Dx
n— oo

n— 00

and D is closed.

To prove that the operator D is affiliated to the von Neumann algebra N, observe that by self-
adjointness of D it is sufficient to show that {D} D N’. By assumption {D;}’ D N/. Also
1 € N7 hence {71}’ D M. Using this inclusion we have for Y., mj; ® ny € N1 @ N,

(’)/1 ® D2)<ka X le> = nylmk ® Dong D ka”yl R npDy = (ka ®nk) (’}/1 X Dg).

Combination with Lemma 3.9 gives the inclusions

{m1 ® Do} D (N @ N2
{D1 @1} DN/ @ B(H2) = (M1 ®@1) D (N1 @Ny).

Thus
(DY ={D1®@1+m @Dz} D{D1®1}Y N{1n ® Da} D (N1 ®@Na)' =N

and hence D is affiliated to N.

Suppose a € A1 ® As. Assume a = a1 ® as. Then

[D,a1 ®az] = (D1 ®1 =1 ® Da)(a1 ®az) — (a1 ® az)(D1 ® 1 — 71 @ Do)
= Dia; ® ag — 7101 @ Daaz — a1D1 @ as + a171 ® Daag
= (D1a1 —a1D1) ® az — a1y1 ® (Daaz — az D)
= [D1,01) ® az — a171 ® [D2, ag).

Because [Dq,a1] and [Ds, as] are densely defined and bounded and the operators as and a1,
are bounded, the commutator [D, a1 ® as] is densely defined and extends to a bounded operator.
Now for an arbitrary element a = Z?:l a; ® by we can show boundedness of the commutant
[D,a] using linearity of D; and bilinearity of [-,-]. Hence for all a € A the operator [D,a] is
densely defined and extends to a bounded operator on H.

Before we will prove 7-discreteness of D we will need the two results proven in the following
lemmas 3.14 and 3.15.
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3.2. Products of semifinite spectral triples

Lemma 3.14. The identity

(D+i) ' =i(11®Da+i) N (D1®144) ' = (v1®Da+i) " H(D1®1+4) ' (v1®Ds) (D1 @1)(D+4) !
(3.4)
holds as operators on H. Moreover (71 @ D2)(Dy @ 1)(D +14)~" is bounded.

Proof. First we make a formal manipulation of the symbols. Then we have to check that the
operators involved indeed extend to the whole space H.
Again write S :=v; ® Dy and T := D; ® 1. We have ST = —T'S and hence
(B4) & (S+T+i)  =i(S+i) YT +i) ' —(S+i) YT +i)'ST(S+T+i)!

S 1=i(S+i) T +i) " (S+T+1i)— (S+4) (T +i)"*ST

s (T+i)(S+i)=i(S+T+1i)— ST

STS+iS+il—1=4S+iT —1— ST.
The operators (D, Dom(D;) @ Dom(Ds)), (D1 ®1, Dom(D;) ®Hs) and (11 @ D2, Ha @ Dom(D5))

are self-adjoint, thus —i ¢ o(D),0(D; ® 1),0(71 ® Do). And hence (D + )71, (D ® 1 +1i)7!
and (y ® Do + i)~ are bounded operators on H. Furthermore

ran((D +4)~!) = Dom(D + i) = Dom(D) = Dom(D;) ® Dom(D).
Also since «y; anticommutes with Dy

Dom((D1 @ 1)(1 ® D2)) = Dom(y1 ® D2) N (1 © D2) ™! (Dom(Dy @ 1))
= H1 ® DOm(Dg) N Dom(Dl) X DOHI(DQ)
= Dom(D;) ® Dom(Ds).

Observe that Dom (((y1 ® D2)(D1 ®1))*) D> Dom(D;) ® Dom(D,). Hence ((y1 ® D2)(Dy ®1))*
is densely defined and thus ((y; ® D2)(D1 ® 1),Dom(D;) ® Dom(D3)) is closable. We have
previously shown that Dom(D + i) = Dom(D) = Dom(D;) ® Dom(D2) and D is self-adjoint on
this domain. Hence the operator (D +i)~! maps H into Dom(D;) ® Dom(D3) and is bounded.
Thus (71 ® Do)(D; ® 1)(D + i)~ ! is a closed operator defined on H and hence by the closed
graph theorem it is a bounded operator. And equality (3.4) holds on H. X

Lemma 3.15. The operator (1 @ Dy +i) Y (D1 ®@1+i)" 1 : Hy @ Ho — H1 @ Ho is T-compact.

Proof. The grading v, induces a direct sum decomposition of H;. Write H; = ’Hf @©H, , where
’Hli is the eigenspace of the eigenvalue 1 of «;. Then also

H1 @ Ho = (H @ Ha) ® (H] ® Ha).
Now

Yo@Do+i:H{ @Ha = HI @Ha, 2@y 2@ (Day+iy)
Yo @Dy +i:H] @He = H] ®Ha, Ry —xQDyy+xRiy=—x & (Dy —iy).

Then the inverse of 1 ® Dy + ¢ is given in the matrix representation w.r.t. Hy; = Hf ©H| as

(i ® Dy +14)" ' = (é 8) ® (Dy+14)~ ' + (8 01> ® (Dy —4)~ L (3.5)

Since D; anti-commutes with v; and D; is self-adjoint, the operator D; can be written with
respect to the decomposition H; = H @ H; as

(0 Df
Dl‘(Dl 0)’
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3. SEMIFINITE NONCOMMUTATIVE GEOMETRY

where D* = Dy . Since (D1 ®I+14)™' = (D1 +i)®1)~! = (D1 +i)~!®1I, we have to compute
the inverse of

Observe that

< i DT) ((Df)l i ) _ (i((Df)1 + D7) —1+D1+(Df);>

Dy i i (DN Dy (Dy)™' =1 i(Dy +(Df)™!
_ (i((Df)1 + DY) 0 >
0 i(Dy + (D)™
Therefore (D1 +4)~! is given by the matrix
Dyt —i((Dy)~"+Dy)7! 0
< i (DTW) ( 0 —i(Df+(DT)1>1)
_ (—i(Dl)—1(<D1)—1+Df)—1 Dy + (D)) )
(DY) + D)t —i(D7) "N Dy + (D)) 7!
_ (—i1+DiDy)™" (Dy +(D+) H!
= (o 20 oot ). (36)

Hence (Dy ® I +i)~! = (Dy +1i)~ ' ® I is given by

—i(1+ Dy D)"Y (Dy +(Dy)~H~!
<((l?1)‘1 L Df)t —i(pyDfh 1)—1) 1. (3.7)

Multiplication of (3.5) and (3.7) gives that (y; ® Dy + i)~ 1(D; ® 1 +14)~! is represented as
. + -1 - +y-1y—1
< Z(1+D01D1) (Dy +(131) ) >®(D2—|—i)1

0 0 L
- (—((Df)1 + D)~ (DT DY + 1)1> ® (D2 =)~ (3.8)

Because (D +i)~! is 7i-compact, there exists a sequence (F,),, of 71-finite rank operators with
lim,, |[(D +14)~! — F,|| = 0. Decompose F,, as a matrix with respect to H; = H{ @ H] by

Fll F12
F, = ( F21 F22>
Thus from the estimate

(R RS R W]
H( i(1+ Dy D)™t Fél)x+<(D1+(D1+)1)1—F31)y)H

<Jer- 00 ()

and a similar one for the lower entries of the matrices we obtain

m | <—z (1+DyDp)™ (Df+(D1+)1)1) _ (F&l Fﬁ) |=o
n~>oo Y

0 0 0 0
lim H 0 (0 0 H —0
n—oo + D™t (D7 Df +1)7! —-F2 _F22) )
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Since the range of each of the operators FJ is contained in the range of F, (i,j = 1,2) the
operators F7/ are 7y compact. Therefore the operators represented by

<_¢(1+1(>)1+D1)—1 (D1+(lgi)‘1>‘1) (_((Dl_)_?JFD;)—l i(Dl_Df?+1)_1>

are 71 compact. By assumption Dy is 7o-discrete, thus (Dy+i)~! and (Dy —4)~! are 7o-compact.
Using Lemma 3.8 the operator given by (3.8) is 7-compact, thus (D; ® I +4)~! = (D; +i) "' ®1
is T-compact. X

Now it has become easy to prove compactness of the resolvent. Since D is self-adjoint, o(D) C R.
According to Theorem 1.90 it is therefore sufficient to show that (D +i)~! is T-compact. By
Corollary 1.89 the 7-compact operators are an ideal in B(H; ® H2). Combination of this corol-
lary with Lemmas 3.14 and 3.15 imply that (D +4)~! is 7-compact.

This concludes the proof that &1 ® Sa is a semifinite spectral triple.

In the case that we have a grading 2 on the second triple, then for >, n(lk) ® ngk) € N we have

k k k k k k k k
(%@Wz)(zng '@ny )) =Y mnPeyend” = nPnenl, = (Zﬂ '@ng )>(71®72),
k k k k

and
(71 ®72)D =1D1 @42 +7% ® ¥%2Da = —D171 @ 72 — 73 ® Daye = D(71 ® 7y2)-

Hence 7 is a grading on S, thus the product of two even triples is again an even semifinite spectral
triple. X

If you take the product of two manifolds say of dimension m and n, the product is of dimension
m + n. Therefore we might expect that the product of two finitely summable semifinite spectral
triples is again finitely summable. This is indeed true.

Lemma 3.16. Suppose for i = 1,2 the tuples (A1, H;, Di; N, 1) are semifinite spectral triples
and the first triple is even with grading 1. If the triples are p;-;-summable, then the semifinite
product spectral triple is (p1 + p2)-T-summable. If both spectral triples are 0-7;-summable, then
the product spectral triple is 0-T-summable.

Proof. We start with the easiest one, the #-r-summability. If both triples are #-7;-summable,
then

T(e—m?) _ T(e_t(Df®1+1®D§)) _ T(e—th ® e—th) -7 (e—th) - (e—th) < oo.

Thus the triple is #-7-summable. To prove the first statement, suppose that both triples are
pi-Ti-summable. Note that for i = 1,2 it holds that 1 + D? <1+ D? + D3, thus

(1+ D} + D2)~(mFp2)/2 < (1 4 D?)=P1/2(1 4 DZ)~P2/2,
The factorisation of the trace now gives
7(1 4 D3 + D3)~01#P2)/2 < 7 (1 + D?)7P1/ 25 (1 + D3)7P2/? < o0.
X

Since the definition of a smooth element a € A does not involve the trace Tr, this definition
copies from the classical case. So we obtain the following definition.
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3. SEMIFINITE NONCOMMUTATIVE GEOMETRY

Definition 3.17. For a semifinite spectral triple (A, H, D; N, 7) we define for a € A the operator
0(a) :=[|D|,al, it is the unbounded derivation of a. We denote

Dom(d) := {a € B(H) : §(a) is bounded on H and a Dom(|D|) C Dom(|D|)}.

If for all @ € A the operators a, [D,a] € Dom(6*), we call the triple a QC*-triple, or QC* for
short. If the triple is a QC*-triple for all k > 1, we call it QC> or regular. An operator a € B(H)
with a € Dom(d%) for all k € N is called smooth.

The above definition was just an example of how some results immediately apply to semifinite
triples. Other previously introduced terminology or previously proved result of spectral triples,
which without any changes apply to the semifinite spectral triples, will not be reformulated.

In the case of spectral triples it has been proved [25] that the product of two regular spectral
triples is again regular. We will now prove it in a different way (not involving pseudo-differential
operators) for semifinite spectral triples. We will use some previous results: Lemma 2.43 and
Lemma 2.44.

Theorem 3.18. Suppose that for i = 1,2 the tupels S; := (A;, Hi, N, Dy, 7;) are reqular semifi-
nite spectral triples and Sy is even. Then the product S of these spectral triples is again regular.

Proof. We start by showing that Ho, = Hiso @ Haoe. Recall

m

DQm: D2 1 1 D2m: DQk Dz(m k?)
(D} ®1+1® D3) ;;)(k) ®

Furthermore using Lemma 3.13 one can easily show that Dom(D} ® 1) = Dom(D}) ® Ha, a
similar statement holds for Dy. Thus by commutativity of Df ® 1 and 1 ® D7, we have

Dom (DQm) = ﬁ Dom ((ka 21)(1® D2(m k)))
k=0

ﬂ Dom (D3*) @ H2 N (DFF @ 1)_1(7-[1 ® Dom (Dg(mfk))
k=0

= m Dom (D%k) ® Ho N Dom (D%k) ® Dom (Dg(m_k))
k=0
= Dom (D%m) ® Dom (ng).

If we now use the even case, we obtain the following result for odd powers

Dom (D*™*') = Dom (D} ® 14+ 1® D3)™(D1 ® 1 + v ® Da))
=Dom (D} ® 1+ 1® D3)™(D; ® 1)) NDom (D} ® 1 + 1 ® D3)™ (v ® Ds))
= Dom (D) ® Ho N (D1 ® 1) (Dom ((Df ® 1+ 1® D3)™))
NH1 ® Dom (D2) N (11 ® DQ)*l(Dom (DI®1+1®D3)™))
=Dom (D;) ® Dom( 2) N 1)( Dom (D?™) ® Dom (D3™))
N(m®Dy* (Dom(D ) ®Dom(D ™)
= Dom (D;) ® Dom (D3) N Dom (D) ® Dom (D3™) N Dom (D{™) ® Dom (D3 +1)
= Dom (D?™*') ® Dom (D3"*).
As a result we obtain Heo = Hioo ® Hono-
Recall A = A; ® As. Since [a1 ® a2, D] = [a1, D1] ® ag + v1a1 ® [az, D2] it is sufficient to show

that a1 ® as is smooth if both a; and as are smooth (thus a; are not necessarily from the algebra
A;). So suppose that a; and as are smooth. We have to prove that for all n > 1 it holds that
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3.2. Products of semifinite spectral triples

0"(a1 ® az)(Dom(D)) C Dom(D) and 6™ (a1 ® az) is bounded.
By regularity of the triple and Lemma 2.40, a;(H;oo) C Hioo- Thus

a1 ® az(Hoo) = a1 ® az(Hioo ® Haoo) C Hino ® Haoo = Hoo-
We will invoke Lemma 2.43 to show that 6" (a1 ® ag) is bounded for all n.

61(a1 ® ag) = [D?, a1 ® as)(1 + D?)~1/2
= ([vaal] @az+a; ® [Dﬁ,az])(l + D2)71/2
= ([D1,a1](D}+1)""?®as) (D} +1)V?®1) (1+D?*)~Y/2
+ (a1 ® [Da, a2)(D3 +1)7Y%) (1 ® (D3 +1)"/?) (1 + D*)~Y/2
=d1(a1) ®ax (D} + 1)Y? @1) (1 + D*) Y2 + a1 ® §1(az) (1 ® (DZ + 1)V/?) (1 + DQ)‘l(/;.g)

We will show that (3.9) is bounded, we will only show that the first summand is bounded, the
other one is similar. Note

DI®l+1<DiI®l+1®D5+1=D*+1,
SO
1<(D?@1+1)"Y2(D+1)(Diol+1)"Y2
1>D?e1+1)Y2(D+1)" YD1+ 1)
1> ||(D? o1+ 1)Y2(D+ 1)~

To show that higher powers 7' (a1 ® az2) are bounded one can do the same as in (3.9). If one
expands 67 (a1 ® az), one gets a sum of products of elements of the form

ok (ay) @ 6t (ag), (DI +1)V221)(1+ D712 (1® (D3 + 1)) 1+ D*)~1/2

and they are all bounded. Hence (2.43 ) 67 (a1 ® az) is bounded for all n > 1. That the operators
0" (a1 ® az) preserve the domain of D now has become easy. Since ¢™(a) is bounded for all n,
it is a direct consequence of Lemma 2.42. We conclude that ¢ € Dom(d™) for all n € N. So the
triple is regular. X
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4 Spaces of real dimension

This section is based on the work of Connes and Marcolli in [9, §1.19.2]. We will provide details
in their construction of a collection of semifinite spectral triples which can be considered as
noncommutative spaces of dimension z € (0, 00) and we will give a slightly different construction.
In the second subsection we will compute that the dimension spectrum of such triples consists
of a single point z. We will start with the definition and some general properties.

4.1 The definition

In this subsection we will follow the lines of [9, §1.19.2]. We want to construct for each z € C a
spectral triple (A, H, D,) which has the following property

Tr (e*)‘Di) = 7?2 \7%/2 for all A > 0. (4.1)

This requirement comes from the formula
n/2
/ e gy = (;) , forn€{1,2,3,...}.

Later (in subsection 5.1) we will use these spectral triples to construct a tool for dimensional
regularisation and then this property is essential. For the application to dimensional regulari-
sation we will the need products of spectral triples which we constructed in Section 3.2. The
requirement (4.1) may look like an simple one, but it appears to be a great constraint. We will
first show that we cannot find such a spectral triple if we demand an ordinary spectral triple.
We will need to look in the class of semifinite spectral triples. Later we will show that one can
only obey this requirement for z € (0, c0).

Following the ideas of Connes and Marcolli, we consider a self-adjoint operator Z affiliated to a
type Il factor N with trace Try. The operator Z is given by the spectral measure

r(15(2)) = %/ 1 dz.

E

Existence of such an operator Z is established in [9, Rem. 3.36]. Using this operator they
construct the desired operator D, := p(z)sgn(Z)|Z|"/%. Here p(z) := n~Y/?(T(z/2 + 1))/ is a
renormalisation constant. Let us denote this triple by

((CvH?bz;N7TrN) (42)

Later in this section we will give an alternative construction of such an operator D,, without the
operator Z. Furthermore we will not need a type Il factor, but a type I von Neumann algebra.
Note that Z has spectrum o(Z) = R. Indeed, suppose z € R\ 0(Z). Then, since the spectrum is
closed, there must exist an € > 0 such that A:= (zr —e,z+¢)No(Z) =0. But then 14(Z) =0
hence 7(14(Z)) = 0. However 3 [, 1 dy = & which is a contradiction.

We will give a motivation why Connes and Marcolli consider a semifinite spectral triple
(A, H, D; M, 7),

where M is a type 11, factor. We will show why type I or type II; factors are not sufficient for
existence of such an operator Z.

Lemma 4.1. If 7 is a trace on a type I factor M (with minimal projection p), there does not
exist a Z which satisfies T(14(Z)) = % [, 1dy for all A € B(R).

Proof. Indeed, suppose such an operator Z exist. Then by Lemma 1.44 there exists a minimal
projection p. Therefore for all A € B(o(Z)) = B(R)

1 1

Su(d) = /A Ldz = 7(14(2)) = 7(E(4)) € {n7(p)  n € N} U {oo},

61



4. SPACES OF REAL DIMENSION

which is a contradiction. X

This lemma implies that an ordinary spectral triple is not sufficient. Because if we have a spectral
triple, the corresponding von Neumann algebra is B(H) which is a type I factor.

Remark 4.2. It also does not work for a finite factor. Since if M is a finite factor, by lemma
1.45 any semifinite normal trace 7 is finite. This would imply that 7(1) < co and hence

1

o= /]R Lde = 7(12(2)) = 71y (2)) = 7(1) < oc,

which is a contradiction.

So if we restrict ourselves to factors we at least need type Il.,. However we considered factors
and not von Neumann algebras. So the requirement might be satisfied if we look to von Neumann
algebras instead of factors. This is indeed the case.

Notation 4.3. For z > 0 consider the following tuple

1
T o= (Ao Hoo Do N2 72) = (GL%R)JDZ;L“(R)@/ - dz). (4.3)
R
Here \ € C is identified with the map L?(R) — L?*(R), h — Ah. Denote
o R=R, w0 p(2)sgn(z)|z]'/?,

where p(z) := 77 1/2(I'(2/2+1))'/# is a normalisation constant. Now I, is given by I0,h := f.h
on the domain

Dom([p,) := {h e L*(R) : / \f.h|2 dz < oo}.
R
We will use 7., ID, etcetera in the rest of this thesis to denote this triple and elements thereof.

Remark 4.4. Note that for £ # 0 we have

45 £:©)] = ot 2

z

Using induction for £ # 0

ar 1.1 1

g O] = e S (G- ()|
Thus

dn

den fz(f)‘ <Cn(l1+ |§\)1/z7", allmost everywhere.

So f. is a symbol of a pseudo-differential operator of order 1/z. Note that sgn(¢) is the symbol of
the Hilbert transform [13, Ch. 3] and £!/# corresponds to the symbol of “L times differentiation”.

Proposition 4.5. For z > 0 the tuple T, is a semifinite spectral triple, ID, has spectrum o(Ip,) =
R and the triple satisfies

(e P2 = 722 for all A > 0. (4.4)

Proof. Tt is clear that L?(R) is a Hilbert space. The type I von Neumann algebra L>°(R) acts
on L?(R) by left-multiplication, because ( [ |fh|* dx)1/2 < flloo (Jg [2]? da) 12,

The trace 7, is faithful because if f > 0, then 7,(f) = fR fdx, which is 0 if and only if f =0
almost everywhere. Thus 7.(f) = 0 if and only if f = 0 in L>°(R). From the monotone
convergence theorem it is immediate that 7, is normal. 7, is semifinite because 7,(1) = co and
for every nonzero f € L>(R), f > 0 there exists a g € L>°(R) with 0 < g < f and [, gdz < oo.
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4.1. The definition

Since A, = C it is obvious that A, C N, and [I),,a] = 0, which thus extends to a bounded
operator on H,.

We will now show that (I0,, Dom(Ip,)) is a self-adjoint operator. Since f, is real-valued I, is
a symmetric operator, thus Dom([p,) C Dom(p,). It remains to show the converse inclusion.
Suppose g € L*(R) but g ¢ Dom([,). Then [ [¢f.|* dz = oo. Observe that f, is a continuous
function, so f, is bounded on compact sets. In particular for each n € N there exists a constant
Cy such that |f|j_p, n| < Cy. Put g, := gf.1—, n). Then |g,(x)| < Cplg(x)| and

[ Va2 s = [ 1af P ds < 3 [ P do < o,
R R R

So g, € Dom(p.). But

n

<ngnag> = / fzgle[—n,n]gdx = / |fzg|2d.’£ — 00 as n — o0.
R

—n

Thus g ¢ Dom(p,) and I, is self-adjoint.

Since 1D, is self-adjoint, o(1),) C R. We will show that the converse inclusion also holds. Observe
that for z > 0 the function f, : R — R is continuous, bijective and strictly increasing. Since
(D, — A\)h = (f. — A\)h, the only possible candidate for (), — A\)~! is given by h + (f, — \)"*h.
But if A € R the function f, —\ has a zero. By continuity of f, the function (f, —\)~*! is therefore
not essentially bounded. Hence h — (f, — A\)~!h is an unbounded map and thus IJ, — X is not
invertible, which implies that o(,) = R.

Since I, is self-adjoint we can give a spectral decomposition of ). From this decomposition we
can easily show that I, is affiliated to A/ and that the operator is 7-discrete (i.e. the resolvent
is compact relative to ). Observe that the inverse of f, is given by

) =sn(o) ()"

Define
E:B(R)— B(L*(R)),  E(A)h:=1; 1 4,h

It is clear that E is a spectral measure. For an interval I = [f.(a), f.(b)] we have

£2(0)
/f “ f2(a)dE = [.(a)E([f:(a), f=(b)]) = f=(a)1{a -

If we approximate the identity map id : R — R and use the above identity, we see that ), =
[z dE, thus E is the spectral measure for I),. For each A € B(R) it holds that E(A) € L>(R) =
N, thus by Lemma 1.75 D, is affiliated with A,. Also

(BE(-A ) = = L
T(E([—M\ A :7/1717 dx:f/ ldz < o0,
2 Jx fz ([=XA]) 2 £ =)

hence by Theorem 1.90, 1D, is compact relative to N,. Thus S, is a semifinite spectral triple.
We will now show that S, satisfies the property (4.4). For A > 0 we have

R 0

Use the substitution u = A\p(z)?|z|>/#. Then
u\#/2 dzx z
= —z( = -z~ \—2/2,2/2—1
v =) (A) ’ du r(z) 2 AT '
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So we obtain

T(eﬁ‘wz) = p(z)fzx\fz/2 g /0 e w21 du

= p(2) AT T(2/2 4 1)
_ 7_‘,2/2/\7,2/2'

In the last line we inserted the defintion of p(z). Hence (4.4) holds. X

Of course the triple constructed by Connes and Marcolli satisfies the requirement (4.1).

Lemma 4.6. The semifinite spectral triple (4.2) fulfills equation (4.1) when Tr is replaced by
Trar and 1D, by D,.

Proof. The computation of this is basically the same as in the proof of Proposition 4.5. The
only difference is that Trs is not explicitly given as an integral. But Theorem 1.83 resolves this
difficulty, because the trace of Z is given as an integral.

Let p denote the Lebesgue measure on R. The self-adjoint operator Z has a spectral measure
E given by pr p(A) = Tra(E(A)) = u(A), for all A € B(R). Now suppose z € [0,00) and
A € (0,00). Then the function f: R — R, f(z) = e~ g continuous and bounded by 1.
So we can apply Theorem 1.83. Then

Tepr(e %) = /

= 1 =
eI gy = L /e—xmz)?\x\z/ du(z).
R 2 R

Now the calculation is the same as in Proposition 4.5. X

Remark 4.7. For z ¢ R the operator IJ, is not self-adjoint. This is easy to see because for
z ¢ R the Lebesgue measure of {z : f.(x) ¢ R} is strictly positive. Hence it does not hold that
f. = f. almost everywhere. But then lDZ # ID,. So for z ¢ R the tuple T, is not a spectral triple.
This is the reason why for example e~ % is not in the domain of the trace T,, see Lemma 4.9.

In fact, as the next result shows, we cannot expect that any self-adjoint operator satisfies (4.1)
for z € C\ (0, 0).

Proposition 4.8. Suppose N' C B(H) is a semifinite von Neumann algebra, with a faithful
semifinite normal trace 7. Suppose z & (0,00). If D is a self-adjoint (unbounded) operator on H
affiliated with N, then there exists a A > 0 such that T(e_’\D2) £ w2 \=2/2,

Proof. Let N, 7, z and D be as in the assumptions of the proposition. Since D is affiliated
with A it holds that ,
e—AD c {D}// C./\/.

Thus T(e*AD 2) is well-defined. Let A > 0 and consider the function

2

f:C—C, f(w):=e ",

Then f(R) C R, in particular f|,p) = f\U(D). By the functional calculus
20 % N - 3\ P2
(e7)" = f(D)" = f(D) = f(D) =",

thus e’ is self-adjoint. Since A > 0 and f(R) C [0,1], the spectral radius r(e~*P") < 1,
which by Corollary 1.29 an(i self-adjointness imply that e =" “isa bounQded operator. Since f is
positive, the operator e *P" is positive. Therefore it holds that T(e_)‘D ) € [0, 0] for all A > 0.

Now suppose z ¢ R, then it is impossible that

z/2
2/2y\—2/2 _ z
72\ (A) €[0,00]  forall A > 0.
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This proves the statement for z € C\ R. If we have z € (—00,0], let ¢ > s > 0. Then clearly
7%/ > 57/2, (4.5)
But also —tD? < —sD? and thus e~*P* < ¢=sP”. This gives
ni/24—7/2 — T(eftDQ) < T(est‘Z) _ ﬂ,z/Z(sz/Q,
which is a contradiction with (4.5). X

In the proof of [9, Prop. 1.240], it is stated (but not proved) that for z € C, Im(z) # 0 the
operator e=*D% is not in the domain of the trace. We will prove this statement in the next

lemma for the operator 9.

Lemma 4.9. Let z € {w € C : Im(w) # 0, Re(w) > 0}, then the operator e~ M2 s not in the
domain of the trace T.

Proof. Suppose z € {w € C : Im(w) # 0, Re(w) > 0}. We will show that the map ¢ : [0,00) —
C,g(s) = e~ (@151 ig not essentially bounded with respect to the Lebesgue measure on [0, 00).
This is sufficient, because in that case Lemma 1.82 implies that Dom(e*MDi) = Dom( [ gdE) C
H. So e=% is unbounded and hence not in the domain of the trace.

Observe Re(2) =1 + 1 =22 = Qll‘j'gz). Put w := 2. Then the computation shows Re(w) > 0.
So etRe(®) 4 00, as t — oo. Let ¢ := —Ap(2)%. Since Im(z) # 0 for all ¢ € [0,00), there exists
t' > t such that ' "™¢ = |¢|. Now for each n € N select a t,, € [0,00), such that t, > t,_1,
t, >n and et?1MWe = |c| > 0. Then we have

lim Re(e'"?¢) = lim Re(el» ReWetniImw) ey — Jim Re(ef Re(W)|¢|) = oo,

n—oo n—oo n—oo
So the map & : [0,00) — R, h(s) = Re(—Ap(2)%5%/%) = Re(—Ap(z)2e!°8(*)2/%) is not bounded.
But then also the function g is unbounded.
Clearly ¢ is continuous. So if Re(g(s,)) > n, then there exists a neighborhood U of s, such
that Re(g(x)) > n — 1 for all z € U. But this implies that Re(g) is not essentially bounded and
therefore g is not essentially bounded. X

A last observation about this spectral triple.

Remark 4.10. The map R — R, x — —z induces an operator on the triple 7, by

7.t LAR) = L2(R),  %:(f)() = f(~2).

Since A, = C, the operator «, clearly commutes with A. Also it holds that

(D2 f)(x) = D(=2) f(=x) = p(z) sgn(—=)| — 2|"/* f(—2) = =D. (7. ) (x).

Clearly ~, is bounded and that f € Dom(D,) if and only if v, f € Dom(D,). But since v, is not
given by a function, it is no element of N, = L (R). So v, is not a grading as in Definition 3.1,
but it is very similar.

4.2 Dimension spectrum

In the rest of this thesis we will work with the semifinite spectral triple 7,. All the results we
obtain also hold for the spectral triple (4.2), because every time we can use the same reduction
of the trace Try to the Lebesgue integral using Theorem 1.83 as we did in the proof of Lemma
4.6.

In this section we will establish some facts about the dimension spectrum of the triple 7,. We
will calculate in various ways the dimension spectrum because as we will see some problems occur.
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4. SPACES OF REAL DIMENSION

Remark 4.11. Connes and Marcolli use |D| in the definition of the dimension spectrum. Since
A = C they try to compute 7, (|P,|7%) = Tz((lﬁi)_sﬂ). Because this yields oo for all values
of s they make an infrared cutoff. The reason behind this problem is that f,(0) = 0 and f, is
continuous, therefore 0 € o(Ip,) and thus 9, is not invertible. We will start by computing the
trace without a cutoff and later we will show how it works with a cutoff as Connes and Marcolli
do. Since

((F2(@))®) 72 = (p(2)%) 2 (sgn(a)®) =2 ((|12]'/)?) 7% = p(2)*|2| /7,
the operator (lﬁz)_s/2 is given by multiplication with the function z — p(z)~*|z|~*/%. So
2\—s/2y __ 1 —S|,,|—5/%
() = 5 [ o)l ay
R
:p(Z)’S/ yFdy
0

1 a1 y=ee
= o(2)" 5 | — = s/
p | = .
— —s : (—s+2)/2 4 R (—s+2)/z 4 )
o(2) (ylinc}o (v —s+ z) ;13% (v —s+ z) ' (46)

Then for Re(£) > 1, we have Re(=%t2) < 0. Therefore

lim y(_s+z)/z =0 lim y(_s"'z)/z =00
Y—»00 y—0

and (4.6) does not converge. If Re(£) < 1, then Re(=22) > 0. Thus

z

lim y(~*+#)/* = lim y(~*+2)/% =

Yy—>00 y—0
and (4.6) does not converge either. In the last case that Re(3) = 1, there exists ¢ € R such
that =22 = ci. If ¢ is non-zero, then lim,_, y(—*+2)/% = lim,_, ., y* which does not exist, and
lim, o y* = 0, thus (4.6) again does not exist. The only possibility remaining is that 3 = 1.
But then

oo

(D)%) = pl(z)~ / yLdy

0

and this integral also does not converge either.

To fix this Connes and Marcolli impose a infrared cutoff, that is they compute the integral on
the subset (—o0,1] U [1,00). Then for Re($) > 1 we have

p(z)_s/1 ydy = p(z) 7 (lim () ) )

Yy—00 —S+ z —s+z
z
:0— -S
p(z) .
_s R
—p(Z) S—Z7

The right hand side indeed only has a pole for s = z. Hence the meromorphic continuation of
the left hand side has only a simple pole at s = z.
The function h : R — [0, 1] defined by
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4.2. Dimension spectrum

is a smooth and strictly increasing function. Therefore the function g : [0,00) — [0, 1] given by

(2) = 0 if ¢ >
I T e Ve fr <

N[— N[

is smooth and strictly decreasing. The interval [0, %] is compact, ¢’ is continuous, so ¢’ is bounded
on [0, 1]. Let ¢ > 0 be such that cg’(z) < —3 for all 2 € [0, 2]. Now we define f : [0,00) — [0, 00),
f(z) := x4 cg(x). Then

e flay=zifz>1
e f/(z) > 1 for all z € [0,00), thus f is strictly increasing
e f(0) =0+ cg(0) > 0.

Define an operator E, by E.h(x) := p(z)sgn(z)f(|z|)*/?h(z), it is a smooth modification of I,
near x = 0. We have

[7(e72P) = ()

_ 1’ / =MD _ o) £y dy‘
2 R

1
_ ‘ / eI _ = Ae(2)2 (D dy‘
0
1

< /5 | e AP | g |1 e e
0

dy. (4.8)

The function s — e® is smooth, in particular differentiable. And e® = 1. Thus |65;1 ‘ is bounded
for bounded |s|. This implies that there exists a constant C' such that |e* — 1| < C'max{a, b} for
all u € [a,b]. Since f is strictly increasing, A and p(z) are some constants, | — Ap(2)?|y|*/?| and
| — Ap(2)?|f(y)[*/*| are bounded for y € [0, 1], there exists a constant C' such that by (4.8) we

have for
R\, 2) == T(e_)‘wz) - T(e_)‘Eg)

that
1 ‘2/2

12/z
IR(\, 2)| < C’ = Ap(2)? 5 < QC|/\P(Z)2|‘§ :

0| a7 (7

Since z + €® is holomorphic, A — R(A,z) is holomorphic on z € {z : Re(z) > 0, |z| < 1}
|A| < 2Re(2). This implies that A — 7(e~*?2) has a pole at o if and only if A — 7(e~*EZ) has a
pole at A\g. One can check that therefore the substitution IZ)Z < E, does not influence the Poles
in proposition 5.11. Also as Proposition 4.12 shows that the dimension spectrum is unaltered
by this substitution, so for this use infrared cut-off is allowed. We will not go in further details
because we will choose a different approach.

The operator E, is very closely related to ., therefore we expect that the meromorphic con-
tinuation of s — 7,(|E,|~®) has the same poles as the meromorphic continuation of (4.7), the
cutoff of 7, (|1,|~*%).

Proposition 4.12. The meromorphic continuation of s — 7,(|E.|~?) is holomorphic on C\ {z}
and has a simple pole at s = z with residue

7.‘.2/2

I€Sg—» TZ(|EZ|7S) = 2 @
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4. SPACES OF REAL DIMENSION

Proof. From the construction in the above remark 4.11, we have that
P(B1) = [ o) @) da

=00 [T p@) e o) [ e

=

— p(2)" /05 Flz)~*/% dz + p(z)_s(—z + 1) T

Nl

= p(z)—s/oi‘ Fx) dx—f—p(z)—S(_S N 1)_1(%>—s/z+1

1
Observe that f is continuous and non-zero, so the integral f02 f (ac)*s/ #dx exists for all s and

therefore does not create any singularities. The second term p(z) (=2 + 1)~} (%)_S/ZJr1 has
preceisely a simple pole at s = z.
Since (-2 +1)71 = 2

z—s’

ress—, 7. (|E,|7%) = p(z)zz(l)_Z/z—H = 7rz/22<F(§ + 1)>_1 = 71'2/222 (F(E))_l =2 X

In Theorem 4.14 we will compute the dimension spectrum of I9,. This requires the machinery
of hypergeometric functions. We state the properties that will be used.

Notation 4.13. We will use the shorthand notation F(a,b;c;2) = 2F1(a,b;c; z) to denote the
hypergeometric function. The definition and properties of this function can be found in several
books, for example in [24, Ch. 15] or [32, Ch. 5]. We mention the properties that we are going
to use

F(0,b;¢;2) = F(a,0;¢,2) =1 for all a, b, c, z; (4.9)
Fl(a,b;c;2) = W(—Z)GF(CL, l—c+a;l1—b+a;1/2)
+m(—z)_b}?‘(b,l—c+b;1—a+b;1/z). (4.10)

Equality (4.10) holds if the following requirements are satisfied |arg(—z)| < mand 1 —b+a, 1—
a+b¢{0,-1,-2,...}.
The last property we will use is that the indefinite integral of f(z) = (1 + zP)? is given by

1 1
xHxF(f,fq;quf;fxp). (4.11)
p p

This property will need a proof.

Proof. By the binomial theorem we have

Here (Z) for g € C is defined by (,‘i) = D with (Q)k :==q(¢g—1)---(¢—k+1). Taking primitives
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4.2. Dimension spectrum

on both sides yields

Jasary

o

q 1 xpk+l
k)pk+1

k=0
o qlg =gk
_xkzzo Mk + 1) (a”)*
&gt ) (gt k1)
> (+ )i (=27)
B 0 Il)(%—kl)-..(%—kk—1)(—q)(—q—|—1)...(_q+k_1) "
_xkzzo DG +hk=1(E + k! (—2")
:.’EF(%,—(L:[—F;];,—.ZP),
as desired. X

Theorem 4.14. Assume z € [0,00). The triple T, is 2" -summable, regular and the dimension

spectrum is simple and consists of {z}. The residue of s — 7,((1 + lDi)S/Q) at s =z is %;22)

Note that we have a factor 2 difference between the residue at s = z of s — 7.((1 + ]Di)*sﬂ)
and s — 7. (|E.|7%).

Proof.  Since A, = C, the commutators [I),,a] = [|D,|,a] = 0 for all @ € A,, thus it is
obvious that the triple is regular. For the dimension spectrum we have to compute the poles of

s+ 7, (b(1 + lDz)_S/2). We can take b = 1, since A, = C. Thus we consider the meromorphic
function

s B = 5 [ (14 ) sl )

:/ (1+p(2)2$2/z)7s/2 dx
0

ooy [ gy,
0

The last equality follows from the substition y = p(z)?x. Note that the constant p(z)* does not
affect the location of the poles. By Equation (4.11) we have

Since 2/z € [0, 00), for every z > 0 we have —z%/* < 0. So |arg(——x2/%)| = | arg(z*/*)| = 0 < 7.
Therefore if 1 —2/2+s/2 ¢ {0,—1,-2,...},1le. if s ¢ {—2+42,—4+2,...} we can apply (4.10)
and (4.9) to obtain

i 25 LB 2
$1LrgoxF(2,2,1+2, T ) (4.12)
T F(l + %)F(% B %) 2/z\—z/2 S z 2/z\—1
F1+35)I(5—-3) 2/n—s/2m(S % S z s oo
z\=s/2 p =z 2 e 2L (_,2/z\—1
+JUF(%)P(H%—% =) G-z tal-gty==") )>
P3G 3)
I'(3)
N1+2rE-5) _ s z s z s _
I 2 2 32 s/z4+1 AT B LAY 4.13
TATEN 1 )" Ggtyl-gtya") (4.13)
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4. SPACES OF REAL DIMENSION

Now suppose s € C such that Re(s) > z, then Re(—s/z+ 1) < 0. On the disk {z € C : |z| < 1}
the function z — F(a,b; ¢; z) is holomorphic. Since F'(a,b;c;0) = 1 we have

i —s/ztl (S _F S . F S —a/zy
xlggcm F(Q’ 2+271 2+2: T ) 0. (4.14)
Inserting (4.14) in (4.13) gives for Re(s) > z
T(1+ 2)[(2 -2
lim oF (2,214 2 —a?%) = (1+2)0(5 - 3)

By analytic continuation this holds for any s € C\ {-2+ z,—4 + z,...}. Recall that p(z) =
T Y2D(1+4 £))Y%, so

(s _ =
. ((1+ lDi)fs/Q) = %S)z)wz/27 forseC\ {-2+42z—-4+2z...}.
2
Observe that the function s — I'(§ — 5) has simple poles for § — 5 € {...,—2,—-1,0}. Note

that w — (F(g’))_l is holomorphic at w = s. Thus s — 7,(1 + ﬁi)—8/2 has a simple pole at

s = z. For m € N the residue of the gamma function are given by res,—_,, ['(w) = % Thus
it follows that

9 r(s—2) n2/2
rese—. 7. (1 4+ 10,)7%/?) = resye, —2 22 77/2 = .
z Z( z ) S=z F(§) F(§)
For every pole s we have s < z. Therefore 7,(1 + lbi)_“’ﬂ < oo for all s > z, hence the triple is

zt-summable.

It remains to show that z is the only pole. Recall that the transformation (4.13) was only valid
for 1 —2z/2+s/2 ¢ {0,—1,-2,...}. We have to deal with these points in a different way. Fix

xg € (1,00) and sg € {..., =4+ 2, -2+ z}. Say —5 + ¢ = —m. Let s be close to sp, then
s z s z s 9
(2 _ Sy
G -atyt-g+y—n’)
B SIIC R IC RS R IC RS ETEL AR
YR R R e R B e Ve R Y
=y B itE ey BnCEED e )
, Jjb=5+5—1J (=5 + 35 +m)m!

We will now consider the limit s — so. To prove that (4.12) does not have a pole at s = sy we
compute (still for z( fixed) the residue of (4.12) and show that it equals 0. Since we singled out
m in the infinite sum, near sy the function

(3)i —3
TR .

JEN\{m}

s —2/2z\4
ij@%/w

[SI1VY —l—

[ IR

is holomorphic. To conclude that (4.13) has a removable singularity at sy we compute the
following residue

e, OE DG =5) T4 506 =5) e Bn(548) ( ageyy
=% r(3) FEra+z-35)"° (=2+5+m)ml> 0
L+3) (=)™  TA+3H0m) o (F)ml=m) - 9im
BRI BT R 1 e TR TR A
CPA+3) (=)™ LA+3) (m=1lm 1 (G +m) _ym
B R R Ve BT R R € B
_TA+3) (=)™ T(+3) (-)" I(G)
NESIE T(Z)  ml T(2)
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4.2. Dimension spectrum

Indeed, this residue is independent of xy. So the dimension spectrum of IP, consists of z = 5. K

It is interesting to compare the dimension spectrum of IJ, and E,, the latter operator is the
operator introduced in Remark 4.11. With the previous theorem it has become easy to compute
the poles of s — 7, ((1 + E2)=/2).

Proposition 4.15. Suppose z € (0,00), then the dimension spectrum of E, equals the dimension
spectrum of I, .

Proof. From the definition of the trace 7, and the operator E, it immediately follows that

(U E) = [T (U ) st (el 2) " o
1/2 s - -
= [ ey [ )
0 1/2

It follows from the proof of Theorem 4.14 that it suffices to show that the functions

1/2 /2 1/2 —s/2
S / (1+ p(z)QxQ/Z) dz, s> / (1+ p(z)Qf(|x|)2/z) dx
0 0

are holomorphic on C. We start with the first one.

1/2 . 1/2 1 19/
/ (1+p(2)%2%/7) /de:p(z)_z / (1+x2/z)_s/2dsc:p(z)_/z§ F(i f'l—i—i;—(f)w )

0 0
Note —(1/2)%/% € (=00, 0), thus [24, §15.2] implies that

.1 Z 8 z 1.2/2
(2 B 2 ()
s ) TSR3

is holomorphic on C. Now the second one. The function f is smooth, strictly increasing, f(0) > 0

and f(1/2) = 1/2. Thus there exist §,D > 0 such that § < 1+ p(2)%2f(2)*/* < D for all
x € [0,1/2]. But from these bounds it is clear that for each s € C the function

0,1/ 5 C, @ (14 p(2)* f(a])?/?) ™

is bounded. Thus 1o
s l—>/ (14 p(2)? £ (|2)?/7) "% da
0

does not have any poles in C. X

In Theorem 3.18 it was proved that the product of two regular semifinite spectral triples is again
regular. Since A, = C and thus 7 is regular, the following corollary is immediate.

Corollary 4.16. Suppose S is an even reqular semifinite spectral triple. Then the product triple
S x T, is also regular.

Since the tensor product of a spectral triple with S, is regular, one can compute its dimension
spectrum. We expect that the whole spectrum shifts over the vector z, but we cannot prove
this fact in its full generality. However we can prove the result for the largest pole. We will use
Fubini’s theorem for traces cf. Proposition 1.79.

Proposition 4.17. Suppose S := (A, H,D;N,7,7) is a finitely summable regular semifinite
spectral triple with 1 € A. Denote S, := (A, H,D.: N, 7') = S8XT,. Suppose w € C is an element
of the dimension spectrum of S such that Re(w) > 0 and for all w' in the dimension spectrum
of S we have Re(w') < Re(w). Then if 0 < z < Re(w), the function s — 7'((D? +1)~%/2) has a
pole for s = w + z and all other poles w" of the zeta functions (, satisfy Re(w”) < Re(w) + z.

71



4. SPACES OF REAL DIMENSION

Proof. The main idea of the proof of this lemma is to write the operator (D, + 1)~%/? as an

elementary tensor and then use the factorisation of the trace 7/. This can be done by writing
this operator as an integral of exponential functions. Then we will need the previous Lemma
1.79 to interchange the integral and the trace.

We start with the identity

/ e Tt gt = 27T (a) Re(a) > 0.
0

In the following calculation we will interchange two times an integral with a trace. We will justify
those manipulations later.

_ 1 /oo T/(e—t(1+D2) ®67tm3)ts/271 dt (416)
0

1 % bA4D?) _2/2,—2/2,s/2—1
= T(e I A dt
I'(s/2) Jo ( )
- 1 T(/Oo o—t(14D%) y(s-2)/2-1 dt) (4.17)
I(s/2) \Jo

— 17/2 F((FS(;/;))/Q) 7_((1 _|_D2)7(sfz)/2)'

By assumption the function s+ 7((1 4+ D?)~%/2) has a pole at w, thus s — 7/(D? 4 1)7%/2) has
a pole at s — z = w i.e. at s = w + 2. Since z < Re(w), this is the largest pole of i, because T’
only has poles at the non-positive integers.

Suppose b € B, then the following estimate shows that one does not obtain any poles in the
half-plane {s € C : Re(s) > Re(w) = z}.

G ()] = |72 (b(D? + 1)7/2)| < 7' (p(D + 1)=*/]) < [l (D2 +1)~*/%),

which converges for s with Re(s) > Re(w) + z.

It remains to show why one can interchange the integral and trace in (4.16) and (4.17) we
use Proposition 1.79. Suppose E is an unbounded self-adjoint operator on K. By analytic
continuation it is sufficient to prove the switch for s € R with s > 2. Fix such an s. Consider

. L a4 E?) 21
f:[0,00) = B(K), tHF(s)e t .
We check the conditions of Proposition 1.79. We know that if a,b are positive, then the map
[0,00) — R, t + e~t¢? is uniformly bounded. Using the functional calculus shows that f(FE) is
norm-bounded.
To prove the second requirement note that f(-)h «~ f(-)*h corresponds to s «~ 5. Thus it is
sufficient to show that f(-)h is measurable. We will prove continuity of f(-)h.

1 _ 2 s/o— _ 2 s/2—
£ (to +t)h — f(to)h|| < @ ||€( to+t)(1+E )(to +1) /2=1 _ ~to(1+E )(to + 1) /2 1” [
1 oo
O (He—to(1+E2)H He—t(1+E2) _ 1” Ito +t|s/2_1 + He—to(1+E2)H ’(to —|—t)5/2_1 _ t0/2 1‘)Hh||
which tends to 0 as t — 0.
And the last requirement

<

plF (1)) = ﬁp(efﬂlw%)\ts/m. (4.18)

72



4.3. Minkowski dimension of the spectrum

If we now let E = D, and p = 7/ then it is obvious that as a function of ¢, (4.18) is uniformly

bounded on [0, 00), in particular on the interval [0, n]. Thus using the fact that [D?®1, 1®ID§] =0
and Proposition 1.79 we obtain that for all n > 0:

1 " 2 2 1 " 2 2
7_/( / o—t(1+D*@1+1013)5/2—1 dt) _ / 7 (e—tHD?) g —tB2)ys/2-1 1.
I'(s) Jo I'(s) Jo ( )
Taking the limit n — oo gives the desired Equality (4.16). For (4.17), we can do the same trick,
but we have to replace E by D and p by 7. X

4.3 Minkowski dimension of the spectrum

At the end of the Paragraph 1.19.2, Connes and Marcolli pose the question to give an upperbound
on the Minkowski dimension of the spectrum of the operator JJ,. The answer appears to be 1.
Before we will give the proof of this result we will start with the definitions.

Definition 4.18. Suppose E C R" is a bounded subset. We denote by Ng(e) the number of
boxes with sides of length € needed to cover the set E. If no confusion will arise, we will omit
the subscript g. We define

log(N(¢))

el0 log(1/e)

If this limit exists, the quantity dimps(E) is called the Minkowski dimension of E. We can
also define the upper Minkowski dimension and lower Minkowski dimension. These are given by
respectively

dimps (E) ==

, , log(N(¢)) . ... log(N(e))
E):=1 = E) :=liminf ———=.
dimarup(B) =lmeww 3o ey w4 dimaen(B) =Tl 50 00

It is immediate from this definition that dimps up(E) < dimpgiew(E). Furthermore we have
equality if and only if dimys(E) exists, in which case dimps,p(E) = dimp o (E) = dimp (E).
Also if F' C E, and for both sets the Minkowski dimensions exist, then dimy(F) < dimys(E).
A similar statement holds for dimpy ., and dimaz jow-

Example 4.19. The Minkowski dimension of E := [a,b] is 1. Namely N () = [2=2]. Thus
b=2 < N(e) < 2% + 1. Note

_ log(®=2%)  log(b—a)+log(})
lim i = lim T el -1
=l0 log(g) =0 log(2)
And also
log(b;a +1) . log(b—a+e)+ log(%)
im T = lim T =1.
=0 log(Z) <10 log()
Thus

log(N
1 < lim 18VE)

0 log(z)
Note that this result is independent of a and b.

If a set £ C R™ is unbounded, the number of boxes Ng(¢) is infinite and the limit lim,. o 1?(?;;\1752)))

will also be infinite. But this is not what we want, because we expect that R™ has Minkowski
dimension n. This can be fixed in the following way.

Definition 4.20. Let E C R™ be a subset (not necessarily bounded). We define

dimpg p(E) 1= sup{dimps ,p(F) : F C E, F is bounded};
dimpys o (E) := sup{dimps ;0o (F) : F C E, F is bounded}.

If dimps up(E) = dimag 100 (E) we define dimpy o, (E) = dimag op (E).
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4. SPACES OF REAL DIMENSION

We cannot define dimpy 4, (E) = sup{dimp,(F) : F C E, F is bounded}, because dim (F') does
not to exist for all F.

Example 4.21. We have dimj;(R) = 1. Indeed, if ' C R is a bounded set, then there exists
a,b € R such that F' C [a,b]. Which implies Np(e) < Ngp(e), so dimpsup(F) < 1 and
dimps o (F) < 1 for any bounded F. Note that for some sets F' we have equality, for example if
F is an interval. Thus dimps,,(R) =1 and dimas ;0. (R) = 1, hence by definition dimy,(R) = 1.

Remark 4.22. In [9, §1.19.2] Connes and Marcolli guess that an upperbound for the Minkowski
dimension of the spectrum of I, is given by m. However this cannot be true. Because we
know that o(I),) = R if z € (0, 00), thus by Example 4.21 it follows that dimy; (o (1),)) = 1. Now
select z € (0,1), then it does not hold that dimy, (o (1,)) < m. It is possible to explicitly

calculate the Minkowski dimension of the spectrum of I9,.

Theorem 4.23. If = € C and Re(z) > 0, then the Minkowski dimension dimy(o(Ip,)) = 1.
Here we consider o(Ip,) C C = R2.

To obtain an idea of what the spectrum of D, looks like, take a look at figure 1. Since o(D,) =
{p(2) sgn(z)|z|'/* : =z € R} we plotted the function f, : R — C (cf. Notation 4.3) for z = & + 2i.
The red curve indicates (a part) of the positive real axis, the blue curve (a part of) the negative
real axis. The spiral continues towards zero and infinity, but of course this can not be captured
in the plot.

Figure 1: Plot of the spectrum of D, for z = % + 27

Proof. We have to compute the dimension of the set o(ID,) = {p(2) sgn(z)|z|*/*}. If Im(2) # 0,
then this is a double spiral as given in figure 1. Fix z € C, Re(z) > 0. We start by computing
the Minkowski dimension of E := {z* : z € [0, 00)}, where w := 1. Write w = a + bi.

The idea of the proof is to calculate the length of the spiral E in the region {z € C : |z| < R}
for some R. Once we know the length, we can use this to estimate the number of boxes needed
to cover the spiral. And then we can calculate its Minkowski dimension. Using the Minkowski
dimension of E we can calculate the Minkowski dimension of o (19,).

Notice that x +— |z*]| is a strictly increasing function. It holds that |z*| = z%, so we have
r < |z*| < R if and only if rt/e < x < RYa, We impose this lower bound, because near the
origin the spiral crops up. Let v be the path

v [rl/a,Rl/“} - C, x— v,
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4.3. Minkowski dimension of the spectrum

The length of « is given by

Rl/a Rl/a Rl/a
d _ |wl o aqa=nrte
l = ‘ ‘d :/ w_ld — / ald
0= [, lgr@lae= [l la=tol [ g

|wl

We let Fr :={z € E : |z| < R}. The number of boxes of size ¢ x ¢ needed to cover Fg is at
least the diameter of {z € C : |z| < R} divided by ¢ and it is at most 1 + @, where 7 is the
curve v : [¢/2, R] — C. Here the 1 comes from the box centered at 0 (because the spiral crops
up around 0) and now we can cover the rest of the spiral outside this centered box by l(%) boxes.
So we have

S(R-5)

€

2R ) _
3

?<NFR()§1+

We compute the Minkowski dimension of Fg. It follows from log(ab) = log(a) + log(b) and
continuity of the numerators that

i log (2£) . log(2R) + log (1) iy
s log (Z) <o log(Z) ’
lwlip_e
Clog (1 I g (1) 4 log (e + (R — )
151?01 Toa (T = lim =1.
g(s) el0 1Og(5)

So the Minkowski dimension dimy;(Fgr) = 1.
Suppose F’ C F is a bounded set. Then there exists an R > 0 such that F’ C Fg. Therefore

diliow(F/) S dimMup(F’) S dlmMup(F) = dlmM(F7) =1.
Taking the supremum over all F’ yields
diliow(E) S dlmMup(E) S 1.

Since for Fg it holds that dimps(F;) = 1, we obtain 1 < dimpy ;. (E). And so dimp, (F) = 1.
Now it remains to show that dimy; (o (I),) = dimys(E). Note that o(D,) = (p(2)E) U (—p(2)E),
where we denote cE = {cz : z € E}. Now the proof immediately follows from the next lemma. X

Lemma 4.24. If E C R" and E has Minkowski dimension A\ and ¢ # 0, then cE and EU —E
have Minkowski dimension \.

Proof. Tt is sufficient to prove this statement for bounded sets, because the general statement
follows by taking suprema. If E is bounded, then N.g(|cle) = Ng(e). So

L oa(Np(e) _ . lo(Vap(d) _ . log(N5(0))
dima (cE) = 15%1 log(1) lfuo 1og(ﬁ) B 1zSJ,O log(ﬁ) + log($)
i BVEQ) s

510 log(3) 010 log(py) +log(3)
For the other assertion, we have
Ng(e) < Npu-p(e) < 2Ng(e),

now apply a similar argument. X
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5 Application to physics

In section 4 we described a set of spectral triples which can be considered as being z-dimensional.
In this section we will apply these spectral triples to describe phenomena which occur in physics.
We start with dimensional regularisation, continue with computations on so-called anomalous
graphs which we will apply to zeta function regularisation in the last subsection.

5.1 Dimensional regularisation

In quantum field theory, the integrals considered are typically of the form

/R4 md“k. (5.1)

This specific integral corresponds to the following Feynman diagram

k

k

It represents a particle with mass m which propagates and self-interacts. Since these integrals
are divergent, 't Hooft and Veltman [21] developed dimensional regularisation to deal with these
integrals. Their method is based on the following formula:

/RD e dPp = (;)D/Q. (5.2)

This equality is valid for D € {1,2,...}. For non-integer values of D this cannot be proved,
because their is no such thing as a (Lebesgue) integral in D-dimensions. But instead of proving
it, the right hand side is used as a definition for the left hand side if D ¢ {1,2,...}. In this way
we obtain a method to integrate in D dimensions. We will work out an example.

Example 5.1. We will compute (5.1) in dimension 4 — w for Re(w) > 0. To start, note that

0 p? 4+ m?

/ / s(p?+m?) o—t(®*+m?) go
T

Substitute s = (1 — x)A and ¢ = xA, then

dt
det(f’f\ Cé/})-det(l v x>:>\(1—x)+)\x:)\
i AA
and

1 o)
/ —(1=2)A(P*+m?) g=2X(P*+m?) \ 1\ o
0

=
J

1 (e’
/ e PP+ N 4 dx
0 0

oo
/ e AT M )\ ) (5.3)
0

/ 1 // AW +m?) \ g\ g4
(p2+m2

Then we obtain
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5. APPLICATION TO PHYSICS

Now we interchange the order of integration, although we do not have a theorem of Fubini at
our disposal, we just change the order. We do this, because this is a way to give a meaning to
the integral in 4 — w-dimensions. After this we insert the essential identity (5.2) to obtain

1 4—w > —Ap2+m? 4—w
/7(p2+m2)2d p:/o /e WP +m?) \ gi=wy g
— / ( / ) PO\
0
0 (4—w)/2
= / (5) Ae M g
0

oo —1+w/2 1
_ pa-w)/2 / (%) e Ly
0 m m

oo
_ 7T(4—w)/2m—w e—u’u—l—&-w/Q d,U/
0

= (d-w)/2 —w (B
T m~ T 2).

The general theory can for example be found in [14, Chapter 7]. What one usually does is
introduce new variables (in our case x and \), rewrite the integrand as an exponential function
and use (5.2).

Remark 5.2. We however do not need to use (5.2) as a definition, but using our previous
developed machinery we can explicitly compute

(e ) = (;)Z/Q

and use this as a definition of an integral in z dimensions instead. So if we want to calculate an
integral in z dimensions, we have to replace the variable over which we integrate by the operator
1D, and the integral by the trace 7.. Via this method we have a genuine calculation and not just
a formal manipulation. We will illustrate this with an example, we compute again (5.1) but now
with ]DZ and 7.

Example 5.3. We want to compute [ m d*k for z € (0,00). To do this, replace k by I,
and [ -d*k by the trace 7,. We have

1 . 1
/md k::TZ((lDi—Fm?)Q)

As before use (5.3), we interchange integral and trace and finally we use (4.4) to obtain

TZ((lDZ-:Q)Q) = Tz(/oo e_w)ie_kmz)\d)\)
Ltm 0

= / 7. (e P2) e A N d
0

_ /OOO (;)Z/Ze*mﬁdx

Note that it is valid to interchange trace and integral, because by the definition of 7, we have

T(/ e*”f’ie*mﬁdx):/ / e AP =Am® \ N e
0 0 0

Since z > 0 it holds that e=*()°*¢=Am*\ > 0 for all 2, \ € [0,00). Thus by Fubini inter-
changing the integrals is allowed and therefore we can interchange trace and integral.
To finish the calculation, we can copy the end of Example 5.1. So

TZ((lDQ—&—lmg)Z) = 17/ 2m T (2 — 2/2),
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5.2. Anomalies

which has precisely a simple pole at z = 4. Note that this expression is well defined for all z > 0
and has a meromorphic extension to z € C.

5.2 Anomalies

In this section we will give another application of the the semifinite triple 7,. It can be used to
compute anomalies which are of interest in quantum field theory. This computation has been
performed in [9, §1.19.4], we will provide details. For physicists these anomalies are interesting
on their own, but we will use these anomalies in the next section on zeta function regularisation.
More information about quantum field theory can be found in a lot of books, a good book for
mathematicians is [14].

Assume we have a space given by a spectral triple (A, H, D). As described in Remark 2.36 we
can assume that the Dirac operator of a spectral triple is invertible. For use in this subsection
fix a regular, finitely summable, even spectral triple S := (A, H, D;v) where D is an invertible
Dirac operator. We will consider the tensor product of the triple S with the semifinite triple 7.
Denote as before

S.:=SxT.= (A8 CHOIAR), D1+ B BH) © L™(R), Tror. )

for the product of the spectral triple S with the semifinite spectral triple 7, as described in
Theorem 3.10. To avoid an abundance of tensor products we introduce the following notation
for the product of the spectral triples

S. = (A, H, DN, 7))
The use of A instead of A is no typo, because A ® C = A.

Notation 5.4. For an even spectral triple (A, H, D;~), denote by OP(A, H, D;~) the algebra
generated by A, D and ~. If it is clear which spectral triple is considered we will write OP.

We have the following important result, it is one of the results of the local index theorem.

Theorem 5.5 (Connes & Moscovici [10]). Suppose (A, H, D) is a regular, finitely summable
spectral triple with a simple dimension spectrum. Consider the functional

][P :=ress—o Tr(P|D|™?),

this defines a trace on the algebra generated by A, D, A] and |D|* with s € C,

Note that the assumption of discrete dimension spectrum is necessary for existence of the residues.
The aim of this subsection is to relate for A € Q}, the trace {(AD~1)" to the behaviour of
T((A®1)D;1)™ as z — 0. This relation will be described in Proposition 5.11. The proof of this
result needs some preparations, we follow the line of [9, §1.19.4]. We start with the observation
that D, is invertible and continue with a technical result.

Lemma 5.6. If D is an invertible Dirac operator, then D, is invertible as well.

Proof. Note that the spectrum of an operator is closed. Since D is invertible, D? is invertible.
So there exists an € > 0 such that ¢ < D?. Clearly 0 < ]pz. Hence e < D?®@1+1® lDi = Dg.
So 0 ¢ o(D,)? and hence 0 ¢ o(D,). So D, is invertible. X

Lemma 5.7. Let P € OP(A,H,D;~). Let k,n € N with 0 < k < n and suppose there exists an
29 > 0 such that for all 0 < z < z the operator (y1 ® ID,)?*(P ® 1)D; ") is bounded, then

z

1
lim 7 ((y @ ,)?*(P ® 1)D72") = —=B(k,n — k)][PD*Q(n*k)_
z—0 2
Here B denotes the beta-function, given by B(p,q) := Fr(fﬁi(q‘ﬁ)-
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5. APPLICATION TO PHYSICS

The requirement “(y; ® 1,)?*(P®1)D;2") is bounded” is necessary because otherwise the trace
of this operator is not defined.

Proof. Note that by Lemma 5.6 the operator D, is invertible. Again as in Proposition 4.17
we will interchange trace and integral, because then we can write the operator as an elementary
tensor. For a > 0 consider the map

g:[0,00) = [0, 00), x = / e~ a1,
0
For a > 0 we have the following identity
g(x) :/ e~te' a1 gy
0
© a—1 1
:/ e ® (%) —ds
0 x
= Jc_Q“/ e %5 s
0

= 2721 (a),

From this we obtain that g|[e, 00) is continuous and bounded if a > 0. Note that since D is
invertible 0 ¢ o(D ) The spectrum is closed, so there exists € > 0 such that |A| > ¢ for all

A € o(D). Hence €2 < D? and thus D2 = D?®@1+1® ID > £2. Using the functional calculus
we obtain

Tim—1-u/2) |DZ|“+2(l_m) = / e~ tDigm—1-u/2=1 g1 (5.4)
0
So we have

((m ® P.,)* (P e1)D;?")

7(Pep* D2®1+1®1D) ")

T’( (P® lD /00 e~HD?8D) —t(18P7)n—1 dt)
1

T'(n) Jo
L(n) T/(/ooo (PeP) @ (P2e P2y at).  (5.5)

We compute T(mike_tmi). Successively we do the following: apply the transformation y :=

tp(z)ng/ #_ partial integration and use the definitions of the gamma-function and the constant
p(2) = 2(0(2/2+ 1))V

1

r(D2e ) = 5 [ (ol sen(ala )t @l g

_ /OO(p(z)2x2/z)k€7tp(z)2zz/z dx

0

_ gp(z)—zt—k—z/Q / yk+z/2—1e—y dy
0

- % 720(2/2 + 1) 220 (k + 2/2)
= g T P0(2/2 + 1) R 2 (k4 2/2 = 1) (k+2/2 = 2) - (/2 + DT (2/2 + 1)

z/2t7kfz/2 Z(Z + 2) e (kz + 2k — 2) )
2

=

(5.6)

We will now show that we can interchange the trace and the integral in Equation (5.5). The
idea is clear, but it is some work since we have to check many things. Later we will refer to this
result, so we will isolate it as a lemma.
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5.2. Anomalies

Lemma 5.8. We have the following equalities
( / T (PetP) @ (B tdt) = / TPt g PPy e (5)
0 0
o)
= / Tr (Pe~ ") 7 (P2 e %) " Ldr.  (5.8)
0

Proof. Equality (5.8) follows directly from the factorisation of the trace 7/ (cf. Proposition 3.7).
For the first equality we would like to apply Proposition 1.79, but we cannot do this directly
since our measure space ([0, 00), B(]0,00)), i) is not finite. Luckily it is o-finite, we will exploit
that fact later. First we check that the requirements of Proposition 1.79 are satisfied.

By construction N is a semifinite von Neumann algebra and 7/ is a semifinite faithful normal
trace. Define

Felo.00) > BOR),  f(t) = (Pe™'P") @ (B2~ P2)en 1,

Since P € OP(Ay,H1,D;) the operator P is finite linear combination of products of elements
a € A, D and ~. Therefore f(t) is affiliated with A/. Observe that the commutators [a, D] are
bounded and D anti-commutes with . Therefore in these products we can pull all the terms D
to the right and we can write P = )" b; D" for some bounded operators b; and [ € N. Since D
is invertible

1 1
P=>"bD'=> bD"'D' =TD'
i=0 i=0
for some bounded operator 7. Then

_tD? 2k 10\ yn—
1F ()] = [(TDle ") @ (P2 tP=)" 1|
< ||T| ¢~ /2Dl tP?|| ¢ D/2 pFetP| < O < oo,

for some constant C' > 0 independent of ¢. Hence f maps into N.

We will show f(-)h : [0,00) — N, is a continuous function. Almost the same argument can be
used for f(-)*h. We establish continuity if h is an elementary tensor h = h; ® ho. In general
approximate an element h € H by linear combinations of elementary tensors. Then

‘l(TDle—(to-i-t)Dzhl) ® (Ezke—(to-i-t)wih?) _ (TDle—(tO)D2hl) ® (ﬁike_(to)ﬁihz)“
_ 2 _ 2 Qk- _ 2
< || TD'e 0P (1 — e P iy || |2 e otz py|
+ | TD e 0P by || [|(B2 e 0P (1 — e~ P2 )y,

this converges to 0 as t — 0. Since ¢t — "1 is continuous, the function f(-)h is continuous.
Note that a continuous function is measurable. Hence f is x-measurable. So

f € £327([0,00), i L1 (N2, 7).
The trace 7’ factorises so by (5.8)

T(F @) = T (|[Pe= 2" )r (| P e 1?5
_ 2?22 z+ 2k —2

)|tn71|

Tr (’t—k—z/2+n—1TDle—tD2 D

This is clearly uniformly bounded for ¢ large. For ¢t = 0 we have 7/(|f(0)|) = 0. By continuity it
follows that 7/(| f(¢)|) is uniformly bounded on [0, 00). Hence f is uniformly £!(N,7’)-bounded.
So we can apply Proposition 5.8 to the intervals [0, n] which are finite measure spaces. We obtain

( / (PP & (P2'e V%) 7 dt) = / 7 (Pe D’ @ P Py mLar.  (5.9)
0 0
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5. APPLICATION TO PHYSICS

Suppose P is a positive operator then the operators involved in (5.9) are positive. By normality
of the trace and the monotone convergence theorem we obtain (5.8) as we let n — oco. If P is
not positive we can write P as a linear combination of four positive operators and then apply
the previous. X

We will continue our proof of Lemma 5.7. We plug in equation (5.6) in (5.8), as before we swap
the integral and trace and we use again the identity (5.4) to obtain

7'((y® D) (P @ 1)(D.) ") (5.10)
_ ﬁ /Ooo Tr (Pe_tDZ)ﬂz/Qt"_k_z/Q_l 2(z+2).. 2(:’ + 2k — 2) i@t
= F(ln) 22 2(2+2).. 2(: + 2k — 2) /O Ty (PeftDQ)tnfkfz/Qfl dt
_ r(ln) L2 2E 1) 2(; t2k=2) 4 (P /OOO D% n—k—z/2-1 dt)
- %n) /2 g (g +1)... (% k=1 (n— g — k) Tr (PID|F2"9). (5.11)
Observe
iii]%ﬁ G+ Grh-1)Tn-2 k)= F(k)g((z) 5 _ B(kon — k).

Thus by (5.11) we have
. ’ 2k —2n\ _ 11 E o z—2(n—k)
lim 7/ ((y ® )" (P @ 1)(D:)™*") = lim = B(k,n — k) Tr (P|D| )
1
= res.—o —5 B(k,n — k) Tr (P|D|~*~2(n=k))
1
=—5 Blk.n— k)][P|D|-2("—k>,
as desired. X

Using this lemma and the theory of the generalised pseudo-differential operators (the classes
OP*%) we described in Subsection 2.3, we are able to prove the result which we are after.

Definition 5.9. Define the gauge potentials of a spectral triple (A, H, D) by

Op(A) = {Zaj[D,bj} taj, by € A}.

Remark 5.10. Since A® C = A as algebras it is no surprise that Qf, (A® C) = Qp(A) ® C.
Indeed, since v commutes with 4 we obtain
(a@)[D.b®1]=(a®@)D14+v®D,,b®1] = (a®1)([D,b] ® 1 ++vb[D,,1]) = a[D,b] ® 1,

which gives the result. So from now on we identify Q},(A) = Qp (A® C).

Now we can prove the key result of this subsection. We can compute one-loop graphs of the
following form:
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5.2. Anomalies

The result for n = 3 of the proposition stated below corresponds to this graph.
Proposition 5.11. Let A € QL (A) and n € N, n > 0. Then the function
27 ((A®1)D;H")

has at most a simple pole at z = 0, with residue given by
res,—o ' ((A® 1)DZH)") = _][(AD’l)”.

Proof. We start by computing ((A® 1)D;1)™). For this we will use the identity D;! = D,D;?
and Lemma 2.47. Will we proceed by induction to show the following result. If k£ > 0, then
(A®1)D;1)™ can be written as

(A1 an (A 1)D.(VY(A) @ 1)D. ... (Vi ' (A) ®1)D. D72 + R, (5.12)

with R € OP~F. Here « is some multiindex and ¢, € Z are some combinatorial constants to
count the multiplicities.
The case n = 1 is trivial. Now fix k. Observe that since I§, commutes with 1 and D? =
D2®1+1® P? it holds that

Vp.(A®1)=Vp(4)®1.

Repeated use of Lemma 2.47 gives

2”(14@ 1 27’L+2 Z kl 1 Vkl 1(A) ® 1)D;2k1 + Dz_2n+2Rm1

ki=1
Zn k1+...+kn7’n(vk}Dl+...+k"771(14) ® 1)D;2<k1+'"+k") 4 D;2n+2Rm1
kn=1 k1=1
Mp—1
—2n+4 —2k1 —2(k1+...4+kn-1)
S DRI e Y Y R, D
ki1=1 kn—1=1 ki1=1

Observe that the error terms R,,, € OP~™i~! thus
DZ_QTH_Qle c OP—m1—2n+l

my
E D;2n+4Rm2 D;le c OP7m272n+1
ki1=1

Mp—1

my
Z L Z Rsz_Q(kl+~~»+kn—1) c Op—mn-1—2n+1
kp_1=1 ki=1
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5. APPLICATION TO PHYSICS

Hence

DIMA®1) =3 cs(VE(A) @)D + R, with Re QP 2rFlmintmimui} - (513)
B

Select m; such that —n —min{m.,...,mp—1} < —k. We will use the Expression (5.13) to prove
the induction step

(A 1)D;)"™ = (A 1)D; )" (A 1)D; !
= (Z ca(A® 1)D,(VE(A) @ 1)D, ... (V5 (A) ®1)D,D;?* + R1> (A®1)D,D;?

=Y de(A® 1)D.(VH(A) @ 1)D. ... (Vi (A) ® 1)D. (Vi (A) ® 1) D, D72+
13

(an (A® 1)D.(VY(A) @)D, ... (VS5 (A) @ 1)DZ)R2DZ_2 +Ry(A®1)D,D;2

—stMM A(VE(A) ©)D.... (V5™ (4) ® DD:(VE (4) © 1)D.D; % 4 Ry

Since R; € OP~("+t1) and Ry, € QP 2ntl-min{mi,..;mn_1} the operator R3 € OP~*. This closes
the induction.

The next step is to take care of each of the summands of (5.12). We split up D, = D1 @1+~y®1D,.
Since v ® Ip, anticommutes with the terms A ® 1 and V% (A) ® 1, in a summand of (5.12) we
can pull all the terms v ® IP, to the left and write such a summand as

(AR DV (A) @ 1)... (VE T (A) @ )D.D;* =3~ ds, (@ P.) (A2 1) Py, D>,
Jj=0 B;

Here 3; are again a multiindices, the constants dg, € Z count the multiplicity and Pg; are certain
products of the elements V7 (A)®1 and D®1, in particular (A®1)Ps; = Qp, ®1 for an element
QB;‘ € OP(-Aa/H7D§’Y)'

Consider an operator

(Y® D.)(Qs, ® 1)D; > =47Qp, @ P (DX @1+ 1@ P)

Note that ), was given by multiplication with the function f, : R — R, which is odd i.e.
f-(=x) = —f.(x). Soif j is odd, then f7 is an odd function. In particular 7, ( ﬁj fR fi(x)dr =

0. Note that 1 and DZ are even, so (DI ®1+1® lDZ) @ is even. Since 7, = Tr®( g - dx ), it
holds that

7(1Qp @ P(DI@1+10@ PI) ™ =0 for j odd.
Because (v ® 10,)7(Qp, ® 1)D;?*» € OP~F is bounded, Lemma 5.7 shows that the function
2= 7 ((v® P.) Qs ® 1) D) (5.14)

does not have a pole at z = 0 if j > 0 is even. Since the functions given by (5.14) does not have
a poles at z = 0 for j > 0 we only have to compute the residues at z = 0 of the function

2 7' ((Q®1)D2%), (5.15)

for Q € OP(A,H, D;~). For this we will use the same method as in the proof of Lemma 5.8. In
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5.3. Zeta function regularisation

a similar fashion as before one can check that the conditions of Proposition 1.79 are satisfied.

Qe D) =7/ (5s [ Qe e P tasphet g
0

'(a)

= ﬁ /OOO 7 (Qe~P @ e P2 e 1) dt
- T (Qe Py r(e Py dt
- g(;j Tr (Q /0 "m0 a2 dt)
= neft KO e Qe
g F(al“zajm) Tr (QD~2|D[?)
Therefore we obtain
res.—o (2 — 7 ((Q ® 1)D;?*) =res,—o — Tr (QD*|D| %) = 7][ QD2 (5.16)

n

If we use exactly the same powers and coefficients in the expansion of (AD~1)" as we did for

(A®1)D;1)" (cf. Equation (5.12)), then
(AD™)" =3 " caADVH (A)D... V5 (A) DD + R/, (5.17)
with R’ € OP™"(A,H, D). These terms correspond 1-1 with the terms (Qg, ®1)D2*" of (5.15)

which might have a pole at z =0 (i.e. where j = 0). By (5.16) for a summand of the expansion
(5.17) we have

res,—o 7' (((caAD ...V ' (A)D) ® 1)D;?*" = —][caAD VY (A) DD,

Summing over « gives the result we are after. X

5.3 Zeta function regularisation

In this subsection we will show that it is also possible to use semifinite spectral triples for zeta
function regularisation [20].
In zeta function regularisation on typically has to deal with integrals of the form

1
/ Ze~tdt.
o T

For zeta function regularisation one replaces % by t=17¢ for some s € C, Re(s) > 0 and one
investigates what happens if s — 0. For example the integral [t te~dt is divergent, but by
definition of the gamma function it holds that

/ t—1 et dt = T(s),
0

which has a simple pole at s = 0 with residue 1. Note that this result is very similar to dimensional
regularisation. In both cases we introduce a new parameter in the integral and then examine
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5. APPLICATION TO PHYSICS

what happens if that parameter is sent to 0. In both cases a pole of the gamma function appears
which describes the divergence of the integral.

The aim of this subsection is to give a reasonable definition of det((D + A)D~1!) for a spectral
triple (A,H, D) and a gauge potential A € QL(A). For trace-class operators it is possible to
define a so called Fredholm determinant, but we choose a different way to give meaning to a
determinant. We will start with an informal motivation. Recall from linear algebra the identity
det(exp(T)) = exp(Tr(T)) for any square matrix 7. Thus using functional calculus we have
log(det(T')) = Tr(log(T)). Then

log (det((D + A)D™")) = Tr (log((D + A)D™ ")) = Tr (log(1 + AD™1)).

Therefore we are interested in computing Tr (1og(1 —i—AD*l)). However, this is not finite, because
the operators considered are not trace class. So we would like to give a different meaning to it.
We want to introduce a new parameter and examine in what way the result diverges as a function
of this parameter. One way is to consider

s+ Tr (log(1 + AD™1)|D| %)

and compute the residue at s = 0. This is what Connes and Chamseddine have done, see
Theorem 5.13 below. But we can also use the triple 7., to compute

2+ 7'(log(1+ ADZ1)).
The result appears to be the same, see Theorem 5.15.
Notation 5.12. If D is a self-adjoint operator, denote {p(s) := Tr(|D|~*).
To prove our main theorem of this section, we will need the following result.

Theorem 5.13 (Connes & Chamseddine [8]). Suppose (A, H, D) is a finitely summable, reqular
spectral triple and A € QL (A) is a self-adjoint gauge potential, then

(i) the function {pia extends to a meromorphic function with a most simple poles;
(ii) the function (pya is regular at s = 0;

(#ii) the following equality holds

Ca(0) = Co(0) = fj[log (1+4p1) =y & ][ (AD1)".

n

n

Proof. See [8, Thm. 2.4] X

Remark 5.14. The above use of log(1+ AD™!) needs some comments. Namely, 1+ AD~! need
not to be positive, hence log(1 + AD™!) is undefined. What we have is

log(1+z)=— Z (=1)"

n=1

x", for |z| < 1.
n

Note that for n large due to summability of the spectral triple the residue f(AD~!)" = 0. So
the series — ) (G J(AD=')™ is in fact a finite sum. And this sum is well defined for all

n n

gauge potentials A and Dirac operators D. So we use — Y =” f(AD™')™ as a definition

n n

for flog(1 + AD™'). Therefore — Y % J(AD=1)™ gives a meaning to the determinant of
(D+ A)D™1L.

We know that if D is invertible and if A € Q},(A) is a gauge potential, then A is bounded. So
there exists a constant a > 0 such that [|[AD~!|| < a. For such an a,

L
log (1 + aAD )

is a well-defined operator and of course both interpretations in 5.13 are equal.
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5.3. Zeta function regularisation

Theorem 5.15. Suppose (A, H, D;~) is an even pT-summable reqular spectral triple, A € Q1,(A)
s a self-adjoint gauge potential and D is invertible. Then

Cp+4(0) = ¢p(0) = Z #J[ (AD_l)n = Z (_:L)n res,—o 7' ((AD;)"). (5.18)

n n

Proof. The proof is now a simple combination of the results we obtained in this section. The
operator D, is invertible because of Lemma 5.6. The first equality of (5.18) is given by Theorem
5.13 and the second equality follows from Proposition 5.11. X
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