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Abstract

We investigate the metric nature of spectral triples in two ways.

Given an oriented Riemannian embedding 2 : X — Y of codimension 1 we construct a
family of unbounded K K-cycles 17, each of which represents the shriek class of 2 in K K-
theory. These unbounded K K-cycles are further equipped with connections, allowing
for the explicit computation of the products of ¢f with the spectral triple of Y at the
unbounded level. In the limit ¢ — 0 the product of these unbounded K K-cycles with
the canonical spectral triple for Y admits an asymptotic expansion. The divergent part
of this expansion is known and universal, the constant term in the expansion gives the
canonical spectral triple for X. Furthermore, the curvature of these unbounded K K-
cycles converges to the square of the mean curvature of X in Y as ¢ — 0.

We define a random matrix ensemble for the Dirac operator on the (0, 1) fuzzy geom-
etry incorporating both the geometric and fermionic aspects of the spectral action. This
yields a unitarily invariant, single-matrix multi-trace model. We generalize Coulomb-gas
techniques for finding the spectral density of single-trace models to multi-trace models
and apply these to our model of a fermionic fuzzy geometry. The resulting Fredholm in-
tegral equation for the spectral density is analyzed numerically and the effect of various
parameters on the spectral density is investigated.

Keywords: noncommutative geometry, spectral triples, C*-correspondences, un-
bounded K K-theory, Riemannian immersions, random matrix theory, potential theory,
fuzzy geometry, spectral density, Dirac ensembles.
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Lay Summary

Descriptions of quantum mechanics often use matrices. These are square arrays of
numbers that can be added, subtracted and multiplied similar to normal numbers with
one major difference: if A and B are matrices A- B and B - A may give different results.
In technical terms this is called noncommutativity.

On the other hand we have general relativity, in which space and time are described
using geometry. The theory of noncommutative geometry describes geometry using matri-
ces (or their infinite dimensional generalizations). This makes noncommutative geometry
a natural language to try and unite the quantum mechanical with the world of general
relativity. In this thesis we explore two aspects of noncommutative geometry.

In the first part of this thesis we contribute to one of the open questions in noncom-
mutative geometry: How to describe maps between geometries? For these maps you can
think of a map in an atlas, which describes one geometry (the world) as a part of another
(the page). We construct a description in noncommutative geometry language of maps
that come from hypersurfaces. An example of a hypersurface is the shell of a ball in 3D
space.

The second part of the thesis concerns a separate project where we consider a specific
class of noncommutative geometries, called the (0,1) fuzzy geometries. We are interested
in this class of geometries since they provide a toy model of quantum gravity, where
reality is a superposition of many different geometries of this (0, 1) type.

Fuzzy geometries have many useful qualities for us. They have, for example, a mini-
mum resolution built in. If you look very closely, details become fuzzy. Such a minimum
scale, called the Planck length, is predicted by the combination of general relativity and
quantum mechanics.

We focus on the fuzzy geometries of type (0, 1) since for this type the situation further
simplifies to allow us to find exact solutions. The main addition we make to this model
of quantum gravity on fuzzy geometries is the inclusion of particles living on space time.
We compute in particular how these particles affect the superposition of geometries.
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Chapter 1

Introduction and Preliminaries

Let us start with a brief message to the reader. The goal of this thesis for me is two-fold.
First of all it is intended as my Ph.D. thesis, detailing most of the work I have done over
the past four years and as such form a small addition to the wide world of mathematics.
Secondly T hope this can be a document that future graduate students can use to get a
running start on similar projects.

The work presented in this thesis all falls under the umbrella of noncommutative
geometry, but can be split into two main projects. The first project concerns the in-
terplay between noncommutative geometry and differential geometry. We construct a
representation of smooth embeddings of manifolds in the language of spectral triples.
This represents a new and useful example in the search for a theory of maps in noncom-
mutative geometry.

The second project takes on a very different flavour. We consider a Dirac ensemble
based on the class of (0,1) fuzzy geometries and spectral density of the random Dirac
operator of this ensemble. To accomplish this we first generalize a suite of tools for
single-trace random matrix models to interacting random matrix models in Chapter
This is followed by Chapter |4, where we apply these techniques to a new class of Dirac
ensembles incorporating the fermionic action.

More detailed introductions are given at the start of the respective chapters. The
common thread in both these projects is the focus on the metric nature of spectral
triples. The connection between the projects lies largely in future work that will be
based on the combination between differential geometry and fuzzy Dirac ensembles [55].

First, in Sections and [1.2] we will give very brief introductions to the parts of
noncommutative geometry and random matrix theory that are relevant to our purposes.
The goal of these sections is not to give a full and comprehensive introduction to the
hypothetical graduate student of all the required material. The goal is to serve as a
reminder of the terminology or as a check of assumed background knowledge. T have tried
to include references to sufficient excellent source material that gives proper introductions
to all these concepts.



2 CHAPTER 1. INTRODUCTION AND PRELIMINARIES

1.1 Noncommutative geometry preliminaries

The distant ancestor of noncommutative geometry is one of my personally favourite
theorems:

~

Theorem (Gelfand duality). If A is a unital commutative C*-algebra then A = C(A)

where A is the compact Hausdorff space of characters ¢ : A — C with the weak-x topology.
Moreover, if X is a compact Hausdorff space, C(X) is a unital commutative C*-algebra

and X is homeomorphic to C(X).
Proof. See, for example, [52, Ch. 2|. ]

To paraphrase, we can study (compact Hausdorff) topological spaces by studying the
associated commutative C*-algebras.

In certain situations one comes across “degenerate” or “badly behaved” topological
spaces that do, in some sense, correspond to noncommutative C*-algebras. See |11, [16]
for the example of this that formed the inspiration for Chapter 2] More generally, a lot
of properties of topological spaces can be formulated for their associated commutative
algebras in a way that also makes sense for noncommutative algebras. For example,
compactness corresponds to unitality. These ideas give rise to what one might call non-
commutative topology.

But, as we will stress again in Chapter 2], we want to do geometry, not topology. This
is where spectral triples come in. The key here is Connes’ reconstruction theorem [15],
which provides an analogue of Gelfand duality in a geometric setting. It, very roughly,
says that a particularly type of Riemannian manifolds can be reconstructed from the
algebra of smooth functions, its Dirac operator, and the interaction between the Dirac
operator and the smooth functions.

This gives rise to the notion of a spectral triple, consisting of an algebra A, a Dirac
operator D and a Hilbert space H upon which both A and D act. Studying such spec-
tral triples for noncommutative A (or rather not-necessarily-commutative) yields the by
now widely developed area of noncommutative geometry. We will provide a very bare
bones introduction here, for a more in-depth introduction see for example [12] 29| or [61]
for a good didactic introduction that also explains the connections of noncommutative
geometry to physics.

We assume that all C*-algebras appearing in this section are separable.

1.1.1 Spectral triples

Spectral triples are the basic ingredient of noncommutative geometry and combine al-
gebraic and analytic structure. Their algebraic structure will play a crucial role in the
analysis of the finite dimensional fuzzy geometries in Chapter 4| while their analytic
structure, primarily through unbounded K K-theory, features mostly in Chapter

Definition 1.1.1. A spectral triple

(A, H,D)
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consists of a x-algebra A realized as a subalgebra of B(H) for the Hilbert space H, and
a possibly unbounded self-adjoint operator D : Dom(D) C H — H. These data must
satisfy the following additional assumptions

e A preserves the domain of D and [D,a] extends to a bounded operator for alla € A,
e a(D +1i)~" is compact for all a € A.

The closure A = A (in operator norm) is the C*-algebra for this spectral triple.

A graded or even spectral triple has the additional datum of a Z/27 grading v : H —
H such that D is an odd operator for v and the representation of A on H is graded as
well (where A is possibly trivially graded).

There is another subtype that deserves a definition of its own because of its additional
complexity and central role in Chapter [4]

Definition 1.1.2. A real spectral triple of KO-dimension s s a possibly graded spectral
triple with additionally an antilinear isometry J : H — H such that

J? =¢, JD =¢'DJ, Jy=¢"vJ

where the signs €,¢',e" are determined by Table [1.1. If the spectral triple is not graded
the third condition s void.
For a real spectral triple we define an additional representation of the opposite algebra
A° on H by
a’p = Ja*J " = eJa* Ji

fora e A and ¢ € H. This opposite representation, which we will usually call the right
action of A, is required to satisfy

e [a,0°] =0 fora,be A,
e [[D,a],0°] =0 fora,be A (the order one condition,).

Remark 1.1.3. The term order one condition is used because in examples it requires D
to be an order one differential operator. This is seen explicitly in Lemma where
the real structure is used to limit the space of Dirac operators. The condition is also
motivated by Example[I.1.] where the Dirac operator is, in fact, an order one differential
operator.

One of the main examples of spectral triples are the canonical spectral triples asso-
ciated to spin® Riemannian manifolds, which feature in Connes’ reconstruction theorem.
We will see other, finite dimensional, examples in Chapter The below example is a
very brief rundown of this important class of spectral triples, more background can be
found in [61, Ch. 4] or [12].

Example 1.1.4. Let M be an oriented Riemannian spin® manifold with spinor bundleﬂ
Y. Let C(TM) be the Clifford algebra bundle over M generated by the tangent bundle

!'We take the existence of this spinor bundle as the definition of a spin® manifold.
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smod8[0 1 2 3 4 5 6 7
el+ + - - - - + +
gl+ - + + + - + +
I e S S

Table 1.1: The usual choices of the signs associated to a KO dimension s in noncommu-
tative geometry literature. For a real structure .J the signs are J? = ¢, Jv; = €'v;J for
~v; generators of the Clifford algebra, and Jvy = &”+J for ~ the (possibly trivial) grading
operator.

and the Riemannian structure. This means that > — M is a vector bundle such that,
if dim(M) is even, there is an isomorphism ¢ : CI(TM) — End(X). If dim(M) is odd,
instead c : CI°(TM) — End(X) is an isomorphism.

In this setting one can always construct a lift of the Levi-Civita connection VM to the
spinor bundle ¥, by which we mean a metric connection V> on X such that we have the
Leibniz rule

Vi (c(B)Y) = ¢ (VI (B)) ¢ + c(B)Vi(¥),
for A, B vector fields on M. We can then define a Dirac operator by

DA{:iCOﬂOVE

where § : QLo (M) — TM s the map induced by the Riemannian metric.

Let us describe this in local coordinates over some open subset U to make it more
concrete. Say we have local coordinates {x*}, also choose a local orthonormal frame
{e;}. We first express the Levi-Civita connection using Christoffel symbols relative to this
frame. FExplicitly B

Vgﬁ(€j> = Fﬁjek.
Note that these are not the usual Christoffel symbols and have different symmetry prop-
erties, notably since they combine coordinate and frame indices.

Over U we can further find a basis for the spinor bundle such that c(e;) = v; for a
fized set of y-matrices (i.e. a set of matrices satisfying viv; + ;v = 26:5).

It 1s then a cumbersome but straightforward check that

V5, W) = ((% — iz me%) W

a,b

defines a spin connection on X. The Dirac operator in these coordinates is then given by
. 1 ~
Dus = i, (au iy rzmb) y
o a,b
where v, = Y alyy; if O, =, dle;.

At the end we can combine all this data into the spectral triple

(C>=(M),L*(%), Dus) .
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We call this the canonical spectral triple of M.

If dim(M) is even ¥ comes with a grading for which ¢(TM) is odd, making this a
graded spectral triple. In case there exists a global charge conjugation J : X — X the
manifold M is called spin and this J makes the canonical spectral triple a real spectral
triple.

1.1.2 The external product of spectral triples

The construction in noncommutative geometry parallel to the Cartesian product in dif-
ferential geometry is that of the external product (to be compared to the internal product
of the next section).

We are interested in the external product for two reasons. The first is its appearance
in Chapter 4 where the Dirac ensemble we are interested in is formed as an external
product. Its use there is similar to the construction of almost commutative geometries,
which form the basis for the noncommutative geometry approach to particle physics.
The papers [13] 10] are among the foundations of this, see also [61] for a good didactic
introduction as well as a more complete list of references.

The second reason, with relevance towards Chapter [2, is that the external product
was the motivation for the introduction of unbounded K K-theory in [I]. As such it sets
the stage for Section and it provides intuition for the internal product, Section [I.1.4]
as well.

Definition 1.1.5. Given two graded spectral triples (Ay, Hy, D1;71), (Asg, Ha, Do; o) the
external product is the spectral tm’pleﬂ

(A1 @A, HH @ Hy, D1 ® 149 @ Doy 71 @ 72) -

The product of two ungraded spectral triples (Ay, Hy, D1), (Aa, Ha, Do) is given by the
graded spectral triple

(A @A HH@H, ®C*, D1 ®1®01+ Dy ®1 @021 91 03)
where o1, 09,03 are the Pauli matrices (see Example .

Taking the real structure into account complicates matters, since the obvious choice
of product real structure J = J; ® Jo may fail to have a well-defined K O-dimension in
the sense of Table This can be ameliorated by noting that there are choices involved
in the usual sign table of KO-dimensions. In particular, if J is a real structure, so is
~J and this difference flips the ¢’ sign. Taking consistent graded tensor products then
breaks the choices for the K O-dimension signs into two families |26, [18].

A concept closely tied to the external product and that features in both the differential
geometric spectral triples of Chapter [2land the fuzzy geometry spectral triples of Chapter
is that of a spinor space. We will introduce these and some associated terminology here,
good further references are [61], 4].

2We note that there are some details to be considered when it comes to the tensor product of C*-
algebras A; ® A, and the choice of smooth elements. In our applications at least one of the factors
will be finite dimensional which voids these concerns. In general we take the tensor product in the
representation on Hi ® Hs.
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Definition 1.1.6. The Clifford algebra Cl,, is the complex algebra generated by the or-
dered set of generator {ey,...,e,} with the relations

e?zl, fori=1,...,n, eiej = —eje; for i #j

The Clifford algebras are Z/27 graded by declaring the generators to be odd.

The element v =1i™ey - ... ey, m = |5, is called the grading or chirality element.

Example 1.1.7. The Pauli matrices

0 1 0 —i 1 0
9e=91=\1 o) b= 2=\y o) 7==% =\ —1)°

are a representation of Cly on C2.

Example 1.1.8. o, and oy are a representation of Cly on C? and 03 = —ioi09 is a
grading operator for this representation.

Definition 1.1.9. We define a spinor space of signature (p,q) as a complex vector space
V' with an irreducible representation of the Clifford algebra Cl,,, together with an anti-
linear map J called the real structure or charge conjugation. We require that for Clifford
generators {e;},

J? =¢, Je; = €'e;, Jy=¢"yJ

with the signs e,&',&" for KO-dimension ¢ — p in Table[1.1]

This leads us to the final stop of this section, the doubling and halving processes. It
is in many cases easier to work with graded spectral triples (and graded unbounded K K-
cycles) than with ungraded ones. This preference for graded triples and cycles originates
with spinor spaces, where for even n there is a unique irreducible representation while for
odd n there are two irreducible representations. This leads to differences between spinor
bundles over even and odd dimensional manifolds (see Example and to a lot of
the n even/n odd bookkeeping in Chapter [2| Ideally this could all be avoided by taking
careful graded tensor products and adjusting the usual choice of KO-signs in the spirit
of [26].

Definition 1.1.10. Let (A, H, D) be an ungraded spectral triple. The doubling of (A, H, D)
is the external product with (Cly,C?,0;03), i.e. the graded spectral triple

(A@Cll,H(X)(CQ,D@O'Q;l@O‘g)

with C*-algebra A @ Clj.

Conversely, if (A® Cly, H, D;~) is a graded spectral triple with A unital such that
(1®e)D = —-D(1®e), then it is unitarily equivalent to the doubling of a spectral triple
with C*-algebra A.

The above definition becomes more interesting in the context of unbounded K K-

cycles, where it implements unbounded representatives for the higher KK groups, see
[62, App. A] and [59].
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1.1.3 Hilbert bimodules and unbounded K K-cycles

We will now give a brief introduction, or rather a series of definitions, of Hilbert bimodules
leading to the main definition of an unbounded K K-cycle. As the name suggests, these
are representatives for classes in K K-theory. This is however not the view we will take
in this thesis, instead we will interpret them as maps between spectral triples. This
approach is in particular inspired by the Kasparov, or internal, product.

For an in-depth introduction to Hilbert (bi-)modules, see [44]. For an introduction
to K K-theory, which we omit in this text for the reasons outlined in the introduction of
Chapter 2| see [12, 8] or [34] for a more introductory text.

Definition 1.1.11. Let B be a C*-algebra. A Hilbert module over B is a vector space £
with a right B-representation and a B-valued sesquilinear form (e, ). These must satisfy

b <¢7 ¢ ’ b> = <77b7 ¢>b7
° (1, 9) = (0, 9)",
o (Y, ) > 0 with equality only if ¥ =0,

Jor all v, ¢ € € and b € B. Finally we require that € is complete in the norm |[1]|*> =
(¥, ) 5

If £ and B are (possibly trivially) graded, all these structures must be compatible with
the grading.

Example 1.1.12. Ezamples of Hilbert modules are
1. A Hilbert space H is a Hilbert module over C.

2. A wvector bundle E — M with a Riemannian inner product is a Hilbert module over

C(M).
3. A C*-algebra A is a Hilbert module over itself with inner product (a,b) = a*b.

With the second example in mind, Hilbert modules can be thought of as vector bundles
over the noncommutative space represented by the C*-algebra B. Much of Hilbert space
theory carries over the Hilbert module setting. With one major extra regularity condition
for unbounded operators due to complexities with orthogonal complements.

Definition 1.1.13. Let £ be a Hilbert module over a C*-algebra B. A map T : € — &
is adjointable if there exists a T* : £ — & such that (T*Y,¢) = (Y, T¢) for all 1, p € E.
The space of adjointable maps is then predictably

End; (&) ={T:& — &E|T is adjointable}.

This definition may look odd at first glance, when compared to the definition of
bounded maps on a Hilbert space. In Hilbert spaces bounded linear maps are automati-
cally adjointable, but the converse also holds, adjointable maps are automatically linear
and bounded. This converse statement continues to hold for Hilbert modules, while the
first one fails [44, p. §].

Besides the space of operators we need to know what compact operators on a Hilbert
module are.
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Definition 1.1.14. Let £ be a Hilbert module over a C*-algebra B. The space of compact
maps K (&) C Endj(E) is the (operator norm) closure of the linear space of the rank one
operators

V) (o] :€ =&
§ = 1(¢,§).

Example 1.1.15. Consider A as a Hilbert module over A, then the operatormg, : A — A,
b+ ab is adjointable and compact. The adjoint map is given by m) = mg«, indeed

(b,mgc) = b*ac = (a*b)*c = (mgb, c).

If A is unital, m, = |1)(a*| and thus compact. If A is not unital observe thatl the
operator norm of mg, is ||al| (by submultiplicativity and the C* identity). Then if {un} is
an approzimate unit for A, we have mg, —my,q = Ma—p,a and a — py,a converges to zero
in operator norm. Since my, . = |p,)(a*| we get that m, is compact in this case as well.

Now that we have the basic notions of maps on a Hilbert module we can introduce
the two key components of an unbounded K K-cycle.

Definition 1.1.16. Let A, B be C*-algebras. A Hilbert A-B bimodule is a Hilbert B-
module € with an algebra homomorphism p : A — Endy(E). This will occasionally be
written as AEp and the representation p is usually suppressed in the notation.

If A and &€ are equipped with (possibly trivial) Z/27-gradings the representation of A
on & must be compatible with these gradings.

Definition 1.1.17. Let £ be a Hilbert module over a C*-algebra B. An unbounded
operator on & is given by a domain Dom(D), dense in €, and a map D : Dom(D) — &
such that it has a densely defined adjoint D* : Dom(D*) — &£. This means that for
1 € Dom(D*) and ¢ € Dom(D) one has

(D™, ¢) = (¥, D).
An unbounded operator is regular if 1 + D*D has dense range.

Other adjectives for unbounded operators, in particular closed, closeable, symmetric,
and self-adjoint have the same meaning as in the Hilbert space setting. The new keyword
here is regular, on a Hilbert space regularity is automatic but for Hilbert modules it is
an essential well-behavedness property (see [44] Ch. 9] for more details).

This has, finally, put us in the position where we can define the principal object of
Chapter [2| the unbounded K K-cycle. These unbounded K K-cycles were invented in
[1] to simplify computations of the external product of K K-classes to, essentially, the
external product we saw in Section [I.1.2]

Definition 1.1.18. Let A, B be C*-algebras. An unbounded A-B K K-cycle consists of
a 7./27-graded Hilbert bimodule 4€p, a dense subalgebra A C A, and an odd self-adjoint
reqular operator D : Dom(D) — & such that
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o A preserves the domain of D and [D,a] extends to an element of Endy(E) for all
a € A,

e a(D+i)' € K(&) for all a € A.

A spectral triple (A, H, D) is an example of an unbounded A-C K K-cycle, as can
easily be concluded by comparing this definition to that of a spectral triple, Definition
This is the crucial fact that encourages us to look at the unbounded picture of
K K-theory as a source of inspiration for maps between spectral triples. In particular

there is the Kasparov product, which tells us that there is a notion of composition of
unbounded A-B and B-C' K K-cycles to an unbounded A-C' K K-cycle.

1.1.4 The Kasparov product and connections

The Kasparov, or internal, product is an operation in K K-theory that we will interpret
as a composition for unbounded K K-cycles. To do this we will make use of connections
and one-forms corresponding to an unbounded K K-cycle. We will make use of pre-C*-
algebras and pre-Hilbert modules in order to sidestep a lot of the analytical subtleties
in this construction. We can get away with this since our application is entirely based
on smooth manifolds with (sufficiently) elliptic differential operators that allow us to use
the smooth functions as our pre-C*-algebras.

For a more complete introduction to connections in noncommutative geometry one
can see [12]. For the background of our particular construction see [37, 36, 49| and in
particular [47]. The specifics surrounding curvature in this setting can be found in [50].

We will begin with some definitions.

Definition 1.1.19. A pre-C*-algebra A satisfies the same conditions as a C*-algebra
except that it need not be complete in the norm.

A pre-Hilbert B module, for a pre-C*-algebra B, satisfies the same conditions as a
Hilbert B module, except that it need not be complete in the norm. Similarly for pre-
Hilbert bimodules.

The idea behind working with pre-C*-algebras and pre-Hilbert (bi)modules is that
they correspond to the smooth functions (sections) inside the continuous functions (sec-
tions). This will allow us to talk about connections in a way that prepares us nicely
for Chapter 2] Even though there we do not explicitly mention pre-C*-algebras and
pre-Hilbert bimodules, it is often in the same spirit.

We can now introduce the composition of Hilbert bimodules with the following result,
masquerading as a definition. That this indeed defines a (pre-)Hilbert A-C' bimodule is
not obvious. In particular definiteness of the inner product requires some work, see [44]
Prop. 4.5].

Definition 1.1.20. Let A, B,C be pre-C*-algebras and let £ be a pre-Hilbert A-B bi-
module and F a pre-Hilbert B-C' bimodule. Then the balanced tensor product of £ and
F, denoted € @p F is the quotient of the (graded, if applicable) algebraic tensor product

& ®B,alg-/r =& Ralg ]:/ ~B
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where ~p s the subspace generated by elements of the form

VbR —1YRb- .

This balanced tensor product comes with a pre-Hilbert A-C' bimodule structure with the
inner product
(V© o, ¢ @ ¢) = (¢, (¢, ¢) - &).
If €& and F are Hilbert modules, £ @ F can be completed in the norm associated to
its inner product to produce a Hilbert A-C bimodule.

The next point for composition of unbounded K K-cycles is the operator on the
balanced tensor product of the Hilbert bimodules. Suppose we have two unbounded
K K-cycles, (4€p, D1), (Fc, Ds), the Hilbert bimodule of the composition is given by
4(€ ®p F)c and the operator should be at least modelled on D; ® 1 +1® Dy. The main
issue with defining this operator is that D, need not commute with the B action so that
1 ® Dy is not well defined on the balanced tensor product.

To make sense of this operator we will introduce an additional piece of data on the first
factor, namely a connection. To avoid talking about domains we will phrase this in terms
of pre-Hilbert bimodules and pre-C*-algebras. The operators involved are, however, still
unbounded.

Definition 1.1.21. Let B be a pre-C*-algebra with Z/27Z-grading operator vy, possibly
v =1, and define
m:B® B — B
bl (024 bg —> bl’}/(b2>
We define the universal space of one forms as the B-bimodule 2.(B) = kerm, which is
graded by —y ® .
The universal derivative is the map
§:B — QL(B)
b—1®b—v(0) ® 1.
The space of universal two forms is Q2(B) = QL(B) @p QL(B) and the universal
derivative extends to the map
§:QL(B) = Q2(B)
ad(b) — 0(a) @ (b).

Definition 1.1.22. A universal connection for a pre-Hilbert B-module £ with grading
operator v is an odd linear map

V:E— ExpQLB)
such that
V(b)) =V(¢) b+ () ®(b).
If additionally
(V(y(¥)), ) — (v(¥), V(9)) = (¥, 9))

the connection s said to be metric.
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Lemma 1.1.23. Let B be a unital pre-C*-algebra, and w € QL(B) odd, then
V3B - BegQl(B)
b—1®0(0b)+1®@wb
defines a connection.

Proof. In our setting this is a straightforward algebraic exercise,

VE(ab) =1 ® 6(ab) + 1 @ wab,
=1®6(a)b+1®7v(a)d(b) + 1 ® wab,
= VE(a)b+~v(a) @ §(b).

The oddness condition on w comes from the requirement that V be odd. O]

With a connection we can define the product operator, but we have to leave the realm
of universal forms for the represented forms.

Definition 1.1.24. Let B,C be pre-C*-algebras, F a pre-Hilbert B-C' bimodule and
Dy : F — F an adjointable mapf. Then

Qp, (B) :={a[Dy,b] |a,b € B},
Q7,(B) := {a[D2,b][D,c] | a,b,c € B}

which are subspaces of the adjointable operators on F.
Further define

7o, 1 QL(B) — Qb2(B)
ad(b) — alDs, b].

If € is a pre-Hilbert A-B bimodule with a universal connection V¢ the represented con-

nection is defined by
ngz = (1 & 7TD2) ¢) vi

Definition 1.1.25. Let £, F be graded unbounded A-B and B-C' pre-Hilbert bimodules
respectively, with self-adjoint maps Dy : € — £ and Dy : F — F. Furthermore assume
V¢ is a universal metric connection on €. The product operator on €& @p F is defined
by

Dl XyeE D2:D1®1+1®V£ DQ,

where
(1 @ve Ds) (¥ ® ¢) 1= 7(1h) @ Dagp + V5, (1))

This is again a proposition masquerading as a definition. One should for example
check that the product operator on £ ®p F is again self-adjoint. This corresponds to the
(unbounded) product operator on the Hilbert module completion being symmetric on its
domain. It is then a further question if this product operator has a self-adjoint extension
to the Hilbert module completion. These questions are tackled on a case-by-case basis
for our situation in Section with smooth sections of spinor bundles playing the role
the pre-Hilbert modules.

3Since F is only a pre-Hilbert bimodule this does not imply that Dy is bounded.
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Definition 1.1.26. Let £ be a pre-Hilbert B module for a pre-C*-algebra B with universal
connection V. The universal curvature of this connection is defined to be the map from
E to £ N%(B)

(V)2 = (1 ®ge 0) 0 VE
and the represented curvature relative to a pre-Hilbert B-C' bimodule F with Dy : F — F
15 given by

w0, (V)') W@ 6)i= ((Lem)o (1@ 1@ 7)o (1 8eg, 9)0 V) () .
where p @ T € £ Q3 (B) acts on F by ¢ — ) @ T'¢.

This definition is not terribly enlightening beyond its similarity to V? in regular
differential geometry, the following lemma gives some further reason this definition is
sensible by strengthening that link. A much more complete motivation for this definition
can be found in [50].

Lemma 1.1.27. For a connection V? as in Lemma the universal curvature is
given by
(V)2 (a) =1® (§(w) +wew)a

u

and the represented curvature relative to an operator Dy : F — F on a pre-Hilbert B-C'
bimodule F 1s

mo, (V) (0@ 6) = (75, ® 75,)(6(w)) + 70, (w)?) ad.
Proof. We compute the universal case first.

(1 ®ys 0)(VE(b) = (1 ®@ys 6)(1® 6(b) + 1 @ wb),
= (1) ®6*(b) + VE(1) @ 6(b) + 1 ® 6(wb) + VE(1) ® wb,
=10w®dib)+1® (0(w)b+vy(w)ib)) +1®w® wb,
=1w®ib)+1Rw)b—1Rwdb)) +1Rw wb,
=1® (§(w) + w @ w)b.
Note that in the fourth line we used that w is odd.

The analogous statement for the represented curvature follows from essentially the
same computation, keeping track of where the representation mp, is introduced. O

This concludes our brief and very narrow discussion of curvature for unbounded K K-
cycles. The last port of call for this section is a useful result from [47] that gives us
strong tools to check when the above (purely algebraic, in this incarnation) construction
actually works at an analytic level.

Definition 1.1.28. A pair of operators Dy, Dy on a graded Hilbert B-module £ is weakly
graded commuting #f

e for some Cy,Cy,Cy and 1 € Dom([ Dy, Ds)) we have
D1, DoJvo||* < Collw I + CLlI Dy ||* + Col| D],
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e There is a core E for Dy such that (Dy +i\)"'E C Dom([Dy, Ds)),

here we stress that the commutator is the graded commutator, so if both D1 and Dy are
odd [Dl, DQ] = D1D2 + DQDl.

For an weakly graded commuting pair we have the following theorem.

Theorem 1.1 (Thm. 2.6 [47]). If Dy, Dy is a pair of weakly graded commuting self-
adjoint regular operators on a Hilbert B-module £, then

o Dy + Dy is self-adjoint and regular with domain Dom(D;) N Dom(Ds).
o[BI+ [[(D1 + D)o < C([[[* + D1 + [ Do)

This theorem is useful in the context of Kasparov products, or composition, of un-
bounded K K-cycles by giving a powerful criterion for the sum of D; ® 1 and 1 ®ye Dy
to be self-adjoint. The second criterion is useful in establishing that Dy ® 1 + 1 ®yge D>
has compact resolvents.

We will now give two, very simple, cases as example applications of Definition
Both these cases can be done by other means as well.

Lemma 1.1.29. Let (4€p, D1) and (pFc,0) be unbounded K K -cycles. Then the product
cycle

15 an unbounded KK -cycle.

Proof. The pair D; ® 1, 0 is certainly a weakly graded commuting pair of self-adjoint
operators (D ® 1 is self-adjoint by general theory, for example [58, Thm. VIII.33]). The
operator D7 ® 1 has compact resolvents since 0 does, as this implies that F is finitely
generated. O]

Lemma 1.1.30. Let (4(Hy)c, D1) and (c(Hz)c, D2) be unbounded K K -cycles. Then the
product cycle

(4 (Hi ® Hy)c, D1 @ 1471 @ Dy))

15 an unbounded K K -cycle that moreover represents both the internal and external Kas-
parov product of the corresponding classes in KK -theory.

Proof. Since we are working with Hilbert spaces all operators are regular and D; ® 1
and 7, ® Dy are self-adjoint by general theory of self-adjoint operators. Moreover, the
algebraic tensor product Dom(D;) ®q, Dom(D,) forms a core for v; ® Dy and A (graded)
commutes with 7, ® Ds. Finally D; ® 1 graded commutes with v; ® Dy so they form a
weakly commuting pair.

This covers exactly the assumptions of [47, Thm. 7.4] which implies that the product
cycle is indeed an unbounded K K-cycle that represents the Kasparov product. O
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1.2 Random Matrix Preliminaries

Our introduction to random matrix theory will be as targeted as our introduction to
noncommutative geometry was, skipping many interesting sub-areas and perspectives.
Useful texts on random matrix theory are, for example, [25, 24, 22 51]. The study of
random matrices was originated by Wigner in [64] to study the spectra of atoms. The
basic idea of random matrix theory is to choose a probability density on some space of
matrices and study the statistical properties, such as the expectation value for the largest
eigenvalue, of those matrices.

Our motivation for studying random matrix models can be found in more detail in
Chapter [4 in particular Section The main idea is that we would like to study a
particular family of spectral triples, 0, 1-fuzzy geometries, with a random Dirac operator.
This Dirac operator can be parametrized by a single Hermitian matrix, thus a model
involving random Dirac operators becomes a random matrix model.

A prototypical example of random matrix models is the Gaussian Unitary Ensemble,
or GUE for short. This is the random matrix model defined by the probability density

r
—e

ZN

N Tr(H?) dH

on the space of N x N Hermitian matrices Hy. Here dH is the Lebesgue measure on
Hy = RN and Zn 18 a normalization constant. For the GUE the normalization Zy
can be computed explicitly, but usually the normalization factor is left as an abstract
quantity.

Let us introduce some terminology.

Definition 1.2.1. A random matrix ensemble (or random matrix model) is a subset M
of Mn(R)", Mn(C)™ or My(H)™ together with a probability density on M.

If the probability density is given by a formula of the form

1

EG_S(H) dH,
where dH 1is the Lebesque measure on the appropriate power of R, the function S s called
the action of this ensemble.

If S(H) = Tr(V(H)) for a polynomial V' this polynomial is called the potential of this
ensemble.

The GUE is one of the simplest matrix models, in particular it has three desirable
qualities.

e [t is unitarily invariant, ¢.e. the density is invariant under H — U HU™ for a unitary
matrix U.

e [t is single matrix.

e [t is single trace, meaning that the density is given by the action for a polynomial
potential V() (to be precise, for the GUE V(x) = x?).
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For such models many tools are available. There is even a rich theory if the potential
V(z) is such that e~ "(V(H)) is not integrable, see in particular [24].

In this thesis we will be primarily concerned with a random matrix ensemble coming
from a toy model for quantum gravity for which this third property fails quite definitively.
First of all the action will not be single-trace, but will include products of traces. Secondly
there will be a term in S(H) that is not polynomial in H. Chapter [3is entirely concerned
with generalizing tools from [22] to this new situation.

The rest of this section will be an introduction to one of the main tools for unitarily
invariant random matrix ensembles, Weyl’s integration formula, followed by a discussion
of large-N asymptotics and the spectral density. As mentioned before, this ignores a
wealth of subjects that are hiding in the field of random matrix theory. For a slightly
broader introduction that is still close to the subjects covered in this thesis see [33]. For
a fuller introduction see the books cited at the start of this chapter.

1.2.1 Weyl’s integration formula and spectral densities

One of the main tools available for single matrix, unitarily invariant random matrix
ensembles over the Hermitian matrices is diagonalization. Suppose we have a random
matrix ensemble given by some unitarily invariant action S over the Hermitian matrices.
Then S can be written in terms of the eigenvalues of H, as those are a complete set of
unitary invariants for a Hermitian matrix.

Let O : Hy — R be any unitarily invariant function, then the expectation value of O
is given by

1 1 - . -
o) :—/ O(H)e M) dH = / Oopy(N)eSev ™) N — A2V 1.1
(O) ZHN<) Zor Jon (A) H\ il (1.1)

i<j

where O,, and S,, are O and S expressed in terms of eigenvalues and Z,, is a (different)
normalization constant. This formula is easily proved by the change of coordinates Hy =
Uyn/(UN) x RY given by diagonalization (see [22, Ch. 5.3] or [25, Ch. 1.2]). The
square of the Vandermonde determinant, [],_.|\; — A;]?, is the Jacobian of this change
of coordinates.

This formula is specific for Hy C My(C). For the symmetric matrices in My (R)
the exponent of the Vandermonde determinant is 1, while for the self-adjoint matrices in
My (H) it is 4. This exponent is often denoted 5 and called the Dyson exponent in the
random matrix theory literature.

The value of this exponent plays a significant role in the behaviour of the random
matrix ensemble. Interestingly, for a lot of random matrix theory techniques there is
no reason to restrict the Dyson exponent to 5 = 1,2,4, or even /3 integer (see [23] and
references therein). We will see in Chapter {4 that in our toy model of quantum gravity
higher (though still integer) § appear naturally.

Given a random matrix ensemble over self-adjoint real, complex or quaternionic ma-
trices we define the eigenvalue model by the corresponding probability density on RY
for the eigenvalues of the random matrix given by the Weyl integration formula. Since
for a unitarily invariant random matrix model the eigenvalues of the matrix are the only
interesting observables, we choose or focus to be on the distribution of these eigenvalues.

1<j
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Definition 1.2.2. Let (M, P) be a unitarily invariant random matriz ensemble for M C
My(C). Let P., be the eigenvalue density obtained by Weyl integration, then for m =
1,..., N the m-point density associated of the random matriz ensemble is given by

Pﬁ(ml,...,xm) = / Pn(zy, .., xN) ATy ... dy.
Rme

The 1-point density will also be referred to as the spectral density.
The spectral density satisfies

(Te(f(H))) = / f(@)PY (z) da.

1.2.2 Large-N limits and scaling

There are very few random matrix ensembles for which interesting observables can be
explicitly computed, even for single-trace single-matrix unitarily invariant models. What
15 generally accessible is the large-N limit, or the limit where the matrix sizes tend to
infinity. One of the reasons for this is that large random matrices tend to be asymptotically
free, which is a notion of independence for noncommutative probability spaces [51].
Given a unitarily invariant random matrix model, the large- N limit is concerned with

quantities of the form
N

1
1\}520<N ; O(N))n
for functions O : R — R, where (e) y is the expectation value of a random matrix model of
N x N matriceq’] To get a sensible answer out of this limit there are of course conditions
on the sequence of random matrix ensembles, but requiring for example that they are
“constant” is not only hard to define (since the domain of the probability density changes)
it also will not generally lead to interesting results.

Suppose we have a potential V' and corresponding action S(H) = Tr(V(H)), the

sequence of random matrix models to consider for a sensible large-N limit is then

1 o~ NSUH) g1
Zn
defined on H . This is formally shown in, for example, [25, 1.4], but it can be concluded
by a mostly intuitive argument as well.
Consider the Weyl integration formula, Equation for S(H) = Tr(V(H)). We can
pull the Vandermonde determinant into the exponential to get a new, non-polynomial,
potential for the eigenvalues

N

> V) + g > log (A = Aj)).

i=1 i#£j

4This is a very informal definition, the general idea is that the size of the matrices involved grows to
infinity. The specific sizes and normalization of the eigenvalue sum will depend on the specific model.
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This is the potential of a gas of N particles in one dimension with % repulsion inside the
confining’| potential V. As N grows, the total energy represented by the repulsive force
grows like N2. On the other hand, the total energy in the confining potential grows like
N. In order to balance these energies the density of the particles must go to zero, as the
particles need to be ever further apart to balance the rapidly increasing repulsion with
the confining potential.

If we instead consider the sequence of models with Sy(H) = N Tr(V(H)) both the
energy represented by the confining potential and the repulsive force grow like N2. Now
they can be in balance without particles escaping to infinity (the sequence of densities is
tight, in terms of Definition . Thus we conclude that the correct sequence of models
for such a single-matrix ensemble defined by a potential V' is Sy(H) = N Tr(V(H)). We
could also err the other direction, where we consider for example Sy (H) = N2 Tr(V (H)).
In this case the confining potential will dominate at large N and all eigenvalues will
concentrate around the minima of V' (z).

We will encounter higher order interactions, such as multi-trace terms, that are ex-
pressed as sums over multiple eigenvalues. These terms require a similar normalization.
For example

N 4 N
Tr(H)* = (Z/\,) = > AN
=1

1,7,k,l1=1

should be multiplied by the power of N that makes the aggregate of order N2, so that it is
of the same order as the eigenvalue repulsion caused by the Vandermonde term. Although
one could deviate from this if the action S(H) has a repulsive force of a different order
built in.

5Tf the potential is not confining the action does not define a probability density and should instead
be treated as a divergent matrix model, see [33] or [24].



Chapter 2

Immersions between spectral triples

The goal of this chapter is to realize an immersion of manifolds in the language of spectral
triples. While this will be couched in the language of unbounded K K-theory I want to
stress that the goal is not to do K K-theory. In Section we check that our construction
makes sense in K K-theory (i.e. topologically). But everywhere else we will be thinking
of the cycles themselves and not the classes they represent. The idea behind this is that
K K-theory is topological in nature while we are looking for geometric data.

The idea of the construction in this chapter is based on the shriek map in noncom-
mutative geometry [16, 11]. Given a smooth, K-oriented map f : X — Y between
Riemannian manifolds, loc. cit gives a construction for a bounded K K-cycle f, between
C(X) and C(Y). This class is used to prove an index theorem for foliations and, more
importantly for us presently, this construction is functorial. To be precise, if f : X — Y
and g : Y — Z are smooth maps, then

(gofli=fi®g (2.1)

where ® denotes the Kasparov product.

Taking a closer look at the construction of this shriek class, for a spin® manifold X,
the point map pt : X — {x} gives a class represented by the bounded transform of the
canonical spectral triple of X. So if f : X — Y is a smooth, K-oriented map we get a
product in K K theory

(Ptx)r = fi ® (pty):

where (pt ) and (pty ), are represented by the bounded transforms of the spectral triples
of X and Y. Our goal is to lift this construction to the level of unbounded K K-cycles and
recover geometric data of the map f, or at least in specific cases. In summary, we want
to use this bounded construction as inspiration to write down a product of unbounded
K K-cycles, in the sense of [49, 37, 50, 38].

In [38] this has been done for the case where f : X — Y is a submersion of manifolds,
since that is one of the cases where the construction of f, already has an unbounded
character. In loc. c¢it an unbounded K K-cycle (v, Dy) of “vertical spinors” and a
vertical Dirac operator are constructed. The unbounded product then yields

DX:Dv®1+1®VVDy+/€

18
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where x is a bounded operator giving the curvature of the submersion. The other case
where the construction of f; lends itself to this unbounded experimentation is when f is
an immersion. In this chapter we study the further simplified setting of a codimension 1
embedding.

For an embedding it turns out we do not get the same type of factorization that is seen
in loc. cit.. This is mainly due to the fact that a Riemannian submersion gives control
over the Riemannian metric on the entire domain and codomain, while the metric outside
the range of an immersion is unknown, see Section for more details. This problem
is sidestepped by constructing a family of unbounded K K-cycles, each corresponding
to progressively smaller neighbourhoods of the embedded manifold. These unbounded
K K-cycles are constructed in Section

Next, in Section we compute the unbounded product of our unbounded K K-
cycles with the spectral triple for Y. Followed by the analysis required to verify that
this product is again a spectral triple. Finally in Section we show, as a check, that
our construction gives the Kasparov product when interpreted in K K-theory. We also
discuss how to recover the embedded manifold and the mean curvature of the embedded
manifold from the family of products.

This chapter is based on the work also reported in the paper [62] and preprint [63].

2.1 Geometric setup

Throughout this chapter let Y be a smooth, n+ 1 dimensional, Riemannian, spin® mani-
fold and let 2 : X < Y be a fixed smooth, oriented, Riemannian codimension 1 embedding
of a compact manifold X. The unit normal vector field to this embedding will be denoted
v.

Our first goal in this section is establishing the concept of Fermi coordinates, or
generalized normal coordinates, around an embedded manifold. A good reference to
learn more about this is [30]. Normal coordinates may be familiar from general relativity
or general differential geometry, they are obtained by choosing an orthonormal frame at
a point of a Riemannian manifold and defining coordinates using geodesic flow along the
basis vectors of this frame. This can be adapted to an embedded manifold X — Y by
choosing a frame on the normal bundle of X and defining coordinates around X using
geodesic flow along these vectors normal to X to obtain “radial” coordinates around
X. Combining this with a choice of coordinates on X itself yields Fermi coordinates.
Regular normal coordinates around a point p are an example of Fermi coordinates for
the embedding {p} — Y.

We will make use of these Fermi coordinates to construct a family of, diffeomorphic
but non-isometric, parallel hypersurfaces to X in a tubular neighbourhood of X C Y and
equip each of these copies with a spin® structure and Dirac operator. We then find how
this family of tangential Dirac operators relates to the ambient Dirac operator on Y.

Along the way several constructions will depend on which of X and Y is even dimen-
sional. The changes between these situations are minor, so we will often do the proofs in
one of these cases while recording both versions in the results.
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2.1.1 Notation and Fermi coordinates

Given our embedding 2 : X — Y define the map 7 : X x R — Y by (z,5) = exp,,(sv)
where exp is the exponential map of Y. In other words, a pair (z, s) is sent to the time
s flow starting at «(x) along the vectorfield v. Since X is compact there is some gy > 0
such that 7 : X x (—eg,60) — Y is a diffeomorphism onto its image (this is a tubular
neighbourhood theorem, see for example [30, Lemma 2.3]). For a visual guide to theses
definitions see Figure [2.1]

With gy we can define two Riemannian manifolds: X X (—¢&g, &), with the product
metric, and W :=7(X x (—&p,&0)) with the metric induced by W C Y. We now redefine
7 to be the diffeomorphism

7:X X (—eg,80) > W
(IL’, S) = esz(m) (SV)‘
We will also often use the projection

m:X X (—€g,60) > X
(x,8) — x,
and the parallel embeddings
s : X > W
x iz, s).

Both X X (—¢g, &) and W come with a foliation into leaves diffeomorphic to X. For
W this foliation is induced by the level-sets of the radial coordinate functionﬂ

s:W — (—80,80)
i(x,s) > s.

For X X (—g¢,¢€0) the foliation is given by leaves having constant coordinate in (—&g, £¢).
We call the leaves of this foliation parallel hypersurfaces to X and denote them by

Xo={y e Wis(y) = s}.
By the generalized Gauss Lemma (see for example [30, Cor. 2.14]) the vector field
Os = (is)sv
is the unit normal vector field to X;. The tangential vector bundle over W is then the

bundle
|_| E(z,s)Xsa

(z,8)€X X (—€0,€0)
and the normal vector bundle over W is the line bundle generated by 0.
The key point of this chapter will be to relate, or in some way intertwine, the two
Riemannian manifolds X x (—¢&g,¢0) and W.

!The terminology “radial” rather than normal is chosen with regard to the terminology in [30] and
future generalizations to higher codimensions. For example in codimension two the tubular neighbour-
hood will be X x D for a disk D of radius €g, this gives rise to radial (away from X), tangential (along
X) and spherical (circling X) directions that all likely behave differently.
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¢ > exp, (£V)

Figure 2.1: This diagram shows how X and the parallel hypersurfaces X, sit inside Y.
The green lines are the paths exp,,)(sv). The distortion of the metrics between X and
X, is illustrated by the distance along X, between the green paths changing.

Example 2.1.1. For the embedding of the radius 1 sphere 1 : S™ — R the vector field
v is the radial vector field 0, = > x;0; so that

exp,g)(50;) = (s + 1)2(0)

for any 6 € S™ and the right-hand side uses the vector space structure on R*""t. This is
a diffeomorphism for s € (—1,00) so we can pick any g < 1.

The radial coordinate function s coincides with the actual radius up to an offset of 1,
s(Z) = ||Z|| — 1. For the metric gs the parallel hypersurface (S™)s is a sphere of radius
s + 1, while for the metric go it is a sphere of radius 1.

Using the global radial coordinate we can canonically identify bundles over W with
bundles over X.

Lemma 2.1.2. Let E be a vector bundle over W with a metric connection VE. For any
(s,5") there is an isomorphism of vector bundles Uy s : E|x, — E|x; and Ug gUg o =
Us”,s~

Proof. We will define the map Uy, on each fibre. Let v : (s,s') — W be the path
defined by exp,)(tv). Then parallel transport along 7 defines a linear isomorphism
Ug s between Ej, o) and By, . Since by definition of W these paths preserve the base
point in X the linear isomorphisms Uy s, assemble into an isomorphism of vector bundles
E X, —7 E|Xs" ]

Corollary 2.1.3. Suppose E is a vector bundle over Y and ¢ : «(X) — E is a section
of Elyx). Then 1 extends to a section of E over W.
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Proof. Define ¢(i(x, s)) = Us ot (2()). O

We can use Corollary to construct Fermi frames, which have a very useful
property.

Lemma 2.1.4. Let E be a vector bundle over W with metric connection VE and (U, {e;}r

a local frame for E|x,. Then in the frame (U X (—¢€o,€0), {U.pei,@s}f:l) we have
0
E

a _— .
* 0Os
Proof. This is entirely by design. The path s — U,g(e;) is the VF-parallel transport
along the geodesic with tangent vector 0, so by definition the frame element Ue; :
(x,s) = Uspe;(z) has
V5 (Ue;) = 0.
O

As mentioned before our main goal will be to relate or intertwine the Riemannian
manifolds X X (—&g,&9) and W. For this we will employ two main tools. The first one
is the change of volume function A defined by

A-Twy = T'wx A W—eg,e0) (2.2)

where wjs denotes the volume form of a Riemannian manifold M.
The change of volume function has the following local expression.

Lemma 2.1.5. Let (U, %) be a coordinate patch for X. Then for (z,s) € X X (—&g, &)
with x € U we have
det 0
Az, s) = SSIVATL, ) gy [z, )
det gY(x7 5)

Here gy (x,t) is the matriz of the Riemannian metric of Y at i(x,t) in the induced Fermi
coordinates.

Proof. Choose a patch of local coordinates (U, (x1, ..., z,)) for X, this gives coordinates
(U % (—¢e0,€0), (T1,...,Tpn,8)) on X X (—eg,&9). Using 7 it further gives coordinates

(2(U x (—€0,€0)), (Y1,---,Yn,S)) on W.
In the frame associated to these coordinates we have

(T"Wy ) (@) = Vdet gy (x,s)dxy A ... A dxy, A ds,

since 7 pulls back dy; to dxz- and ds to ds. On the other hand we have

T Wx A W(—ep,e0) = (\/detgx Ydzy AL A da:n> A ds.

Now, Since 0 is the unit normal to each X we get gy (2, s) = gx,(z)@1, and in particular
gy (x,0) = gx,(z) ® 1 = gx(x) & 1 since 2 is a Riemannian embedding.
So in conclusion

det gx(z)  [det gy(z,0)

Ax,s) = = :
(z:5) det gy (z, s) det gy (, s)

1)
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The second object that will help us relate X x (—¢g¢,e0) and W is the second funda-
mental form, or rather the family of second fundamental forms associated to the family
of submanifolds X;. The second fundamental form is the symmetric C*°(X;)-bilinear
form defined by

H(a:,S)(Aa B) = <VX<B)75’S> = _<B7 vg(as» (23)

for A, B € Tj(;.5Xs, the Riemannian metric (e, e) is the metric on X, C Y. Symmetry
of 1T follows from the observation that VY (B) — VL(A) = [A, B] which is tangential to
X,. For a more information on II and its role in the Gauss, Codazzi, and Ricci equations
see, for example, [57].

The trace of II is defined to be the trace of the operator, also known as the shape

operator,
A 1I(A, o)ﬁ

where § is the musical isomorphism from (75 ¢ Xs)* — Tz, Xs defined by the Rieman-
nian metric. Alternatively

Tr(IT) = zn: [(e;, e:)

for an orthonormal basis {e;}7_; of Tj(; ¢Xs.

In many references, such as [30], the shape operator S is preferred over the second
fundamental form II. The shape operator is more natural in a way, since as an operator
on T, X it has a trace without needing to reference the Riemannian metric. However,
we prefer the second fundamental form because it likely generalizes better to higher
codimensions. II can be defined without explicit reference to the unit normal vector field
by defining it as the difference of the Levi-Civita connections of X and Y (which we
state as a consequence, in Lemma , in this case II becomes a bilinear form with
values in the normal bundle.

Lemma 2.1.6. Let VY and Vs be the Levi-Civita connections on'Y and X, respectively.
Then
V' (B) = Vi(B) — (A, B)O,

Jor A, B € Ty, 6 X.

Proof. For an embedded submanifold X, C Y the Levi-Civita connection on X is given
by projecting the Levi-Civita connection of Y to the tangent space of X,. To be precise,
let A, B as in the statement of the lemma and Tl 00 X the projection from T, .Y to
Ti(x,s)Xs- Then

Vi (B) = 71, o x. Va(B).

Since X, C Y has codimension one and 0y is a unit normal to X, we get
which gives the desired result. O]

Our two comparison tools, the second fundamental form and the change of volume
function, are in fact related.
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Lemma 2.1.7. With A as in Equation and 11 the second fundamental form as in
Equation[2.3, Then
1
A

where the trace of the bilinear form 11 is defined using the metric gy .

[vgﬁ A} = TI‘(II),

Proof. Since this is a coordinate independent statement we can verify it in a Fermi frame,
i.e. a frame for the tangent bundle of W constructed from a frame for X using Corollary
with 0, added in to complete the frame.

In such a frame Lemma m tells us that Vgs = %, so we want to show that

% (%) — Te(IT).

But this is [30, Thm. 3.11], with the observation that their change of volume function 6
is our % which accounts for the minus sign. O

Example 2.1.8. Consider again the embedding of the sphere S™ — R™"'. For 9,0,
spherical tangent vectors we can compute 11 to be

n+1 1 1
(00, 05) = — (@9, V™ (0,)) = ~(@0, 00} = — (00, 0)

where (o, ®) refers to the Riemannian metric on the sphere of radius r. Since the trace is
defined relative to this metric, it evaluates to =% (alternatively note that the corresponding
shape operator is —% times the identity).

On the other hand, A(@j r) = Tin since A since the volume form on the sphere of radius
r is " times the volume form on the sphere of radius one. So we indeed have

1 _an( —n—1\ __ _E _
K@,.A—r (—nr )= o= Tr(II).

In this example 11 is independent of the spherical coordinate 5, this will of course not
be the case in general and leads to significant simplifications for the sphere.

2.1.2 Relating the Dirac operators

We continue the geometric setup by relating the Dirac operators on the parallel hyper-
surfaces X and the Dirac operator on Y. Similar constructions are done in 2l 9] but we
include the details here since we will make use of particular details of the construction.
We will also make use of the Pauli matrices that are defined in Example [1.1.7

The first step in this is to construct a spin® structure on each X,.

Lemma 2.1.9. Let Xy be the spinor bundle over Y. If n = dim(X) is even, define

Yix, = 2y

X,

with Clifford multiplication
cs(A) =icy (A)cy (0s).
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Then Xx, is a spinor bundle for X;.
If n is odd instead define

Y%, =3%

X

where E%E refers to the +1 and —1 eigenspaces of the grading on Xy, equipped with Clifford
multiplications

e (A) = icy (A)ey (00) |5z
In this case both (X%, c¥) define spinor bundles for X,.
Proof. Since Tj, Y = T, Xs ® RO, and J; is globally defined, the map

CTX,) — CI%(TY)
A — 1A0;,

Xs

defined on generators, gives an isomorphism of Clifford bundles.

If n is odd we need to establish that C1°(TX,) = End(3% ). The inclusion C is clear
so let ¢ € End(X%} ) = End(XY|x,). By Corollary (note that a spinor bundle comes
with a spin connection) ¢ extends to an endomorphism ¢, of 7. Define 1/ € End(2y)
by ¢y (0s)11cy (0s) so that 14 @ 1p_ corresponds to an even endomorphism of Yy

This means v, @1)_ is realized by a section of CI°(TY). This section commutes with
cy (0y), so its restriction to X, lies in the image of C1°(TX,). Thus 1 is realized by an
element of C1°(TX,) and we also have the inclusion D. Starting from a ¢ € End(Zy)
the construction is the same with the correct exchanges of +s and —s.

If n is even the procedure is simpler. In this case we have CI(T'X,) = CI°(TY)|x, =
End(Xy)|x., which in turn is isomorphic to End(Xy,) using Corollary In this case
¢y (0s) becomes the grading operator for Xy, . O

Remark 2.1.10. If n is odd we can identify XY and 3y using cy(9s), as we essentially
did in the above proof. Under this identification, ¢; = —c; and we can represent this in
terms of Pauli matrices: Yy |x, = Yx, ® C? with grading 1 ® o3, cy (0s) acting by oy and
CHT Xy) acting via cs ® 03.

Both bundles come with their own Dirac operators, which under the isomorphism by
cy (0s) differ by a minus sign. In a way, this is the first time the concept of “doubling”

odd cycles shows up (see Definition|1.1.10).

In analogy with the tangential vector bundle over W and the terminology in [38] we
call the bundle over W defined by

L] =x

86(—80,60)

the tangential spin bundle and sections of this bundle tangential spinors.

We have now constructed the spin bundles Xy for X, but we still need to specify
the spin connections on these bundles. For this we use the spin connection version of
Lemma that relates the Levi-Civita connections by the second fundamental form.
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Lemma 2.1.11. Let V=Y be the spin connection on Xy, A a tangential vector field over
W and v a tangential spinor. Then, for n even,

1.
X, — EZCS (II(A, o)Tj

Vi (0lx) = (ViY) X)) (¥lx.)

defines a spin connection on Xx.. Forn odd we get

. = ilef ® ;) (1A,

x,) = (Vi)

(ViX D VA‘X ) (¥ x.) (Ux,)

+ . .
where V>Xs are spin connections on Ei

Proof. There are several things to check here, let us start with verifying that this defini-
tion gives a well-defined spin connection on Xy_.

While Corollary guarantees that all sections of Y x, extend to tangential spinors
over W it is not a priori clear that this definition is independent of the extension. To
see that the definition is in fact independent of the extension we can verify that Viy is
C* ((—¢,¢€))-linear, where g € C* ((—¢9,9)) acts by multiplication.

The connection property gives us

2 (g) = Alg)p + gV (¥) = gV (V)

using that A is a tangential vector field and ¢ is tangentially constant. The second term,
involving II, is defined in terms of 1| x, so is certainly independent of the extension.

We then need to show that V**s actually defines a spin connection. In the following
computations let A, B be tangential vector fields over W, and ¢, tangential spinors.
Then, suppressing restrictions to X, for legibility,

(V550,6) + (0, V3 6) = (V5. 6) — (e, (1(4, 9)) 0, 0)
+ (¥, Vi o) = (¥,
ies (1104, o)1) 6) — (0

ics (1A, 0)%) ),

ics ({4, o)1) 0,

so V>Xs is a metric connection.
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Additionally we can compute

[VixsacS(B)} = [Viya iCY(B>CY<as)} - %Z [Cs (H<A7 .)ﬁ) 768(8)} )
=i [V3, ev(B)] ey (0s) +iey(B) [V, ey (05)] — % [es (IL(A, @)%) ,ces(B)]

= icy (V4(B)) ey (8s) +icy (B)ey (V4(0s)) — %z [cs (IL(A, @)%) ,es(B)]
=icy (V3*(B)) ey (8;) +icy (II(A, B)d;) ey (0)
ey (Bley (TI(A, o)) — 5 [es (11(4, o)) c(B)]

= ¢ (V3*(B)) +ill(A, B) — %z {ey(B), ey (TI(A, o))},
= ¢, (V3*(B)) +i1I(A, B) — i(B,11(A, e)"),

using Lemma 2.1.6] that II(A, e)* = =V (9,) and that c,(A)cs(B) = ey (A)ey (B) in the
third and fourth steps. So V**s is a Clifford connection.

The computations for n odd are identical although for well-definedness the additional
observation that V*v preserves the grading is required. This follows from the fact that the
grading operator is self-adjoint, so that 231/ are orthogonal, and the that the connection
is metric. [

So we have now established that each X is a spin® manifold by explicitly constructing
a spin bundle and spin connection from the the spin structure on Y. This allows us to
define Dirac operators on each X giving a family of tangential Dirac operators over W.
The Dirac operator on Y can be decomposed as this family of tangential Dirac operators,
a radial Dirac operator and a curvature term, as the next proposition shows.

Proposition 2.1.12. On the neighbourhood W of 1«(X) the Dirac operator Dy can, if
n = dim(X) is even, be written

(D). 9) = iev(@) ((Dx.01)(@) = 5 T (b0l ) + V5 ()i 5) ).

if n is odd instead

(D)o, ) = v (@) (((DF, © D5 )0l) () = 5 Tr (el ) + V3 (0)(i(2,5)) )

Proof. We do the calculation for n even. Let {ey, ..., e,,0s} be a local orthonormal frame
for TY and choose a frame for Xy where the cy(e;), cy(0s) act by a constant matrix.
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Then with summation over the repeated index j,
(Dy )iz, 5)) = iy (e) VY (8)(i(z, 5)) + ey ()95 ()il ),
= —or(@uealey) (VR (00 5) + gics (e (e o)) 0l 5))
+ier ()95 (0)(x.5))
K0 (2) — 2eales)es (i (e, o)) Uil )

= icy (8,) (zcs(e])vz’“ (v

£V ()i, s>>)

: - 1 . v
= e (00) (Dl i) - 5 TG, ) + V3 (9)i(2,9)) )
where we use that, because {e;} is orthonormal and II is symmetric,
Y csleges (Mg (eg o)) =D eles)es (i (es ener)
J Ik

=) o6, ex)es(es)es(er),
7,k

= Z II(ac,s) <€j, Bj).
J

The statement for n odd follows from essentially the same computation, in that case
Yy = X%, @ X%, and on this bundle icy(e;) = ¢y (0s)(cl(e;) @ ¢; (e;)), c.f. Remark
2.1.100 0

Example 2.1.13. For the sphere S™ — R"" this recovers the formula for the Dirac
operator in spherical coordinates. For n =1 we get

1 1 1
Dxz = icg:(9)) ( 1o Lo,y + ai) ;%09 9

‘roo 2
where oy = %(xoy — yo,) and o, = 1(3001 +yo,) and 1y, is the bilinear form on TpS*
previously computed in E:va,mple 8 to be ——(o o).
The appearance of the = term 18 due to the required frame for the spmors namely a
frame wherein o, and oy act by constant matrices and wherein Dg1 = -5 (30 constant

spinors are parallel along circles). Such a frame is for example given by ¢1 (‘ﬁ(m O’y) ' )7
Yo = <%> relative to the spinor basis where c(0,) = o, and c¢(0,) = oy,.

Example 2.1.14. This proposition also clarifies the doubling procedure described in Sec-
tion . In a frame for Yy = X ® C? as described in Remark|2.1.10} we get

1
DY =9 (1 & 0'1) (D;r(s ®0'3 — §TI' (II) + VgSY) ,

1
— D}g X 02 + 1 (1 & 0'1) (V?ﬁy — § Tr (II)) s

with grading 1 ® o3, so we see the doubled version of Dx_ appear.
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2.2 The unbounded K K-cycles

Let us now turn to introducing the basic building blocks of the immersion as an un-
bounded product. We will start by defining the spectral triples representing X and Y
which are simply the (appropriately doubled) canonical spectral triples for these mani-
folds. Next we turn to the family of unbounded K K-cycles representing the immersion
itself. We then conclude with the definition of the index class, that turns out to play a
crucial role in our construction.

2.2.1 The spectral triples [X] and [Y]

Let us start with the spectral triple for Y. The canonical spectral triple is built from the
given spin structure Xy and is given by

(CE°(Y), L*(Sy), Dy) -

If n = dim(X) is odd, Y is an even dimensional manifold and this is the representative
we use.
If n is even, Y is odd dimensional so we want to work instead with the doubled

version, see Definition [1.1.10
(C’go(Y), L*(Zy)®C* Dy ®01;1® 03) .

This is an unbounded Cy(Y) ® Cl;-C cycle with the generator of Cly acting by 1 ® o;.

For X the story is similar. We get a spin® structure on X (by isometry with X;) by
Lemmas [2.1.9/and 2.1.11l Tf n is odd we want to use the doubled version of the canonical
triple for X, which can be realized by using the full spinor bundle ¥y rather than just
its +1 or —1 eigenspace, see Remark 2.1.10] This gives

(C*(X), L*(Z%) ® C*, D} ® 02;1 ® 03) ,

an unbounded C(X) ® Cl;-C cycle with the generator of Cl; acting by o;. For n even
we get
(C™(X), L*(Zx), Dx;c(v)) .

In all cases we use [X| and [Y] to refer to the (appropriately doubled) spectral triples.

2.2.2 The immersion class

Defining the unbounded K K-cycle representing the immersion, which we will call 1,
takes some more work. In part because we will be equipping it with a connection as well.
Our construction is based on the simplified description of the bounded shriek class of
an immersion in |16, Prop. 2.8]. In [62, Sec. 2.3] we have previously verified that the
construction of this section indeed has the correct bounded transform.

Fix any € < ¢p and define the C'(X)-Cy(Y) bimodule £ by

Eo = Coy (X X (—¢,¢)) (2.4)
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with
(gph)(z, ) = g(x)ib(z, 5)h(i(z, 5))
for g € C(X), h € Cy(Y). Further equip it with the Cy(Y) valued inner product

(0. e(y) = { Az, )5, )0, 5) y=i(z,5), 5 € (—&,2),

0 elsewhere.

Define the operator

S(] 2DOII1(S()) — 50 (25)
v fu
where - s
flz,s) = f(s) = ~3; tan (2—€> (2.6)

and the domain Dom(Sy) = {¢ € & | f¢ € &} is the maximal domain of S.

Lemma 2.2.1. The pair
(807 SO)

defines an unbounded C(X)-Cy(Y) cycle.

Proof. By Definition we need to verify that & is indeed a Hilbert C'(X)-Cy(Y)
bimodule and that Sy is self-adjoint, has compact resolvents and is regular. To get
that & is a Hilbert bimodule we need to check the algebraic structure, which is entirely
straightforward so we skip it here, and that &, is complete in the induced norm.

The norm induced on & by the Cy(Y)-valued inner product is

1" = IAF) 07 ooy = sup Az, s)] - [v(z, 5)[*

(z,8)€EX X(—¢,e)

which is equivalent to the Cy(X X (—¢,¢)) norm since the change of volume A is bounded
and bounded away from zero for ¢ < gy (|30, Lem. 3.9]). This means that & is complete.

Next we need to establish that S; is self-adjoint and regular. As a multiplication
operator this is fairly straightforward, even in the Hilbert module context. By definition,

Dom(Sg) = {1 € & | 3¢ such that (¢, DE) = (¢, £)VE € Dom(Sy)}

So if 1 € Dom(S]), ¥ f§ = ¢ for some ¢ € & and all £ € Dom(Sy) which includes all
compactly supported continuous functions. This means that ¢ f = ¢, so ¥ f € & which
means ¢ € Dom(Sp). Since f is multiplication by a real function it is symmetric so this
proves that S is self-adjoint.

To find that Sy has compact resolvents we note that (S + ¢)~! is multiplication by
the function ﬁ, which is a function in Cj ((—¢, €)) so the argument from Example
applies.

Finally Sy is regular since 1 + S¢S, is multiplication by the function 1 + f2, which

has full range since its inverse is multiplication by the Cy-function # O
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Next consider the two Hilbert bimodules

(Cll,L = CL (CII)CJ
Clr = c(Ch)cy,,
where Cl; acts by multiplication. The C-valued inner product is given by declaring 1

and the generator e to be an orthonormal basis, the Cl;-valued inner product is the usual
inner product («, f) = o*f.

We then set . e
_ 0 ®Cly g, nis even,
£ { Eo®@Clyp, nisodd. (2.7)
and
[ So®e, niseven,
5= { So ® iey, n is odd. (2.8)
so that the ¢ immersion class defined by
i =(&5) (2.9)

is an unbounded K K-cycle of the right type to match up with [X] and [Y].

In order to compute the product of the immersion classes #f with the spectral triple
for Y we will equip #f with a connection as described in Section [I.1.4. To make the
discussion somewhat smoother we suppress the identification ¢ € € and o7~ € Cy(Y).

We define the universal connection using Lemma on & by, for n even,

V£ ERQUC(Y)®CL), (2.10)

1
Y@ ar y(a) ®6(y) +(Ya) @ 7r0(A).
Here a € Cly g and A is interpreted a function in Cy(Y') by multiplying it by a bump
function that is 1 on (—e,e) and 0 outside (—&g, &), this bump function can then be

absorbed into . To get the definition for n odd the only change is to replace the
codomain by £ ® QL(Cy(Y)).

Lemma 2.2.2. The curvature of V& relative to [Y] is

1 2 1 1
Toyae (VE)?) =1 ® (ﬁ[DYaA]> ®lez =1 ® (W[DX.,A}Q - ZTT(II)2> ® 12

if n is even. If n is odd the curvature is almost the same, only without the C? component
and replacing Dx, by D%, & Dy, .

Proof. We use Lemma [1.1.27, which tells us that the represented curvature is given (for
n even) by

Toyios ((V6)') = (7Dyees @ Toyen) (6()) + Toye (©)?)

where in this case w = 576 (A).
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The part 6(w) = 0 as it is 6% (log(A)) and 6* = 0, so we compute the square of
Tpy (W).

1 2
TDy @y (W)* = (— [Dy ®02,A]> :

1 » 1 ' - 2
= 1A ([WSDX. sy Tr(IL,) + ivs V3 AD ® o3,

1 . . Sy 2
= 1A ([ivsDxe, Al + [17: V5T, A])” ® 1ce,

1
= 5 (-7[Dxe Aby[Dx, Al = %D, Al A Tr(ID)

— A Tr(I1)7s[Dx, , A = 75A Tr(ID)y,A Tr(ID)) @ ez,

— 1 (Dx AP = A TH(ID?) ® L

where we used that A commutes with all other functions as well as any Clifford matrices,
but v, = ¢y (0s) anti-commutes with all Clifford matrices.

To get to the desired form the only step left is to note that £ and 7p, go, (w)? commute
since all Clifford matrices that appear in the curvature are even. O

2.2.3 The index class

The final unbounded K K-cycle we shall need represents a class in K Ky(C,C) which we

denote [1] and refer to as the index class. It will appear as a method to cancel out the

radial derivative, as pairing of a dual-Dirac (or Bott) element with the radial derivative.

See for example [17, Ch. 3.4] for a nice introduction to this, or any book on K K-theory.
Define the operator

T:C> ((—¢,e),C%) — L* ((—¢,¢),C?) (2.11)
Y Z'Ulcfi—w — o2 fe1.
S

We shall show that T is essentially self-adjoint, has compact resolvent and has index
1. The proof of self-adjointness relies on the specific choice of f. defined in Equation
It may be possible to do away with this specific choice and use any function such
that f2 & f’ are bounded below. For any such f the operator 7' will have a self-adjoint
Friedrichs extension (see for example Chapter 5 in [53]), but one needs to find a way to
obtain an extension with index one.

To prove self-adjointness we will show that 7'+ 7-7 have dense range by characterizing
their range.

Lemma 2.2.3. Let a = -, then as operators on CZ° ((—¢,¢),C?) we have for X € R,
A#£0

(4 M)y = i I (1)
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where, for A # +a,

I(s) = ——ﬁ sinh (VA2 — a?s) cosh (VA% — a2s) — o f=(s) sinh (VA2 = a?s)
A(8) = cosh (VA% — a?s) —1 (VAT — aZsinh (VAT — a2s) — f-(s) cosh (VA2 — a?s))

and for A = +a,

j (—)\s 1 —sfa(s))

Sl e )
Proof. We will showcase the computation for A\ = «, the general computation is very
similar only much lengthier.

d dl d
ialf)Tl%[)\ = 101[;1 (—A + I)\_>

ds ds
o ooqdly 0 d
= 10'1])\ IE + 20'1%.

SO we compute

1 (%f(S) -1+ 8f($)> <—A —f(s) - Sf’(S)) 7

ds -1 —As 0 1 /()
_ (f(s) =5 (f(s)? +f’(s)))
A —f(s) ’
= f(s)o3 — Aoy,

since §(f2 + f) = —£. Multiplying by ioy then gives

f(s)og — il
so that in total we recover T — Ai. O
Proposition 2.2.4. The range of T & 7-i are dense.

Proof. We can characterize the range of T+ using Lemma(2.2.3| Let u,g € C2° ((—¢,¢), C?)
and A = £- such that (T'+ Xi)u = g, then

.d
I)\g = Z@[)\O'l'u,

SO _
/ Ig(s)ds =i[Iyou]” . = 0.

—E&

Conversely, if g satisfies the above equation we can define u € C° ((—¢,¢),C?) by

u(s) = —ion I /_ " L()g(t) dt.

)
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To see that the set of functions g € C ((—¢,¢),C?) satisfying [ I,gds is dense
suppose h € C>® ((—e,¢),C?). Let

(g> - /_ I(s)h(s) ds.

Since f(s) is unbounded and odd we can find an odd function hy of arbitrarily small
L*-norm such that [ I)(s)(4,(s)) ds = (). Similarly we can find an even function &,
of similarly arbitrarily small L*norm such that [ I,(s)( 5,0 ) ds = ().

Then h := h + (hlﬂ,m) satisfies [ Ih = 0 and is arbitrarily close to h. ]

Corollary 2.2.5. The operator T is essentially self-adjoint with the compactly supported
smooth functions as domain.

The next point of order is to show that 7" has compact resolvents.

Lemma 2.2.6. For \ = iQﬂe we have

[0'[* < (T + Ai)].
Proof. We compute the right-hand side for g € C° ((—¢,¢), C?),

(T + Ni)g, (T — Xi)g) = (g, (T* + X*) g),
_& s)2 — f!(s \? 0
:<g7< S+ f(s)* = f(s) + > )

0 g+ )+
_ /112 _Qf/(s) 0
11+ (4 ) o
which gives the desired result since —2f'(s) > 0. O

Proposition 2.2.7. For A\ = &7 the resolvents T+ \i are compact.

Proof. We show that the domain of the self-adjoint extension of T is compact which
implies that T has compact resolvents. Any element in the domain of the extension of T
is the limit of smooth functions in the graph norm of 7. Since the Sobolev norm can be
bounded by the graph norm of T’ by Lemmal[2.2.6|any such element lies in H' ((—¢, ¢), C?).
The resolvent than factors as through H' ((—e¢,¢),C?) so it is compact by the Rellich

embedding theorem. O
By Corollary and Proposition the pair
(L? ((—e,¢),C?),T) (2.12)

defines an unbounded K K-cycle for K K,(C,C) with grading os.

The final property of [1] that we want to prove is that it represents the multiplicative
unit in K Ky(C,C). This means that we need to prove that 7" has (graded) index one,
since the index map gives the ring isomorphism K K,(C,C) = Z (e.g. [8, Prop. 18.8.1]).
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Proposition 2.2.8. The operator T has index one.

Proof. The (graded) index of T' can be computed by dimker 7', — dim ker T where Ty =
i% F¢f. The solution to the differential equations

d
—g==xfg

dsg -
is given by g = e** where F is an anti-derivative for f. In our case F(s) = log (cos (2£)),

2e
so kerT', is spanned by cos (g—j) and is therefore one dimensional. On the other hand

ker T would be spanned by (cos (%))_1, but this is not an L? function so dimker 7" = 0.

So the index of T"is 1. O]

2.3 The product of the immersion class and X

Now that we have the unbounded cycles ready it is time to take the product of 77 and
[Y] to see how [X] and [1] arise.

We will often be dealing with families of operators acting on a bundle over their base.
For example with n even, we have a Dirac operator Dy, for all x € (—¢&g,g¢) that can act
on L*(Xx,) for each s. These operators combine into the family operator on L?(Zy |y/)

(Dx.¢) (2,5) = (Dx,¥lx,) (2).

We will use this e-notation whenever we have such a family of operators.

2.3.1 Construction of the product
The first step for this is to compute the Hilbert space for the product of 7 and [Y]. This
space is the balanced tensor product
€ ®cy(vyecn (L2<EY) ® (CQ)
if n is even and
€ @cyv) L*(Sy)

if n is odd.

Recall from Section [2.1]that 7 : X X (—eg, £9) — X denotes the projection map. From
here on we will also use 7 to denote the projection map to X on any X x (—¢,¢), which
¢ is intended will be clear from context.

Lemma 2.3.1. The map

U:& Ry (Y) LQ(EY) — LQ(W*Eyll(X))
YRY—=Y-(poi)

s a unitary map that preserves the smooth sections.
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Proof. We can use Lemma to identify (Xy)(z.) = (Xv)(z,0), since this is done by
parallel transport using the metric connection on Yy it preserves the inner product on
Yy so we can calculate

(1 ® P1,02 ® @)
= <¢1, <¢1, 1/12>5 : ¢2>,

= /Y<¢1 (1), My)r (W) (T (1)) 62(v)) sy dy,
:/X . )A(x,S)<¢1(x,s)¢1(5(x,S)),?/)g(x,s)qbg(i(x,s)))gy\/mdxds,

:/X - )<¢1($,s)¢1(i(x,s)),w2(x,s)qﬁg(i(x,s)»gth\/deds,
= (Ut ® ¢1),U (2 @ ¢2)).

With this unitary in hand we take the first step towards computing the product
¥ ® [Y] by the formulas outlined in Definition In the following computations of
unbounded operators we do not mention their domains. These will be fixed in the next
section, after we have found their formal descriptions.

Lemma 2.3.2. Under the unitary transformations from Lemma appropriately ex-
tended by the identity transformation, the product operators of 7 @ [Y| are

If n is even:

1

U(S X e (Dy ®0’2)) U* = f®01 +iCy(8S) (Dx. +V§: + 9A

[DXUA]) ® 02
as operator on L? (m*Yx) @ C2.
If n is odd:

1
U (S xXye Dy) U* = iey® f+y®icy (0s) ((D} & Dy,)+ V5 + A (D%, ® Dy,) ,A})

as operator on Cl, ®L* (7* (X% @ £y)).

Proof. We start with n even and the 1 ®ye (Dy ® 02) term. Let ¢ ® ¢ € € Qcy(v)zcy,
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L?(Xy ® C?) and abbreviate Dy ® o, for now by D, then

U(l®ge D)(¢ @ ¢) = U (y(1) © Do+ V5(1)6) ,
~U (2@ Do+ (191D, +5(0) & 51 1D.A]) o).

— 1()Dé + [D, )6 + ()= [D, A,

2A
1
= D6+ 31D, Alug,

_ (D+ %[D,A]) Uy @ ¢),

_ (DY 903+ LDy A 02) Ul ® o)

where in the third line we use that the action of £ on Yy ® C? is compatible with
the extension of U by identity to the tensor factors. In the fourth line we use that
(D, )] = Dy — v(¢))D is a graded commutator and that the action of Cl; on Xy @ C?
graded commutes with the o9 hidden in D.

Using Proposition [2.1.12] to write Dy in terms of Dx and II we can further evaluate
this operator.

1
U<1 ®V£D l))(]#< == Dy®0'2—|— ﬂ[DY’A] ®O’2,

_ 1 L1 1 s,
= ZCY(as) <DX. - §TI“(II) + Vi + ﬂ[DX.vA] + ﬂ[vi 7A]) & o9,
1
= iCy(as) <D)(. + V?ﬁy + ﬂ[-DX.7A]> & o9

using Lemma [2.1.7]

The S ® 1 term is easier, there we obtain with the same techniques

US o) (o) =USY® ),
=U(fey ® ¢),
= feyo,
= (feo)U(Y ®9)

since e acts on the C? component of L?(Xy ® C?) by o.

Now for n odd, we follow the same procedure. Let (Ya) ® ¢ € € Qcyvy L*(Ey) for
some « € Cly, and let the extension of U map into Cl, @ L*(7*Ey|,(x)) leaving the Cly,
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component inert.

U(l ®ye Dy)(ya®¢) =U (y(¥a) @ Dyé + Vi, (4)9),

=0 (#200)© Dyo+ (1(@) & Dy 0] o+ v ()@ 5 (Dv.AT0) ).

s(a) @ (vDvo + Dy, vlo+ oD Alvo),

MOE (Dyw¢+ 35 1w Al s).

ve (D + 55 1Dy ) ) Utwa ©0),

so that

U(l ®@ge Dy)U" =7 ® (DY + BTN [DY;A]> )

1
@ icy(8)) ((D;_ ®D3) + V5 + o (D%, © D3). A]) .
And finally we get in the odd case
US @)U =iey® f.
[

The final step before the product operators reach their final form is to twist the
various Cl; and C? components. This will allows us to recognize Dy (or Dx ® 05) and
T in the product operator.

Lemma 2.3.3. There exist unitary transformations U,,U, : C* @ C* — C? @ C? such
that the induced transformations on operators send

U, U,

1 ® o1 — —03 & 09, o2 ® 1+ —03® 09,
01 R0y 09 ® 1, 0302 > 021,
O Q0o —01®1, 03 Q01— 03 01,
03 ® 09 > 03 ® 071, 03 K 03 — 03 & 03,
1® o5+ 03 03. o1 ®1— 01 ®1.

Proof. Using the isomorphism

Abyy Abys
Aob o (Abm Abn)
we have
7 0 00
0O 0 0 ¢
Ue = 0O 0 10
0 -1 00
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as a straightforward, albeit lengthy, check shows.
For U, the fixed points make an abstract formula reasonable,

Uoz%muém@@
another straightforward but lengthy check shows that U, does what we claim.

The formula for U, can be derived by writing U, = a¥0; ® o; with summation over
1,7 and oy = 1. Then the fixed points imply that U, commutes with those elements, this
leaves only a” and a'? possibly non-zero and they are fixed up to a common phase by
either of the remaining conditions. A similar formula exists for U, but with the lack of
fixed points the computations are easier with matrices.

It is perhaps worth noting that U., are over-determined. The product of all five
operators in both cases gives a scalar multiple of the identity, which is always a fixed

point. This “internal orientation” relation is the reason for the mistake noted in [63, Rem.
3.1] O

These unitaries rotate all spinor components into the right setting to recognize [X]
and [1]. The order of the conditions in Lemma is not arbitrarily chosen, they are
in the same order as they are used in the following proposition.

Proposition 2.3.4. There are unitary transformations V so that in a Fermi frame for
the respective spinor bundles

If n is even:

1
V(S Xye (Dy ®O’2)) V= <DX. + ﬂ [DX”A]> +’7T

as operator on the Hilbert C(X)-C bimodule L* (7*Xx ® C?) with grading y® o3 =
Cy<85) X 3.

If n is odd:

1
V(S Xye Dy) V* = (D;r(. X o9 + ﬁ [D;. ®O’2,A]) +")/T

as operator on the Hilbert C(X) @ Cl,-C bimodule L? (X% @ C* ® C?) with grading
7@0’3: 1®O’3®0’3.

Here, for ¥ = Yx or ©x ® C? where appropriate,
T:T*(m*Y®C?*) — L ("L ® C?)
.0
w®vv—>z%¢®alv—f¢®02v.

Proof. The first simplification we can make is that in a Fermi frame, by Lemma [2.1.4
the covariant derivative V?SY = %.
For n even we are working on the space L?(7*Xx) ® C? with grading 1 ® o3, since the

grading comes entirely from the C* = Clg ®¢j, C* component. Split Xy = X, & X =
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Y% ® C? into the eigenspaces of cy(9;). The Clifford action of TX, defined in Lemma
anticommutes with ¢y (9s), so in this frame Dy, acts off-diagonal.
In this frame the operator we have at the end of Lemma looks like (using Lemma

RS )
0 Dx, |5~
X

f@or+i O Py 0 L
o1 73 DX. E;r( 0 0s 2A

with grading 1 ® 3. Then the unitary U, from Lemma transforms this into

0 Dx, |5~
x| A
(DX. ‘2; 0 ) 7

with grading o3 ® 3. Rewriting X% & X as Yy gives the representation we are after.
For n odd we have the operator

0 DX.E* 0 1
— X - -
03f®0_2+<DX.|2} 0 >®1+0368®01+2A ®1

iey ® f +5 @ icy (D) ((D;t. ® Dy,) + Vo + % (DX, & Dx,) A])

acting on Cl, ®L? (7* (X% @ Xy)). Let Cl; = C? by sending 1 to (1

0) and the generator

e to (?) and choose a Fermi frame in which ¢y (9s) = o1 on % @& X. Then, by Remark

2.1.10| (see also Example 2.1.14)), we get
0 1
02 @ f+030 (DY, ®02) + 03 ® (za— ®01) +03® (ﬂ (D%, Al ®02>
so that U, from Lemma together with
V:C®L? (L} @ C*) - L* ("2t 9 C* ®@ C?)
VRYIW =P RQWwRU

yields
1
(D}.®og®1+ﬁ (D%, ®02®1,A}> +(1®os1)T
with the Pauli matrices in T" acting on the third component, as desired. O

Example 2.3.5. For the embeddings S™ — R"*! this formula simplifies a bit further
since Dgy = =5 Dgn. If n is even we get

1
D =Dgn @ —— T
SXVS( Y®O’2) S ®S+1+’7®

acting on L*(Xgn) ® L? ((—¢,¢€),C?). The term
1
2\ [DSIU A] =0
since A = 7% so the spherical derivatives vanish.
These effects are related: if Dx, = f(s)Dx, we have Ay = f(s)" but the converse
is not true. If, for example, we consider the metric on R® with, for 2 > 0, g(z,y,2) =
diag(%,z, 1) with R? embedded at z = 1 the volume form of R? is constant, but Dgz =

(s +1)o10, + ;110283/.
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2.3.2 The product is a K K-cycle

The goal of this section is to establish that
i @Y]=(L* (mSx ® C?), S xye Dy)

defines an unbounded C(X)-C K K-cycle, or in other words, a spectral triple. To get
this we need to establish that S xye Dy is self-adjoint and has compact resolvent.

The usual approach described at the end of Section does not quite work. This
is because the operator 1 ®ye Dy is not self-adjoint, as it lacks appropriate boundary
conditions on the boundary of 7(X X (—e¢,¢)). We can still use much of the same theory
by instead working with the unitary equivalent formulation from Proposition where
the two parts form a weakly graded commuting pair in the sense of Definition

Let us make some notational remarks before we start. In an effort to shorten the
expressions in this section we write

1

Ay i= —
2/\[

DX.aA]7

or with D}. ® o9 ® 1 if n is odd. Additionally, almost everything in this section is
essentially the same for n even and n odd. With this in mind and again to simplify the
expressions we also introduce

D, — Dx, + A, n is even,
Tl DR @ @1+ A, nisodd,
D2 :’)/T

and we will simply write 3 for both Xx and for ¥3 ® C2.

The following lemma turns out to be quite useful. It is essentially an incarnation of
the local-global principle [56, [36].

Lemma 2.3.6 (Lemma 1.15 in [60]). Suppose {D }sc(—ce) is a family of self-adjoint
operators on a Hilbert space H such that there is a common core H C H for all Dy and
for all 1 € H the map s — Dy 1s continuous. Then the operator Do on the Hilbert
C ((—e,¢))-module C ((—¢,¢), H) is reqular and self-adjoint.

Lemma 2.3.7. The operator D is essentially self-adjoint on the domain Dom(D;) =
HI(S) @y L ((—2,2),C) C L? (S & C2).

Proof. Let us first establish that D; is symmetric. Assume for now that n is even, if n is
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odd nothing material changes. Let ¢, ¢ € Dom(D;), then

(D1, 6) = / (Dx,b(2,5) + Ah(z, 5), Bz, 8)) duwx (x) ds,

X X(—ee)

- / (Dt + == [Dx., A] 6, 6) A dx, () ds,
X X(—¢€,) 20

_ / (Db + — [Dx., Al Ad) dwy, () ds,
XX (—e,) 2A

- / W, (DXS S [DXS,A]) AG) du, (x) ds,
XX (—e,) 27

[ (Dt e A)) 6 dox, () ds
X Xx(—¢e,€) 2A

[ w (DXS ; i[DXS,M) 8} duon () ds.
X X(—¢€,€) 2A

= <?/1> D1¢>,

where the key idea is that Dy, is symmetric on L*(Xx,) and we also use that A, is a
skew-adjoint endomorphism-valued function.

To get essential self-adjointness we use Lemma [2.3.6] For each fixed s the operator
Dx, + Ag is a symmetric, elliptic, first order differential operator and as such self-adjoint
on HY(X ® C?). We get the continuity of s — Dx 1 + A, by the smoothness of the
coefficients of Dy, and A,. This means that the operator Dx, + A, on C ((—¢,¢), L*(X))
is regular and self-adjoint.

From there we also get that (Dx, + A,) ® 1o on C ((—¢,¢), L*(X ® C?)) is regu-
lar and self-adjoint. The final step is to get from Cy ((—e¢,¢), L? (¥ ® C?)) to L*(Z) ®
L? ((—e¢,¢),C?) which follows by taking the internal tensor product with the unbounded
Co ((—¢,¢))-C KK-cycle (L? ((—¢,¢),C?),0) by Lemma

Then finally use that L*(X)® L? ((—e, €), C?) is unitarily equivalent to L? (7*%X @ C?).

[

The difficult in proving self-adjointness of D; lies in the fact that D; is not an ele-
mentary tensor product of operators under the isomorphism L*(7m*Y ® C?) = L*(3) ®
L? ((—e,€),C?). In other words, it does not split into two nicely separated = and s de-
pendent parts. In the example of S™ «— R"*! this is the case, see Example but in
general we do not have this factorization for D;. We do have this for Ds, so the proof
for self-adjointness is much shorter.

Another way of analysing D; is through the concept of tangential ellipticity [41], but
we use the above approach since it prepares us better for the future analyses.

Lemma 2.3.8. The operator Dy is essentially self-adjoint with domain Dom(Dy) =
FOO(E) ®alg Cgo ((_575)7 CQ)

Proof. Notice that under the isomorphism L?(7*Y @ C?) = L*(X) ® L*((—¢,¢),C?),
Dy =~ ® T. Here we use the symbol T for both the operator on L? ((—¢,¢), C?) as well
as the operator on L? (7*Y @ C?).
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By Corollary we have that T is essentially self-adjoint on C2° ((—¢,¢),C?) so
v ® T is then essentially self-adjoint as well (see for example [58, Thm. VIII.33]). This
then translates back to 7 on L? (7*X ® C?) with domain ' (7*X @ C?). O

Since D; and D, are essentially self-adjoint on the domains defined in Lemmas [2.3.7]
and they have self-adjoint closures. From here on we use D; and Dy to refer to
those self-adjoint closures. With this in mind we are ready for the main workhorse of
this section.

Proposition 2.3.9. The pair (D1, D) is a pair of weakly graded commuting operators.

Proof. By Definition we need to show that the graded commutator of Dy and D,
is relatively bounded and that there is a D;-compatible core for Dy or, symmetrically, a
Dsy-compatible core for D;.

Let us answer this second point first. Consider £ = I'?® (7*% ® C?), by Lemma
this is a core for D;. By Lemma [2.2.3 and smoothness of the functions I, appearing
therein, we get that

s

(Dy — Xi) Mp(x, 8) = —2'01],\(3)/ Ly(t)y(x,t) dt

—€

so that (Dy — \i)~! preserves E.
Now let us consider the graded commutator. Since both D; and D, are odd operators
this is really the anticommutator, so we compute

D1D2+D2D1 :Dl (’y@T)—F(’}/@T)Dl,
— 4Dy (1®T)+~(1&T)Dy,
== (D1 (1eT) - (1®T) D),

so we get the regular commutator of Dy with 1® T =1® (i%al — z'fag).
Multiplication by f, which is a function depending only on s, commutes with Dx, + A,

so this commutator becomes
(v ® ioy) 0Dy
o — .
7 1 D5

We once again use the localized properties of Dy, for each fixed s € (—&g, g¢) the operator
% is a first-order differential operator (its symbol is the s-derivative of the family of
symbols for Dy), so that by Garding’s inequality there is some constant Cs such that

H(?DXS + A,

D A, +4)7t
05 ( x. + + Z)

< Cs

and we can actually choose C§ smoothly in s since the operator Dx, + A, depends
smoothly on s. This means that C; attains a maximum on [—¢,¢| C (—&¢, &) and for
C = sup,e(_.) Cs this means that

11D, Dofl]” < 267 (1P + [1D197)
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Proposition 2.3.10. The operator Dy + Dy is self-adjoint on Dom(D;) N Dom(Ds) and
has compact resolvents.

Proof. Self-adjointness on the given domain follows immediately from Theorem since
(D1, Dy) is a weakly graded commuting pair.

To get compact resolvents we can show that the domain is compact. We know for
Dy, from Lemma [2.3.7 that Dom(D;) C H*(Sx) ® L*((—¢,¢),C?). Similarly we know
for Dy, from Proposition that Dom(D,) C L*(Xx) ® H' ((—e¢,¢),C?).

This means that any function v in the domain of D; + D, has weak derivatives
tangential to X and weak derivatives in the s direction as well. So v is in the inverse
image of H'(7*Xx ® C?) under the unitary transformation

U:L*(Zx)® L* ((—¢,¢),C?) = L*(7*Ex @ C?)
Uy ®o)(z,s) =v(z,s) @ ¢(, s).

This means that the resolvent (D; + Dy +1i)~! factors through H!(7*Yx ® C?), so by the
Rellich embedding theorem it is compact. O]

This means that, for n even,
(C(X),L? (m*Sx ® C?), S xye (Dy @ 03)) (2.13a)

and, for n odd,
(C(X)®CL,L? (5% @ C*®C?), S xye Dy) (2.13b)

are spectral triples. So the construction of the unbounded product «f ® [Y] is successful.
But now comes the question of whether this product cycle tells us anything about the
geometry of 1 : X — Y.

2.4 Recovering the embedded manifold

We start this section by verifying that our product is sensible in the world of K K-theory.
To do this we use an unbounded homotopy as in [60] to relate [X|®[1] and ¢f ® [Y]. Even
though this homotopy is formulated at the unbounded level, it discards the geometric
information contained in the immersion because the unbounded homotopies generate the
regular K K-groups. To recover the geometric information we instead study the behaviour
of our product as ¢ shrinks and explain geometrically why this preserves the geometric
information contrary to the unbounded homotopy.

2.4.1 At the level of K K-theory

Let us start with the role of [1] = (L*((—¢,¢),C?),T). In Section we have shown
that the operator 7" has index 1. Since K Ky(C,C) = Z via the index map [8, Prop.
18.8.1] this means that [1] represents the multiplicative unit. So, in K Ky(C(X),C), the
classes [X] and [X] ® [1] represent the same element. Thus our goal is to show that our
candidate representatives, Equations [2.13a and [2.13b}, for «f ® [Y] represent [X] ® [1].
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To show that the product spectral triples in Equation and the unbounded cycle
for the product [X] ® 1 represent the same class in KKy(C(X),C) we construct an
unbounded homotopy in the sense of [60]. Then Theorem B in loc. cit. implies that they
represent the same class in K Ky(C(X),C).

An unbounded homotopy between (4(&) 5, Do) and (4(€1) s, D1) consists of an Hilbert
A-C([0,1], B) bimodule £ and unbounded operator D, self-adjoint and regular, such that
A is contained in the closure of all operators 7" on £ that have both bounded commutators
with D and such that D has T-locally compact resolvent. This should be compared to the
usual definition of an unbounded K K-cycle, Definition There we instead require
a choice of dense subalgebra A C A such that a € A has bounded commutators with D
and D has a-locally compact resolvents.

In the following we will play fast and loose with the distinctions for n even and n
odd. For the even case the precise statements can be obtained by replacing all ¥y by
Yy ® C? and Dy by Dy ® 0. In the odd the replacements are Xx by % ® C? and Dy,
by Dj(. ® 0y. These adjustments lead to no changes in the actual arguments.

Lemma 2.4.1. The Kasparov product [ X|®[1] is represented by the unbounded K K -cycle
(L (Ex) @ L ((—e,6) ®C?) ,Dx ®@1+~v®T).
Proof. This follows from Lemma since the Kasparov product is over C. O
Proposition 2.4.2. The Hilbert C(X)-C([0, 1]) bimodule
C ([0, 1], L* (x) ® L* ((—¢,¢),C%))
with operator
D :C([0,1], Dom (S xve Dy)) — C ([0,1], L* (£x) @ L* ((—¢,¢),C?))
((D9)(1)) (2.5) = (Dx.(B)]x.) (@) + (Al (0) + (7 T) ()

defines an unbounded homotopy between
Xe ] = (L*(Ex) @ L ((—&e), Dx @ 1+ @T))

and
i ®[Y] = (L* (7"Sx ® C?),S xge Dy).

Proof. Let us first establish that D indeed defines an unbounded homotopy. Note that
for each fixed t the operator is given by

5t:DXst+Ast+7®T

acting on Dom(S xye Dy) C L*(Xx) ® L*((—¢,g),C?). So each localization at ¢ is
self-adjoint with the same domain Dom(S Xye Dy). Finally ¢t — l~?t¢ is continuous for
1 in the domain since Dy, and A, are smooth families of operators. Then Lemma
implies that D is regular and self-adjoint.
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__ For the resolvents we can go one step further. The symbol of the differential operator
Dy is, in local coordinates (z,s) on X X (—&g,&q) given by

n

O-(Et) - Zai(x, St)gi + b(],’, St) + Y & 0-158 -7 & fa(S)UQ

=1

for a;,b smooth sections of End(w% ¥ ® C?). Note that the symbol map ¢t — o(D,) is
continuous with respect to the symbol topology (see e.g. [43, Ch. 2|). This implies that
the symbol of (15,5 +1)~ ! is also continuous in ¢, so that as a degree —1 pseudo-differential
operator this is a norm-continuous family of operators [43] Thm. 4.1].

_Next we note that the argument from Proposition implies that for each fixed
t D, has compact resolvent. So the norm-continuity in ¢ implies that (D 4 i)' itself
has compact resolvent. So for all adjointable operators T the resolvent of D is T-locally
compact. Therefore we need to establish that C(X) is contained in the closure of all
operators with bounded commutators with D. B

Since at least the smooth functions have bounded commutator with D and C(X) is
contained in the closure of the smooth functions we get the compatibility between C'(X)
and D. In fact, we have shown that D defines an unbounded K K-cycle which is slightly
stronger than a K K-homotopy as defined above.

Finally, to see that D defines an homotopy between [X]® [1] and f ® [Y] we evaluate
the homotopy at the endpoints. This is done by taking the internal product with the
cycles (¢(jo,1))Cc, 0), where for the first endpoint g € C([0,1]) acts by multiplication by
g(0) and for the other endpoint by g(1). This corresponds to evaluating the function in
C([0,1], L? (Xx) ® L? ((—¢,¢),C?)) at 0 or 1 respectively.

For the first endpoint, evaluation at 0, we get

D®c(oay 1l =Dxy+ A +7@T=Dx@1+7&T

as Ap = 0. This is exactly our operator on the product [X] ® [1].
For the second endpoint, evaluation at 1, we get

D ®cqoa) 1 =Dx, + Ae +7@T

which under the isomorphism L? (7*Yx ® C?) = [?(Xx) ® L?((—¢,¢),C?) gives the
operator S Xye Dy that we found in Proposition [2.3.4] O

Corollary 2.4.3. The unbounded K K -cycle
(L? (£x) ® L* ((—¢,¢),C?) , S xge Dy)
represents the Kasparov product 1§ ® [Y].

Proof. From the construction in [16] of the shriek classes in the bounded setting it is
clear that the bounded transforms of the spectral triples for [X] and [Y] give the classes
(ptx )1 and (pty )y as discussed in the introduction to this chapter. By the construction
of if = (£,5) and [16, Prop. 2.8] it is clear that ¢f is an unbounded representative of the
KK(C(X),Cy(Y)) class v as well.
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So the functoriality of the shriek classes described in Equation implies that, in
KK(C(X),C), [X] = w® [Y]. Hence any unbounded K K-cycle representing [X] in
KK(C(X),C) represents the Kasparov product ¢, @ [Y].

By Proposition the unbounded K K-cycles corresponding to the spectral triples
for the product, Equation [2.13] are unbounded homotopic to [X] ® [1]. So [60, Thm.
BJ tells us that they represent the same class in K K-theory. We get that S Xye Dy
represents the same class as [X] ® [1], which in turn is the same class as [X] since [1]
represents the multiplicative unit. O

In [62] we check that for S™ < R™*! the product construction represents the Kasparov
product using Kucerovsky’s criterion [42]. This tool does not work in this case because
the positivity condition can fail, the positivity condition requires

(Y, (Dx,Dx, + Dx,Dx,) ) > —k(,v)

which holds in the case of spheres since then Dy, = H%DXO. If Dy, is not a scalar
multiple of Dx, the left-hand side can contain various first order differential operators
that make the lower bound impossible.

2.4.2 At the geometric level

Let us spend a moment to think about what happens geometrically in the homotopy of
Proposition [2.4.2] This homotopy keeps a fixed e-neighbourhood of X but as ¢ goes to 0 it
stretches the £t neighbourhood of X out to fill the entire € neighbourhood. Geometrically
this corresponds to rescaling the radial metric so that v becomes a length % vector. Then
the time s flow along the rescaled tv corresponds to the time ts flow along v.

This kills the geometric nature of the immersion, which essentially is about how X

changes with s. One way to see this more clearly is by considering the second fundamental
form II from Equation

o0/ (A, B) = —(B, Vi (tv))

since tv is the new unit normal. As ¢ goes to zero, so does 1L, o).

We do want to isolate X, somehow from within {X;}. The way we can do this is
by looking at progressively smaller neighbourhoods of X, rather than stretching the
metric within a fixed neighbourhood. This is the reason we have defined the family of
unbounded K K-cycles {2} }.c(—cy,)- Throughout this section many objects will labelled
with an € where up till now they were not to save on visual clutter. For example we now
write

Te: X X (—g,6) = X
(x,8) — x
instead of simply 7, because we will be looking at various € at the same time.

In order to compare the operators on the neighbourhoods of progressively smaller
size we do stretch them out, but this time preserving the geometric information. For this
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purpose we define the maps

R.:[* (m'S®CY) — L2 (% ® C?) (2.14)
(Rew) (JJ, 5) = \/Eiﬁ(xa 65)7

where ¥ can be any vector bundle. In practice it will be either Xx ® C? or ¥} ® C? @ C?
depending on the parity of n. These preserve the geometry by the following lemma.

Lemma 2.4.4. The maps R. are unitary.

Proof. The R, are clearly invertible, so we check that they preserve the inner product.
Let ¢, ¢ € L* (7*Y)

(R Bed) = [ (B0, (Re0) o) () s,

— /X e(P(z,es8), d(x,e5)) dwx () ds,

Il
=
8
=
=

x,t)) dwx () dt,

]

We want to know how the operator S. xye Dy transforms under R.. We compute
this in two steps starting with 7.

Lemma 2.4.5. The map R.T.R: : T (7iX) — L? (7X) transforms as
. 1
R.T.R: = -T;.
€
Proof. This is a straightforward computation, let ¢ € 'Y (7}X)

(R-T-R2Y) (z,5) = Ve(T-Rip)(z,e5),
- (wl (B2) — sza(%)(RZW) (2,e5).
d

i, (0 () megon (5) Gpote).

= 01/ (7, ) —azégtan (%) vt ),
1

= g (Tﬂ/)) (Iv S)‘

= e (ZUl

And next up is the behaviour of a family of operators.
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Lemma 2.4.6. Let {A}se(—c) be a family of operators on L*(X). Then
RAR = A..
where
Aot L (X)) — L (7iY)
(Acet)) (2, 8) = (AestVlx,) ().
Proof. This is again a straightforward computation. Let ¢ ® ¢ € L*(7}X), then
(ReAJRIp) (z,5) = Ve (Au(RIY)) (x, £5),

= Ve (A (RIY) |x..) (@),
= (A:sx,) (@).

]

Combining Lemmas and and applying them to S. Xye Dy we get for n
even

1 1
Rs (Sz-: Xye (DY (059 0'2)) R: = (DXE. + ﬂ [DX“,A]) + g’}/Tl (215&)
and for n odd
1 1
R. (S: xye Dy) Rt = <D}E. @03+ 5x D}, ® az,A]> + 7T (2.15b)

So when restricting to ever smaller neighbourhoods as € goes to zero we get a singular
term v ® %T . We actually do get the useful asymptotics as € goes to zero, by subtracting
the known singular part.

Lemma 2.4.7. For the family {As} of operators on L*(Xx)

1
A, = —|Dx., A
s 2AXS[ Xs»

x.

we have that A.. converges to 0 in the operator norm on L*(miXx) as e — 0.

Proof. Recall from Equation that A is the change of volume function so that A is the
smooth function with A|x . wx, = wx. Now from this relation it is clear that A|x, = 1, so
[Dx,, Alx,] = 0. By compactness of X we can find € small enough that [Dx,, Alx,] and

A‘IX are arbitrarily small and close to 1, respectively, for s € (—¢,¢). ]

Proposition 2.4.8. For ¢ € T (1iXx ® C?) and € < &1 < g9 we have for n even

| (Rt xoe (Dy oy = 2o - Dx ) 0] < C(lul + ol

for some C'" > 0 depending only on €. Here Dx acts on mi¥x as the constant family

{Dx} and ||¥||y = ||V'||z2. For n odd we get

H (RE(SE cos Dy)R: — 291y - Dy ag) wH < o<l + [¥1h).



50 CHAPTER 2. IMMERSIONS BETWEEN SPECTRAL TRIPLES

Proof. The proofs for the even and odd cases are essentially identical, so we will do the
proof in even case. By Equation we need to show for 1) € I°(miYx ® C?) that

[(Dx.uth + Acstd = Dx ) || < Ce([[9] + [|140]l1).

Lemma [2.4.7) allows us to conclude this if we were to prove

I(Dx.¥ = Dx)|| < Ce([[9]] + [1]]1)-
In local coordinates (z1,...,2,,s) on X X (—¢&,&) we can write

O

(D) (7,5) = Bilox. (7)) 5

(7, 5) + B(gx, (7)) ¢(Z, s)

for endomorphisms B, B; of ¥x that depend smoothly on gx (%) for s € (—&¢,20). Let
C be an upper bound for B(gx, (7)), Bi(gx.(Z)) and their s-derivatives over the compact
space X X [—e1,¢e1]. Then, by the intermediate value theorem for operators, we get the
desired ||(Dx.,v — Dx)|| < Ce([[¢]| + [[¥]1h)- O

We can reformulate the above proposition as the following asymptotic expansion.

Theorem 2.1. We have the asymptotic expansion for e — 0
1
RE (Se Xye Dy) R: ~ g’}/T + DX + O(E)

in the first Sobolev norm.

In this “zooming in” scheme we do recover curvature data, as opposed to the stretching
approach discussed at the start of this section.

Proposition 2.4.9. The curvature of i converges to —1 Tr(Ily) as e — 0.
Proof. By Lemma the curvature of ¢ is

(5,)" = (15 1Pre AP - S 0?)

so that Lemma shows that it converges to —3 Tr(IL,)? as operator on L? (1} Xx ® C?)
O

The conclusion we draw here is that we can recover Dy (or Dx ® o9 in the odd
case) from the family of unbounded K K-cycles i as the constant term in the ¢ — 0
limit. Moreover, we can recover the square of the mean curvature from this family
of unbounded K K-cycles as well. (Geometrically this comes down to zooming in to
increasingly narrow neighbourhoods of X but without changing the metric as we did in
the homotopy approach in Proposition 2.4.2] This ever smaller neighbourhood will still
increasingly resemble X x (—¢,¢), but by reducing the distances over which the metric
can change instead of slowing the rate of change itself.
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Example 2.4.10. For the spheres S™ — R™™ we can explicitly write down these
products zoomed in to m{¥gn. Recall from Example([2.3.9 that the product with 1 is given
by the operator

1
Dgn @ —— T.
S®S+1+7®a

on L? (Xgn) ®@ L? ((—¢,¢),C?).
On L* (Xgn) @ L*((—1,1),C?), expanded by R., this becomes

1 1
Din @ ——— =T
sm @ es+1 T € !
SO 1
£
|Dsntp — Dgn, || < |1 — ——|[[Dsnt)|| = [ Dsnip|] — 0.
1—¢ 1—¢

Now Dgn s bounded in the Sobolev norm, so this yields the desired estimate.

This concludes our present analysis of immersions between manifolds. There are many
questions left unanswered, not least among which how this works for higher codimensions.
For now this is speculation, but I expect our approach to generalize. For a codimension m
K-oriented immersion I believe one can construct a family of tangential Dirac operators
for s € D™ with D™ an m-dimensional disk. This gives rise to tangential, radial and
spherical directions, in which one should find Dy, , T and some spherical operator such
that T and this spherical part together will play the role of [1].

Another future project is to make the analysis in this Chapter more abstract, in the
direction of [50]. The main goal of this project would be formulating the various domains
more carefully in terms of the relevant operators, rather than simply relying on the
smooth functions to solve the analytical problems. This would lead the way to looking
for abstract criteria that can identify a family of correspondences as an immersion.



Chapter 3

Spectral Densities

This chapter is dedicated to the techniques required to analyze the model in Chapter
Throughout we will routinely use terminology from general random matrix theory.
Much of this terminology is in Section [1.2|for unfamiliar readers. We will start in Section
3.1| with establishing some technical results and getting some definitions out of the way.
These are necessary for our main results but are separated out of the main proofs of this
section to help with the conceptual flow of Section

In Section we do the bulk of the work of this chapter. We generalize existing
techniques for single-trace single-matrix models (|35], see also |22] for a more detailed
explanation) to multi-trace models. We establish existence and uniqueness of a measure
minimizing a specific functional and show that the spectral density converges to this
measure in the large-V limit. Next, in Section we establish an alternate character-
ization of this minimizing measure that allows us to actually compute this minimizing
measure. Finally in Section we present the general principles of using this alternate
characterization in finding the large- N limit of the spectral density. We will apply these
principles to the model defined in Chapter [4]in Section

Remark 3.0.1. After proving the generalized version of Theorem it was discovered
that this result had already been obtained in [21], however there it was obtained through
different techniques and with slightly stronger assumptions. The main benefit of our
approach is that the convexity assumptions (Assumption point 8 and the setup before
Theorem are slightly weaker and allow for more properties of the model, such as
symmetries, to be used.

3.1 Some technical preparation

The goal of this chapter is to prove convergence of certain probability measures, for this
the following notions of convergence and properties will be important. The results in
this section are all classical, and will have similarities to [22, Ch. 6] since this section is
a generalization of the proof therein.

Throughout this chapter let P(R) denote the space of probability measures on R.

Definition 3.1.1. A sequence {u,} in P(R) converges weakly to p, denoted p, — p, if
for all g € Cy(R) we have [, g dp, = [ gdp.

52
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Definition 3.1.2. A sequence {j,} in P(R) converges vaguely to p, denoted p, — i, if
for all g € Co(R) we have [, gdp, = [ gdp.

Definition 3.1.3. A sequence {u,} in P(R) is called tight if for all € > 0 there is some
R such that for all n we have f|m|>R dp, < €.

The three concepts defined above come together in the following crucial proposition.

Proposition 3.1.4. A tight sequence of probability measures has a weakly (thus also
vaguely) convergent subsequence whose limit is a probability measure.

Proof. Say we have a sequence of probability measures {u,} in P(R). We first want
to extract a vaguely convergent subsequence. FEach pu, defines a continuous norm 1
linear functional ¢, on C.(R), thus by the Banach-Alaoglu theorem {¢,} has a weak-x
convergent subsequence with limit ¢ (using that C.(R) is separable). By the Riesz-
Markov theorem ¢ in turns corresponds to a measure p on R. Note that p might not be
a probability measure and may be the null measure.

We claim that the corresponding subsequence of measures converges vaguely to .
Indeed, let g € C.(R) then

/R g diin = dulg) = Bg) = n(g).

Let us forget about the original sequence and only focus on the vaguely convergent
subsequence, still denoted {, }.

Now suppose the sequence of probability measures {y,} is tight (if this held for the
original sequence it clearly holds for a subsequence). We wish to show two more things.
First that the vague limit p is a probability measure and second that the convergence is
actually weak.

Let ¢ > 0 and R such that f‘x|>R du, < ¢ for all n. Let g be a continuous function

with g(z) =1 for |z| < R and g(z) = 0 for |z| > R+ 1, then g € C.(R) and we have

/R 9(x) djin() > 1 — &

for all n. So also
[ st duta) = 1=
R

This holds for all €, so the total mass of p is at least 1. Suppose the total mass of y is
1+ for 6 > 0. Then we can find a function h € C¢(R) of norm 1 with [ hdp =1+ 30.
This contradicts s, — p since [ hdu, < 1. So the total mass of p is 1. A very similar
argument shows that g must be positive. Thus p is a probability measure.

Moreover it has the same Cy-like behaviour as the tight sequence, i.e. f‘x
for ¢, R from the tightness of {u,}.

Finally, let f € Cy(R). We wish to show that [, fdu, — [; fdp. Let e > 0 and R
as before. Then

/Rfdun—/Rfdu' < [ flloe + \/Mfdun—/wfdu\.

>R du < e
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Since we are free to choose € we can get the first term as small as desired and then we can
pick n large enough such that the second term is as small as desired by vague convergence
on the function f|_p g € C:(R). O

In addition to the above notions of convergence we will need some technical results
that will make sure all our steps in Section are well defined.

Proposition 3.1.5. If {i,} is a sequence of probability measures and p, — p a proba-
bility measure i, then u&* — u®* for k € N.

Proof. Let g : R¥ — R be a bounded continuous function. We need to establish that
/k g(xy, .. o) dpn (1) - - dpp(Tr) — ) g(xy, .. xp) dp(zy) ... dp(zy).
R RE

Let ¢ > 0 and R such that flx
for n big enough f|x

R dp < € and f|x‘>R du, < € for all n. This R exists since

du, is arbitrarily close to f‘ dp using weak convergence for

|>L
the indicator function on [—L, L].

We can decompose R into disjoint subsets by

z|>L

R* = [<R, RIU|J (=R, RIY (=00, ~R] U [R, 50)) x R¥5-*

Jj=0

and using this decomposition we get

/ gdu?’“—/ gdp®*| < ‘/ gdu,?’“—/ g dp®*
R RF [~ R,R]* [~ R,R*

since on each of the parts of R¥ with a (—oo, —R]U[R, 00) component we can bound the
integrand by ||g||o so that both integrals can separately be bounded by ¢||g||oo-

On the compact set [—R, R]* we can uniformly approximate g by polynomials, so we
can find a polynomial p such that ||g — p||e < € this gives us

'/ gdpg* —/ gdp®*| < ‘/ pdps" —/ pdp®*
[—R,R]k [—R,R}k [_RvR}k [—R,R]k

since the error introduced by replacing g by p in both integrals is bounded by the € times
the integral over [—R, R]* which is less than 1. But for polynomials we clearly have
weak convergence of u®* — u®* since the integral splits into a sum of products of one
dimensional integrals.

Picking first € small enough and then choosing n large enough we can get the right-

hand side of
< ‘/ pdpg* —/ pdp®*
[_RvR]k [—R,R]k

/ g dp;* —/ gdp®*
Rk RE

as small as we want. This establishes weak convergence u&* — ®*. O

+ 2kel|gl

+ 2¢

+(2+ 2k[gll)e
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The last two results of this section are a departure from the more general discussions
so far and concern the specifics of dealing with logarithmic integrals.

Proposition 3.1.6. If v is a compactly supported measure on R with fR dv =0, then

— [ o + -y vty ant) = [ () du
/] /

u
for m # 0.
Proof. This follows from a computation that we copy from [22]. For m > 0
log(m? + s*) = log(m?) + /s 2t dt,
o t2+m?

S

= log(m?) + 23

9

= log(m +2\s/ / tHme gy dt,

1
log( ) + 2%/ : ezsu mu : e~ mu du
0o W ZU

0 1 _ plsu

= log(m?) + 2%/ ——e ™ du.
0 iu

For m < 0 one can substitute —m for m starting in the second line.
So far we have creatively used the fundamental theorem of calculus to apparently
complicate an expression. But now note that

// log (m2 + (z — 9)2) // log(m x) dv(y)
+23 / / / ﬂe—m“ dv(z) dv(y) du,
— 23 /0 e / & (2 / =W dy(y) du

using that [ dv = 0. By definition [ €™ dv(z) = D(u) is the Fourier transform of p, so

we obtain
/ / log (m? + (z — )?) dv(z) du(y) = —2 /0 T @) du

u

using that v is a real measure. O

Proposition 3.1.7. If u,v are compactly supported probability measures and — log(|z —
y|) is integrable with respect to p @ u and v @ v then it is integrable with respect to p @ v.

Proof. Consider the measure p = p — v with mean 0, so by Proposition we get

~ [[rox (Vi =) dptoyant) = [ ) du
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Letting m tend to zero we obtain by monotone convergence that

~ [[ oz tlz = s antrdot) = [ (Ff du>0

Let us consider the left-hand side of this equation, expanding p out again we get

//log [z —yl) du(z) dp(z //log |z —y|) dv(z) dv(y)
//log |z —yl) du(z) dv(z //log [z —y|) dv(z) dp(z) = 0,

since log(|z — y|) is bounded above but not below each of these integrals may be —ooc.
However we assume that —log(|z — y|) is integrable for u ® p and v ® v so the first two
terms are finite. That means the mixed terms must also be finite, hence — log(|z — y|) is
integrable with respect to u ® v and v ® pu. O]

3.2 The equilibrium measure

In this section we will establish that the spectral density of a particular type of eigenvalue
model has a large-N limit. For example those coming from a unitarily invariant multi-
trace single-matrix model. We then show that this large-N limit is characterized by a
variational problem. This section, and the proofs therein, are heavily based on [35], 22].
Some proofs carry over with minimal to no changes, but are included to make this text
as self-contained as possible for a broader audience.

In further preparation for this section, define II]

={ieNF|1<i; <NVI<j<k}, (3.1)
Ay ={ieN"|i,#iyif a #b} (3.2)

The situation we consider is the following. Let

— ]_ e
PE(X) = —— exp —NTEN U N + g > loglxi =Nl | dVX (3.3)
N ieN® (i)end

be a probability distribution on R, we will call this the eigenvalue model or simply
model if no confusion would arise.

This form of the interaction includes the more common form, seen for example in
[21], where the potential term N?7% YU is written

NY Viw) + Y. W) Z Va(Aiy Ajs Ax) +

ieN! (i,j)eN? (i,j,k)eﬂ?’

'In this definition A should be read as “different” and not “diagonal”.
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up to some finite interaction order k. This fits in our framework by symmetrizing, so we
consider the potential U given by

k
1
U, .. ) = Zk—n > Va0 A
n=1

ick™

Working with one single function U turns out to be convenient for the proofs and not
much trouble to work with in practice.

Remark 3.2.1. The definitions and theorems in this section all assume k> 2. If k=1
all results remain true, albeit with some minor changes in formulation. The k = 1 case is
also already covered in the sources [35, [22] mentioned before. Alternatively one can use
the symmetrization procedure described above to “upgrade” a non-interacting U (k = 1)
to a trivially interacting U(z,y) = 3V (z) + 3V (y).

To an eigenvalue model from Equation we associate an energy functional:

Definition 3.2.2. The associated energy functional to the model in FEquation 8
defined on a k-tuple of measures, (p1, ..., ) € M(R)¥, with values in RU{—o00, 00} by

k
[<M17'~'7uk) = kW('rb?mk)Hd/j’Z(xZ)
R i=1
Here ] 3
Wiy, ... o) = Ulay, ... ) — m Z 510%“(\3%' — ;).
(z,])EAi

We will most often use the notation

wn which case
I(p) = /Rk U(Z) dpu* (&) — g/w log(|z — yl) du(x) du(y)-

Our first goal will be to prove the following theorem:

Theorem 3.1. Under the assumptions on the eigenvalue model listed below in Assump-
tion[3.1], the minimization problem

inf I
. (1)

of the assoctated energy functional over the space of probability measures has a unique
solution uf € P(R) and this measure has compact support.

Proof. This is a combination of Propositions [3.2.9] [3.2.10] (existence and uniqueness,
respectively) and Lemma [3.2.6] (compact support) below. O
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We will then proceed to show in Theorem [3.2] explicitly in Corollary that the
spectral density of the eigenvalue model in Equation converges to this measure p”.
We then provide an alternate characterization of the minimizer in Theorem

Minimizing the associated energy functional is often called an equilibrium problem,
since it is equivalent to finding the equilibrium distribution of a Coulomb gas. This is an
infinitely divisible gas with a % repulsive force, giving the log potential, in an interacting
potential /. With this in mind we call the minimizing measure p? the equilibrium
measure.

By the same analogy with physics we refer to k£ as the degree as the degree of inter-
action. For a gas that only interacts through a % repulsive force we recover the problem
in |35, 22], but in our models based on fuzzy geometries we will encounter interactions
of degree 2 due to the presence of multi-trace terms, see Section

To obtain Theorem we assume the following properties of our eigenvalue model.

Assumption 3.1. U : R* — R is a continuous function such that:
1. U is invariant under permutation of its arguments.

2. There is a conlinuous function u : R — R such that U(zy, ..., xr) > u(xy) for all

(z;) € RF and u(x) — ng(l +2?) — o0 as |z| — oo.

3. There is a set of candidate measures P, C P(R) containing all minimizers of I,
such that for any probability measures p1,v € Py and any t € [0,1]

& [ U@ d+ ol = ) @) 2 0

Let us further discuss these assumptions, starting with the third and its set of can-
didate measures P.,,. This assumption is new compared to the single-trace case, i.e.
the k = 1 case where it is automatic. It is crucial in showing that the minimizer of I
is unique. The introduction of the set of candidate measures allows us to use a more
relaxed convexity condition than the results for higher level interactions in the literature
[21] that require the problem to be convex everywhere.

For example, the first two conditions in the above assumptions guarantee that any
measure g with I(u) = 400 cannot be a minimizer, by Lemma below, and neither
can a measure with non-compact support be a minimizer by Lemma [3.2.6l So we only
need convexity between measures with /(u) finite and compact support.

There are more universal conditions, for example

Lemma 3.2.3. Any minimizing measure i of I satisfies

Iy ... pyv—p) >0

for all v € P(R) with compact support and I(v) finite.

2The proofs in the following can be adapted to max(3,1 + ¢) for some ¢ > 0, but in practice u will
generally have polynomial growth so we leave it at this simpler assumption.
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Proof. A straightforward calculation, using Proposition to make sure all integrals
are well-defined, shows that

d

I [(M+t(y_u)):kl(u77/’L7V_/’L)7

dt|,_,

by permutation invariance of I and linearity in each argument. If this derivative is
negative, I(pu +t(v — p)) < I(p) for t sufficiently small. O

More, and more accessible, conditions can come from the particular model under
consideration. For example in the case of our fermionic fuzzy Dirac ensemble in Chapter
we show in Lemma that any minimizer of I for that model must have mean 0. So
we only need to show the convexity condition between measures of mean 0 in Proposition
4.3.5]

The first assumption is automatically satisfied if this probability density originates
from the Weyl integration formula. Since U only appears in a sum over all combinations of
indices this can always be achieved by symmetrizing, similar to how the log-term appears
in the integral over R* in It is therefore essentially an empty assumption that
simply avoids us having to symmetrize manually and further clutter already notation-
heavy proofs.

The second assumption plays a key role in showing existence of a minimizer of the as-
sociated functional I by making sure U acts like a confining potential for the eigenvalues.
This is required to counteract the inherent repulsive log term.

3.2.1 Existence and uniqueness

We will start by establishing that the associated functional / has a finite minimum.

Lemma 3.2.4.
inf [ <
uelg(R) (M) o0

Proof. Consider pu = x[—13jdz, then one can compute that

/ log(|z — y1) dya(z) duy) = log(16) — 6 < oo.
]RQ
As U : RF — R is continuous
/ U(Z) du®* () < oo
Rk

as well, so I(u) is finite. O

Now we move on to the real work. We start by showing that the combined potential
W (consisting of U and the log interaction) is suitably confining. This then implies that
the equilibrium measure will be compact, but also that any sequence of measures with
finite energy is tight. Any sequence of measures with particles escaping to infinity will
have increasing energy due to the confining nature of U.
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Lemma 3.2.5. The function W : R¥ — R defined by (see also Deﬁmtionm

k
1 g
Wiy, .. ap) = Uz, o) — WE—1) E 1510g(|$i — ;)
1,)=
i#]

tends to infinity as ||x|| — oc.

Proof. A straightforward check by expanding both sides shows that (z — y)? < (1 +

%) (14 y?), so
log(|z —y|) <log (W) + log (\/W)

and thus
1 B
W(xb...:z:k)ZU(xl,...wk)—mZE(log(\/l—i-x?)+log<@/1+x?>>,
lzi];é:jl
k
=U(xy,...,7x) — Zglog(1+xf),

By Assumption each term in this sum tends to infinity as x; tends to infinity, so W
tends to infinity as ||z|| tends to infinity. O

At this point we do not yet need the max(3,2) from Assumption [3.1 yet. That extra
condition will show up in when we need exp(—2iu(z)) to be integrable.

Lemma 3.2.6. Any munimizer p of I has compact support.

Proof. By Lemma we can find R such that W (xq, 2o, ..., zx) > I(n)+1 for |x1| > R.
Let D =R\ [—R, R] and consider the probability measures

oy = P HD
1+ (D)
oy = =
1 — p(D)

As we assume g is a minimizer this implies by Lemma that both

I(/“L7"'7M7/'I’+1) Z[(lu)7
[(Ma---a,uvﬂ—l) > [(:U“)

Taking a closer look at this first inequality, we find

Iyt p1lp) > p(D)I(p).
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The second inequality gives

I(py. ooy iy o = plp) > ( — (D)1 (),

Together this implies

But then we can compute the left hand side and find

I(p, ..., pulp) = /W ) dp|p (1) u®k_1(a:2,...,xk),

= /k I( ) +1 d/L‘D(ﬂjl) lu’®k71(x27 s ,.Tk),
R
= ([(p) + (D),
as for zy € D, W(&) > I(u) + 1. Therefore p(D) = 0. O

Lemma 3.2.7. If { i, }nen 18 a sequence of probability measures such that I(p,) < C for
some fized C' € R and all n € N, then p, is tight.

Proof. Let ¢ > 0. By Lemma W has a lower bound b, w.o.l.o.g. b < 0. Find a B
such that b+ Be > C, then, again by Lemma [3.2.5) we can find R such that if |z1] > R
then W(zy,xs,...,x) > B. We get

czmmz/ (/ bdun<x>+/ Bl )Hdun >b+B/ e
Rk-1 |z|<R |z[>R |z[>R

SO f|x|>R dp,(x) < g, this holds independently of n so the sequence {u,} is tight. O

Having established that sequences with bounded energy are tight, we only need a
simple continuity result to obtain existence of a minimizer. We then can use Assumption
in particular point 3, to establish uniqueness.

Lemma 3.2.8. [ is lower semi-continuous with respect to weak convergence on P(R).

Proof. Suppose {1, } is a sequence in P(R) weakly converging to the probability measure
u. For any L € R,

() > [ min(Z,W(@) du* (@) — | min(L, W(@)) du®*(3)

RE RE

by Proposition |3.1.5] The right-hand side is monotone increasing in L and thus converges
to I(u) by the dominated convergence theorem. O

Proposition 3.2.9. A measure u* minimizing I exists.
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Proof. There exists a sequence of measures p, such that I(u,) converges to FE :=
inf,epw) I (). By Lemma this sequence is tight, so by Lemma it has a
weakly convergent subsequence with a probability measure p” as weak limit. Then
E < I(y¥) < liminfI(u,) = E as by Lemma I is lower semi-continuous. So
I(u¥) = E. O

Proposition 3.2.10. If p, v satisfy 1(n) = I(v) = inf ,epmw) I(p), then p=v.

Proof. Suppose p and v are both minimizers of I. Consider p, = p+t(v — p), which is a
probability measure on R for ¢ € [0, 1]. We will show that, unless p = v, I(p;) is strictly
convex. This would contradict the assumption that p, v are both minimizers of I.

o) = [ @i @) - [ 1os(le— ul) dor()dplv)
R R
The second derivative with respect to ¢ is then

Loy =& [ [ v@ dp;@’%f)] w2 [ Joglle — o) dlv — ) (o) v = o)

By Proposition the integral of the log term is given by

- [ togllz = s dt ~ @ = n)0) = [ 1@ mb

with equality only if © = v (this follows from Fourier inversion for distributions).

The set of candidate minimizers is required to contain the actual minimizers, so by
Assumption the second derivative of the U-integral is positive. Thus 5722[ (pe) >0,
with equality only if 4 = v. But since I(py) = I(p1), this implies I(p;) attains a strict

minimum for ¢ € (0, 1) unless u = v. O

2

dk >0

3.2.2 Convergence of spectral density

In this section we will show that the spectral density of the eigenvalue model converges
weakly to the equilibrium measure p” of the associated energy functional. In fact, we
will show that the n-point densities converge to (u¥)®". As was the case for the previous
section, this section is heavily based on [35] 22].

As a further preface to this section, we expand a little bit on the definition of the
function W that defines the associated energy functional /. It is designed such that
Zz‘eA’;v Wz, ..., ) gives the exponent of the eigenvalue density (Equation , at
least to leading order in N. A lot of the work in this section revolves around properly
dealing with the lower order terms, this is especially noticeable in Proposition
One might hope that by changing the model to be exactly the above sum of W these
proofs can be simplified considerably, but that would no longer correspond to the model
we develop in Chapter [4

The proofs in this section revolve around the sequence of sets

1
Ay, =2 €RY W > Wiwi, ... z,) < (E+n) (3.4)

N
(IS
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where E = inf,cpm) I (1)
Lemma 3.2.11. Ay, is compact for all N € N,n € Ry.

Proof. By Lemma W (%) tends to infinity as ||7]| — oo so An,, is bounded. More-
over, (z,y) — log(|z —y|) is continuous as a map R* — RU{oo}, hence so is the function
defining Ay ,. Since Ay, is the inverse image of (—oo, E+n] C (—o0, 00| it is closed. [

The gist of the convergence proof consists of showing that, as you might expect
from the definition, points & in Ay, have “low energy”. So their associated counting
measures will tend towards minimizers of I (Proposition [3.2.14). It also means that
the probability of finding the eigenvalues of our model outside of An, is exponentially
suppressed (Proposition . These observations combine to prove that the spectral
density is a minimizer of I (Theorem . First, however, we want to be able to work
with absolutely continuous measures.

Lemma 3.2.12. Let u € P(R) such that p has compact support and I(pn) < oo. Then
Jor pe == - X[—ee) * p we have I(pe) — I(p).

Proof. Since p is assumed to have compact support and U is assumed to be continuous,
Proposition implies that the first integral in

) = [ V@@ = [ oslle = ol) (o) dnty)

converges to the corresponding integral for u. Hence we verify convergence of the second
integral.

It is a straightforward check, essentially using the adjoint formula for convolution
operators, that integrating a function with respect to the “smeared” measure pu. is equiv-
alent to integrating the smeared function with respect to he original measure (using that
the smearing function is real and symmetric). In other words,

/R2 log(|z — y]) due () dp(y) = /11@2 <4L52 //—Z log(jJx —s —y +t])ds dt) dp(z) du(y).

This integral is finite by the assumption that I(u) < oo.
We now need to investigate this e-integral as ¢ — 0.

// log(|z — 5 — y + #]) ds dt = log(|z — y|) + // 1og('—+1D ds dt,

yl2

\w yl

= log(|x — log (lu —v+1|) dudv.

If we can show that the total “error term” caused by the smearing,

/]R2 <|I4_€2y| //;yl log (|lu — v +1J) dudv) du(z) du(y),
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goes to 0 as € — 0, we are done.
Doing some basic, if cumbersome, calculus we get

2a—|t|
// log( \u—v—l—l])dudv— / log(|s + 1]) ds dt,

2a+|t|

2a 14+2a—t
log(|s]) ds dt,
4a2 /1

:<(1+2a) " (1 —2a)?

92 10g(!1—|—2a|)+Tlog(\1—2a|))

The limit as a — 0 can be computed to be 0 using [L’Hopital’s rule. As a — oo the

integral is asymptotic to log(1 + 2a) — % Therefore the integral is, in absolute value,

bounded by C'log(1 + 2a) for some C. Upon closer inspection one can check that in fact
C =1 works.

So our total error term is bounded in absolute value by

[ o (1 ' |x2fy|) (o) duty) = [ 1ogllo— ]+ 20) ~ sl ol) (o) o).

As log(]Jz — y|) is integrable with respect to u®?, since I(p) < oo and p has compact
support, this converges to 0 as ¢ — 0. 0

Proposition 3.2.13. Let Py be an eigenvalue model as in Equation[3.5 and Ay, as in
Equation m Then, for all n > 0, there exists an N* such that for N > N*, Py(RY \
AN,n+a) S e—aN

Proof. By Lemma[3.2.12) we can find a continuous function ¢ with compact support such
that the measure y = ¢(z)dx € P(R) and I(1) < E+7 (take p to be a “smeared” version
of u¥ for a sufficiently small €). Let D = {z € R|#(x) > 0}.

Set further for notational convenience

Sy(Z) := N*7F Z Ulxiy, ..., x,) — Z glog(m —z;]),

ieNk (i,5)eAy
:NQ_k Z U($i17...,$ik)+N2_kZU(ZEil,...7ZEZ’k)
iENF\AK ieAk,
Z Z og(lzs, — i),

ieAk (k1) eA2

Z U xnv" xlk) (NZk ‘AN|> Z U mll,n.’xik)

ieAk,
’ S W),

ieAk

[\')ICO
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Then
Zy = / exp (— Sy (7)) dVa.
RN

> /D e (~5x(@) dV.
= /DN exp <_SN<f> - Zlog ¢($j)> H(b(xj)dxj?
> exp (/DN —Sn (& Zlog¢ ;) dp® (% )>

where the last step follows by Jensen’s inequality. Phrasing this more in line with how
we will use it, we have

N
1
so<en( [ V@ +sP@ + sSP@a + [ S logo(e) (@) )
ZN DN DN j:1
We compute

SO(@) du®N ()| <

DN

Z/ U, ... 23,)] du® (@),

iENF\AK

< N2 (N = Ak ) sup (U(F),

reDk

Ak -
= N? <1 — |N—]’\f[’) sup (|U (7)),

reDk

The supremum is finite since U is continuous and D¥ is compact. Since |AX| = N* +
O(N*=1), this means that fDN @) du®N is O(N).

) B B AQ —
DN DN | N| ieAk
A2
(N2_k — kN‘) Z / U(x1177xlk)dlu®N(f)7
ANl ieak, 7PN
A%

N

= (N*7F|Ak | — 1A% \)/ (xl,...,xk)du®k(f).

Both N27*|AR| and |A%| are N? + O(N), so also [, SP(E) du®N is O(N) since the
integral is again finite by the compact support of x. In this computation we also used
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that, smce we are summing over Ak all the integrals are the same. This did not hold

for SV ~’ since there are guaranteed to be one or more double indices and this degeneracy
varies between the choices of indices appearing in the sum.

Next
A
/ 5(3)( 7) du®N (%) = / A Z Wiz, ..., x5) du®N (F),
o o B8] &
|AN| ®N (=
Z ZWx“,.. , ) du® (D),
ieAk eAk
= |A | W(I’l,...7$k)du®k(f),
Dk
= (N? = N)I(p).
And finally

/ Zloggb ;) dp®N(7) = N / log(¢ ) dz.
DN

Combining the above results, we get that

ZLN < exp (Nz(](u) + G(N)))

with a(N) some function in O (3;). Find Nj such that for N > N; we have a(N) < 2,
since also I(p) </ + 7 this means that for N > N,

1 < N (E+E)
N

We will use this estimate on Zy to get our estimate on Py.

PN (RN \ AN,n+a)

1
= — exp (—SN(f))de,
ZN RN\AN,n+a
1

- = exp (—S (@) — SP(@) - sﬁ?%m) dv i,
N RN\AN,n+a

dNz,

< eN2(E+2)/ exp —S](\})(f) - S
R \ANn+a

eAk
< M (B43) / exp (=54 (7) - SP(@) - N(N—1)<E+n+a>)dN:a
R \ANn+a

— o N (3+a) N(E+y+a) /

RNM\AN 1 +a

exp (—s](;)(f) — 5P (f)) vz,
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By Assumptionthere exists a function u such that [ ¢34 dy < 0o and U(zy,...,zx) >

u(zy). In particular u is bounded below by some b. Therefore, noting that N2~% — % <
N
0,
/ exp (—S¢(7) - S§(@)) @V
RN\AN,V]+(L
- AR Ng
< exp — N2k u(x;,) — (N2 k_ bl d'7
o P 131 Zk
TIENF\AZ (USAE
NF\ Ak
=exp ((|A%] = N*7*|AY]) b)/ exp( | N> - | .—I—u(xN))) d"z,
RN

— exp ((|A%] — N27F|A%) )</ReXp( !N;“V>Al i ) )

In the second step we use that any index occurs equally often as the first element 7; of a
choice of indices .
First consider the factor

exp ((|AY] — N*FAK]) b) .

The combinatorial factor |[A%| — N>7%|Ak | is O(N) since |A%| = N™ + O(N™ 1), so we
can find some B such that

exp ((|A%] — N*7FAR]) b) < VP

Next we consider the integral. Since [N"\AK| = 1k(k—1)N*"14+-0 (Nk’2) as N — oo
an k > 2, we can find some Ny > N; such that for N > N, we have v \ANI > 1 g9

Nk— - 2
for N > N,
CINIAAR]
/Rexp T dac<C/e2
for some C' > 0.

So we have established that

N
Py (RN \ AN,n+a) < e N’ =3 N? N(E+nta) [NB (C’/ e U@ dx)
R

for N > N,y. Now find N* > Ny such that for N > N*

N
e—gNQQN(E-HH-a)eNB (C/ e—u(x) d.ﬁlﬁ) S 1
R

and we are done. O

3See Remark , if k£ =1 the definition of Sx changes which changes this integral
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Proposition 3.2.14. Let n > 0 and {Z(N)} a sequence of points in An,,. Then vy =
% > 6z, has a weakly convergent subsequence and any weak limit point v of {vy} has
I(v) < E+n.

Proof. Let us first establish that the sequence {vx} is tight, for which we mimic the
proof of Lemma [3.2.6] Let € > 0 be arbitrary and b the lower bound of W. Find B such
that eB+ (1 —¢)b > E+n, and R such that W (x4, ...,z) > B if |z1| > R, using Lemma
3.2.9]

Let fr(IN) be the fraction of coordinates in Z(IN) whose absolute value is greater than
R. Then by the definition of Ay, we have that

(E+T7> 2 N7F Z W(ZL’“(N), 7xlk(N))7

>N* N B+NF Y b,

ieak, ieAk
|ziy [>R |ziy <R

Ak,

AR
=0 e B

As & Nl — 1 as N — oo this implies that limsupy_, ., frR(N) < €, i.e. there exists an NV}
such that for N > Ny, fr= f|m|>R dvy < €. Choosing R’ > R such that the same holds
for N =1,..., Ny we get that {vy} is tight.

By Proposition this implies that {vy} has some probability measure v as a weak
limit point. For each vy we have

min(L, W (21, ..., 7))dvn (21)...dvy (z) = N°F Z min(L, Wy, ..., i),

Rk

i€N*
o N\ Ak
=N k Z mln(L, W(yh; 7y1k)) < Nk ’
ieNF
) NF\ AR
S N k Z W(yu??ylk) + Nk‘ ’
ieAk
INF\ A
S(E+m)+ =7 L
2% 0 that

min(L, W (%)) dv(Z) < (E +n).

Rk

Letting L tend to infinity it follows that I(rv) < E 4 n by the monotone convergence
theorem. O

Having established that the eigenvalues at finite N will tend to be found in Ay,
and that this corresponds to low energy we are ready to prove the main theorem of this
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section: That the spectral density converges to the minimizer of I in the large-N limit.
But first a quick lemma primarily to recall some useful convergence results from Section

B.2.11

Lemma 3.2.15. Let {v,} be a sequence of probability measures such that I(v,) — E, then
vy has a weakly convergent subsequence and any such weak limit point v has I(v) = E.

Proof. This follows from Lemma which tells us {1, } is tight, so that by Proposition
3.1.4] a weak limit point exist. Finally, any limit point is a minimizer by weak lower
semi-continuity of I, Lemma [3.2.8| O]

Theorem 3.2. Let ¢ : R™ — R be a bounded continuous function and define ® : RY —
R by PN (Z) = N> ym O(@iys ..o, 24,). Let p be the minimizer of the associated
energy functional I. Then

i (@x)r, = Jim o= [ n(@Px(@ 7= [ o))

N—o0 N—)oo N

Proof. We will prove this by showing that

lim Sllp<q)N>PN < ¢(g) sup ( _’)
R™

N—oo

and
liminf(®y)p, > (b( J)dvint™ (9)

N—o0 inf

for, a priori different, measures vqup, Vint minlmlzmg I. Uniqueness of the minimizer then
shows that the large-N limit of (®y)p, exists and equals the integral of ¢ with respect to
p1F. We will only give the details for the lim sup, the lim inf inequality follows by similar
arguments with some reversals of inequalities.

Let n > 0 be arbitrary and let xny := Xxay,, be the characteristic function of Ay 2.
Then

/ Oy (2)Py(z)dVw = / Oy (z)xn(z)Py(z)dV +/ Oy (x)(1 — xn(x))Py(z)d" .
RN RN RN
Because [Pyl = ||@llc < 00, the second integral can be bounded by ||@||e Py (RN \

Anan) < ||0llece™", at least for N large enough, and as such tends to zero. Hence

limsup(®y)n = limsup(Pyxn)n

N—o0

Since A, is compact, each ®y attains a maximum at some §(N) € Ang,. Set
vy =+3N 6 that
N = N 2ui=19%;:(N), SO tha

<(I)NXN>PN < (I)(Zh(N), ey yN(N)) = Qﬁ(CLj, ey xm) dVN(Jll)... dVN(.I'm).
RTI’L
By Proposition [3.2.14] any weak limit point v of {vy} has I(v) < E + 2n. Pick a sub-

sequence of {(®yxn)p, } converging to its own lim sup. The corresponding subsequence
of {vn} still has a weakly convergent subsequence, we define v, as any such limit point.
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So at this point we have constructed, for arbitrary n > 0, a probability measure v,

such that
limsup(®y)y < O(T) dv™ (%) < E + 2n.
N—o0 RrR™
Using this, build the sequence of probability measures {v1 },en. By Lemma [3.2.15| this
sequence has a weakly converging subsequence converging to a minimizer vg,, of I and
we still have
lim sup(®y )y < A(Z) dVsup-

N—o0 Rm

Repeating this for vy, with the appropriate signs reversed, we are done. O

Corollary 3.2.16. The m-point density of Py converges weakly to the m-fold tensor
power of the minimizer n” of the associated energy functional. In particular, the spectral
density of Py converges weakly to u”.

Proof. By Theorem

N /R D 0@ @, ) P (@) dVe - quﬁ(:ﬁ)d(uE)@m(f)

iEN™

for any bounded continuous ¢ : R™ — R. On the other hand

Nm/ Z (i, ..., x5, )Py (D)dN e = — Nm Z qb (i), ..., 2, )Py (Z) dVx,

1EN™ IEN™

1
:WZ ¢<x17"'7Im)Pn]¥(x17--.,$m)dm[L’,
Rm

ieN™

= ¢($1,...,xm)Pn]1V(x1,...,xm)dmx
Rm

by definition of the m-point density P, O

3.3 The variational problem

To get the variational problem for u” we will assume that we are in the situation of Section
so in particular that Assumption holds. Recall that in this assumption we have
a set of measures, P.,,, that we know the minimizer belongs to. Having established
uniqueness of the minimizer we may be able to further restrict the set of measures the
minimizer can be found in.

For example, the model in Chapter [4 has a reflection symmetry. Once we know that
the minimizer is unique, for which we use the set of candidate measures having mean 0
(see Proposition [4.3.5)), we know the minimizer must share this symmetry. Hence we can
further restrict our search for the minimizing measure to the even measures.

With this example in mind, let P/~ C P.q.n be the reduced set of candidate measures

can

that we know p” to be in after establishing that the minimizer is unique.
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For any measure v, define the function

W,y(x):=I(e,v,...,v) = Wz, xg, ..., xp)dv(xs)...dv(xy). (3.5)
Rk—1
So in particular I (v fR ().
In order to ﬁnd the mlmmlzmg measure p we will use the following characterization.
Theorem 3.3. [fu € Pl and there exists a constant ¢ € R such that
1 [uW (x) >c forallveP.,

2. Wu(x) = ¢, p-almost everywhere

then = ¥ the minimizer of I.
Conversely, if p = p¥ the above properties hold with ¢ = E = I(u¥).

Proof. We start With the converse claim. Let  be the minimizer of I and let v € Py(R).
Then by Lemma [3.2.3] we get

/W =I(u", ... .p"v) > I(u") = E.

For the second part we mimic the proof of compact support, Lemma Let
D = {z|W,e(x) < E} and consider

oy = P HD
1+ pu(D)
oy = =
1 — p(D)
Then by Lemma [3.2.3| again, we get
(g, piga) > E,
[(Ma"wﬂl—l) > E.

Combining these as in Lemma (3.2.6[ we get

I(p,...,pulp) = p(D)E.

But we can calculate the left hand side of this equation to be
[ Warta)dulola) < w(D)E

but with strict inequality if u|p(D) > 0. Hence u(D) = u|p(D) = 0, and as u” is a prob-
ability measure with [, W,z (x) du”(x) = E this implies equality p”-almost everywhere.

For the forward claim, suppose p is as in the theorem. Then for any v € P, and
pr =+ (v —fi),

d

G| 1= k/RWH(x)d(u W) (@) = k(e —¢) = 0.
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Thus if we choose v = u¥ we get, by construction of P C P.un and the proof of

Proposition [3.2.10, that

j—;[(ﬂt) =k(k—1) . W (@1, .o 2g)dpi (1) dpy (2g—)d(u® — ) (wh1)d(p® — p) (1) > 0

unless p = p. So if u # p¥ we get a contradiction with x4 being the minimizer. O

Corollary 3.3.1. If p: R — R is a continuous function with compact support such that
pdx € Pl and for some c € R

can

1. Wyaz(x) > ¢ for all z € R,
2. Wyan(x) = ¢ on {z| p(x) > 0}.

Then pdx = pu”.
Conversely, if ¥ = pdx for a continuous function p, the above properties hold with
c=FE=1I(u¥).

It is this final corollary that we will use in practice, especially the fact that W,4,
should be constant on the support of p will turn out to be a crucial in finding p. There
is a priori no reason to expect that u” is even absolutely continuous with respect to the
Lebesgue measure, let alone with a continuous density function. This assumption will be
justified by the ability to find p in practice, after which we can invoke the above Corollary
to confirm that p = u¥ is the large- N limit spectral density.

3.4 Finding the equilibrium measure

In this section we will set up much of the general strategy for finding the density function
p in Corollary [3.3.1 We will apply these techniques in Section to the Dirac ensemble
defined in Chapter [4]

Similar to the definition of W,, define

U,(x) = /Rk’—l Uz, xg,...,x5)dv(zs) . .. dv(xy). (3.6)

For this section we will drop the subscripts on these functions since the only measure we
are concerned with is v = pdx.

The main strategy is to assume p exists and use various techniques from complex
analysis to relate p to U, or more precisely, U = %L{ . To make this work make the
following assumptions.

Assumption 3.2. We assume that

1. There is a continuous function p such that pdx = u¥, where ¥ is the equilibrium
measure from Theorem [3.1]

2. The support of p is X = Ul_[a;, b;], a union of r disjoint closed intervals.
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3. The function U(x) is differentiable and U'(z) has an analytic extension to C\ 11
for some I1 C C compact and TINS = (.

These assumptions will be justified by the fact that for any such support ¥ we can
find a corresponding function py and find a series of conditions that, at least in practice,
guarantee that for exactly one choice of {a;, b;} this py, satisfies the conditions in Corollary
It should be noted that, once again, assumption 3 is the odd one out. This is really
an assumption on our model. The first two assumptions on the other hand will be justified
once p is found.

Let us now introduce the main tools from complex analysis that we will be using in
this section.

Definition 3.4.1. Let ¢y : R — R be continuous. The Cauchy transform of ¥ is

271 Tr—z

HWE) = 5 [ . o) g,

which defines an analytic function on C\ supp(¢).

For any continuous function f on C we define fi on R by

fe(z) = lim f(x £ ie). (3.7)

e—0t

Lemma 3.4.2 (Sokhotski-Plemelj formula). Let ¢ : R — R be continuous with support
.. Then for xz € X,

HW)ato) = 5oV [ 20 a4 o)

where PV denotes the Cauchy principal value.

Proof. This follows by a computation:

. . U(y)
2mi - H =1 ——d
i H()e(2) = lim St ]
oy (y) y—xtie
= lim . .
e=0t oy —x Fiey —x £ie

_ hm/ YY)y —x) dyii/ - vwe

=0t Jy (y — )2 4 €2 —x)2 2 7

dy,

= PV/ ;D(_—y:)pdy + miy(z).

Where the last step follows by %m is a nascent d-distribution. The first integral

becomes the principal value as it 1s the appropriate limit of the Poisson kernel. O

Theorem 3.4 (Riemann-Hilbert problem). Suppose G is a bounded, analytic function
on C\ X, ¥ CR, then G = H(v) forv:R — C defined by

v(r) =Gi(x) — G_(x).
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Proof. By the Sokhotski-Plemelj formula (Lemma the function H(v) solves the
scalar Riemann-Hilbert problem defined by 3 and v. To be explicit, H(v) is a bounded
function, analytic on C \ X such that H(v),(z) — H(v)_(z) = v(x) on X. Since this
Riemann-Hilbert problem has a unique solution (the difference of two solutions would be
a bounded entire function) and G is clearly also a solution, we must have G = H(v). O

Since the Sokhotski-Plemelj formula (Lemma [3.4.2)) features the principal value, we
are interested in computing this for our specific p.

Lemma 3.4.3. Suppose p is as in Assumption and U as in Equation [3.6], then

PV/y(_Ld —‘%%U( )

Proof. By Corollary W(x) = E for € ¥. We want to consider the distributional
derivative of this equation, for which we will use the split

Wiz) =Ulz) - /Rk 1 k(kl

The log term becomes

rn s L1ostle oty dy+ EL BB oty — 2Dptnte) dy

p Z log(|z; — x;])p(x2) - - - p(xk) dxs . . . day,.

(’Lj JEAZ

Since the distributional derivative of log(|z|) is PV 1, taking the distributional derivative
of W we get (note the swap from = — y to y — x),

U’(m)—éPV/Mdy:O,

k x—y
B Ply) .

]

Remark 3.4.4. We continue to assume that the interaction degree k is at least 2, for
the case k = 1 see the discussion in Remark[3.2.1

We are now ready for the big trick of this computation. Recall from Assumption
that the support of p is given by

= Uzzl[ai, bz]
a union of disjoint closed intervals.

Lemma 3.4.5. Let s : C — C be the function defined by

T

s(z) =[]z = a:)(z = bn).

i=1

Then there is a function \/s that is analytic on C\ 3 and satisfies
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4. \/5,(x) is purely imaginary if x € ¥ and real if x ¢ 3.

5. Vs (x) = —/s_(z) forx € ¥.

For future reference we also record that, if 3 s symmetric,
6. \/3(—2) = (—1)V3(2),
7. Vs, (—x) = (=1)""/s, () forz € X.

Proof. We will do this construction for » = 1, the general case then follows by multiplying
the corresponding functions for each interval [a;, b;].

Let /o —a; : C\(—00, a;) = C be the square root such that /e — a;(x) > 0 for z > 0,
and similarly /e — b; : C\(—o00,b;) — C. Then consider \/s,(2) := /@ — a;(z)v/® — b;(2)
defined on C\ (—o0, b;). It is easily seen that /s, extends analytically to v/s : C\[a;, b;i] —
C because on (—o0, a;) the lower and upper limits match, since both factors contribute
a minus sign.

The first property then follows immediately from the above construction. The second
property follows from the observation that \/s(z) ~ 42" and this sign has to be the same
in every direction. By construction /s(z) ~ z" as the real number x — oo, so the sign
is +.

For the third property a similar argument works, /s (Z) = £4/s(z) and this sign is
the same everywhere. Since y/s(z) ~ 2" the sign has to be plus. The fourth property
follows immediately from s(z) < 0 for x € ¥ and s(z) > 0 for z ¢ ¥ and together with
the third immediately implies the fifth. The sixth (if ¥ is symmetric) follows from a
similar argument as the third.

For the final property, if X is symmetric we compute

Vau(—2) = lim V3(—a +ic),
— Jim (1) V3l — i),
"Vs(x + ig),

H/s(x +ie),

— ey
= lim (—1)

e—0t

using, respectively, properties 6, 3 and 4. O

This function /s will turn up frequently and is universal (in the sense that it is
independent of the action). For later reference we will include the following examples.
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Lemma 3.4.6. If ¥ = [—a,al, a <0, then
V5 (2) = V@2

forx e, ,
1 1 a?1 3a* 1 5a°® 1

Vs(2) z+223+825+1_6?

and finally ) - -
a a a

Vs(z) =z ——-——————— ...,

2z 823 162°
Proof. The first claim follows immediately from the construction in Lemma the
function /e — a has \/e —a_(z) = iy/a — x while \/e + a has /e +a (z) = +/z + a for
x € ¥. Multiplying these yields /s, (z) = iva — zv/a + x = iva? — 22.

For the power series of ﬁ we use fractional binomial theorem

using (?) = (—}l)n (2:) This selects the right square root, as the leading term for

_1 - . . . .
z — 00 is 2_1( 02) = 27!, This Laurent series has inner radius of convergence a and
outer radius of convergence oco.

The power series for 1/s(z) itself is found similarly

Vi) = (2 = ),

(-2

S

n=

NI

Again this Laurent series converges outside the inner radius a and up to outer radius oo,
where we get the correct /s since it is asymptotically z. O]

Lemma 3.4.7. If ¥ = [-b,—a]U[a,b], 0 < a < b, then

_ [ iva? —a®V? -1 xea,b,
Vide = { M e
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and
1 1 a?2+b*1  3a*+2d%*+3b* 1

Vs(2) 2Ty At 8 %

and

2_a2+b2 a* — 2a%0* +b* 1 a® — a*h? — a?b* + 0% 1

2 8 22 16 24

Vs(z) = 2

Proof. The first claim follows from the same considerations as in Lemma for [a, 0]
and property 7 of Lemma |3.4.5
For the Laurent series we also proceed similarly,

This Laurent series also has outer radius of convergence oo and has inner radius of
convergence b.
The Laurent series near infinity for /s(z) is also found similarly,

]

We will now use the function /s defined in the above Lemma to take a Riemann-
Hilbert problem for p and turn it into a Riemann-Hilbert problem for &’. Let

and define




78 CHAPTER 3. SPECTRAL DENSITIES

Since y/z ~ 2" this is a bounded function, it is analytic on C\ X and we have, for x € 3,

o) =00 = s~ s
1
= /5@ (G (z) + G-(2)),

11 p(y)
= —,Pv/—d,
a@mi o Jyy—a®
1 ik

Using first the Sokhotski-Plemelj formula (Lemma [3.4.2) and then our result about

the minimizer p from Lemma m But this means G is the solution to the Riemann-

Hilbert problem defined by 3 and 1 @ s 5U'(x). So by Theorem

G(z

1 1 ik dy k U(y) dy
=521 | Vot

y—z 267 Ju /s, )y — 2

U'(y) (3.8)

Having established this formula for G, we are going to consider the function

U'(z)
V'5(2)
for the analytic extension of U’(x) to C \ II assumed to exist in Assumption The

function f(z) is analytic on C\ (X UII), as both ¥ and II are assumed to be compact we
can consider a contour v = yg Uys . U ¥, consisting of

fz) =

vr: a counter-clockwise circle contour of radius R encircling > and II,
Vst a clockwise race-track contour around the intervals comprising X at a distance ¢,
s  a clockwise contour around II at a distance e.

Then by the residue theorem we get for any 2, |20| < R and 2o away from ¥ and II

2mif (20) = /mf(z) S /mﬂz) - /mf(z) L (39

zZ— 20 zZ— 20 zZ— 20

Let us investigate these terms separately, starting with the circle contour.
Since by Assumption Z/{’ is analytic at infinity and /s is as well,

d
lim [ f(z)—2=
R—o0 YR Z — ZO

=2mi[f(2)]_,4
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where we use the notation [f(z)], for the coefficient of 2™ in the Laurent series for f. We
can find this coefficient as follows

So we can write

= 2mip(zo) (3.10)

where

p(z0) = i wlg(é))}nzg. (3.11)

Remark 3.4.8. In practice, for example in Section p will be a polynomial (hence
the choice of notation) that depends only on S(H). This is due to U'(z) generally having
polynomial growth, say of degree d, as z — oo then the highest power of zy appearing will
be z¢ with coefficient simply the coefficient of 2% in the asymptotics of U'(z). The lower
order coefficients involve the coefficients of \/s as well, but can still be computed as we
do in Section[{.3

Next we will consider the race-track contour of radius € around X, specifically in the
€ — 0 limit. We break this up into the semi-circles around each a; and b;, as well as the
intervals above and below ¥ and start by showing that the contribution of the semi-circles
vanishes in the ¢ — 0 limit.

Recall that /

() = 442
V's(z)

and that by Assumption U’ is analytic on a neighbourhood of ¥. Hence the singu-

larities at the a; and b; are only due to ﬁ, which behaves like -= near a;, b;. Since

vz
the length of the semi-circles is linear in £ and the function blows up at the rate % the
contributions of the semi-circles vanish in the limit ¢ — 0.

Next we consider the contribution from the intervals above X2,

, U (z) dz , U'(y + ie) dy
lim = lim - - ;
=0t Jypie V8(2) 2 — 20 em0t Jo \/s(y +ig) y +ie — 2
_ [ Uy dy
s Vs (W) y— 20
B 2672 ~

- G(20)



&0 CHAPTER 3. SPECTRAL DENSITIES

The contribution from the intervals below ¥ is also %CNJ (20) by the same computation
but where the minus sign due to the orientation cancels against the minus sign from

VS_(y) v.s. Vs, ().

So in total we get
2 ~
im [ f) -2 — P E. (3.12)

e=0t g, Z— 2 k

To work out the third contribution fm f (z)zf—fZO we need more information about
the behaviour of U’ around its singularities II. For now we will simply give it a name

1 U(z) dz
R(z) = 2mi Sy V5(2) 2 — 20

These computations leave us with the following result

(3.13)

Proposition 3.4.9. For p as in Equation and R as in Equation|3.15, we have

CRVE@ o EVEG)
= S+ 5 R

p(z)

for x € 3.

Proof. From the Cauchy integral representation of f in Equation we get using Equa-
tions |3.10} [3.12 and [3.13| that

2

2mif(z0) = 2mip(z0) + Apm G(z0) + 2miR(2).

Isolating G we get
2mif ~ U'z)

v =G

+ p(2) + R(20)

so also
k

k k
G(z) = ———=U' — — R(2).
(2) = ~ 5o () + o VSEIpE) + 5rVSR(E)
Now, by the Sokhotski-Plemelj formula (Lemma |3.4.2) we can recover p from G = H(p)

by
_ ks (@) Vs, ()

pla) = Gula) = G- (o) = 55 () + 5 R

for x € ¥, using that U’(z), p(z), and R(z) are analytic near ¥ and that /s, = —/s_
on ¥ (property 5 in Lemma [3.4.5]). 0

An important note about this result is that since p and R depend on U they will
often contain p in a non-trivial way. This means Proposition gives a functional
equation for p rather than a straight up formula. An exception to this is Whenevelﬁ and

4One should keep in mind that most of our formulas so far have required k > 2, however using the
technique in Remark k =1 to transform a k = 1 model to a £k = 2 model with trivial interaction
still leads to a straightforward formula for p.
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U is a polynomial. In this situation R will be 0 and ¢/ will only depend on p through its
moments.

This dependence is resolvable using Proposition or the approach discussed in
Section [4.3.2] Then this proposition produces a formula for p, as seen in [22].

Also in more complicated models, such as the multi-trace models in [39], there are
techniques to solve for, or at least approximate, p using Proposition [3.4.9

At this point we have established an equation for p that, at least in practice, will
allow us to uniquely determine p given ¥. That leaves us with the question of finding
¥ = Ul_,[a;,b;]. This process is even more dependent on the specifics of the particular
model but the general idea is that for only one choice of r,{a;,b;} the corresponding p
will be a probability density.

While the specifics are very model dependent, there are some general principles.

Proposition 3.4.10. The support ¥ = U]_,[a;, b;] is such that
/ U'(y) Sy — { 0,0<n<r
> \/§+<y> f_l:;T’ n=r,
- L{’(y) +i > pr E
vy [Vs(2)], s | = Tk

Proof. We have established in Equation [3.8] that we can find G as the Cauchy transform
of the function \%—5, defined on Y. That equation implies that
+

and

kAR [ UG dy
O o E W=

Moreover, for the Cauchy transform itself we know, using the geometric series for ﬁ,
that
1 < uf
Glz)=—— 5 Hn_

271 zntl
n=0

for z large enough, where 2 is the n-th moment of p.

So we get
ik”ﬁ(z)/ Uy 0 1,
ﬁﬂ§ ntl E\/g+(y>y dy—§zn+1“n'

The right-hand side has only negative powers of z, while the left-hand side can have
positive powers.

Define a, by a, = Za_l:rfz \%ﬁi)ynﬂ dy for n > 1. Also define b, by /s(z) =

> byz7". Then the above equation becomes the infinite system

Za b . 0 n <0
mUn—m — /MELLl n21

m
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for all n € Z, where the sum is over those integers for which both a,, and b,_,, are
defined.
This system of equations reads

0=0,
&1b,T = O,
a1b_p 1 + azb_, 4o =0,

alb_l + ...+ CLTb_T == 0,
a1b0 + ...+ a'r—i—lb—r = ,LLOE = 17
arby + ...+ @byt + appob, = pf,

This implies that ay,...,a, =0 and a,; = 1 since b_,. = 1 by Lemma [3.4.5 We further
get

Z Artibri(ni) = Mf—l'
i=1
Translating back, we obtain

ik Uly) _{O7n<r

B_ﬂ- E\/§+(y)y 1,n=nr.
and ) "
ﬁ U'(y i g ) _ B
B ; </Z \/§+(y)y Y [\/§<Z>]r*(n*i) P
as desired. .

This proposition gives us r + 1 conditions on the 2r unknowns {a;,b;} and no in-
formation about r itself. There are further general conditions, called gap conditions,
corresponding to the fact that not only is W constant on each interval (which is all we
have used so far), it is the same constant on each interval. This gives us a further r — 1
equations, one for each gap, for a total of 2r equations. So, provided all these equations
are independent (they turn out to be in practice) this will give us enough information to
determine the support given r.

The last task is then to determine 7, the number of intervals (or cuts in the literature)
that make up . This can be determined by the condition that p > 0 and ¥ = {z | p(x) >
0}.

These gap conditions are once again dependent on p, leading to an even more com-
plicated set of simultaneous equations for p, a;, b; when combined with Proposition [3.4.9]
We will only be dealing with the » = 1 case, in which case r + 1 = 2r, or the r = 2
symmetric case, where one of the three moment conditions is trivial due to the symmetry
but the other two moment conditions determine the two unknowns.



Chapter 4

Fuzzy Geometries with a Fermion

This chapter will cover the definition and, at least partial, solution of a very simple toy
model of quantum gravity for which the techniques from Chapter [3| are applicable. As
discussed in Section in a spectral triple

(A, H,D)

the metric information is contained in the Dirac operator D. So a path integral over
possible geometries corresponds to a path integral over the space of Dirac operators. A
spectral triple with a random Dirac operator, in this case given by a path integral, is
called a Dirac ensemble.

With this in mind we consider the class of fuzzy geometries, defined in Section
where the space of Dirac operators is a finite dimensional space parametrized by a finite
set of Hermitian matrices. This makes the space of Dirac operators finite dimensional
so that integration over it is well-defined. More precisely, we will consider the simplest
such fuzzy geometry where the space of Dirac operators is parametrized by a single
Hermitian matrix. That means that the corresponding Dirac ensemble in fact becomes
a single-matrix, but multi-trace, random matrix model.

This random fuzzy geometry has already been studied analytically in [39] and more
complex fuzzy geometries have been studied numerically [5 [7, 32, 28]. Both the sim-
plest Dirac ensembles as well as the more complex ones are found to exhibit interesting
behaviour, some of which we will discuss in Section when we compare it to the be-
haviour of our new ensemble. Currently these models are all based entirely around a
bosonic action, incorporating only the Dirac operator D.

Our goal in this project is to add a fermionic action as well. In the formulation of
the standard model within noncommutative geometry [I3] [10, 3] the state of the system
is contained in both D, containing the metric and gauge fields, and in a vector ¢ € H,
containing the fermionic fields. The action of such a configuration is then given by both
a bosonic and fermionic part,

S(D,¢) = Te(f(D)) + (¢, DY),

or slight variations on this combination.
While incorporating the fermionic action (1, D) we find we need massive fermions
and therefore need to move from fuzzy geometries to almost fuzzy geometries. The term

83
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almost fuzzy geometry is meant in similarity to the almost commutative spectral triples
usually used in the formulation of the standard model in noncommutative geometry. So
we want to consider spectral triples of the form

(Afuzzy> Hfuzzz,n Dfuzzy) & (Afinit67 Hfinitea Dfim'te)-

Such almost fuzzy geometries are also studied in [55] 54, 4], where they are called
Yang-Mills-Higgs fuzzy geometries. This is justified since even for purely bosonid'] ac-
tions they already show terms very reminiscent of the Yang-Mills action and the Higgs
mechanism. This is a further motivation for us to consider such almost fuzzy geometries.

In Section we will define the basic concepts that enter in to the discussion of
our Dirac ensemble. In Section we will specialize to the ensemble of interest and
compute the corresponding random matrix model. We will also show this model satisfies
the assumptions required for the tools from Chapter |3l The computations for finding the
spectral density of our Dirac ensemble, based on the general principles of Section
are gathered in Section [4.3] Finally in Section we discuss the effects of the fermionic
sector based on the results of the preceding computations.

4.1 Almost fuzzy geometries, the fermionic action and
Dirac ensembles

The terminology fuzzy geometry in the sense we will use it was introduced by Barrett in
[4]. They are a particularly simple class of spectral triples. Examples of fuzzy geometries
include the famous fuzzy sphere [48, 19, [3T] and the fuzzy torus [6] [45] [46].

Definition 4.1.1. A fuzzy geometry of signature (p,q), or (p,q) fuzzy geometry, is a
spectral triple

(My(C),V ® My(C), D; J,T)

where V' is a (p, q) spinor space with charge conjugation Jy and, if p+ q is even grading
[y. The inner product for the Hilbert space My (C) is the Hilbert-Schmidt inner product,
and the inner product on V& My (C) is the induced tensor product inner product.

The real structure for the fuzzy geometry J is given by J(v ® A) = Jy(v) @ A*. If
P+ q is even the grading of the fuzzy geometry is given by I' = T'y ® 1, if p+ q is odd
the grading is omitted from the data. The Dirac operator D s any operator such that the
spectral triple has KO-dimension q — p (see Table .

The reason fuzzy geometries are interesting for our purposes is that the space of Dirac
operators for a given signature and matrix size is given by a finite set of self-adjoint Dirac
operators.

By purely bosonic we mean entirely in terms of f(D), calling this purely bosonic may obscure the
fact that this action can also include metric information. It is motivated by the appearance of gauge
fields in this term when considering inner fluctuations relative to a reference Dirac operator.
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Theorem (Barrett, [4]). The Dirac operator of a fuzzy geometry can be written

Dv® A) = nylv@KIA—i—g'a[AKI
1

In this sum I ranges over sets of the form {iy < ... <4} with1 <i; <p+q, ifq—p is
even k must be odd. By ' we mean the product of the gamma matrices appearing in I,
in order, and Ky is a self-adjoint matriz and the sign €1 is determined by (v1)* = ery’.
The sign €' is determined by the KO-dimension s = q — p of the fuzzy geometry.

This theorem is a consequence of requiring D to have the correct K O-dimension.
The most restrictive of the conditions is the order one condition (See Definition [1.1.2)).
To give an example of the proof of this theorem without needing to introduce too much
additional terminology we will prove it for the simplest case, signature (0, 1), which also
happens to be the case we are interested in.

Lemma 4.1.2. A (0,1) fuzzy geometry is of the form
(MN((C)> MN(C)v [Hv .])
for a Hermitian matriz H, and any such triple defines a (0,1) fuzzy geometry.

Proof. In the signature (0,1) the spinor space V' is C with charge conjugation given by
complex conjugation. Hence V ® My (C) = My(C) with charge conjugation simply given
by the adjoint.

Let {E;;}};,_; denote the matrix units in My(C), and write CV¥ @ CN = My(C) via
v ®@w +— |v)(w|. Under this isomorphism the left action of My (C) is given by a — a® 1
and the right action is given by b — 1 ® b*.

For any map K : CVN @ CY — CV @ CV define

1 *
TR = Z(Em @ 1)K (E;®1),

1,J
note that 7, K commutes with the left action of My (C) since

(% S (B @ DK(Ey o 1>> (Br®1) =

i,J

> (B @ VK (B ®1)8,
ihj

1
N
1 x
= N (Ejuc (%9 1)K(Ez,l ® 1)7

i

1
=% > 6B @ DK (E; 1),
i

= (B, ®1) (% S (B @ VKB, @ 1)> ,

ihj

so m, K commutes with a ® 1 by linearity. Similarly

1 x
7TRK = N Z(l & EZ,])K(]- ® Eivj)

1,]
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commutes with the right action of My (C).

Since %Z”(EZ*] ®1)(E;®1l) =1, m, K = K if K already commutes with the
left action. Again similarly for the right action and mg. By the first order condition
on D, [D,a ® 1] commutes with the right action for any a € My(C). So [D,a ® 1] =
mr([D,a®1]) = [trD,a ® 1] since a ® 1 commutes with the right action as well. That
means that for any a € My(C), [D —mgD,a ® 1] = 0, so that 7gD — D commutes with
the left action. So mp(7rD — D) = mrD — D, or in other words

D:WLD+7TRD—7TL7TRD.

A priori D = ). 5; ® T; for some S;,T; € Myn(C). Then 7, D = Zi,j,k(si>j7k1 ® T;,
so we can write 7, D = 1 ® T for some T" € My(C). Similarly 7gD = S ® 1 and
nmrD = c1®1 for some ¢ € C. This shows that D(v®@w) = S(v@w)+(v@w)T+c(vOw).

Since D should be self-adjoint, it easily follows that S = S*, T = T* and ¢ = c.
Moreover, the spectral triple should have K O-dimension 1, so JD = —D.J by Table
This implies that S = —T and ¢ = —c¢, so that Da = Ha — aH = [H, a] for a self-adjoint
matrix H.

It is a straightforward check that any self-adjoint matrix defines a valid Dirac operator
by D = [H,e|. 0

Having established what a fuzzy geometry is we turn our attention to the next concept
we need on our way to fermionic Dirac ensembles, the fermionic integral. This integral is
also commonly referred to as the Berezin integral, after Felix Berezin credited with the
invention of the concept, or Grassmann integral, since the concept is closely related to
the exterior or Grassmann algebra.

Definition 4.1.3. Let e = {e;};c; be an ordered, finite set of generators for a Grassman
algebra. The fermionic, or Berezin, integral of an element w =}, ws(Ajese;) in the
Grassmann algebra is then defined by

/ wde = wy.
Ber

In other words the integral selects the coefficient of e A... Ne, if I ={1,...,n}.

Lemma 4.1.4. If e = {e;}, [ = { [}, are two sets of generators for a finite dimen-
sional Grassman algebra related by a matriz P, i.e. ), Pjei = fj, then

/ wde:det(P)/ wdf.
Ber Ber

Proof. Tt suffices to check how the elements e; A ... Ae, and fi A... A f, are related.

n

AN ANfo= Y (Pleg) Ao A (Pre,),

i1yeyin=1

=3 (P Vo) Ao A (P e)

UES’n

= Z PrW L P (1)@ A Aey,
O'ESn
=det(P)es A ... Ney,
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where we used that any choice of indices with a repeated index is 0 by the Grassmann
algebra relations to obtain the sum over permutations. [

This definition applies to our situation of finite dimensional spectral triples by con-
sidering the coordinate functions of H to be Grassmann generators, rather than simply
real valued functions. This is very much in line with the basic idea of noncommutative
geometry, where the algebra of a spectral triple is often called the coordinate algebra.

We then interpret the inner product (3, D) featuring in the fermionic action as an
element of that Grassmann algebra. A vector ¢ can then be thought of as an element in
a Grassmann algebra by interpreting ¢ = ey + ... 1,e, for a basis {e;} and Grassman
generators {1;}. To be precise,

Definition 4.1.5. Let V be a finite dimensional vector space with ordered basis {e;}icr.
Then for a real bilinear form (e, ®) on V we define the element (v,v) of the Grassmann
algebra generated by {e;}, by

(g,€) = Z(ei, €;)EiEj.

i,5€l

For any sesquilinear form (e, e) on V we define

(£.8) =) (e, e5)7;

igel

as an element of the Grassmann algebra generated by {&;,€;}icr-
We think of these Grassmann algebras as the coordinate function algebras on the
(fermionic) Hilbert space.

Remark 4.1.6. In practice we will often fail to specify an ordered set of Grassmann
generators or a basis for the vector space from which one can be built, or more commonly
we will fail to specify only the ordering on a basis. By Lemma this leads to an
ambiguity of a non-zero scalar.

The reason for this omission on our part is that our fermionic integrals will always
appear as a factor in a probability density. So any ambiguity of a non-zero scalar is
removed by the normalization condition.

We will further be sloppy in notation by using the same symbol, usually 1, for an
arbitrary vector as well as for a set of generators of the Grassman algebra of coordinate
functions on the vector space containing the vector.

With these definitions we want to highlight the following classical results.

Lemma 4.1.7. Let V' be a vector space with real bilinear form (e, e). If {e;}l' is
an ordered basis for V and {g;}?_, the associated fermionic coordinate functions, the
fermionic integral

/ e~ 2(549) de = Pf(A)
Ber
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if A is skew-adjoint and dim (V') is even. If (e o) is a sesquilinear on V' form then

/ e~ ©Pe) dz de = det(B).
Ber

The exponential of an element of a Grassmann algebra is defined by its power series which
on a Grassmann algebra is necessarily finite.

Proof. We will prove the determinant formula, the Pfaffian case is very similar and es-

sentially done in Lemma [4.2.4
The first step is computing =5, By Definition for the form (e, Be) we have

(e, Be) ZB”E £j.

The exponential is defined by its power series,

e =3 8 (e mat,
k=0

where the sum is finite due to the Grassman relations.
For the fermionic integral we are after the coefficient of g, ...2,e1...¢,. This means
we only need to find the £ = n term in the sum which is

1y n n n
% (Z Bz‘ﬁifj) = Z (H B;, 558 gk> )
t,j=1 % ]Gn”

/‘\

k=1
(=" - _
=-—— Y I BowrwBomermm | »
w 0,7€Sy \k=1
= Z (H BkT k)EkET ) .
TESH

So the coefficient of €, ...8,61...¢, 1s

> H 1) By 1) = det(B).

TESH k=1

The (—=1)" and (—1)%**) are due to the reordering the various ¢ and # in the correct
order. O

The determinant formula is, up to some factors of 27, reminiscent of the regular
Gaussian integral which is proportional to det(B)~! instead. It is also worth mentioning
that the above integrals are independent of the choice of basis for V', as opposed to the
situation in Lemma [£.1.4] because the element e~ (¥"P¥) changes depending on the basis
as well.
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Now that we have established the necessary concepts we turn to Dirac ensembles.
In general a Dirac ensemble consists of a space of Dirac operators that complete a set
spectral triple, as well as a probability measure on that space. Since we are restricting
ourselves to fuzzy geometries we can be a bit more precise about this space of Dirac
operators and the probability measure.

Definition 4.1.8. A Dirac ensemble for a fuzzy geometry of signature (p,q) and size N
15 a probability density of the form

1

P(D) = —e5P)dD

Z
where dD is the Lebesque measure on HY = RFN? for k the number of self-adjoint
matrices required to parametrize the space of Dirac operators. The function S is called
the action and the normalization factor Z is called the partition function when considered
as a function of possible parameters (coupling constants) in the action.

As discussed in the introduction the goal of this project is to include the fermionic
action into these Dirac ensembles, so it is perhaps strange that the fermionic action
does not feature in this definition. This is due to the fact that our goal is not, yet, the
computation of fermionic observables. At the moment we are only interested in the effect
that the presence of the fermionic action has on the distribution of the Dirac operator.
The technical obstruction to considering mixed observables, at least analytically, is that
it would induce a multi-matrix model with matrices in highly asymmetric roles, those
appearing in the Dirac operator versus the matrix representing the fermionic field.

Our definition of Dirac ensembles is further motivated by the following observation.
Given some Dirac ensemble with action Sy, consider a purely metric observable A : D —
R. Then the expectation value of A for this Dirac ensemble is given, in the presence of
a fermionic action, by

(A) = l/ A(D)e —Sp(D)—= (4, DY) di dD,

_ _/ ) D)/ e~ (¥.DY) di dD,
Ber

_ 1 / ~S/D) (D) dD,

_ 1 / Je~SDIHIoB(F(D) 1.

This leads us to make the following definition.

Definition 4.1.9. Suppose ((p,q), N, Sy) defines a Dirac ensemble. Let

F(D) = /B e dy,

then the fermionic Dirac ensemble for the bosonic action S, is the Dirac ensemble with

action S(D) = Sp(D) — log(F(D)).
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So that for our purposes of only computing observables of the Dirac operator the
fermionic action can be interpreted as a change to the bosonic action. The difference with
previous models is that log(F'(D)) will be quite different from the trace of a polynomial
in D, which is the form Sy(D) usually takes.

4.2 The (0,1) fuzzy geometry with one fermion

The Dirac ensemble we will be considering is based on the (0,1) fuzzy geometryﬂ. In
Lemma we have established that these geometries are of the form

(MN(C)’ MN((C)v [Hv .]; .*)

for a self-adjoint N x N matrix H. We will consider the fermionic Dirac ensemble with
the quartic bosonic action

Sy(D) = g4 Tr(D*) 4 g, Tr(D?) (4.1)

for g4 > 0. Potentials containing higher powers of D are certainly accessible with the
tools we have but will make the computations in the following sections unnecessarily com-
plicated. The quartic Dirac ensemble already exhibits sufficiently interesting behaviour.
In particular, even without fermions, it has a spectral phase transition. One of our main
goals is to find the effect the fermionic action has on this phase transition. We will in
the following sections also occasionally restrict to the Gaussian case given by g, = 0 and
go > 0.

However, as discussed in the introduction of this chapter, the Dirac ensemble over
the (0,1) fuzzy geometry is not the model we are actually interested in. We want to
consider instead an almost fuzzy geometry over the (0,1) space. The reason for this is
the following result.

Lemma 4.2.1. Let D = [H,e| be the Dirac operator of a (0,1) fuzzy geometry. Then
the fermionic contribution

F(D) :/B e~ DY) gy = 0.

Proof. Let {e;}Y, be an orthonormal (relative to the usual CV inner product) basis of
eigenvectors for H with He; = \;e; and let E; ; be the matrix units relative to {e;}. Then

D(E; ;)er = [H, E; ;]ex,
= 0;He; — AL E ey,
= )\ifsj,kei - )\k5j,k€i,
= (A — Aj)dj k64,
= (/\Z — )\j)Ei,jek-

20One might ask why we consider the signature (0,1) geometry only and not the signature (1,0) as
well. This is because our main techniques are not available for signature (1,0), see Remark
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So the eigenvalues of D are differences of eigenvalues of H. Moreover £; ; are orthonormal
with respect to the Hilbert-Schmidt inner product so that by Lemma [4.1.7]

F(D) = /B e WP dyp = det(D) = [T\ = \) = OV (=D)N T — Ap)*.

,J i<j
[l

This means that we cannot, directly, define a probability density on the space of Dirac
operators D = Hy by the recipe for a fermionic fuzzy Dirac ensemble (Definition [4.1.9).
However, we could naively attempt to cancel the 0 in F(D) against the corresponding
0" appearing in Z. One way we can make this precise is by considering (1, (D + m)i)
as fermionic action instead and letting m tend to zero.

This trick of adding a mass m (by analogy with physics, e.g. [27, Ch. 4.1]) is
technically sufficient, but not satisfactory. In particular D + m is not a Dirac operator,
as Lemma shows that any (0, 1) Dirac operator is purely a commutator. Moreover
both the analogy with physics, where m appears with a Clifford-type matrix, as well as the
standard model in noncommutative geometry, where fermion masses are added through
the external product with a finite space, run against the grain of simply considering
D+ m.

Instead we will add the mass term by building an almost fuzzy geometry. As our
finite space we consider the spectral triple

(C,C,m;%) (4.2)
of KO-dimension 7. The external product with a (0, 1) fuzzy geometry is then given by
(My(C),My(C)®@C* D =[H, o] @01 +m®0s; 0" R J,1® 03) (4.3)

where the o; are the Pauli matrices and J(1) = (). This is a spectral triple of
KO-dimension 0, see Sections |1.1.1| and [1.1.2] for more details on external products and
K O-dimension.

Our tools are capable of handling more complicated finite spaces, and this is something
we will definitely continue to explore in the future. It is also important to note that we
treat m differently from H, while it is, essentially, a Dirac operator we consider it as
a fixed physical input to the model. It would be extremely interesting to consider m
as a random variable and let the model make predictions for the mass, but the tools
developed in Chapter |3|do not apply to the asymmetric situation of having the spectrum
of H and the variable m. However, since H and m (or a more general D ¢;,;;.) are not only
simultaneously but independently diagonalizable due to the external product structure.
We believe that, with significant extra work, the tools from Chapter |3 can be adapted to
this situation.

4.2.1 The bosonic and fermionic actions

The rest of this section will be spent on getting the Dirac ensemble to a point where the
technology developed in Chapter [3| applies. The first step in this process is to compute
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the bosonic action from Equation for our new product Dirac operator in terms of H,
i.e. translate the Dirac ensemble into random matrix model.

Lemma 4.2.2. For the Dirac operator D = D(H, m) as defined in Equation we have

Tr(D?) = 4N Tr(H?) — 4 Tr(H)? + 2N*m?

Tr(D*) = 4N Tr(H*) + 12 Tr(H?)? — 16 Tr(H) Tr(H?)

+2m® (AN Tr(H?) — 4 Tr(H)?) + 2N*m*
Proof. This is a fairly straightforward computation. We start by computing D?.
([H o] @01 +m@0y)" = [H, o> @1+ ([H,e] om) @ 0105 + (mo [H,e]) @ 0301 + m* ® 1,
=[H,e®21+m*®1,
= ([H,o]* +m*) ® 1.

To get the trace of the commutator we use the isomorphism of vector spaces CV ®
CN — My(C) given by v®@w + |v){w|. Under this isomorphism, taking the commutator
with the self-adjoint H becomes H ® 1y — 15 ® H. The subscript on 1y denotes that it
is the N x N identity matrix. Then

D’=(H®1ly—1ly®@H)?+m*) ®1,,
= (H2®1N—2H®H+1N®H2+m21]\[®1]\[)®12

from which the trace is easily obtained.
We square this again to get

D'=(H'® 1y +6H* @ H> + Iy® H —4H* ® H — 4H @ H?) ® 15
+2m® (H? @1y —2H@ H+ 1y @ H?) @ L +m'ly @ 1y ® 1o,
O

The next step is to compute the fermionic part of the action, F'(D). Since this is
related to the determinant, or Pfaffian, of D we are interested in the spectrum of D in
terms of the spectrum of the parametrizing matrix H. This will also be relevant when
we want to find the spectral density of D from the spectral density of H.

Lemma 4.2.3. The spectrum of D = D(H,m) as in Equation is

{_\/W =)t O = A e }

where {\;}I¥, is the spectrum of H.

Proof. Let {e;}¥, be a basis of orthonormal eigenvectors for H with eigenvalues {\;} ¥,
and £ ; the matrix units relative to that basis. Then

D(Ei,j ® U) = ()\z — )\j)Ei,j ® 010 + mEm- ® o920
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so in the basis {E;; ® ex} with ¢, = 1,..., N and k = 1,2 we see that D acts like a
direct sum of N? block matrices

(A — Aj) +im 0
so that it has spectrum

{ —\/(Az‘ — )%+ m?, \/(/\i — i)+ m? }_

Lemma 4.2.4. For D = D(H,m) as in Equation [4.5 we have
[ ey = 0 L= A+ ).
Ber i

[ et dy = ) () T (= 07 )
Ber

i<j

where i, run over 1,..., N.

Proof. We will prove these two statements by different means, even though both methods
work in both cases, for illustration purposes.

The first claim easily follows from the spectrum of D, Lemma [4.2.3, and Lemma [4.1.7]
which tells us this integral is the determinant of D.

The second claim we will prove from the definition of the fermionic integral. Let as
before {e;}, be an orthonormal basis of eigenvectors for H with eigenvalues {)\;} and

let {E; ;} be the matrix units relative to this basis. Further, let v; = <(1)> and vy = ((1])

be the standard basis for C? so that {E; ; ® v,} forms a basis for My (C) ® C2. To start,
by Definition [4.1.5] we wish to know the matrix elements

(J(Eij ®vq), D(Ery @ vp)) = (Eji @ Va, (A — M) Eiy @ o10p) + (Ej; ® Vg, mEg; @ 090y),
= (()‘j - )‘i><va, U1Ub> + m<Ua, Uz%)) 5j,k5i,la
= (()\] — >\z) + (—l)aim) 5j7k5i,l(1 — 5a,b)~

Let ¢ = {9 ).} be the coordinate functions corresponding to the basis {£; ; ® v,},
then

(Jv, Dip) = Z (A = As) —im) Uiy 12 + Z ) +im) Y g 2V a1
(6,3)
= Z ((Aj = M) —1m) Py a2 + Z (i = Aj) —1m) Yy 1¥,5) .25
(4.3)
= Z (A = \) = im) gy atae + Y (A = X)) = im) a2,
(4,9

_ZZ )¢('L] 1¢]Z
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where we first use the matrix elements, then swap the Grassmann generators in the
second sum, re-index the second sum, and realize for the final step that summing (i, j)
or (7,4) for i,7 =1,..., N is the same.
Further note that for (i, 7) # (k,l) the products v j) 19,2 and Vg 1¢k),2 com-
mute so that we can compute
o~ 3 (J.Dy)

using the e = e%? formula for the exponential (the exponential on the Grassmann
algebra is defined by its, necessarily finite, power series).

For each individual term in the sum we have

e*((/\j*Ai)*im)w(i,jmiﬁ(j,i)g =1 = (()\] _ )\z> _ zm) w(i,j),lw(j,i),Q

as the square of 1 ;) 1,2 is zero. Then we get for the full exponential

_1 .
e 2 IebY) = H (1= (A = A) = im) P jyatia.2)
i,J
so that

[ e ag = TLO = 2) + im) = )™ (1) 7 T (O = A2 )

1,J i<j

]

Observe that the proof of this lemma shows that the difference between the deter-
minant and the Pfaffian is really due to halving the number of generators from {EZ, i}
to {¢;}. This is possible with the real bilinear form (Ji, D)) and is unrelated to the %
appearing in the exponent. Indeed it is easy to check that removing that % simply leads
to a factor 2V” in the final answer.

But perhaps a more obvious question is why we compute the fermionic action for
both (1, D) and (Ji, D), while so far we have said that the fermionic action is given
by (¢, D). This is related to the issue of fermion doubling that happens in the almost
commutative framework for the standard model, and that also happens here for the
almost fuzzy framework. While our goal in Equation was to add one fermion to the
Dirac ensemble, the nature of the odd-odd product of spectral triples caused us to gain
two fermions (one right-handed and one left-handed).

This is similar to, although not quite the same as, the issue of fermion doubling
that was encountered when formulating the standard model of particle physics in almost
commutative noncommutative geometry. There both the base space and the finite space
have a left- and right-handed structure as well as a particle anti-particle structure, leading
to a situation with too many fermions, some of which could be called unphysical (e.g.
those that have a left-handed spin according to the base space and a right-handed spin
according to the finite space).

Multiple solutions have been offered for the fermion doubling problem. One approach
that works for the standard model but not for us is to change the finite space, see for
example [3]. Another solution is to (if applicable) restrict the fermionic integral to the



4.2. THE (0,1) FUZZY GEOMETRY WITH ONE FERMION 95

+1 eigenspace of I' and consider the fermionic action %(J@D, D1)) instead, see for example
[14].

Looking at the spectrum of D = D(H, m) in Lemma we see that the “doubling
factor” C? in the spectral triple causes a duplication of the eigenvalues. Indeed if m = 0
the spectrum of D is exactly two copies of the spectrum of [H,e] : My(C) — My(C).
This duplication of eigenvalues can be countered by considering the Pfaffian instead of
the determinant. The classical results on the fermionic integral, Lemma then show
that this can be accomplished by introducing the J in the fermionic action.

We will take the easy way out of this problem for now and leave it ambiguous which
fermionic action we pick. Instead we say that the fermionic contribution is given by

F(D) =TT (= A +m?) % (4.4)
i<j
If Bo = 2 this corresponds to the action (Ji, D) and if Sy = 4 this corresponds to
the action (¢, Dy). Note that in both cases what we call the fermionic contribution
is only proportional to the actual fermionic integral computed in Lemma The
proportionality constant is independent of H and can thus be absorbed into Z.

We choose the notation (55, and the factor %, by analogy with the Dyson exponent (3
from random matrix theory. The parameter S5 can be thought of as a coupling constant
for the fermionic action, as we will see in the following, but in the current setup can only
take even integer values (where values higher than 4 are obtained by considering a higher
dimensional finite space).

This means that our fermionic Dirac ensemble is given by the density

1
ZDz'rac
with F(D) from Equation [4.4]

exp (—ga Te(DY) — g Te(D?) + log(F(D))) .

4.2.2 The eigenvalue model for the fermionic fuzzy model

There is one final problem when transforming this into a matrix model, and eventually
eigenvalue model, for H through D = D(H). Observe that the map Hy — D is not
injective, as any scalar multiple of the identity matrix is mapped to the zero operator.
This means that the induced density on Hy will not be finite, since it is constant along
the paths t — H + t1y. Alternatively we can take a peek forward to the application of
the tools from Section and observe that U(x +t,y +t) = U(x,y). This implies that
the associated energy functional I(u) is invariant under translations of the measure. In
particular there cannot be a unique minimizer to I, as any translated measure will have
the same energy.

The resolution to this is to manually put a probability density on the fibres of Hy —
D. In our case we opt for the probability density proportional to e @™ (H )* for some a > 0,
the proportionality constant will be absorbed into the global normalization constant Z.
Since this probability density varies exclusively along the fibres of Hy — D it does not
affect the probability of finding any particular Dirac operator. But it does eliminate the
translation invariance, as shown in Lemma [4.3.4]
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It might appear that a more natural fix to this problem is to consider the subspace of
traceless self-adjoint matrices, on which the map Hy — D is an isomorphism of vector
spaces. This is equivalent to choosing the probability density do(Tr(H)) on the fibres,
which in terms of the eigenvalues of H is do(>_ A;) and as such is a degree N interaction
(borrowing terminology from Section . On the other hand, the Gaussian density we
use becomes (3" A\;)? = > \;\; which is a degree 2 interaction. The technology developed
in Chapter |3|is only equipped to deal with interactions of fixed degree, so restricting to
the traceless matrices would invalidate those tools.

With the above observations in mind, the Weyl integration formula (see Section
gives us the following eigenvalue density on R¥:

X g (AN LN +12(202)° — 16 (X A) (2 A9))

exp 5 (AN AL —4(ZA)7) —a(CA) (45)
+2 20 10g (N = X)? +m?) + 537, Tog (A — Ajl)

where g} = go + 2m?g, and the unlabelled sums are over i, in all cases i, j run from 1 to

N.
We will briefly recap where each term comes from.

e The first line is the quartic part of the quartic term in the bosonic action.

e The first term in the second line consists of the quadratic term of the action,
together with the quadratic part of the quartic term accounting for the change in
coupling constant from g to gs.

e The second term in the second line accounts for the kernel of the map Hy — D,
as discussed below Lemma [4.2.2] We use this term in Lemma but the value
of a > 0 will turn out not to affect the spectral density.

e The first logarithmic term in the third line is the fermionic action, [, is either 2
or 4. The factor (B, here justifies us calling it the fermionic coupling constant. The
observant reader might note the discrepancy in the sum including ¢ = j terms and
Equation [4.4] The difference is a scalar independent of A so this is absorbed into

Zeigen-

e The second logarithmic term in the third line is the Jacobian that we pick up in
Weyl’s integration formula. In our case g = 2 since we are working with complex
matrices, but we keep [ as a variable to more easily deal with the m = 0 case, in
which case the two logarithmic terms combine to one with coefficient %

4.3 The spectral density: computations

In this section we will first prove that the tools from Chapter [3| apply to our fuzzy
fermionic Dirac ensemble and then do the associated computations for this specific en-
semble. To do this we first need to give the function U defining our eigenvalue model
and then verify that this function U satisfies the three parts of Assumption [3.1}
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Comparing the form of the eigenvalue model in Equation and the eigenvalue
density for our fuzzy fermionic Dirac ensemble in Equation [4.5] we see that the degree of
our interaction is kK = 2 and that we should define the potential function U, for m # 0,
by

Ulz,y) = g4 (2(z* + y*) + 122%y* — 8(2%y + x?))

4.6
+3b (2(x% + y?) — day) + axy — % log ((z —y)? + m?). (4.6)

For m = 0 we define U by this formula without the logarithmic term.
Recall from Section [3.2] that to this U we associate an energy functional

I(pr, p2) = | Wz, y) dpa () dpa(y)

R2
with 5
where 3 is replaced by §+ (5 if m = 0. This is the main reason we keep track of § and (3,
throughout all computations, it makes it easy to get m = 0 results without extra work.
It is also interesting to keep track of them as they function like coupling constants for

the strength of the native eigenvalue repulsion and the fermionic action allowing us to
artificially play with the “strength” of the fermionic action.

4.3.1 Check of the assumptions

We will establish the three parts of Assumption for this function U, repeated here
for convenience and specialized to k = 2. U : R? — R is a continuous function such that

1. U is invariant under permutation of its arguments.

2. There is a continuous function v : R — R such that U(x,y) > u(x) for all y € R
and u(z) — 222 og(1 4+ 22) — 0o as |z| — oco.

3. There is a set of candidate measures Py C P(R) containing the minimizer of I,
such that for any probability measures i, v € Py, and any ¢ € [0, 1]

< U du+ to = )P a) >

Certainly U defined in Equation is continuous and well-defined on all of R, and is
invariant under the swap (z,y) — (y, z). To establish the second and third property the
following lemma turns out to be very useful and essential, respectively. This highlights
the importance of the a Tr(H)? term added in Section and is visualized in Figure
41l

Lemma 4.3.1. For U defined in Equation [{.6 we have
Ulx+ty+t)=U(zx,y) —ary +alx+t)(y + 1),
and the same holds for the corresponding function W, as defined in Definition |3.2.2.
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Figure 4.1: The function U(z,y) plotted over [—1,1]* for g4 = go = 0.1, m =1, By = 2.
The second part of Assumption requires U to be increasing as ||(z,y)|| — oo. As
discussed in Section[t.2.2] this is not the case if U is based only on the (combined fermionic
and bosonic) action of D since that would leave a shift invariance U(z+t,y+t) = U(x,y)
corresponding to the kernel of the map Hy — D (see Lemma. This shift invariance
can be seen in plot (a) and is broken by the a Tr(H)? term, as plot (b) shows.

Proof. The logarithmic parts of U and W are clearly invariant under this shift so we
consider U, the polynomial part of U.

Cousider the matrix
r 0
"= (0 y) ’

and D = [H, e] as operator on M(C). Then by Lemma we have

Tr(D?) = 8(2* + y*) — 4(x + y)* + 2N*m?,
= 4a% + 4y® — 8xy + 8m?,

and
Tr(D*) = 8(2* + y*) + 12(2% + 4)? — 16(x + y) (2® + 4*) + 2m? Tr(D?) + 2N?m*,
= 4ot + 4y* + 242%y? — 162y° — 1623y + 2m?* Tr(D?) + 8m*.
So
g1 Tr(D*Y) 4 g, Tr(D?) = g4 (4:1:4 + 4yt + 242%y* — 1629° — 1623y + 8m4)

+ ¢4 (42® + 4y — 8xy + 8m?) |
=2 (Upol(xv y) - amy) + 8m2(gé + g4m2)'
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Since H and H + tls clearly induce the same D, the left-hand side of this equation is
invariant under the shift (z,y) — (z + ¢,y +t) so the right-hand side must be as well.
Thus

Upol(x + tvy + t) - CL(.% + t><y + t) = Upol(xv y) —ary.

]

Remark 4.3.2. We should finally explain why the other single-matriz model that comes
up in the context of fuzzy geometries is absent from this discussion. This is the Dirac
ensemble with signature (1,0) and Dirac operator D = {H,e}. In this ensemble the
map from the Hermitian matrices to Dirac operators is injective and defines a convergent
random matriz model on Hy by itself.

The associated function U is very similar to the one we obtained for the (0,1) model,
simply change the — signs in front of the Tr(H) Tr(H?) and Tr(H)? terms to +. Because
of this similarity we get a similar plot of U as Figure[4.1d, but instead of U being constant
along lines x —y = c it is constant along lines with x +y = c. So this ensemble does not
immediately fit into the theory from Chapter |3

For signature (1,0) there is no clear way to adjust U as we did for for signature (0,1)
wn Section . This means we cannot apply the same techniques to the signature (1,0)
case blindly. It is likely that some relatively minor modification of the theory in Section
applies, but this requires further work.

Additionally there is strong numerical evidence in [20] that the spectral density for the
(1,0) is not symmetric, and thus in particular not unique. This means that the convexity
assumption will not hold for this model, even if the assumptions on the confining nature
of U, or U itself, are suitably changed.

Lemma 4.3.3. There is some R € R such that

1
=] > Zar?
u(x) ;g]fRU(x,y) Z Sz

for |x| > R.
Proof. We compute, using Lemma [4.3.1),
=inf U
u(z) = inf U(z,y),
— inf (U(0,y — ) + azy).

yeR
= inf (U(0,y) + ax(y + z)),
yeR
= az® + inf (2g4y4 + 29517 — Pa log(m? + 3?) + axy) ,
yeR 4
N 1 1o P2 2, .2 : 1 .
> ax’ + inf (941/ +20py° — 7 log(m” +y7) | + inf (gay* + axy)

Using that g4 > 0, some basic calculus shows that the third term is proportional to x5
and the second term is finite. Thus we can find some R such that for |z| > R this lower
bound is bigger than faz?. O
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Lemma 4.3.4. Any measure that minimizes the associated energy functional of the fuzzy
fermionic eigenvalue model, Equation[{.6, has mean 0.

Proof. Suppose pu is any probability measure on R and let 7, : R — R, 7(z) = = + t so
that {7, u}ier is the family of translates of p. Then

I(rfp) = | W(x,y)drp(z)dru(y),

R2

= [ W(z,y)du(z —t)du(y — 1),

-/, W(x+t,y+t)du(z)du(y),
-/, W(z,y) — azxy + a(x +t)(y + t) du(x) du(y),

= I(p) + 2au1t + at?

using Lemma and where p; is the mean of p.
This means (7, ut) is minimized when ¢ = —py, i.e. exactly when 7,4 is centered. [

Proposition 4.3.5. The function U defined in FEquation satisfies Assumption |5.1
with the set of centered probability measures of compact support as candidate measures,

Pean = {M € P(R) [ 1 = 0}-

Proof. The function U is clearly invariant under z <> y so the first property is satisfied
and Lemma |4.3.3| gives the second property.

For the third property Lemma [4.3.4] shows that a minimizer of I must have mean
zero, and the first two properties already guarantee that a minimizer must have compact
support (see the discussion below Assumption . So any minimizer lies in the set of
candidate measures.

We again split the potential U into its logarithmic and polynomial parts

Ulz,y) = Upoi(z,y) — log(m? + (z — y)?).
By Proposition we have

= / log(m® + (z = y)) d(v — p) (@) d(v = ) () = 2 / N e-mzkéuu/—\u)(k)ﬁdk >0,

To find the contribution of U,y first observe that
/2 x“yb d(v — M)(x) d<V - N)(y) = Vgl — Vally = [aVb T [allp,
R
= (Va = ta) (W6 — ),
where as usual p; denotes the k-th moment of a measure p. Using this we get
[ Ut e = )l = ) = 124002 = ) = 16501 — ) — )
R

—4gy(r1 — m1)* + a(vy — m)?
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As p, v are candidate measures we have 1y = 0 = v; and we find

[ itz v = @)l = ) = 1294002 ) 2 0.

so we are done. ]

Remark 4.3.6. Proposition[{.3.9 still holds for the Gaussian model where g, = 0, g2 > 0.
In fact the only proof that needs to be adapted slightly is the proof of Lemma[f.3.5 The
results also hold for the case m = 0.

4.3.2 Computation of the spectral density

In this section we will do the computations required to obtain systems of equations for
p and the support, being either [—a, a] or [—b, —a] U [a, ] (see the discussion at the end
of this section for why these cases are exhaustive). These systems will generally not be
exactly solvable, at least not as far as we have found, but they are sufficient for numerical
approximations that we will show in Section [4.4]

Since we established in Proposition that the eigenvalue model for our fermionic
fuzzy (0,1) Dirac ensemble satisfies the assumptions for Section we know that The-
orems [3.1], 3.2 and hold for the associated energy functional I and its equilibrium
measure 4. In particular the equilibrium measure is unique and can be found using the
tools from Section We can take the set of even measures as our space of reduced
candidate measures since U(—z, —y) = U(z,y).

To start this process we make the assumptions in Assumption SO we assume the
equilibrium measure is given by

and
supp (1) = & = U_, [a;, by).
We further know that p(—x) = p(z) and that 3 is symmetric, since we have the set of
even measures as our reduced candidate measures.
The first stage of these computations is finding U(z) and the set II such that U’'(x)
can be extended to C \ II.

Ur) = /R U, y) duP(y),
— / g4 (2(x4 +yt) + 12277 — 8(2y + xy3))
R
B
+ g4 (2(a® + y?) — day) + azy — f log ((z —y)* + m?) du”(y),
= 2g4a* + 20up1f + 12g42° i — 82° ¥ — 8wyl

B2
+ 2gh2” + 2ghuy — Aghapy — = [ log ((z —y)>+m?) du®(y),
R

5
= 20,7" + 2q00 + 12g42% 18 + 2gh2* + 2gh i — f log ((z — y)* + m?) du”(y),
b
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so that

/ — 3 24 E 4/ _@/ r—y E
U'(z) = 8gaz® + (24gapz +4gp) v — 5 S dp® (y)

which has an analytic extension
U'(2) = 8g.7° + (244l + 44, —@/Ldff 4.7
(2) = 8942" + (24gapts +495) 2 — S EEmE—— 1 (y) (4.7)
to C\II, IT = (X + im) U (X — ém). If instead m = 0 we instead get
U'(2) = 842" + (24gapy + 4g5) =

on all of C. The second moment of ¥ = p(z) dz still appears in this expression, but this
can be expressed in terms of the other functions involved through Proposition We
keep ¥’ in the expressions to simplify the notation.

Let us start with two computational lemmas that we will use throughout this section.

Lemma 4.3.7. Let vy be the clockwise racetrack of radius € around II = X £ im, then
for any function f analytic on a neighbourhood of 11 and satisfying f(Z) = f(z), we have

5 / ey gy te =it [ R (s ) sy

Proof. We simply compute this, using that only the fractional part of U’ causes singu-
larities around II,

iy \L/{;é))f@)dz—lir% %ﬁm 0wt a
o e L
_ B, A flyrim) 1 fly—im)
- 2/2( T ey im) 2 —Zm))p(y)dy’
_ Pomi fly+im) = fly—im)
o2 /2(\/5(?4+im)+\/§(y—im)>p(y)dy’
using that

DN | —

z— zEtwm 1 i 1 +im
reS,—ytim | ——————— | =7r€s,—o | 5——=—— | =res.— _ - — | =
vE\ (2 = )2 + m? O\ 22 £ 2zim "\z+2im " zz+2im

Finally, using the conjugacy property assumed for f and proved for y/s in Lemma
we get the lemma. O]

Lemma 4.3.8.
LU wik [ L ue
YT T [ Bnwetdy [«E<z>]_<n+l)

) = (2

where
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Proof. Using the same contours that were used in the proof of Proposition [3.4.9] consist-
ing of (clockwise) racetracks around ¥ and II and a (counter-clockwise) circle of large

radius applied to the function \/,((Z), which has no singularities outside of ¥ and II, we

) dy = lim Z/{’( )

g = dz,
SRERVEN(") =0 VAR ( )

= — lim dz — lim

i [0 v mznﬁé)d/

Here we used Lemma for the II contour. O

With these lemmas out of the way, we are ready to find the equation for p. By
Proposition we get that

25,00 25 ()

p(z) = 5 i p(z) + 5 i R(z)
where . )
Uz .
-2 b@(z)} -
and
1 Uz) dz

B =on | G)z—a

where 1. is a clockwise contour around H at radius €.

To find R(z) we can use Lemma with f(z) =

Rle) = %/2% <¢5(y1+ im) y + Z; - x) oY)

\/g;i(x)% <\/§(yl+im>y+i71n—x) (4.8)

and define
K&m(I, y) =

so that

L gy = 2 [ Koot

™

This gives us the following Fredholm integral equation

2f+
B

The remaining computations, p(x), the support conditions and the expression for uf
depend more explicitly on the number of intervals of the support so we do those separately
below.

plz) = / Kym(, 9)0(y) dy. (1.9)
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One interval

If ¥ = [—a,a] we get from Equation 4.7 and Lemma that

U'(z)
Vs(2)

The polynomial p appearing in the equation for p is the positive part of the Laurent

series for \%((ZZ)) that converges around infinity, which is

1 3a*1
23

z— 1 a2
= (89423 + (24gap + 4g5) = — @/ S —— dy) (— + 5
»

2 (z—y)2+m2p 2 2

p(2) = 8942" + 4gaa® + 24gapy + 45, (4.10)

where we use that the integral term of U’ is asymptotically i so that it does not contribute.
This completes the equation for p in terms of a. To complete the problem we compute
the support conditions and expression for u’ using Proposition [3.4.10}
The first condition is

a u/(x)
o V5,(2)

but this is automatically satisfied as U'(z) is odd and /s, () is even.
The normalization condition is

6_71— B a N ul(x) N
=/ Vo)

0= dx

which by Lemma means

pr wify [
2% 2

Ry (y)ply) dy — mi L/E(z) .

The term in the Laurent expansion at infinity can be computed using our work for
the polynomial p(z) above Equation but this time we are looking for the coefficient

—a

u'(z)] |

of 272 instead of the positive part, so we get
U'z) 4 E P2
= 3gqa” + (12 +2g5) @ — =
0] s
Gathering everything up we get the normalization condition
B+ Ba <1 -~ / Ry, ., (y)p() dy) = 6gaa* + (24gap3 + 4g5) @ (4.11)
b

Then we conclude the one interval analysis by relating pf’ to a and p, by Proposition

B.4.10 we have

ﬁ E _ “ U'(x)

a u/(x)
2" 7 ) V5 ()

—:1:2 T Sz ' ul(x)
x dx [\/E(z)]_ﬁ— Vo) da [v/s( )]04- a5, ()

8 25

)

2% dx [\/E(Z)L :



4.3. THE SPECTRAL DENSITY: COMPUTATIONS 105

The middle term is zero, both by symmetry of the integrand and because /s(z) has no
constant term in its Laurent expansion at infinity. Using the normalization condition,
the Laurent expansion for \/s(z) and Lemma we get

E R 2{“’(2)1
7 4

We can calculate

U'(z) N 5 4 4 g, 1, By (a® E 2
|:\/§<Z>:|_4_ 2& g4+3a 394#2 + 292 - 2 2 +/.L2 —m

by expanding

zZ—y 1 y P m? 1
— - 7 144+ 4. .. 1— — ]
(z —y)2+m? z(+z+22+ )( Z%—ﬁ+

This gives
2

(B8 + B2) (uf + %) = 5a°gs + 3a" (6gapsy’ + g5) + Ba <m2 + /_ RS, (y)p(y) dy)

or solving for p¥
5a%gs + 3a'gy — 5(B + B2)a® + fa (m2 + [5 RS ()p(y) dy)
Ho = B+ B2 — 18ags '

This expression is not terribly useful since it expresses uZ in terms of @ and p which
can also be done much easier by

a
i = [ ola) e
—a

At first glance, the first expression might be useful if m = 0. Since then it gives us
pE purely in terms of a and the coupling constants. This has the beneficial effect that
instead of searching for a pair (a, %) that is self-consistent (so p is indeed the second
moment of p) and satisfies the normalization condition we can let the computer search
for an a that satisfies the normalization condition.

However, it turns out that it is still easier to use the equation defining the second
moment even in the zero mass case. Since then we get

] /“ o \/§+<x>p(fv)dx7

= €T -
2 —a 6 + 62 Uy

2 1
S Erati / 2s(2)pl2) dz,

(ﬁ‘i‘%ﬂ}%g&o%ﬂ/ 2V/s(2)p(z) dz,
= — [zQ\/g(Z)p(z)] oy

2
B+ B
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where vg it the clockwise circle contour of radius R. This gives

E 6 4 2 E
2 6"’62 ( 2 1 (2 4 42 292>)

or, when solved for uZ,

E _ 2g4a° + goa’

= . 4.12
o B+ By — 6gsat ( )

Two intervals

We proceed similarly to the single interval case above. For the polynomial p we get, now
using Lemma |3.4.7]

p z—y
- (89423 + (24gapd + 4gh)z — = g (Z—Qp(y) dy

75 2 Gy tm
y 1+a2—|—b21 3a4+2a2b2+3b41+
22 2 4 8 26 )

So p, the positive part of this Laurent series, is
p(z) = 8gsz. (4.13)

This time the conditions from Proposition [3.4.10[that are not automatic by symmetry
are the order zero condition and the order two, or normalization, condition.

_ [ U()
0= Y \/§+(x)
pr _ [ U'(x)

2 B % \/§+ (:L')
Using again Lemma the order zero condition becomes

0= f /E RS, ,.(y)p(y) dy + 2 LZ//{/;(ZZ))] B

dx,

2% dx.

The Laurent coefficient can be read off again from the computation for p(z) and gives

0= 0, / RY .. (y)p(y) dy + 8g(a® + b°) + (48gapts + 84h).
>

The normalization condition is similarly given by

5= 5, /Z RS (y)p(y) dy + 2 {\L/{/g((zz})] S
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Gathering everything up again we get the conditions
0= B [ B (0)olo) dy +4g0(a2 + 1) + (2 +4g3), (1.11a)
b

B+ B (1 — / R, (y)p(y) dy) = 2g, (3a* + 2a°V? + 3b%) + (24gapf + 4gh)(a® + 7).
b
(4.14D)

We can again express p&’ in terms of a,b and p using Proposition but it turns
out we do not need to do this. Since in the two interval case p(x), and thus p, does not
depend on p we can simply compute p from a choice of a and b and then compute the
corresponding u¥ by

i = [ apla)d,

We do however for future reference compute this equation in the m = 0 case, where
we get the same simplification as for the single interval case.

E __ 2 2
/‘LQ - _6 + /82 |:Z \/g(z)p(z)}_]_?
_ 1694 3(2

= —ﬂ —?—45 (a6 —a'h? — a?* + 66) .
2

Which, rewritten slightly with future work in mind, is

E_ Y4 2 2 2 32\2
=g (a® +b%) (a® = b*)". (4.15)

Three or more intervals

For the quartic action the support of p cannot consist of three or more intervals, at least
in the m = 0 case. There are two ways to conclude this.

The first, more intuitive, explanation is that a quartic polynomial with positive leading
coefficient has at most two minima. The eigenvalue model will be in the single interval
phase if the polynomial gsz* + ¢go2? has one minimum, or when the barrier separating
the two minima is small enough compared to the eigenvalue repulsion. It will transition
to the two interval phase when the barrier separating the minima becomes too large.

The second explanation relies on counting the degrees of the various polynomials
involved in p. If the potential of D has degree 2n, U" will be degree 2n — 1. So the
degree of p will be 2n —1—7. On the other hand, the sign of /s (z) changes across each
gap between intervals, so in order for p(x) o< /s (z)p(z) to be positive we need p(z) to
change sign » — 1 times as well. So weneed 2n —1—r>7r—1,0orn > r.

For an eigenvalue model with a fermion of finite mass the same should hold, but we do
not yet have a formal proof. The intuitive explanation carries over, although we expect
the phase transition to occur for a lower barrier (so less negative g}) since the eigenvalue
repulsion caused by the fermion is relatively weaker in the presence of a mass. The more



108 CHAPTER 4. Fuzzy GEOMETRIES WITH A FERMION

precise argument fails for m small, since now p(z) o (1 — K)\/s, (z)p(x) where K is
the integral operator with kernel Ky ,,(x,y). For m large enough (depending on ¥) the
operator K will have norm less than 1, so that the degree counting argument does carry
over.

All tools we used for the quartic model can also be applied to higher degree models,
but the quartic already exhibits a phase transition and thus suffices for the goals of this
project.

4.4 Results of the spectral density

We will start this section with some general observations about Equation followed
by an analysis of the m = 0 models and then numerical results for finite mass. In
particular we find the phase transition in the m = 0 quartic Dirac ensemble using the
same techniques as in [39, 20], to verify our results.

Before we start let us gather the results from Section in one convenient spot.

Single interval problem:

2 va?— x? I6;
ple) = G (8gaz” + (4gua” + 249413 +4g5)) + EQ / Ksm(,y)p(y) dy,
2
(4.16a)
B+ B (1 - / Ry, (y)p(y) dy) = 6gaa’ + (24gapy + 4g5) a?, (4.16b)
2
py = / 2?p(x) dz, (4.16¢)
%
Two interval problem:
21/ (22 — a?)(b? — 22 I6;
pto) = 2Oy B [ bt ot (4172
B @ 5 Js
0= 52/ R%ym(y)p(y) dy + 894 (a® 4+ %) + (48gapih’ + 8g5) (4.17b)
2

B+ Bs (1 - / R, (y)p(y) dy) =294 (3a® + 2a% + 36%) + (24gaps5 + 495) (a® +b?)
b
(4.17c)

,ufz/ﬁp(x) dz, (4.17d)
s

\/§+(w)%< | | )

Vs(y+im)y +im —x

and
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Here we have also used Lemmas to evaluate /s () in the equations for p.
Next we can see that this equation is consistent with an even solution. By the

properties of /s from Lemma we get

Ky (=2, —y) = \/g;(i_x)% (\/_(—yl+ im) —y + ;m - :c) 7
O )m@() ( G )

—im)y —im—x

% 1
\/5 y—l—zm y+im—zx )’

%

1
(ﬁy—l—zm y+z’m—x>’
3‘*(

1
= Ksnm » )
\/Ey—l—zm y—Hm—x) Zn(:Y)

Moreover, if r =1 (or odd in general) p(x) and /s (z) are both even, while if » = 2 (or
even in general) both are odd, so that their product is still even.
We also note that the m = 0 case agrees with the m — 0 limit, as for m — 0 we get

1 1
lim Ky,(z,y) = lim \/EJF(QZ)% , , )
m—0+ m—0t i Vs(y+im)y +im —x

Vio) )

Vs(y +im)y +im —x

So the Ky, integral becomes %p(x) which has the effect of changing 5 to S + [5. The
functions RY.,, (y) converge to 0 as m goes to zero, since /s(y + im) converges to the
purely imaginary /s  (y) while (y +4m)" converges to y", so the support conditions also
behave nicely in the limit.

In the limit m — oo the kernel K, ,, converges to 0 while the functions Ry, converge
to 1 by the asymptotic properties of \/_ from Lemma“ So this limit appears to have
the effect of simply setting 85 = 0, however one should note that gh = g» + 2g4m? so that
the potential for H becomes infinitely confining. By Lemma this means that the
spectrum of D would become two § peaks at £m. If one instead adjusts g, such that g/
remains constant, the m — oo limit reproduces the purely bosonic f; = 0 models.
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4.4.1 The m =0 case

The zero mass case equations can be obtained from Equations [4.16] by first setting
B2 = 0 and then replacing 8 by 5 + [2. In the Gaussian case, g4 = 0, go > 0, the model
is well-known to give the Wigner semi-circle law for p [40], and this indeed follows for us
as well with the system becoming

(2) 8g2 Va? — z?
x) = ,
PO =858
B+ By = 4goa®.

This system is easily checked to indeed be normalized and has a valid solution for all
g2 > 0, so as expected there is no phase transition in the Gaussian model.
The quartic problem for m = 0 is given by

2 Var—2a?
M@—ﬁ+@
B+ B = 6gsa’ + (24gapy + 4g2) a®,
g 2040 + goa?

:U’ - I
> B+ By — 6gsat

(8gaz® + (4g4a® + 24gspd + 4g2)) ,

for the solution with ¥ = [—a, a] and

_ 2 Y@ - -2
p(m) - ﬁ+62 T

0 =8¢4 (a2 + b2) + (48g4u2E + 892) ,
B+ By = 2g4 (3a* + 2a°6% + 3b*) + (2494’ + 4go) (a® 4+ b%) ,

E 94 2 2\ (.2 2\ 2
MZ—B_'_BQ(CL—FZ))(CL v*)",
for ¥ = [—b, —a] U [a, b], using Equations for the consistency conditions on puf.

Our main goal with this section is to locate the transition between these two phases.
With this in mind let p; denote solutions to the single interval problem and p, solutions
to two interval problems. There are several ways to find this, the first is to identify
when p;(z) starts to fail to be a positive function. This is done by finding the coupling
constants for which p;(0) = 0. A second way is by solving the support conditions for
Y = [-b, —a] U [a, b] and finding for which values of the coupling constants this solution
is valid, in the sense that 0 < a < b.

This second way turns out to be the more convenient, although it is not a priori
clear that it finds the precise phase transition. We can simply check this afterwards. To
simplify notation while solving the system of support and consistency equations, let us
introduce some short hand:

8g4|$’,

T =a’+ b y=a®—b* z =k Goy = J24
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go = ge
0.4r —g2 = —8
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Figure 4.2: The spectral density of the matrix H in the model with m =0, 8 = 2, 8, = 2,
g1+ = 1 for varying values of go, here g, = —4+/2 is the phase transition for the model
with the given values for the other coupling constants.

Thus we want to solve

0= 4G4l’ -+ 24G4Z + 4G2,
1 = 2G4 (22% + 9°) + 24Gxz + 4Gz,
2z = Gury?.

This system is solvable through some straightforward algebra that we will not repeat

here, and one finds that the unique solution is given by

]_G2 1 1G2

Tiay YT TRGy TG

Returning to our actual variables, this means

1 1 1 1 1
a2:__g_2__ /B+627 62:——@—1—— 6"’527 ILQE:__@-
8gs 2 204 8gs 2 204 8 94

which is a valid solution if
g2 < —2\/5\/ 94(B + Ba). (4.18)

This suspected location for the phase transition is in agreement with the phase transi-
tion found analytically and through Monte-Carlo simulations in [20], with the observation

xTr =
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that they have 8 = 2, 8y = 0 and that their coupling constants g;; are g;;, = 2g; ¢ in
terms of our coupling constants g; . The difference in coupling constants is caused by
the dimension increase from the addition of fermions. Note that this is not in agreement
with [39] due to some minor calculation errors in loc. cit..

We can check this location for the phase transition with our first approach by verifying

that if go = —2+/2g4(8 + (), a® = @/% and pf = —ég—i solves the system for the one-
interval density p; and has p;(0) = 0. This is again a straightforward bit of algebra that

we will not repeat here. Finally observing that p;(0) is decreasing in go confirms the
location of the phase transition.

We can find the spectral density of H for any set of coupling constants (3, 52, g2, g4
if m = 0 by solving the above system. While it is possible to solve the corresponding
systems exactly the graphs in this section have been generated using numerical approxi-
mations to test the systems necessary for the m # 0 case.

Let us discuss the effect of the various coupling constants, this discussion is based
on two effects that together describe the main phenomena visible in the spectral density.
The first major coupling constant to vary is g, as go becomes negative the potential
gax* + gox? takes on the shape of a double well. The eigenvalues will tend to be found

09r -

0.8 a

0.7

05

04r

0.2

Figure 4.3: The spectral density of D in the model with m =0, 8 =2, f; =2, g4 = 1 for
varying values of go, here g, = —44/2 is the phase transition of H for the model with the
given values for the other coupling constants. The colours correspond to those in Figure

£2
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near the minima of these wells, this is not obvious since the potential for H is more
complicated than the potential for D, but the symmetric solution causes the potential
for H to be approximately quartic as well.

This effect is countered by the eigenvalue repulsion inherent in unitarily invariant
matrix ensembles. The strength of this is governed by the Dyson exponent 3, and in our
model strengthened by the fermionic action, governed by the coupling constant 85. The
eigenvalue repulsion prevents all eigenvalues from sitting at the minima of the potential.
The phase transition computed above corresponds to the balancing point where the
repulsive force between the eigenvalues becomes strong enough to push eigenvalues above
the barrier separating the wells of the g,a* + g.2? potential.

These effects can be seen in Figures and [£.5] In Figure 1.2 we vary go.
Initially, for g = 2 there is no double well and all eigenvalues are clustered around zero.
For g» = 0 we see the inaccuracy caused by the difference between the purely quartic
potential for D and the effective potential for H as there is already a hint of separation
for the eigenvalues. As g decreases the double well nature becomes more obvious until
for go < —41/2 the wells are too deep for the repulsive force.

Given the spectral density of H we can also find the spectral density of D using
Lemma [4.2.3] The spectral densities of D for various values of the coupling constants
can be found in Figure 4.3

g2=0 g = —6
0.9 1.2
0.8} 1
l
0.7} / \ 1
06" 1 08"
05"
06"
041
0.3} 1 041
02+
02+
011
0 : . : 0 : : : :
1 0.5 0 0.5 1 15 1 0.5 0 0.5 1 1.5
\—ﬁ+,89:2 B+ PG=4 B+ P=6 —.9—0-&92:8\

Figure 4.4: The spectral density of the matrix H in the model with varying S+ s, m = 0,
g4 = 1 and in the left plot go = 0 and go = —6 in the right plot. The effect of raising
B + (B is to strengthen the repulsive force in the spectrum, so it will tend to spread out
the spectral density. The phase transition in terms of 3, for the go = —6 model happens
at By = g, so when 8+ [y = % and can be seen in the right graph.

There are some observations that can be made based on Figure for the spectral
density of D. The spectral density for H generally consists of two peaks, they may
overlap almost completely (go = 2), overlap partially (go = 0,—2,—4) or be disjoint
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Figure 4.5: The spectral density of the matrix H in the model with varying g, and m = 0,
B =2, By =2, go = —8. The effect of increasing g, is, as expected, to confine the spectral
density. In this case the phase transition occurs at g4 = 2, with the connected phase for
larger values of gy.

(92 < gc). Correspondingly, the spectrum of D consists of three peaks, with the center
peak corresponding to differences of eigenvalues within one peak of H and the two outer
peaks consisting of inter- H-peak differences. These peaks also show various degrees of
overlap, from complete overlap (g2 = 2,0) to less overlap (go = —2, —4, g., —6) to three
disjoint peaks (g, = —8). It is interesting to note that these changes, which might also
warrant the name phase transition, occur at different places than the phase transition
for the spectral density of H. These “phase transitions” for D have not yet been located
analytically.

In Figure 4.4] we investigate the opposite effect where we adjust the repulsive force
rather than the depth of the wells. For go = 0 we see that strengthening the repulsive
force, increasing [ + [, spreads out the eigenvalues as expected. For go = —6 we see
that the eigenvalues are pushed apart and that for 5+ 8, = 6 this effect is strong enough
to once again overcome the barrier between the wells.

Figure 4.5 shows the effect of varying g4. As expected a stronger g, is more confining
for the eigenvalues. This confining effect can, as Equation shows, cause a phase
transition by reducing the size of the wells to the point where the repulsive force can
once again overpower the barrier.
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4.4.2 Numerical analysis for finite mass

We will now present the results of a series of numerical approximations of the spectral
densities of H and D for finite masses. Before we get to the results let us briefly describe
the process by which these results were obtained.

We use a Riemann-sum-esque approximation for our functions, we choose some res-
olution Az and consider a vector & = (x1,...,x)s) of points in ¥ separated by Az. A
function f is then replaced by the vector f = (f(z1),. .., f(za)) and the integral kernel
K, m(x,y) becomes the matrix K = (K (z;, J:]))%:l This reduces the Fredholm integral
Equation to a linear equation

248
(1 — %KAx) f=—-"-T0/p (4.19)
where ® is component-wise multiplication of vectors. The support conditions for the
single interval problem become

B+ B2 <1 - ﬁlzm : ﬁAx) = 6gsa’ + (24gapy’ + 445) a®, (4.20a)
py = (¥ © ) - pAr, (4.20b)

where - is the dot product of vectors. The conditions for the two interval problem can
be encoded similarly.

Given a choice of a (and b, in the two interval case) and p¥ a programming language
like MATLAB has little trouble computing p from Equation [1.19]as well as both sides of
the system in Equation We were unfortunately unable to reliably have the computer
find values of a, b and/or pZ that make the support conditions close to correct.

Instead we have landed on the following procedure to establish numerics, differing
slightly between the one and two interval cases. In the two interval case we have ostensibly
three parameters we need to guess, a, b and pf’. However, looking at Equation we
note that p is unaffected by u¥ so that the second moment only features in the support
conditions. Hence we can, given a choice of a and b, compute p, compute pZ and check
how far the support conditions are from being true. This gives us a two parameter search
space.

Starting from a manually estimated range for a and b we generate the graphs seen in
Figure We use two normalization conditions, one coming from the general theory
as in Equation and one corresponding to [ p(z)dz = 1 since the latter turns out
to be useful and is easily computed, and the “moment zero” condition corresponding to
Equation In the fourth graph of Figure [4.6] we see the three, approximate, contours
where each individual support condition is true. The actual values of ¢ and b for the
given coupling constants then correspond to the intersection of these contours.

These values can be read off from the graph and then manually further optimized.
The goal that turned out to be feasible in general is to get the difference between the
sides of the support conditions to be on the order of 0.01 to 0.001 while both sides of the
equations tend to be on the order of 1 to 10.

For the single interval case the procedure is very similar, but with ¢ and pf as
parameters instead of a and b. The place of the third graph in Figure is then taken
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Figure 4.6: Output of the MATLAB program used to estimate the correct values of a
and b for a particular model. The first graph shows the value of ¥(pgAx) — 1, the second
graph shows the value of the left-hand side minus the right-hand side of the normalization
condition in Equation The third graph shows the left-hand side minus the right-
hand side of the condition in Equation The red line in the first three graphs is
the contour of the surface at 0. These contours are also plotted in the fourth graph, the
correct value of (a, b) corresponds to the (approximate) intersection of the three contours.

by the self-consistency condition corresponding to p¥ = [2?p(x) dz. Since in the single
interval case pl’ affects p there is feedbac between the chosen parameter value Y and
the actual second moment of p. It is worth mentioning that in the single interval case
the two normalization conditions coincide almost perfectly in all trials.

Let us now explain the effect the mass has on the spectral densities. There are two
main effects that play a role for the spectral density of H. The first effect is the changing
of the coupling constant go to gh = go + 2g4m*. This makes the potential increasingly
confining as m increases, so that in the m — oo limit the spectral density of H becomes
point-like. The second effect is that the mass term lowers the repulsive force due to
the fermions. As m grows the eigenvalues remain confined in the same interval (really
a slightly smaller interval due to the first effect) so A\; — A; remains of the same order.
Therefore if m grows the term

Ba
- log (A — Aj)* +m?)
becomes less and less sensitive to the eigenvalues and more dominated by the mass term.
These effects and their balance can be seen in Figure For m = 0 the model is
exactly at its phase transition, as m starts to increase both effects start to play a role.
The increasing g5 shrinks the total support of the spectral density, but the reducing

eigenvalue repulsion starts out dominant and pushes the model to a two-interval phase

3This feedback can be computed given a, since changing p& changes p by adding a multiple of /s 4
We chose not to do these computations in the interest of efficiency since we could simply reuse the code
developed for the two interval case.



4.4. RESULTS OF THE SPECTRAL DENSITY 117

Density of H Density of D
0.9 0.7
0.8 0.6
0.7
1 ~N
\ / 0.5
0.6
0.5 0.4
0.4 0.3
0.3 )
' 0.2 } /- \

0.2
0.1 0-1

i ./ ) " |

-1.5 -1 -0.5 0 0.5 1 1.5 0 0.5 1 1.5 2 2.5 3

|—-m=0 m=1/2 m=1 m=3/2 —m=2|

Figure 4.7: The spectral densities of H and D for the model with g = 2, By = 2,
go = —4, g4 = % and varying masses. The spectral density is only shown for z > 0 since
it is symmetric. The irregularities in the spectral density of D are numerical artefacts.

for m = % and m = 1. As m continues to increase the effect of g}, becomes ever stronger
while the relative effect of the reduced eigenvalue repulsion becomes less, so the model
transitions back to a single interval phase. The exact point at which this occurs might
be interesting to determine, and from trial and error appears to be just below m = 1.1.

This shifting of the phase transition due to reduced eigenvalue repulsion is further
shown in Figure The phase transition would be expected at go = —4 in the massless
case, but for m = 1 the model is still in the two interval phase at go = —4. Besides
this there is very little evident impact of the mass when compared to Figures 4.2/ and
besided the shifting of the Dirac spectrum.

In Figure [1.9] we look at the effect of the mass if g} is kept constant, so g, is adjusted
with the mass. As expected the behaviour can be explained entirely by the reduction of
eigenvalue repulsion, with the spectral density shrinking into the wells of the potential,
one can also observe that the effect of the mass on the eigenvalue repulsion diminishes
quickly as m grows. If m would continue to become larger beyond m = 5 the system
would not reach a phase transition since g5 = —3 > —4 which is the location of the phase
transition for the model with go = —3, g4 = 1, f = 2 and B = 0. As m increases only
the eigenvalue repulsion due to (5 shrinks, so the base repulsion of 3 remains.

From both Figures[d.7land [1.9)the effect of the mass on the spectral density of D can be
seen. By Lemma the spectral density is only non-zero outside of [—m, m]. Outside
of that the spectral density is essentially squished as the differences of the eigenvalues of
H only shrink and the m term in y/(\; — \;)? + m? becomes dominant.
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Figure 4.8: The spectral densities for H and D for the model with m =1, 8 =2, 8, = 2,
gy = % and varying go. For the spectral density of D only the part greater than m = 1
is plotted, the density is zero on [—1, 1] and symmetric. In the massless model the phase
transition for H should occur at go = —4. The minor irregulirities in the densities of D

are numerical artefacts.
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Figure 4.9: The spectral densities of H and D for the model with =2, 5, =2, g4 =1
and ¢y = —3 for varying masses m. Note that we are keeping g, = g» + 2g4m? constant.

The spectral density of D is only shown for x > 0 since it is symmetric. The density is
0 on the interval [~m,m| by Lemma 4.2.3
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