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Zusammenfassung

In dieser Arbeit wird der Formalismus einer Lorentz-Quantengeometrie vorgestellt, basie-
rend auf dem Rahmen kausaler Fermionsysteme. Ausgehend von diesen Systemen wird
die Raumzeit als topologischer Raum mit einer kausalen Struktur eingefiihrt. Im Fall
von Spindimension zwei werden anschlieend die Begriffe und Objekte der Quantengeo-
metrie definiert: Der Spinraum, der Tangentialraum, versehen mit einer Lorentzmetrik,
sowie Zusammenhang und Kriimmung. Um die Verbindung zur klassischen Differential-
geometrie herzustellen, werden Beispiele kausaler Fermionsysteme durch Regularisierung
von Diracsee-Konfigurationen im Minkowskiraum und auf global-hyperbolischen Man-
nigfaltigkeiten konstruiert. Nach dem Herausnehmen der Regularisierung erhélt man die
bekannten Objekte der Spingeometrie auf Lorentz-Mannigfaltigkeiten, bis auf Korrektu-
ren hoherer Ordnung in der Kriimmung.

Abstract

In this thesis, a formulation of a Lorentzian quantum geometry based on the framework of
causal fermion systems is proposed. After giving the general definition of causal fermion
systems, we deduce space-time as a topological space with an underlying causal structure.
Restricting attention to systems of spin dimension two, we derive the objects of our
quantum geometry: the spin space, the tangent space endowed with a Lorentzian metric,
connection and curvature. In order to get the correspondence to classical differential
geometry, we construct examples of causal fermion systems by regularizing Dirac sea
configurations in Minkowski space and on a globally hyperbolic Lorentzian manifold.
When removing the regularization, the objects of our quantum geometry reduce to the
common objects of spin geometry on Lorentzian manifolds, up to higher order curvature
corrections.
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1. Introduction

“Ich komme immer mehr zu der Uberzeugung, dass die Nothwendigkeit un-
serer Geometrie nicht bewiesen werden kann, wenigstens nicht vom menschli-
chen Verstande noch fiir den menschlichen Verstand. Vielleicht kommen wir
in einem anderen Leben zu anderen Finsichten in das Wesen des Raums, die
uns jetzt unerreichbar sind. Bis dahin miisste man die Geometrie nicht mit
der Arithmetik, die rein a priori steht, sondern etwa mit der Mechanik in
gleichen Rang setzen.”

C. F. GAuss, Letter to H. W. M. Olbers, April 28, 1817

Geometry is a subject that has been challenging the human mind for more than 5000
yeard]] Already the ancient Egyptians had a practically inspired geometric knowledge
which they made use of in architecture and astronomy. It were the ancient Greeks then
who established geometry as an abstract mathematical discipline. Euclid’s book “El-
ements”, written approximately 300 BC, provided a completely axiomatic account to
the geometric knowledge of his time, starting from the famous five Euclidean postulates;
thereby it is one of the foundations of mathematical reasoning per se. Despite the abstract
character of the description, the Greeks indeed were convinced that Euclidean geometry
described reality, i.e. the space surrounding them. For the next fundamental progress in
the evolution of geometry, it took almost two millenia: In the 17th century, Descartes
introduced coordinates into the geometric language, making it possible to translate ge-
ometric problems into equations and often to solve them by mere computation. Along
with the development of the infinitesimal calculus by Leibniz and Newton, the stage was
also set for a major progress in physics, namely the development of classical mechanics by
Newton. This theory describes the gravitational interactions taking place in our universe
in terms of a model based on the Euclidean space.

Soon after Euclid wrote the “Elements”, mathematicians began to wonder whether
his fifth postulate, the parallel postulate, is really necessary. For a long time, it was
supposed that the parallel postulate could be deduced as a theorem from the other pos-
tulates, but nobody was able to prove this conjecture. At the beginning of the 19th
century, Gauss was among the first to discover that the parallel postulate is logically
independent from the other postulates, and that so-called non-Euclidean geometries ex-
ist which fulfill the first four Euclidean postulates but not the fifth one (cf. [33] pp.
214ff]). Even more, Gauss was wondering whether the physical space is in fact Euclidean
or non-Euclidean; the citation at the beginning of the present introduction can be un-
derstood in this context. Some decades later, Riemann and others developed methods

see [29] for a very comprehensible introduction to the history of geometry
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which nowadays are known as Riemannian geometry and which allowed for the explicit
construction of non-Euclidean geometries. The question about the nature of physical
space was then answered (at least on the cosmological scale) by Einstein. Convinced
of the principle that Maxwell’s laws of electrodynamics should be valid in any inertial
system, he realized that the physical concepts of space and time have to be treated in a
unified way. In 1905, he published the theory of special relativity where space and time
are combined to space-time, described by a four-dimensional pseudo-Euclidean space
commonly known as Minkowski space. During the next ten years Einstein extended his
theory to the theory of general relativity: Guided by ingenious physical insight and using
Riemann’s mathematical language, he discovered that the curvature of space-time is the
source for gravitational interactions. In modern mathematical terms, on the cosmologi-
cal scale space-time is a four-dimensional Lorentzian manifold and the relation between
curvature and the energy-momentum contained in the space-time is given by the Einstein
equations.

Shortly after Einstein developed his theory of general relativity, yet another revolu-
tion took place in physics. In the 1920s, Heisenberg, Schrodinger and others developed
quantum mechanics as a new theory describing physics on the atomic scale. It gave an
explanation for phenomena such as the energy quantization in atomic spectra and the
wave-particle dualism as observed in double-slit experiments. The new theory was also
accompanied by new physical principles such as the uncertainty principle and the prob-
abilistic interpretation of the measurement process. Quantum mechanics was originally
formulated on an Euclidean background, but soon Dirac gave a generalization of the
theory which implemented Einstein’s theory of special relativity. The next step, namely
extending the principles of quantum mechanics to electromagnetic interactions, faced se-
vere difficulties, as the quantization of the Maxwell equations led to divergencies in the
resulting expressions. Not before the late 1940s, Dyson, Feynman, Schwinger, Tomonaga
and others achieved to provide a satisfactory formulation of quantum electrodynamics.
They handled the divergencies by the procedure of renormalization, i.e. divergencies
are first regularized and then absorbed into physical constants. The practical success of
quantum electrodynamics was striking and the predicted quantities, e.g. for the anoma-
lous magnetic moment of the electron or for the Lamb shift of the hydrogen atom, were
confirmed in many experiments to a high precision. The concept of renormalization how-
ever was controversially discussed because “sensible mathematics involves neglecting a
quantity when it is small not neglecting it just because it is infinitely great and you do
not want it”, as Dirac said. Nevertheless, until today it is the best theory available and
the quantum field theoretic methods have been extended to obtain appropriate models
for the strong and weak nuclear forces. All these quantum field theories are formulated
in Minkowski space and are in agreement with Einstein’s principle of special relativity.

A fundamental open question in physics is how to combine the principles of quantum
mechanics and general relativity. Such a quantum theory of gravity is necessary in order
to describe physics on the Planck scale, where the Compton wavelength of a particle is
comparable to its Schwarzschild radius. Physics near the Big Bang singularity for exam-
ple cannot be described within the present physical models. Moreover, it is also expected
that a unified theory should cure the problem of divergencies in quantum field theory and



should not have to rely on conceptually controversial procedures such as renormalization.
The naive attempt to consider gravity as a classical field theory and then quantize it fails
because the resulting quantum field theory leads to singularities that can not even be
treated with the renormalization procedure. Therefore, in the last decades several at-
tempts were made to develop a model that implements quantum field theory on scales
of small gravitational energy and small (i.e. atomic or subatomic) distances as well as
general relativity on scales of high gravitational energy and large (i.e. cosmological) dis-
tances (see [22] for a recent overview on some of these approaches). In addition, the
new theory should allow for a description of physics on scales of high gravitational en-
ergy and small distances. A natural question is whether the continuum structure of a
Lorentzian manifold is still an appropriate model of space-time on the Planck scale, or
whether different mathematical structures have to be found that are more reasonable.
String theory as the most prominent approach (see e.g. [4]) maintains the continuum
structure of space-time, but describes matter by one-dimensional extended “strings” in-
stead of point particles. Nevertheless, string theory has interesting implications on the
geometry of space-time, e.g. it predicts additional spatial dimensions which have to be
compactified. Loop quantum gravity as another important approach starts from the ini-
tial value formulation of general relativity and, by using special variables (the Ashtekar
variables) and quantizing a non-canonical algebra of classical observables, comes to the
prediction that space-time on the Planck scale is a discrete “spin network” (see e.g. [34]).
Maybe the mathematically most advanced approach is Connes’ non-commutative geom-
etry (see [§]), where the geometry is encoded in the spectral triple (A, D, H) consisting
of an algebra A of operators on the Hilbert space H and a generalized Dirac operator D.
The correspondence to Lorentzian manifolds is obtained by choosing the algebra as the
commutative algebra of functions on the manifold, and D as the classical Dirac operator,
giving back the setting of spin geometry. By choosing A as a non-commutative algebra,
one can describe much more general geometric spaces. It is fair to say that all these
approaches suggest that our common concept of space and time should be modified in
one way or another on the Planck scale to obtain a proper framework for a “quantum
geometry”. This insight provides a big source of inspiration and also a great task for
mathematicians. Indeed, many areas of current research in mathematics — like super-
symmetry, Seiberg-Witten theory, quantum groups etc. — have their origin in the search
for a unified theory.

A recent approach on which we will focus in this work is the fermionic projector ap-
proach. It originates from the fermionic projector in the continuum which generalizes
Dirac’s concept of a sea of particles in the Minkowski space vacuum to the case where ex-
ternal fields are present. The fermionic projector approach is formulated in a very general
way via an action principle. On the most fundamental level, space-time is described by
a discrete set M, without assuming any a-priori relations between the space-time points.
Instead, these relations are generated spontaneously by the minimizer of the action prin-
ciple. It is conjectured that in a suitable limit, M with the structures induced by the
fermionic projector goes over to a Lorentzian manifold, and the fermionic projector goes
over to the fermionic projector in the continuum.

In this thesis, we will develop a mechanism how geometric structures can be induced
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by the fermionic projector. Starting from the very general framework of so-called causal
fermion systems, space-time is deduced as a topological space equipped with a volume
measure. We recall how a causal structure is induced on M, and we give general defini-
tions of geometric objects like the tangent space, spinors, connection and curvature. In
the second part, we will investigate the connection to the continuum theory. However, the
exact form of the physical fermionic projector in discrete space-time (i.e. the minimizer
of the action principle) is unknown, and there is also no experimental evidence on the
structure of space-time on the Planck scale. Moreover, it is very difficult to analyze the
limit from the discrete to the continuum structure since an appropriate formalism has
not been developed yet. Instead, we will go into the opposite direction: We will consider
regularizations of the fermionic projector in the continuum as a possible description of
the microstructure of space-time and analyze the induced geometric objects in a suitable
limit.

More specifically, the present thesis is organized as follows: In Chapter [2| we recall the
basics of the fermionic projector approach, introduce the framework of causal fermion
systems and define notions of spinors as well as a causal structure. In Chapter [3, we
proceed by constructing the objects of our Lorentzian quantum geometry: We first define
the tangent space endowed with a Minkowski metric. Then we construct a spin connection
relating spin spaces at different space-time points. Similarly, a corresponding metric
connection relates tangent spaces at different space-time points. These connections give
rise to corresponding notions of curvature. We also find a distinguished time direction and
discuss the connection to causal sets. In the following Chapters [4 and [5] we explain how
the objects of our quantum geometry correspond to the common objects of differential
geometry in Minkowski space or on a Lorentzian manifold: In Chapter [4] we construct a
class of causal fermion systems by considering a Dirac sea configuration and introducing
an ultraviolet regularization. We show that if the ultraviolet regularization is removed,
we get back the topological, causal and metric structure of Minkowski space, whereas
the connections and curvature become trivial. In Chapter [5| we consider causal fermion
systems constructed from a globally hyperbolic space-time. Removing the regularization,
we recover the topological, causal and metric structure of a Lorentzian manifold. The
spin connection and the metric connection go over to the spin connection and Levi-Civita
connection on the manifold, respectively, up to higher order curvature corrections. In
order to improve the readability of the main text, some of the technical parts of Chapter
are outsourced to the Appendices [A] and [B]

The results of Chapters have already been published in the preprint [20].
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2. Preliminaries

2.1. The Fermionic Projector Approach

Let us begin by shortly recalling some basic definitions and important results of the
fermionic projector approach (see [12] for details; for the physical movation see also [16,
18]): On the most fundamental level, space-time is described by a discrete set M. Ad-
missible quantum states of particles contained in the space-time are described by a finite-
dimensional complex vector space H equipped with an indefinite inner product <.,.>.
Moreover, one is given a family of space-time projectors (E,)zen, where each E, : H — H
is a projector (i.e. a symmetric and idempotent linear operator) of rank (n,n), and the
family is orthogonal and complete,

E,BEy=06,yE, and > E,=1y.

zeM

We refer to the tuple (H, <.,.>,(E,)zcnm) as a discrete space-time. The quantum states
of a discrete space-time that are occupied by particles are given by the image of the
fermionic projector P, a projector P : H — H whose image P(H) C H is a negative
definite subspace of dimension f. We refer to the tuple (H, <.,.>,(FE;)zem, P) as a
fermion system in discrete space-time. The free parameters of the fermion system are
the spin dimension n, the number of space-time points m and the number of particles f.

Using the space-time projectors, one can localize the states of the system as well as
the fermionic projector,

U(zx):=E,V € E,(H), P(z,y) == E,PE,: E,(H) = E,(H).
The dynamics of a physical system is described by the action principle

S[P]= Y L(Ay) — min (2.1)

x,yeM

at fixed values of the parameters m, n and f. Here, the Lagrangian L is a positive function
depending on the eigenvalues \7Y, ..., A5 of the closed chain A,, := P(x,y)P(y,x),

2n N 1 2n N 2
L(Agy) =Y |NY* - 5 (Z |Ajyy> .
=1 i=1

It is shown in [14] that the action (2.1)) attains its minimum under general assumptions.
Moreover, the symmetry of a discrete space-time under the permutation of space-time
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points is broken by a minimizer of the action principle. Namely, one defines an outer
symmetry group of a fermion system in discrete space-time as a subgroup O of the
symmetry group S,,, such that for any ¢ € O there exists a unitary transformation
U € U(H) with

UE,U" = Ey) for all z € M and UPU*=P.

Then under the physically reasonable assumption n < f < m, no fermion system in
discrete space-time can have the maximal outer symmetry group S, (see [13]). This result
implies that a minimizer of the action principle induces non-trivial relations between the
space-time points of M.

The fermionic projector approach can be reformulated in terms of local correlation
matrices. Choosing an pseudo-orthonormal basis Wy, ..., U, of the image of P, the local
correlation matrix F'(x) at the space-time point x € M is defined by

(F@)ig)! = ( <, B,¥> )] _ eCP;
it is a Hermitian f x f-matrix and has at most n positive and at most n negative
eigenvalues. The local correlation matrices describe correlations between the localized
particle wave-functions. One easily verifies that the non-trivial eigenvalues of the matrix
product F'(z)F(y) and of the closed chain A,, coincide. Thus, one is led to consider the
variational principle
S[F]= Y L(F(z)F(y)) — min. (2.2)
r,yeM
Here, one varies in the class of mappings F': M — &, where F denotes the set of Hermi-
tian f x f-matrices having at most n positive and at most n negative eigenvalues. Indeed,
it is shown in [I7, Section 3] that the action principles and are equivalent and
that one can reconstruct the fermionic projector from its set of local correlaction matri-
ces. Actually, in [I7] the more general setting of causal variational principles on measure
spaces is discussed. One considers space-time as a measure space (M, u) of finite volume.
The sums in the action are to be replaced by integrals with respect to p, i.e. the
causal variational principle is given by

SIF)= [ LUP@F ) duta)duty) —> min. 23)

where the mappings F' : M — JF are assumed to be measureable. The case of fermion
systems in discrete space-time is obtained by choosing M a discrete set and p a sum of
Dirac measures supported at the respective space-time points. In this more general set-
ting, existence results for minimizers of the action principle can be proven very elegantly
using methods from functional analysis (see [I7, Sections 1 and 2]).

2.2. The General Framework of Causal Fermion Systems

In this section we will recall the setting of causal fermion systems as introduced in [21],
Section 1].



2.2. The General Framework of Causal Fermion Systems

Definition 2.2.1. Given a complex Hilbert space (I, (.|.)5c) (the particle space) and a
parameter n € N (the spin dimension), we let F C L(H) be the set of all self-adjoint
operators on H of finite rank, which (counting with multiplicities) have at most n positive
and at most n negative eigenvalues. On F we are given a positive measure p (defined on
a o-algebra of subsets of F), the so-called universal measure. We refer to (3, F, p) as a
causal fermion system in the particle representation.

On F we consider the topology induced by the operator norm
| Al := sup{|| Au||sc with ||u|sc =1} . (2.4)

A vector b € H has the interpretation as an occupied fermionic state of our system.
The name “universal measure” is motivated by the fact that p describes a space-time
“universe”. More precisely, we define space-time M as the support of the universal
measure, M := suppp; it is a closed subset of F. The induced measure p := p|y
on M allows us to compute the volume of regions of the space-time. By considering the
spectral properties of the operator products zy, we get relations between the space-time
points x,y € M. The first relation is a notion of causality, which also motivates the name
“causal” fermion system.

Definition 2.2.2. (causal structure) For any x,y € F, the product xy is an operator
of rank at most 2n. We denote its non-trivial eigenvalues (counting with algebraic mul-
tiplicities) by A{Y,..., A5, The points  and y are called timelike separated if the A7
are all real. They are said to be spacelike separated if the )\;y are complex and all have
the same absolute value. In all other cases, the points x and y are said to be lightlike
separated.

This definition is symmetric in x and y, since a straightforward calculation shows that
the non-trivial eigenvalues of xy and yx coincide. Restricting the causal structure of J
to M, we get causal relations in space-time.

Let us put the above definitions into the context of the previous work sketched in
Section To this end, it is useful to introduce the inclusion map F': M — F. Slightly
changing our point of view, we can now take the space-time (M, ) and the mapping F' :
M — F as the starting point. Identifying M with F(M) C F and constructing the
measure p on F as the push-forward,

p=Fup: Qe p(Q) = p(FH(Q)), (2.5)

we get back to the setting of Definition If we assume that J{ is finite dimensional
and that the total volume p(M) is finite, we recover the framework of causal variational
principles. Therefore, Definition is compatible with previous work, but it is slightly
more general in that we allow for an infinite number of particles and an infinite space-
time volume. These generalizations are useful for describing the infinite volume limit of
the systems analyzed in [I7, Section 2].
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2.3. The Spin Space and the Euclidean Operator

For every x € F we define the spin space S, by
Sy = z(H); (2.6)

it is a subspace of J of dimension at most 2n. On S, we introduce the spin scalar product
<.|.>4 by
<ul|v>=, = —(ulzv)y (for all u,v € S;); (2.7)

it is an indefinite inner product of signature (p,q) with p,q < n. A wave function 1
is defined as a p-measurable function which to every x € M associates a vector of the
corresponding spin space,

Y M—H  with ¢x)eS, forallze M. (2.8)

Thus the number of components of the wave functions at the space-time point x is given
by p + q. Having four-component Dirac spinors in mind, we are led to the case of spin
dimension two. Moreover, we impose that S, has maximal rank.

Definition 2.3.1. Let (H, F, p) be a fermion system of spin dimension two. A space-time
point x € M is called regular if S, has dimension four.

We remark that for points which are not regular, one could extend the spin space to a
four-dimensional vector space (see [I7, Section 3.3| for a similar construction). However,
the construction of the spin connection in Section only works for regular points. With
this in mind, it seems preferable to always restrict attention to regular points.

For a regular point z, the operator (—z) on H has two positive and two negative
eigenvalues. We denote its positive and negative spectral subspaces by S} and S,
respectively. In view of , these subspaces are also orthogonal with respect to the
spin scalar product,

S.=Sa5S; .

We introduce the Fuclidean operator €, by
¢, =-S5 —85,.

It is obviously invariant on the subspaces SZE. It is useful because it allows us to recover
the scalar product of H from the spin scalar product,

<u7 U>9{|Sx><5'x = -<U|QE$U>—$ . (29)

Often, the precise eigenvalues of x and €&, will not be relevant; we only need to be
concerned about their signs. To this end, we introduce the Fuclidean sign operator s, as
a symmetric operator on S, whose eigenspaces corresponding to the eigenvalues +1 are
the spaces S and S, respectively.
In order to relate two space-time points x,y € M we define the kernel of the fermionic
operator P(x,y) by
P(x,y) =7,y : Sy — Sz, (2.10)



2.4. The Connection to Dirac Spinors

where 7, is the orthogonal projection onto the subspace S, C H. The calculation

=<P(x,y)(y) [ (x)=2 = (T2 y ¥(y)) | 7 (2)) 5
= —W(y) |yz d(z))s = <v(y) | Py, z) ()=,

shows that this kernel is symmetric in the sense that

P(z,y)" = P(y,z),

where the star denotes the adjoint with respect to the spin scalar product. The closed
chain is defined as the product

Ayy=P(z,y) P(y,x) : Sy = S, (2.11)
It is obviously symmetric with respect to the spin scalar product,
ALy = Ay (2.12)

Moreover, as it is an endomorphism of S,, we can compute its eigenvalues. The calcula-
tion A,, = (m,y)(myx) = 7, yx shows that these eigenvalues coincide precisely with the
non-trivial eigenvalues A\i¥, ..., A\j¥ of the operator zy as considered in Definition [2.2.2]
In this way, the kernel of the fermionic operator encodes the causal structure of M. Con-
sidering the closed chain has the advantage that instead of working in the high- or even
infinite-dimensional Hilbert space JH, it suffices to consider a symmetric operator on the
four-dimensional vector space S,. Then the appearance of complex eigenvalues in Defini-
tion can be understood from the fact that the spectrum of symmetric operators in

indefinite inner product spaces need not be real, as complex conjugate pairs may appear
(for details see [25]).

2.4. The Connection to Dirac Spinors

From the physical point of view, the appearance of indefinite inner products shows that
we are dealing with a relativistic system. In general terms, this can be understood from
the fact that the isometry group of an indefinite inner product space is non-compact,
allowing for the possibility that it may contain the Lorentz group.

More specifically, we have the context of Dirac spinors on a Lorentzian manifold (M, g)
in mind. In this case, the spinor bundle SM is a vector bundle, whose fibre (S, M, <.|.>)
is a four-dimensional complex vector space endowed with an inner product of signa-
ture (2,2). The connection to our causal fermion systems is obtained by identifying
this vector space with (S, <.|.>,) as defined by and (2.7). But clearly, in the
context of Lorentzian spin geometry one has many more structures. In particular, the
Clifford multiplication associates to every tangent vector v € T, M a symmetric linear
operator on S, M. Choosing a local frame and trivialization of the bundle, the Clifford
multiplication can also be expressed in terms of Dirac matrices 7/ (), which satisfy the
anti-communication relations

(v, 7} =24"1. (2.13)
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Furthermore, on the spinor bundle one can introduce the spinorial Levi-Civita connection
V', which induces on the tangent bundle an associated metric connection.

The goal of the present thesis is to construct objects for general causal fermion systems
which correspond to the tangent space, the spin connection and the metric connection
in Lorentzian spin geometry and generalize these notions to the setting of a “Lorentzian
quantum geometry”. The key for constructing the tangent space is to observe that T, M
can be identified with the subspace of the symmetric operators on S, M spanned by
the Dirac matrices. The problem is that the anti-commutation relations are not
sufficient to distinguish this subspace, as there are many different representations of these
anti-commutation relations. We refer to such a representation as a Clifford subspace.
Thus in order to get a connection to the setting of spin geometry, we would have to
distinguish a specific Clifford subspace. The simplest idea for constructing the spin
connection would be to use a polar decomposition of P(z,y). Thus decomposing P(x,y)
as

P(z,y) = U(z) p(z,y) Uy) ™"

with a positive operator p(x,y) and unitary operators U(z) and U(y), we would like to
introduce the spin connection as the unitary mapping

D,y=U(x)U(y)™" : S, —S,. (2.14)

The problem with this idea is that it is not clear how this spin connection should give
rise to a corresponding metric connection. Moreover, one already sees in the simple
example of a regularized Dirac sea vacuum (see Chapter 4] that in Minkowski space this
spin connection does not reduce to the trivial connection. Thus the main difficulty is
to modify such as to obtain a spin connection which induces a metric connection
and becomes trivial in Minkowski space. This difficulty is of course closely related to the
problem of distinguishing a specific Clifford subspace.

The key for resolving these problems will be to use the Fuclidean operator €, in a
specific way. In order to explain the physical significance of this operator, we point out
that, apart from the Lorentzian point of view discussed above, we can also go over to the
FEuclidean framework by considering instead of the spin scalar product the scalar product
on H. In view of the identity , the transition to the Euclidean framework can be
described by the Euclidean operator, which motivates its name. The physical picture is
that the causal fermion systems of Definition [2.2.1] involve a regularization which breaks
the Lorentz symmetry. This fact becomes apparent in the Euclidean operator, which
allows us to introduce a scalar product on spinors which violates Lorentz invariance.
The subtle point in our constructions will be to use the Euclidean sign operator s, to
distinguish certain Clifford subspaces, but in such a way that the Lorentz invariance of
the resulting objects is preserved. The connection between the Euclidean sign operator
and the regularization will become clearer in the examples of Chapters [4] and [5]

10



3. Construction of a Lorentzian
Quantum Geometry

3.1. Clifford Extensions and the Tangent Space

In this section, we will construct the tangent space at a given space-time point z € M.
Let us denote the set of symmetric linear endomorphisms of the spin space (S, <., .>5)
by Symm(S,); it is a 16-dimensional real vector space.

We want to introduce the Dirac matrices, but without specifying a particular repre-
sentation. Since we do not want to prescribe the dimension of the resulting space-time,
it is preferable to work with the maximal number of five generators (for the minimal
dimensions of Clifford representations see for example [3]). We will explain later how
the dimension can be reduced to obtain a four-dimensional tangent space fitting into the
Lorentzian framework (see Section [3.6).

Definition 3.1.1. A five-dimensional subspace K C Symm(S,) is called a Clifford
subspace if the following conditions hold:

(i) For anyu,v € K, the anti-commutator {u,v} = uwv+vu is a multiple of the identity
on Sy.

(ii) The bilinear form {.,.) on K defined by
1
5 {u,v} = (u,v) 1 for allu,v € K (3.1)

s non-degenerate.
The set of all Clifford subspaces (K, {.,.)) is denoted by T.
Our next lemma characterizes the possible signatures of Clifford subspaces.

Lemma 3.1.2. The inner product (.,.) on a Clifford subspace has either the signa-
ture (1,4) or the signature (3,2). In the first (second) case, the inner product

< Ju.>=, 0 Sy xS, —»C (3.2)

is definite (respectively indefinite) for every vector u € K with (u,u) > 0.

11



3. Construction of a Lorentzian Quantum Geometry

Proof. Taking the trace of (3.1)), one sees that the inner product on K can be extended
to all of Symm(S,) by

(,) ¢ Symm(S,) x Symm(S,) — C : (A, B) — i Tr(AB).

A direct calculation shows that this inner product has signature (8, 8) (it is convenient to
work in basis of Symm(.S,) given by the matrices (1,v%,iv°, v°9, 07%) in the usual Dirac
representation; see [6, Section 2.4]).

Since (.,.) is assumed to be non-degenerate, it has a signature (p,5 — p) with a pa-

rameter p € {0,...,5}. We choose a basis ey, ...,eq4 of K where the bilinear form is
diagonal,
{ej,ek} :2Sj 6jk 1 with S0y -y Sp—1 = 1 and Spy---y84 = —1. (33)

These basis vectors generate a Clifford algebra. Using the uniqueness results on Clifford
representations [28, Theorem 5.7], we find that in a suitable basis of S,, the operators e;
have the basis representations

1 0 0 o, 0 1
€y = Co <O _]1> , €0 = Co, (—ia 0 ) , €4 = Cy (1 0> (3.4)

with coeflicients
C(),...,Cp_le{l,—l}, Cp,...,C4€{i,—i}.

Here o € {1,2,3}, and 0 are the three Pauli matrices

L {01 s (0 —i . (10
U‘(lO"’_io 2= \o 1)

In particular, one sees that the e; are all trace-free. We next introduce the ten bilinear
operators
Oji = iejek with 1§j<k§5

Taking the trace and using that e; and e, anti-commute, one sees that the bilinear
operators are also trace-free. Furthermore, using the anti-commutation relations ,
one finds that

<Ojk, Ulm> =SSk 5j15km .
Thus the operators {1, e;,0j;} form a pseudo-orthonormal basis of Symm(.S,).

In the cases p = 0 and p = 5, the operators o;;, would span a ten-dimensional definite
subspace of Symm(S,), in contradiction to the above observation that Symm(S,) has
signature (8,8). Similarly, in the cases p = 2 and p = 4, the signature of Symm(S,)
would be equal to (7,9) and (11,5), again giving a contradiction. We conclude that the
possible signatures of K are (1,4) and (3,2).

We represent the spin scalar product in the spinor basis of with a signature
matrix S,

<=2 = (]S )ea .

12



3.1. Clifford Extensions and the Tangent Space

Let us compute S. In the case of signature (1,4), the fact that the operators e; are
symmetric gives rise to the conditions

[S,e0) =0 and {S,e;} =0 forj=1,....4. (3.5)

A short calculations yields S = Aey for A € R\ {0}. This implies that the bilinear
form <.|eg.>, is definite. Moreover, a direct calculation shows that is definite for
any vector u € K with (u,u) > 0.

In the case of signature (3,2), we obtain similar to the conditions

[S,ej] =0 forj=0,1,2 and {S,e;} =0 forj=3,4.

It follows that S = ilezey. Another direct calculation yields that the bilinear form ({3.2))
is indefinite for any u € K with (u,u) > 0. O

We shall always restrict attention to Clifford subspaces of signature (1,4). This is
motivated physically because the Clifford subspaces of signature (3,2) only have two
spatial dimensions, so that by dimensional reduction we cannot get to Lorentzian sig-
nature (1,3). Alternatively, this can be understood from the analogy to Dirac spinors,
where the inner product Eujvjqb is definite for any timelike vector u. Moreover, for the
Clifford subspaces of signature (3,2) the constructions following Definition would
not work.

From now on, we implicitly assume that all Clifford subspaces have signature (1,4).
We next show that such a Clifford subspace is uniquely determined by a two-dimensional
subspace of signature (1, 1).

Lemma 3.1.3. Assume that L C K is a two-dimensional subspace of a Clifford sub-
space K, such that that the inner product (.,.)|pxr has signature (1,1). Then for every
Clifford subspace K the following implication holds:

LcK =— K=K.

Proof. We choose a pseudo-orthonormal basis of L, which we denote by (e, e4). Since
e2 = 1, the spectrum of e is contained in the set {#-1}. The calculation eg(eg+1) = 1+
ep = £(eg = 1) shows that the corresponding invariant subspaces are indeed eigenspaces.
Moreover, as the the bilinear form <.|eg.>—, is definite, the eigenspaces are also definite.
Thus we may choose a pseudo-orthonormal eigenvector basis (fi,. .., f4) where

I 0
eozi(o —][) .

We next consider the operator e,. Using that it anti-commutes with eg, is symmetric
and that (e4)? = —1, one easily sees that it has the matrix representation

€4 = <V01 _OV) with Ve U(2) .

13



3. Construction of a Lorentzian Quantum Geometry

Thus after transforming the basis vectors f3 and f4 by

(E) — —iV (’;i) : (3.6)
. :Z.<0 11)
4 10/

Now suppose that K extends L to a Clifford subspace. We extend (€0, €4) to a pseudo-
orthonormal basis (e, . ..,e4) of K. Using that the operators ej, e5 and e3 anti-commute
with ey and ey and are symmetric, we see that each of these operators must be of the

form p
0 «
Co = (—AO‘ 0 ) (3.7)

with Hermitian 2 x 2-matrices A,. The anti-commutation relations (3.1) imply that
the A, satisfy the anti-commutation relations of the Pauli matrices

{A*, AP} =267

we can arrange that

The general representation of these relations is obtained from the Pauli matrices by
an SU(2)-transformation and possible sign flips,

A*=4+Uc*U™'  with U e€SU(2).

Since Uo®U™! = Ogaﬁ with O € SO(3), we see that the A* are linear combinations of
the Pauli matrices. Hence the subspace spanned by the matrices e, e and e3 is uniquely
determined by L. It follows that K = K. m

In the following corollary we choose a convenient matrix representation for a Clifford
subspace.

Corollary 3.1.4. For every pseudo-orthonormal basis (eg,...,e4) of a Clifford sub-
space K, we can choose a pseudo-orthonormal basis (f1,...,f1) of S,

<falfs> = Sa dap with s1=8y=1and s3 =84 =—1, (3.8)

such that the operators e; have the following matrixz representations,

1 0 0 o (0 1
eozi(o —]l)’ Co = (_0 00)7 64:Z<]L 0). (3.9)

Proof. As in the proof of Lemma [3.1.3] we can choose a pseudo-orthonormal basis
(f1,...,fs) of S, satisfying (3.8)) such that ey and e, have the desired representation.
Moreover, in this basis the operators e;, e; and e3 are of the form (3.7). Hence by the

transformation of the spin basis
f3> 1 (fg)
—-U ,
(f4 fa

f1 1 (h
(b)” (f>

we obtain the desired representation ((3.9)). m

14



3.1. Clifford Extensions and the Tangent Space

Our next step is to use the Euclidean sign operator to distinguish a specific subset of
Clifford subspaces. For later use, it is preferable to work instead of the Euclidean sign
operator with a more general class of operators defined as follows.

Definition 3.1.5. An operator v € Symm(S,) is called a sign operator if v = 1 and
if the inner product <.|v.>=, : S x S, — C is positive definite.

Clearly, the Euclidean sign operator s, is an example of a sign operator.

Since a sign operator v is symmetric with respect to the positive definite inner prod-
uct <.|v.>,, it can be diagonalized. Again using that the inner product <.|v .=, is
positive, one finds that the eigenvectors corresponding to the eigenvalues +1 and —1 are
positive and negative definite, respectively. Thus we may choose a pseudo-orthonormal
basis in which v has the matrix representation v = diag(1,1, —1, —1). Hence in this
spin basis, v is represented by the matrix 4° (in the usual Dirac representation). Thus
by adding the spatial Dirac matrices, we can extend v to a Clifford subspace. We now
form the set of all such extensions.

Definition 3.1.6. For a given sign operator v, the set of Clifford extensions TV is
defined as the set of all Clifford subspaces containing v,

T = {K Clifford subspace with v € K} .

After these preparations, we want to study how different Clifford subspaces or Clifford
extensions can be related to each other by unitary transformations. We denote the group
of unitary endomorphisms of S, by U(S,); it is isomorphic to the group U(2,2). Thus
for given K, K € T (or T%) we want to determine the unitary operators U € U(S,) such
that

K=UKU". (3.10)

Clearly, the subgroup exp(iR1) ~ U(1) is irrelevant for this problem, because in (3.10))
phase transformations drop out. For this reason, it is useful to divide out this group by
setting

G(S,) = U(S,)/ exp(iR1) . (3.11)

We refer to G as the gauge group (this name is motivated by the formulation of spinors
in curved space-time as a gauge theory; see [10]). It is a 15-dimensional non-compact Lie
group whose corresponding Lie algebra is formed of all trace-free elements of Symm(.S,,).
It is locally isomorphic to the group SU(2,2) of U(2,2)-matrices with determinant one.
However, we point out that G it is not isomorphic to SU(2,2), because the four-element
subgroup Z4 := exp(inZ1/2) C SU(2,2) is to be identified with the neutral element in G.
In other words, the groups are isomorphic only after dividing out this discrete subgroup,

Corollary 3.1.7. For any two Clifford subspaces K, K € T, there is a gauge transfor-
mation U € G such that (3.10) holds.

Proof. We choose spin bases (f,) and similarly (f,) as in Corollary and let U be
the unitary transformation describing the basis transformation. ]
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3. Construction of a Lorentzian Quantum Geometry

Next, we consider the subgroups of § which leave the sign operator v and possibly a
Clifford subspace K € J" invariant:

S, = {U € § with UvU ™! = v}

3.12
9U7K:{U€9With UvU™! = v and UKU’lzK}. ( )

We refer to these groups as the stabilizer subgroups of v and (v, K), respectively.

Lemma 3.1.8. For any Clifford extension K € TV, the stabilizer subgroups are related
by
G, = exp(iRv) x G, .

Furthermore,

Gu.x >~ (SU(2) x SU(2))/Zy ~ SO(4) ,
where the group SO(4) acts on any pseudo-orthonormal basis (v, ey, ... eq) of K by

4
e — Y Olej,  0e8S0(4). (3.13)
j=1

Proof. The elements of G, are represented by unitary operators which commute with v.
Thus choosing the spin frame from Corollary where

= (g _01> , (3.14)

every U € G, can be represented as

(Vo .
U—(O V2> with Vi e U(2).

Collecting phase factors, we can write

i eiﬁ 0 U1 0 .
U=e ( 0 i 0 U, with o, 5 € R and Uy, € SU(2) .
As the two matrices in this expression obviously commute, we obtain, after dividing out
a global phase,
G, ~ exp(iRv) x (SU(2) x SU(2))/Zs , (3.15)

where Zj is the subgroup {£1} of SU(2) x SU(2).

Let us consider the group SU(2) x SU(2) acting on the vectors of K by conjugation.
Obviously, UvU~! = v. In order to compute Ue;U !, we first apply the identity

"7 (ipl +wd) e ™ =ip 1 + ' .

Taking the determinant of both sides, one sees that the vectors (p, ), (o', ') € R*
have the same Euclidean norm. Thus the group SU(2) x SU(2) describes SO(4)-trans-
formations (3.13)). Counting dimensions, it follows that SU(2) x SU(2) is a covering
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3.1. Clifford Extensions and the Tangent Space

of SO(4). Next it is easy to verify that the only elements of SU(2) x SU(2) which
leave all #%, i = 1,...,4, invariant are multiples of the identity matrix. We conclude
that (SU(2) x SU(2))/Zy ~ SO(4) (this can be understood more abstractly from the fact
that SU(2) x SU(2) = Spin(4); see for example [23, Chapter 1]).

To summarize, the factor SU(2) x SU(2) in leaves K invariant and describes the
transformations . However, the only elements of the group exp(iRv) which leave K
invariant are multiples of the identity. This completes the proof. ]

Our method for introducing the tangent space is to form equivalence classes of Clifford
extensions. To this end, we introduce on TV the equivalence relation

K~K <= thereis U € exp(iRv) with K = UKU!. (3.16)

According to Corollary and Lemma [3.1.8 there is only one equivalence class. In
other words, for any K, K € TV there is an operator U € exp(iRv) such that holds.
However, we point out that the operator U is not unique. Indeed, for two choices U, U’,
the operator U~'U" is an element of exp(iRv) N G, x, meaning that U is unique only up
to the transformations

U—+U and U—+ivU. (3.17)
The operator U gives rise to the so-called identification map

Pk i K- K:weUwU™t. (3.18)
The freedom implies that the mapping ¢ . is defined only up to a parity trans-

formation PY which flips the sign of the orthogorfal complement of v,

@Y = PU gl with P’w = —w + 2(w,v) v . (3.19)

As the identification map preserves the inner product (.,.), the quotient space T¥/ ~ is
endowed with a Lorentzian metric. We now take v as the Fuclidean sign operator, which
seems the most natural choice.

Definition 3.1.9. The tangent space T, is defined by
T, = T% /exp(iRs,) .
It is endowed with an inner product (.,.) of signature (1,4).

We point out that, due to the freedom to perform the parity transformations (3.19)),
the tangent space has no spatial orientation. In situations when a spatial orientation is
needed, one can fix the parity by distinguishing a class of representatives.

Definition 3.1.10. A set of representatives U C T°* of the tangent space is called parity
preserving if for any two K, K € U, the corresponding identification map ??K 15 of the

form (3.18) with U = €*%% and 3 ¢ 5+mZ. Then the parity preserving identification
map is defined by (3.18]) with

U= U;;K = and € (— o~ —) : (3.20)
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3. Construction of a Lorentzian Quantum Geometry

By identifying the elements of U via the parity preserving identification maps, one can
give the tangent space a spatial orientation. In Section [3.4] we will come back to this
construction for a specific choice of U induced by the spin connection.

3.2. Synchronizing Generically Separated Sign Operators

In this section, we will show that for two given sign operators v and ¥ (again at a fixed
space-time point = € M), under generic assumptions one can distinguish unique Clifford

extensions K € T7” and K € T°. Moreover, we will construct the so-called synchronization
map U%?, which transforms these two Clifford extensions into each other.

Definition 3.2.1. Two sign operators v,v are said to be generically separated if their
commutator [v, ] has rank four.

Lemma 3.2.2. Assume that v and v are two generically separated sign operators. Then
there are unique Clifford extensions K € T° and K € T° and a unique vector p € KN K
with the following properties:

) {op}=0=1{0p) (321)
(ii) K=¢PKe (3.22)
(i)  If {v,0} is a multiple of the identity, then p = 0. (3.23)

The operator p depends continuously on v and v.

Proof. Our first step is to choose a spin frame where v and © have a simple form. Denoting
the spectral projector of v corresponding to the eigenvalue one by F, = (1 + v)/2, we
choose an orthonormal eigenvector basis (fi, f2) of the operator E,0FE,, i.e.

E(0E,|g, (s, = diag(vi, v2) with 1,15 € R.

Setting f3 = (0 — 11)f1 and f4 = (0 — 1»)f2, these vectors are clearly orthogonal to f;
and f,. They are both non-zero because otherwise the commutator [v, 7] would be singu-
lar. Moreover, being orthogonal to the eigenspace of v corresponding to the eigenvalue
one, they lie in the eigenspace of v corresponding to the eigenvalue —1, and are thus both
negative definite. Moreover, the following calculation shows that they are orthogonal,

<falfam = <(0 — v)fi|(0 — v2)fa= = <F1|(D — v1)(D — va)fa
= <f1| (L + 1o — (11 + 12)0) fo- =0,

where in the last step we used that f, and 0f, are orthogonal to f;. The image of f3 (and
similarly f,) is computed by

Ofs =00 —v)fi = (1 — 0y = —wafs + (1 —v2) f; .
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3.2. Synchronizing Generically Separated Sign Operators

We conclude that after normalizing f3 and f, by the replacement f; — §;//—=<fil fi>,
the matrix v is diagonal (3.14]), whereas v is of the form

cosh « 0 sinh v 0
o 0 cosh 3 0 —sinh 3 .
=1 _siha 0 — cosha 0 with a, 8 > 0. (3.24)
0 sinh 8 0 —cosh

In the case @ = f3, the anti-commutator {v, 0} is a multiple of the identity. Thus by
assumption (iii) we need to choose p = 0. Then K = K must be the Clifford subspace
spanned by the matrices ey, ..., e4 in (3.9).

In the remaining case a # [, a short calculation shows that any operator p which anti-
commutes with both v and ¢ is a linear combination of the matrix e, and the matrix zeges.
Since p should be an element of K, its square must be a multiple of the identity. This

leaves us with the two cases

p= % €4 or p= % lepes (3.25)

for a suitable real parameter 7. In the first case, we obtain

iPpeiP — iy lcosht  1sinhr
a ~ \—lsinh7 —Tcosht/"

A straightforward calculation yields that the anti-commutator of this matrix with v is a

multiple of the identity if and only if

cosh(aw — 7) = cosh(f8 + 7) ,

determining 7 uniquely to 7 = (a—/£)/2. In the second case in , a similar calculation
yields the condition cosh(a — 7) = cosh(f — 7), which has no solution. We conclude that
we must choose p as

_o=F

p=—p ¢ (3.26)

In order to construct the corresponding Clifford subspaces K and K, we first replace @
by the transformed operator e~?ve?. Then we are again in case a = 3 > 0, where the
unique Clifford subspace K is given by the span of the matrices eq,...,e4 in . Now
we can use the formula in (i) to define K; it follows by construction that © € K.

In order to prove continuity, we first note that the constructions in the two cases a =
and a # 3 obviously depend continuously on v and ©. Moreover, it is clear from (|3.26))
that p is continuous in the limit o« — § — 0. This concludes the proof. O]

Definition 3.2.3. For generically separated signature operators v, v, we denote the unique
Clifford extension K in Lemma as K¥® € TV and refer to it as the Clifford
extension of v synchronized with ©o. Similarly, K> € T° is the Clifford ex-
tension of v synchronized with v. Moreover, we introduce the synchronization map
Ubv = e € U(S,).

According to Lemma [3.2.2] the synchronization map satisfies the relations

Uf),v — (U”L),ﬁ)—l and Kf),('v) — U’T),UK'U,(”D)UU,@ ]
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3. Construction of a Lorentzian Quantum Geometry

3.3. The Spin Connection

For the construction of the spin connection in this section we need a stronger version of

Definition [2.2.2

Definition 3.3.1. The space-time points x,y € M are said to be properly timelike
separated if the closed chain A,y has a strictly positive spectrum and if the corresponding
etgenspaces are definite subspaces of S, .

The condition that the eigenspaces should be definite ensures that A,, is diagonalizable
(as one sees immediately by restricting A,, to the orthogonal complement of all eigenvec-
tors). Let us verify that our definition is symmetric in = and y: Suppose that A,,u = Au
with v € S, and A € R\ {0}. Then the vector w := P(y,x)u € S, is an eigenvector
of A,, again to the eigenvalue A,

Aypw=P(y,x)P(z,y) Ply,z)u = P(y,x) Apyu = AP(y,x) u = Aw . (3.27)
Moreover, the calculation

A <ulu> = <u|Ayu- = <u| P(x,y) Py, z) u>

3.28
= <P(y,x)u| Py, x)u= = <w|w> ( )

shows that w is a definite vector if and only if u is. We conclude that A,, has the same
eigenvalues as A, and again has definite eigenspaces.

According to , the condition in Definition that the spectrum of A,, should
be positive means that P(y,z) maps positive and negative definite eigenvectors of A,,
to positive and negative definite eigenvectors of A,,, respectively. This property will be
helpful in the subsequent constructions. But possibly this condition could be weakened
(for example, it seems likely that a spin connection could also be constructed in the case
that the eigenvalues of A,, are all negative). But in view of the fact that in the examples
in Chapters @ and , the eigenvalues of A,, are always positive in timelike directions, for
our purposes Definition |3.3.1] is sufficiently general.

For given space-time points x,y € M, our goal is to use the form of P(x,y) and P(y, x)
to construct the spin connection D,, € U(S,,S,;) as a unitary transformation

Duy:Sy— Sy and  Dyy=(Dyy) " = (Dyy)* : Se— 8, , (3.29)

which should have the additional property that it gives rise to an isometry of the corre-
sponding tangent spaces.

We now give the general construction of the spin connection, first in specific bases and
then in an invariant way. At the end of this section, we will list all the assumptions
and properties of the resulting spin connection (see Theorem . The corresponding
mapping of the tangent spaces will be constructed in Section [3.4]

Our first assumption is that the space-time points  and y should be properly timelike
separated (see Definition . Combining the positive definite eigenvectors of A,,,
we obtain a two-dimensional positive definite invariant subspace I, of the operator A,,.
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3.3. The Spin Connection

Similarly, there is a two-dimensional negative definite invariant subspace I_. Since A,
is symmetric, these invariant subspaces form an orthogonal decomposition, S, = I, &1 _.
We introduce the operator v,, € Symm(S,) as an operator with the property that I
and [_ are eigenspaces corresponding to the eigenvalues +1 and —1, respectively. Obvi-
ously, vy, is a sign operator (see Definition . Alternatively, it can be characterized
in a basis-independent way as follows.

Definition 3.3.2. The unique sign operator vy, € Symm(S,) which commutes with the
operator A, is referred to as the directional sign operator of A,,.

We next assume that the Fuclidean sign operator and the directional sign operator are
generically separated at both x and y (see Definition [3.2.1). Then at the point z, there

is the unique Clifford extension K, = K2 e g% of the directional sign operator
synchronized with the Euclidean sign operator (see Definition and Definition m,
where for clarity we added the base point = as a subscript). Similarly, at y we consider
the Clifford extension K, := K;}W’(sy) € 7,°°. In view of the later construction of the
metric connection (see Section , we need to impose that the spin connection should
map these Clifford extensions into each other, i.e.

Kuy = DyyKys Dy (3.30)

To clarify our notation, we point out that by the subscript ,, we always denote an object
at the point x, whereas the additional comma ,, denotes an operator which maps an
object at y to an object at x. Moreover, it is natural to demand that

Ugy = Dy Uy Dy 1 - (3.31)

We now explain the construction of the spin connection in suitably chosen bases of
the Clifford subspaces and the spin spaces. We will then verify that this construction
does not depend on the choice of the bases. At the end of this section, we will give a
basis independent characterization of the spin connection. In order to choose convenient
bases at the point z, we set ey = v,, and extend this vector to an pseudo-orthonormal
basis (eq,...,eq) of K,,. We then choose the spinor basis of Corollary . Simi-
larly, at the point y we set ey = v, and extend to a basis (eo,...,es) of K,,;, which
we again represent in the form . Since v, and vy, are sign operators, the inner
products <.|vg, .>, and <.|vy, .>, are positive definite, and thus these sign operators
even have the representation (3.14)). In the chosen matrix representations, the condi-
tion (3.31) means that D, , is block diagonal. Moreover, in view of Lemma , the
conditions imply that D, , must be of the form

. DTt

Dy, = e ( g DO_ ) with ¥, € R and DX, € SU(2) . (3.32)
x’y

Next, as observed in (3.27) and (3.28), P(y,x) maps the eigenspaces of v,, to the cor-

responding eigenspaces of v,,. Thus in our spinor bases, the kernel of the fermionic

operator has the form

P 0 P 0 . .
P(x,y)—( 0" P_>, P(%fﬁ)—( 0" p—) with P = (P,)"  (3.33)

x?y y?x
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3. Construction of a Lorentzian Quantum Geometry

with invertible 2 x 2 matrices ijy (and the star simply denotes complex conjugation and
transposition).

At this point, a polar decomposition of P;fy is helpful. Recall that any invertible 2 x 2-
matrix X can be uniquely decomposed in the form X = RV with a positive matrix R
and a unitary matrix V' € U(2) (more precisely, one sets R = v X*X and V = R7'X).
Since in (3.32)) we are working with SU(2)-matrices, it is useful to extract from V' a phase

factor. Thus we write '
Pé(x,y) = ewiyR;y V2, (3.34)

with J;, € R mod 27, R;, > 0 and V;?, € SU(2), where s € {+,—}. Comparing (3.34)
with (3.32]), the natural ansatz for the spin connection is
_ it (Vay O
Dy, =e v ( 0 v ) (3.35)

The construction so far suffers from the problem that the SU(2)-matrices V;’, in the
polar decomposition ([3.34) are determined only up to a sign, so that there still is the
freedom to perform the transformations

V;y — -V

x7y )

95, — 05, + . (3.36)

If we flip the signs of both V! and V, then the factor 22y t02) in ([3735) also flips
its sign, so that D, , remains unchanged. The relative sign of V;’ry and V-, however,
does effect the ansatz (3.35). In order to fix the relative signs, we need the following

assumption, whose significance will be clarified in Section below.

Definition 3.3.3. The space-time points x and y are said to be time-directed if the
phases U5, in (3.34) satisfy the condition

_ Zr
19;/—19 §Z7

Ty

Then we can fix the relative signs by imposing that

i, — 0y, € ( - 37” —n) U <7r, 3;) (3.37)

(this convention will become clear in Section .

We next consider the behavior under the transformations of bases. At the point z,
the pseudo-orthonormal basis (v, = €g,e€1,...,e4) of K,y is unique up to SO(4)-trans-
formations of the basis vectors e;,...,es. According to Lemma this gives rise
to a U(1) x SU(2) x SU(2)-freedom to transform the spin basis fi,...,fs (where U(1)
corresponds to a phase transformation). At the point y, we can independently perform
U(1) x SU(2) x SU(2)-transformations of the spin basis. This gives rise to the freedom
to transform the kernel of the fermionic operator by

P(z,y) —» U, P(x,y) Uy_1 and P(y,z) - U, P(y,x) Ut (3.38)

T
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3.3. The Spin Connection

where

. +
U, = e (UO UO_) with 3 € R and UF € SU(2) . (3.39)

z

The phase factors e+ shift the angles 97, and V., by the same value, so that the
difference of these angles entering Definition are not affected. The SU(2)-matrices U,
and U, on the other hand, modify the polar decomposition (3.34) by

s SY/S s\—1 s s DS s\—1
‘/‘T:y — Um vwvy (Uy) ) Rwy — U:v R:vy (Ux) :

The transformation law of the matrices V' ensures that the ansatz is indeed
independent of the choice of bases. We thus conclude that this ansatz indeed defines a
spin connection.

The result of our construction is summarized as follows.

Definition 3.3.4. Two space-time points x,y € M are said to be spin-connectable if
the following conditions hold:

(a) The points x and y are properly timelike separated (see Definition W)

(b) The directional sign operator vy, of Ay, is generically separated from the Euclidean
sign operator s, (see Definitions |5.5.2 and |3.2.1). Likewise, vy, is generically
separated from s,.

(¢) The points x and y are time-directed (see Definition[3.3.9).

The spin connection D is the set of spin-connectable pairs (x,y) together with the
corresponding maps D, ,, € U(S,, S;) which are uniquely determined by (3.35)) and (3.37),

D ={((z,y), Dyy) with x,y spin-connectable} .

We conclude this section by compiling properties of the canonical spin connection and
by characterizing it in a basis independent way. To this end, we want to rewrite (3.34))
in a way which does not refer to our particular bases. First, using and , we
obtain for the closed chain

Agy = P(z,y) Pz, y)" = ((ng)2 (R[‘) )2> : (3.40)

Ty

Taking the inverse and multiplying by P(z,y), the operators Rfy drop out,

_1 eay Vot 0
A:ryz P(:Ea y) = ( 0 Y eiﬁ;y V_> .
x7y

Except for the relative phases on the diagonal, this coincides precisely with the defini-
tion of the spin connection (3.35)). Since in our chosen bases, the operator v,, has the
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3. Construction of a Lorentzian Quantum Geometry

matrix representation ((3.14)), this relative phase can be removed by multiplying with the
operator exp(i@,,vy,), where

1 _
Pay = =5 (0}, —0s,) - (3.41)
Thus we can write the spin connection in the basis independent form
: _1
D, = e Ayp P(z,y) . (3.42)

Obviously, the value of ¢,, in (3.41)) is also determined without referring to our bases by
using the condition (3.30)). This makes it possible to reformulate our previous results in
a manifestly invariant way:.

Lemma 3.3.5. There is ¢, € R such that D,,, defined by (3.42)) satisfies the condi-

tions (3.29) and
(D) ' Ky Dyyy = Ky (3.43)

The phase ., is determined up to multiples of 5.
Thus, Definition can be rewritten in terms of ¢g,.

Definition 3.3.6. The space-time points x and y are said to be time-directed if the
phase ., in (3.42) satisfying (3.43)) is not a multiple of 7.

We then uniquely determine ¢,, by the condition
3w T 3
. -, —= - — ). 44
e (-T3)u(57) (3:44)

Theorem 3.3.7. (characterization of the spin connection) Assume that the points
x,y are spin-connectable (see Definitions|3.3.4] and|3.53.6). Then the spin connection of
Definition |3.5.4) is uniquely characterized by the following conditions:

1) Dy, 1s of the form (3.42) with @, in the range (3.44)).
Y Py

(i1) The relation (3.30) holds,
Dy Kuy Doy = Ky .

The spin connection has the properties

Dy, = (D) " = (D,,)" (3.45)
Apy = Dyy Ay Dy (3.46)
Vpy = Dy y Uy Dy s - (3.47)
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3.4. The Induced Metric Connection, Parity-Preserving Systems

Proof. The previous constructions show that the conditions (i) and (ii) give rise to a
unique unitary mapping D, , € U(S,, S;), which coincides with the spin connection of
Definition Since ¢,y is uniquely fixed, it follows that

Pyz = Py

and thus it is obvious from (3.42)) that the identity D, ., = D é holds.
The identity (3.46]) follows from the calculation

D,y Ay = (e’%y Vv AP Pz, y))Ayx = elPmuley A2 Ay P(z,y)
— Ay (€950 A0} P(2,y)) = Auy Day

where we applied and used that the operators A, and v,, commute.

The relations and show that the operators A,, and A,, are mapped to each
other by the unitary transformation D, ,. As a consequence, these operators have the
same spectrum, and D, , also maps the corresponding eigenspaces to each other. This
implies ZZL?D (note that this identity already appeared in our previous construction;

see (13.31))). O

3.4. The Induced Metric Connection, Parity-Preserving
Systems

The spin connection induces a connection on the corresponding tangent spaces, as we now
explain. Suppose that x and y are two spin-connectable space-time points. According to
Lemma [3.2.2] the signature operators s, and v,, distinguish two Clifford subspaces at z.
One of these Clifford subspaces was already used in the previous section; we denoted it
by Ky = KL ) (see also Definition . Now we will also need the other Clifford

subspace, which we denote by KW .= K50 Tt is an element of T and can therefore
be regarded as a representative of the tangent space. We denote the corresponding
synchronization map by U,, = U%v* i.e.

Koy =Uy KV U}
Similarly, at the point y we represent the tangent space by the Clifford subspace K‘qsx) =
ngy’(vy”) € T® and denote the synchronization map by U, = U%=*.

Suppose that a tangent vector u, € T}, is given. We can regard u, as a vector in Kéz).
By applying the synchronization map, we obtain a vector in K,

Uyg = Uyy uy Uy;l € Ky, . (3.48)

According to Theorem (ii), we can now “parallel transport” the vector to the Clifford
subspace K,
Uy = Dy ytys Dy o € Ky (3.49)
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3. Construction of a Lorentzian Quantum Geometry

Finally, we apply the inverse of the synchronization map to obtain the vector
) -1
Uy 1= Uy Uy Upy € KW . (3.50)

As KW is a representative of the tangent space T, and all transformations were unitary,
we obtain an isometry from 7} to 7.

Definition 3.4.1. The isometry between the tangent spaces defined by
Vay 1 Ty = Ty @ Uy = uy
is referred to as the metric connection corresponding to the spin connection D.
By construction, the metric connection satisfies the relation
vy,:v = (V:v,yyl .

We would like to introduce the notion that the metric connection preserves the spatial
orientation. This is not possible in general, because in view of the tangent spaces
themselves have no spatial orientation. However, using the notions of Definition
we can introduce a spatial orientation under additional assumptions.

Definition 3.4.2. A causal fermion system of spin dimension two is said to be parity
preserving if for every point x € M, the set

W(z) == {KWwith y spin-connectable to x}

is parity preserving (see Definition |3.1.1(0).

Provided that this condition holds, the identification maps ng x With K, K e U(x) can be
uniquely fixed by choosing them in the form ([3.18)) with U accordlng to (3.20). Denoting

the corresponding equivalence relation by 537 we introduce the space-oriented tangent
space TY by

U(x)/ ~

Considering the Clifford subspaces K ) and K Y as representatives of T69 and T'? | respec-
tively, the above construction ([3.48))- - gives rise to the parity preservmg metric
connection

Vay : T, =Ty uy = g

3.5. A Distinguished Direction of Time

For spin-connectable points we can distinguish a direction of time.
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3.5. A Distinguished Direction of Time

Definition 3.5.1. (Time orientation of space-time) Assume that the points x,y € M
are spin-connectable. We say that y lies in the future of x if the phase yp,, as defined
by and is positive. Otherwise, y is said to lie in the past of x.

We denote the points in the future of x by ZV(x). Likewise, the points in the past of y
are denoted by I"(z). We also introduce the set

I(z) =T"(x) UI (@) ;
it consists of all points which are spin-connectable to x.

Taking the adjoint of and using that D} = D, ., one sees that ¢., = —@y,.
Hence y lies in the future of z if and only if x lies in the past of y. Moreover, as all the
conditions in Definition are stable under perturbations of y and the phase ¢, is
continuous in y, we know that ZV(x) and Z"(z) are open subsets of M.

On the tangent space, we can also introduce the notions of past and future, albeit
in a completely different way. We first give the definition and explain afterwards how
the different notions are related. Recall that, choosing a representative K € T*%* of
the tangent space T, every vector u € T, can be regarded as a vector in the Clifford
subspace K. According to Lemma [3.1.2] the bilinear form <.|u.>, on S, is definite
if (u,u) > 0. Using these facts, the following definition is independent of the choice of
the representatives.

Definition 3.5.2. (Time orientation of the tangent space)

timelike if (u,u) >0
A vector u € T, is called spacelike if (u,u) <0
lightlike if (u,u) = 0.

We denote the timelike vectors by I, C T,.

future-directed if <.|u.>=, >0

A vector u € I is called { past-directed  if <.Ju.>=, < 0.

We denote the future-directed and past-directed vectors by I and I, respectively.

x )

In order to clarify the connection between these definitions, we now construct a map-
ping which to every point y € Z(x) associates a timelike tangent vector y, € I, such
that the time orientation is preserved. To this end, for given y € Z(z) we consider the
operator

Ly, =—iD,, P(y,x) : Sy — S,

and symmetrize it,

1
Mmy:§

The square of this operator need not be a multiple of the identity, and therefore it
cannot be regarded as a vector of a Clifford subspace. But we can take the orthogonal
projection pry —of M,, onto the Clifford subspace K, C Symm(S,) (with respect to

(Lay + L},) € Symm(S,) .
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3. Construction of a Lorentzian Quantum Geometry

the inner product (.,.)), giving us a vector in K,,. Just as in (3.50)), we can apply the

synchronization map to obtain a vector in Ka(;y), which then represents a vector of the
tangent space T,. We denote this vector by y, and refer to it as the time-directed
tangent vector of y in T},

Yo = Uy, Pric, (M) Uy € KV . (3.51)

Moreover, it is useful to introduce the directional tangent vector g, of y in T, by
synchronizing the directional sign operator vy,

Z)x = U;; Uy U:):y € Kg(;y) . (352)

By definition of the sign operator, the inner product <.|v,,.>, is positive definite. Since
the synchronization map is unitary, it follows that the vector ¢, is a future-directed unit
vector in 1.

Proposition 3.5.3. For any y € Z(z), the time-directed tangent vector of y in T, is
timelike, y, € I,. Moreover, the time orientation of the space-time points x,y € M (see

Definition agrees with the time orientation of y, € T, (see Definition[3.5.9),
yel(x) =y, €l and yeI'(z) =y, el .

Moreover,

1 1
yo = 7 sin(py,) Ir (Agy) G (3.53)

Proof. From (3.42) one sees that

. 1 1
Ly, = —ie=v v A2, and My = sin(pgy) Vay A2y -

We again choose the pseudo-orthonormal basis (eg = vgy,e1,...,e4) of K, and the
spinor basis of Corollary . Then v, has the form (3.14]), whereas A, is block diago-
nal . Since the matrices ey, . . . e4 vanish on the block diagonal, the operators e; M,
are trace-free for j = 1,...,4. Hence the projection of M,, is proportional to v,

1 . 1
pric,, (May) = 7 sin(en,) Tr (A2, ) vy
By synchronizing we obtain ((3.53)).

The trace in (3.53)) is positive because the operator Az, has a strictly positive spectrum

(see Definition[3.3.1)). Moreover, in view of ([3.44)) and Definition[3.5.1] the factor sin(@gy)
is positive if and only if y lies in the future of x. Since ¢, is future-directed, we conclude

that y, € I/ if and only if y € ZV(x). O
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3.6. Reduction of the Spatial Dimension

3.6. Reduction of the Spatial Dimension

We now explain how to reduce the dimension of the tangent space to four, with the
desired Lorentzian signature (1, 3).

Definition 3.6.1. A causal fermion system of spin dimension two is called chirally
symmetric if to every x € M we can associate a spacelike vector u(x) € T, which is
orthogonal to all directional tangent vectors,

(u(a),9a) =0 forally € I(x),
and is parallel with respect to the metric connection, i.e.
u(x) =V, uly) forally € Z(x) .

Definition 3.6.2. For a chirally symmetric fermion system, we introduce the reduced
tangent space T/ by
Trd = (u,)t C T, .

Clearly, the reduced tangent space has dimension four and signature (1,3). Moreover,
the operator V,, maps the reduced tangent spaces isometrically to each other. The local
operator es := —iu/y/—u? takes the role of the pseudoscalar matrix.

3.7. Curvature and the Splice Maps

We now introduce the curvature of the metric connection and the spin connection and
explain their relation. Since our formalism should include discrete space-times, we cannot
in general work with an infinitesimal parallel transport. Instead, we must take two space-
time points and consider the spin or metric connection, which we defined in Sections [3.3
and as mappings between the corresponding spin or tangent spaces. By composing
such mappings, we can form the analog of the parallel transport along a polygonal line.
Considering closed polygonal loops, we thus obtain the analog of a holonomy. Since on a
manifold, the curvature at x is immediately obtained from the holonomy by considering
the loops in a small neighborhood of x, this notion indeed generalizes the common notion
of curvature to causal fermion systems.

We begin with the metric connection.

Definition 3.7.1. Suppose that three points x,y,z € M are pairwise spin-connectable.
Then the metric curvature R is defined by

R(z,y,2) =V4yVy, V.o : T, = T, . (3.54)

Let us analyze this notion, for simplicity for parity-preserving systems. According

to (3.48)-(3.50), for a given tangent vector u, € Kéx) we have
Vogty =Uu,U" € KW with  U=U, Dy, Uy, .
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3. Construction of a Lorentzian Quantum Geometry

Composing with V, ., we obtain
V.aVaeyuy =Uu,U"' € K®
with

_ —1 s -1
U=U Do (Ua Ul i U ) Doy Uy

where U;;”(Z) e is the unitary operator (3.20]) of the identification map. We see that the

composition of the metric connection can be written as the product of spin connections,
joined by the product of unitary operators in the brackets which synchronize and identify
suitable Clifford extensions. We give this operator product a convenient name.

Definition 3.7.2. The unitary mapping
U = U, Ugz o Up € U(S,)

s referred to as the splice map. A causal fermion system of spin dimension two is
called Clifford-parallel if all splice maps are trivial.

Using the splice maps, the metric curvature can be written as
R(z,y,2) : Kg(f) — KS’ Uy — Uu, UL
where the unitary mapping U is given by
v=U. U D,,u") D, UMD, U,.. (3.55)

Thus two factors of the spin connection are always joined by an intermediate splice map.

We now introduce the curvature of the spin connection. The most obvious way is to
simply replace the metric connection in by the spin connection. On the other
hand, the formula suggests that it might be a good idea to insert splice maps. As
it is a-priori not clear which method is preferable, we define both alternatives.

Definition 3.7.3. Suppose that three points x,y,z € M are pairwise spin-connectable.
Then the unspliced spin curvature R" is defined by

R(x,y,2) =DyyDy. D,y Sy — Sy (3.56)
The (spliced) spin curvature is introduced by
R(z,y,z) = UFY D, , UM D, . UM D,, : S, — 8, (3.57)

Clearly, for Clifford-parallel systems, the spliced and unspliced spin curvatures coincide.

But if the causal fermion system is not Clifford-parallel, the situation is more involved.

The spliced spin curvature and the metric curvature are compatible in the sense that,

after unitarily transforming to the Clifford subspace K., the following identity holds,
Up. R(2,9,2) U} 0 Kyo — Ky, 0 v R(z,y, 2) v R(2,y, 2)*

Tz
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3.7. Curvature and the Splice Maps

Thus the metric curvature can be regarded as “the square of the spliced spin curvature”.

We remark that the systems considered in Chapter [] will all be Clifford parallel. In
the examples in Chapter [5 however, the systems will not be Clifford parallel. In these
examples, we shall see that it is indeed preferable to work with the spliced spin curvature
(for a detailed explanation Section [5.4)).

We conclude this section with a construction which will be useful in Chapter 5} In the
causal fermion systems considered in these sections, in every space-time point there is
a distinguished representative of the tangent space, making it possible to introduce the
following notion.

Definition 3.7.4. We denote the set of five-dimensional subspaces of Symm(H) by
G5(H); it carries the topology induced by the operator norm . A continuous map-
ping K which to very space-time point associates a representative of the corresponding
tangent space,

R M — &5(KH) with R(z) € T forallxz e M ,

is referred to as a representation map of the tangent spaces. The system (H,F, p, R)
15 referred to as a causal fermion system with distinguished representatives of the
tangent spaces.

If we have distinguished representatives of the tangent spaces, the spin connection can be
combined with synchronization and identification maps such that forming compositions
of this combination always gives rise to intermediate splice maps.

Definition 3.7.5. Suppose that our fermion system is parity preserving and has distin-
guished representatives of the tangent spaces. Introducing the splice maps U and U

by

Uy = Ustor i sy booand UM = (UY) = U U,
), K K &)’
we define the spllced spin connection D( ) by
Doy =UY D, US 2 S, — S, . (3.58)
Our notation harmonizes with Definition B.7.2] in that
vyl = gl (3.59)

Comparing with Definition [3.4.1], one sees that conjugation with the spliced spin connec-
tion gives the metric connection as a mapping between the distinguished representatives
of the tangent spaces T, and T,

D)0 Dy ) = USZ Vi (U U € R(x)  (forv € A(y)).

o
K K &(y) Ry).KS T KW A)

Forming compositions of the spliced spin connection and comparing with Definition |3.7.2,
one readily finds that

D) Diy,zy = UW) D, US®) D, U]
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3. Construction of a Lorentzian Quantum Geometry

Proceeding iteratively, one sees that the spin curvature (3.57) can be represented by
R(2,y,2) =V Digy) Dyzy Doy VF - with V=T

Thus up to the unitary transformation V', the spin curvature coincides with the holonomy
of the spliced spin connection.

3.8. Causal Sets and Causal Neighborhoods

The relation “lies in the future of” introduced in Definition reminds of the partial
ordering on a causal set. In order to explain the connection, we first recall the definition
of a causal set (for details see for example [7]).

Definition 3.8.1. A set C with a partial order relation < is a causal set if the following
conditions hold:

(i) Irreflexivity: For all x € C, we have x A x.
(11) Transitivity: For all xz,y,z € C, we have x<y and y<z implies x<z.
(111) Local finiteness: For all x,z € C, the set {y € C with x<y=<z} is finite.

Our relation “lies in the future of” agrees with (i) because the sign operators s, and v,,
coincide, and therefore every space-time point z is not spin-connectable to itself. The
condition (iii) seems an appropriate assumption for causal fermion systems in discrete
space-time (in particular, it is trivial if M is a finite set). In the setting when space-time
is a general measure space (M, p), it is natural to replace (iii) by the condition that the
set {y € C with z<y=<z} has finite measure. The main difference between our setting
and a causal set is that the relation “lies in the future of” is in general not transitive, so
that (ii) is violated. However, it seems reasonable to weaken (ii) by a local condition of
transitivity. We now give a possible definition.

Definition 3.8.2. A subset U C M s called future-transitive if for all pairwise spin-
connectable points x,y,z € U the following implication holds:

yeI'(x) and z€I'(y) = z€TI'(x).

A causal fermion system of spin dimension two is called locally future-transitive if
every point x € M has a neighborhood U which is future-transitive.

This definition ensures that M locally includes the structure of a causal set. As we shall
see in the examples of Chapters [4 and [5 Dirac sea configurations without regularization
in Minkowski space or on globally hyperbolic Lorentzian manifolds are indeed locally
future-transitive. However, it still needs to be investigated if Definition applies to
quantum space-times of physical interest.
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4. Example: The Regularized Dirac
Sea Vacuum

As a first example, we now consider Dirac spinors in Minkowski space. Taking H as all the
space of all negative-energy solutions of the Dirac equation, we construct a corresponding
causal fermion system. We show that the notions introduced in Chapter (3| give back the
usual causal and geometric structures of Minkowski space.

We first recall the basics and fix our notation (for details see for example [6] or [12]
Chapter 1]). Let (M, (.,.)) be Minkowski space (with the signature convention (4 —
——)) and dp the standard volume measure (thus du = d*z in a reference frame x =
(2%, ...,2%)). Naturally identifying the spinor spaces at different space-time points and
denoting them by V = C*, we write the free Dirac equation for particles of mass m > 0
as

(il — m) ) = (19" 0p —m) § =0, (1.1)
where v* are the Dirac matrices in the Dirac representation, and v : M — V are the
four-component complex Dirac spinors. The Dirac spinors are endowed with an inner
product of signature (2, 2), which is usually written as 1)¢, where 1) = ¥y is the adjoint
spinor. For notational consistency, we denote this inner product on V' by <.|.>=. The

free Dirac equation has plane wave solutions, which we denote by ¢z , with k € R3 and
a € {1,2}. They have the form

1

Viar (7) = )t

eq:’iwt"rik‘f X];,’ai, (42)

wlw

where x = (¢, %) and w := 4/ |E\2 + m?2. Here the spinor x;,, is a solution of the algebraic
equation

(k - m)XEai =0, (4.3)
where ¥ = ki~; and k = (fw, k). Using the normalization convention
<Xlgai’Xl€a’i>_ = :l:da’a/ )
the projector onto the two-dimensional solution space of (4.3)) can be written as

F+m

W = j:azl:Q |XEai>-_<XEai| . (44)

The frequency fw of the plane wave (4.2)) is the energy of the solution. More generally,
by a negative-energy solution 1 of the Dirac equation we mean a superposition of plane
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4. Example: The Regularized Dirac Sea Vacuum

wave solutions of negative energy,

Z /d3kga ( ) (4'5>

a=1,2

Dirac introduced the concept that in the vacuum all negative-energy states should be
occupied forming the so-called Dirac sea. Following this concept, we want to introduce
the Hilbert space (3, (., .)s¢) as the space of all negative-energy solutions, equipped with
the usual scalar product obtained by integrating the probability density

o =2r [ <o) ot ) di (16)
t=const

Note that the plane-wave solutions 17  cannot be considered as vectors in H, because
the normalization integral diverges. But for the superposition , the normaliza-
tion integral is certainly finite for test functions g,(k) € Cs°(R?), making it possible to
define (K, (., .)5) as the completion of such wave functions. Then due to current conser-
vation, the integral in is time independent. For the plane-wave solutions, one can
still make sense of the normalization integral in the distributional sense. Namely, a short

computation gives
2mw

(Vo _doe = == Guw 0°(k = K). (4.7)
The completeness of the plane-wave Solutlons can be expressed by the Plancherel formula
d3k3
Z ) Wz, ) for all ¢ € H . (4.8)
a=1,2

4.1. Construction of the Causal Fermion System

In order to construct a causal fermion system of spin dimension two, to every x € M
we want to associate a self-adjoint operator F(x) € L(H), having at most two positive
and at most two negative eigenvalues. By identifying = with F'(x), we then get into the
setting of Definition [2.2.1] The idea is to define F(z) as an operator which describes the
correlations of the wave functions at the point =z,

(Y| F(x)o)s = —=<ip(x)|d(x)> . (4.9)

As the spin scalar product has signature (2, 2), this ansatz incorporates that F'(z) should
be a self-adjoint operator with at most two positive and at most two negative eigenvalues.
Using the completeness relation (4.8)), F'(x) can be written in the explicit form

Fajo= -2 Y [ G5 [ 50 tru b @l @)= W 6. (410)

aa’ 1,2

Unfortunately, this simple method does not give rise to a well-defined operator F'(z). This
is obvious in (4.9) because the wave functions ¢, ¢ € H are in general not continuous and
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4.1. Construction of the Causal Fermion System

could even have a singularity at x. Alternatively, in (4.10) the momentum integrals will
in general diverge. This explains why we must introduce an ultraviolet regularization.
We do it in the simplest possible way by inserting convergence generating factors,

Bk e [ PE
FE(LC :__ Z / 2/ 2w/ e 2z

a,a’=1,2 (411)
X ¢Ea— -<1/}Ea— (x)’¢ﬁfa/_($)> <¢E’a’—|¢>f}f

where the parameter ¢ > 0 is the length scale of the regularization. Note that this
regularization is spherically symmetric, but the Lorentz invariance is broken. Moreover,
the operator F*(x) is no longer a local operator, meaning that space-time is “smeared
out” on the scale €.

In order to show that F* defines a causal fermion system, we need to compute the
eigenvalues of F¢(x). To this end, it is helpful to write F© similar to a Gram matrix as

F(a) = = ()" (4.12)
where ¢, is the operator

. m Pk e

£V X uH—;a;Q 5 € T Y=g (@)|u- (4.13)

and the star denotes the adjoint with respect to the corresponding inner products <.|.>
and (., .)g. From this decomposition, one sees right away that F¢(x) has at most two
positive and at most two negative eigenvalues. Moreover, these eigenvalues coincide with

those of the operator —(:5)*5 : V' — V, which can be computed as follows:
ek & d3k d3]€ €(w+w
_(L.z’) Lxu = T 5 Z 4ww ¢ka ( )<wga—|wg’a’—>}f —<¢E’a’—($)‘u>_
aa’ 1,2
dgk e W

DN G () < (@)l (4.14)

a=1,2
3 3 —
@) m /dk; _gw%~|—m /dk; o w*; +mu, (4.15)
m

where in the last step we used the spherical symmetry.

Proposition 4.1.1. For any € > 0, the operator F¢(z) : H — H has rank four and has
two positive and two negative eigenvalues. The mapping

Fe: M—93: 2w F(x)

is injective. Identifying x with F*(x) and introducing the measure p° = Ffu on F as
the push-forward (2.5)), the resulting tuple (H,F, p°) is a causal fermion system of spin
dimension two. Every space-time point is reqular (see Definition )
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4. Example: The Regularized Dirac Sea Vacuum

More specifically, the non-trivial eigenvalues vy, . .., vy of the operator F=(x) are
d3k
vi=vs= [ —e ¥ (—w+m) <0
== [ e v
3k
€ — € — —EWw > O .
v =1 o (w+m)
The corresponding eigenvectors {1, ...,1; are given by
1
folo) = - i2(e). (4.16)

where (eo) denotes the canonical basis of V = C*.

Proof. 1t is obvious from (4.15]) that e, is an eigenvector basis of the operator —(¢£)*i5

— () e =15 ¢, . (4.17)
Next, the calculation
Fo(z) (t5ea) = 15 (= (12)"15)ea = 15 (15 2a)

shows that the vectors 2, are eigenvectors of F(z) corresponding to the same eigenvalues
(our normalization convention will be explained in below).

To prove the injectivity of F°, assume that F°(x) = F(y). We consider the expectation
value (¢|(F=(z) — F*(y))¢)s. Since this expectation value vanishes for all ¢ and v, we

conclude from (4.11)) that
<V (@) [V ()= = <t (W) [Pga—(y)>-

for all a,a’ € {1,2} and k, k' € R3. Using (4.2), the left and right side of this equation are
plane waves of the form e/*=%) and e'*=*¥)¥  respectively. We conclude that z =y. O

We now introduce for every x € M the spin space (5S¢, <.|.>;) by (2.6) and (2.7). By
construction, the eigenvectors f5 (x) in (4.16) form a basis of S5. Moreover, this basis is
pseudo-orthonormal, as the following calculation shows:

<Fa(@)[f5(2) =2 = =(fo (@) F=(2) f3(2))sc = —v5 (fo () 5(2))s

1 1 .
= —— (1zealizep)a = —— <ea|(15) 15 e5
VOL I/a
VE
% enles = $u bus (4.18)

&€
«

where we again used the notation of Corollary 3.1.4] It is useful to always identify the
inner product space (V, <.|.>) (and thus also the spinor space S,M; see before (4.1))
with the spin space (S¢, <.|.>-,) via the isometry JZ given by

Jot SM =V — S5 ey = 1o (). (4.19)
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4.1. Construction of the Causal Fermion System

Then, as the §°(z) form an eigenvector basis of F¢(x), the Euclidean sign operator takes

the form
s, =7". (4.20)

Moreover, we obtain a convenient matrix representation of the kernel of fermionic oper-
ator (2.10)), which again under the identification of x with F*(x) we now write as

P2, y) = Tpe() F<(y) - (4.21)

Lemma 4.1.2. In the spinor basis (¢,) given by (4.19), the kernel of the fermionic
operator takes the form

Plos) = [ oga e+ m) 62 =) O(—K) M (422)

Proof. Using (2.7), we find that <.|m,y.>-, = —(.|zy.)5c. Thus, applying Proposition[d.1.1]
we find
<fa(@)|P*(2,y) f5(y) -
= —(fa(@)|F*(z) F*(y) f3(y))sc = —(F" (@) fo (@) | F (y) §5()) 3¢ (4.23)
= —vov (o (@)If3(y))sc = —(Gealiges)se = —<eal(e2) 15e- -

Identifying §¢ (=) and f5,(y) with e, we conclude that the kernel of the fermionic operator
has the representation

P(a) =~ =——Z [ 55 e g @)=, )

a=1,2

@ _,, Z / I ;e M e (@)= <X, (v)]
li d3k —ik(z— y
) 2w(2m)t ‘ cEEm),

where again k = (—w, E) Carrying out the k% integration in (4.22)) gives the result. [

We point out that in the limit € N\, 0 when the regularization is removed, P¢(z,y)
converges to the Lorentz invariant distribution

4
P(z,y) = / (;l l; (¥ +m) 5(k* — m?) O(—k°) e~ *=v) (4.24)
This distribution is supported on the lower mass shell and thus describes the Dirac sea
vacuum where all negative-energy solutions are occupied. It is the starting point of the
fermionic projector approach (see [12 [1§]).

With the spin space (S¢,<.|.>,), the Euclidean sign operator and the kernel
of the fermionic operator (4.22)), we have introduced all the objects needed for the con-
structions in Chapter [3] Before analyzing the resulting geometric structures in detail, we
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4. Example: The Regularized Dirac Sea Vacuum

conclude this subsection by computing the Fourier integral in (4.22) and discussing the
resulting formulas. Setting

{=y—w (4.25)
and t = &%, r = |€], p = |k|, we obtain
PE(:U y) = (2@ + m) / ﬁé(kz _ m2) @(_ko) eikf 675\k0|
’ : (2m)*
= (@(3 +m) / &’k 1 o~V F2Am2 t—ike —e\/k2+m?
’ (2m)% 2/ k2 + m?2
- (M?m + m) / d—p/ dcos@ p— 6—(5+it)\/ p2+m? e—iprcosG
o 2(2m)3 )4 \/p? + m?
. 1 00 dp [ (etit o
= (id, + m) ;/0 O e WpEm? sin(pr)
m? Kl(m r? + (e + it)Z)

@2 myr2+ (e +it)?
where the last integral was calculated using |26, formula (3.961.1)]. Here the square root

and the Bessel functions Ky, K; are defined using a branch cut along the negative real
axis. Carrying out the derivatives, we obtain

P*(z,y) = a=(&)(§ — ien") + B-(6)1

= (if, +m) (4.26)

with the smooth functions
4

. m* 1 Ko(z) Ki(z) m3 Ki(z)
Q) =—igm(Tm 2 ) ad A(O) = )

where we set
z=my\/1?+ (e +1it)?.

Due to the regularization, P¢(x,y) is a smooth function. However, in the limit & \, 0,
singularities appear on the light cone {£? = 0} (for details see [15, §4.4]). This can be
understood from the fact that the Bessel functions Ky(z) and K;(z) have poles at z = 0,
leading to singularities on the light cone if € N\, 0. But using that the Bessel functions
are smooth for z # 0, one also sees that away from the light cone, P® converges pointwise
(even locally uniformly) to a smooth function. We conclude that

Pe(z,y) = P(z,y) if €240 (4.28)
and
Pz, y) = a@) g+ p(E)1 (4.29)

where the functions o and [ can be written in terms of real-valued Bessel functions as

m? Y1 (m+/€2) + ie(€%)J, m\/_ m® Ky(my/—£?)

9 2
5(6) (QW e O T
o€) =~ e AlE)
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4.2. The Geometry without Regularization

(and € denotes the step function e¢(z) = 1 if x > 1 and ¢(z) = —1 otherwise). These
functions have the expansion

a(§) =

o
A3 ¢4

+o(§—12) and  B(E) = Lo(log(@). (431

m
_87r3§2
4.2. The Geometry without Regularization

We now enter the analysis of the geometric objects introduced in Chapter |3 for given
space-time points 2,y € M. We restrict attention to the case 2 # 0 where the space-time
points are not lightlike separated. This has the advantage that, in view of the conver-
gence , we can first consider the unregularized kernel P(z,y) in the form . In
Section [£.3] we can then use a continuity argument to extend the results to small & > 0.

We first point out that, although we are working without regularization, the fact that
we took the limit € ™\ 0 of regularized objects is still apparent because the Euclidean sign
operator distinguishes a specific sign operator. This fact will enter the construction,
but of course the resulting spin connection will be Lorentz invariant. Taking the adjoint

of (T20)

Ply,z) = P(x,y)" = a(§) { + B(E) 1,
we obtain for the closed chain

with the real-valued functions a = 2Re(af3) and b = |a|?¢? +|3|2. Subtracting the trace
and taking the square, the eigenvalues of A, are computed by

A =b+a?2? and A =0b—+/a?£2. (4.33)

It follows that the eigenvalues of A,, are real if £* > 0, whereas they form a complex
conjugate pair if €2 < 0. This shows that the causal structure of Definition agrees
with the usual causal structure in Minkowski space. We next show that in the case of
timelike separation, the space-time points are even properly timelike separated.

Lemma 4.2.1. Let x,y € M with £ # 0. Then x and y are properly timelike separated
(see Definition if and only if £ > 0. The directional sign operator of A,, is given
by

oy_¢&
Proof. In the case £2 < 0, the two eigenvalues A+ in (4.33)) form a complex conjugate
pair. If they are distinct, the spectrum is not real. On the other hand, if they coincide,
the corresponding eigenspace is not definite. Thus x and y are not properly timelike

separated.
In the case £2 > 0, we obtain a simple expression for a,
- 2m’ (Y1Jy — YoJ 2 31
0 = 2Refad)(my/E) — () 2 W Whny®) __ ooy m° Ly 35

@ /ey
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4. Example: The Regularized Dirac Sea Vacuum

Im(ap) 2°/m’
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0.00020 H
0.00015

0.00010
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0.000000 wwwwwwwwwwwwwww v
Figure 4.1.: The Bessel functions in (4.36)).

where we used [Il, formula (9.1.16)] for the Wronskian of the Bessel functions J; and Y;.
In particular, one sees that a # 0, so that according to , the matrix A,, has two
distinct eigenvalues.

Next, the calculation

AAs =00 =’ = Jal' €' +[B]" + 2]a” € |8 - 4€% Re(ap)?

(%)
> ot ¢t + 8] = 20> €% B = (ja?I¢? — |B)°

shows that the spectrum of A, is positive. In order to obtain a strict inequality, it
suffices to show that Im(af) # 0 (because then the inequality in (%) becomes strict).
After the transformation

Im(ad) = (6 + (), U7+ D))
B m7) gd 1()+J1( )2 ) )
~ ) Q—d—( s ) ) (4.36)

where we set z = m\/ﬁ_2 > 0, asymptotic expansions of the Bessel functions yield that
the function Im(af3) is positive for z near zero and near infinity. The plot in Figure
shows that this function is also positive in the intermediate range.

We now prove that the eigenspaces of A,, are definite with respect to the inner product
<.|.>= on V. First, from it is obvious that the eigenvectors of A,, coincide with
those of the operator ¢. Thus let v € V be an eigenvector of ¢, i.e. fv = +/E2v.
We choose a proper orthochronous Lorentz-transformation A which transforms £ to the
vector A(€) = (t,0) with ¢ # 0. In view of the Lorentz invariance of the Dirac equation
there is a unitary transformation U € U(V) with Uy'U~" = Al47. Then the calculation

£/ <0 v = <v| o = <0 u€7 v = ma <0 | (AE) (A v
= N = | A(O)FUA U o= =t <v | U U o>
=t <U 0 |7U o= =t (U 0| U o) # 0 (4.37)
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4.2. The Geometry without Regularization

shows that <v|v> # 0, and thus v is a definite vector. We conclude that x and y are
properly timelike separated.

We next show that the directional sign operator of A, is given by . The calcula-
tion shows that the inner product <.|v,,.> with v, according to (4.34)) is positive
definite. Furthermore, the square of v,, is given by

o (e £}

showing that v,, is indeed a sign operator. Since v,, obviously commutes with A, it is
the directional sign operator of A, . ]

Let us go through the construction of the spin connection in Section [3.3] Computing
the commutator of the Euclidean sign operator s, (see (4.20)) and the directional sign

operator vy, (see (4.34))),

4 £-77°

[Ufﬂy?SZ] = [6(6 )\/5—27 7] :26(5 ) \/? )

one sees that these operators are generically separated (see Definition , provided
that we are not in the exceptional case E # 0 (for which the spin connection could
be defined later by continuous continuation). Since these two sign operators lie in the
Clifford subspace K spanned by (7, ...,73,47) (again in the usual Dirac representation),
it follows that all the Clifford subspaces used in the construction of the spin connection
are equal to K, i.e.

Kpyy=K,=KY=K=K.

)

All synchronization and identification maps are trivial (see Definition [3.2.3 and (3.18)).
In particular, the system is parity preserving (see Definition [3.1.10) and Clifford-parallel
(see Definition |3.7.2]). Choosing again the basis () = vgy, €1, ..., €4) of K and the spinor

basis of Corollary (3.1.4] one sees from (4.29) and (4.34) that P(x,y) is diagonal,

(8+aveE) 0
0 (ﬁ—&ﬁ)l .

Thus in the polar decomposition (3.34]) we get
+ _
RE = ‘5 + /e

Computing ¢,, according to (3.41) and our convention (B.44)), in the case &% > 0 we

obtain the left plot of Figure whereas in the case £ < 0 one gets the same with
the opposite sign. We conclude that ¢, is never a multiple of 7, meaning that x and y
are time-directed (see Definition [3.3.6). Moreover, the time direction of Definition [3.5.1]
indeed agrees with the time orientation of Minkowski space. Having uniquely fixed ¢,

P(z,y) =

, ﬁfy = arg (ﬁ + 04\/§> mod 7, foy e{1,-1}.
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4. Example: The Regularized Dirac Sea Vacuum

-

Figure 4.2.: The phases in the spin connection in the case £ > 0.

the spin connection is given by (3.35)) or by (3.42). A short calculation yields that D,,
is trivial up to a phase factor,

D,,=¢"v 1, (4.38)

where the phase r,, is given by

Ky = arg <ew’“’ (,8 + a\/§>> = arg <e_’%y (5 — a\/£_2>> : (4.39)

The function kg, is shown in the right plot of Figure One sees that the phase factor
in D, oscillates on the length scale m™'. We postpone the discussion of this phase to
Section (4.4l

Let us consider the corresponding metric connection of Definition [3.4.1 We clearly
identify the tangent space T, with the vector space K. As the synchronization maps are
trivial and the phases in D, , drop out of , it is obvious that V., reduces to the
trivial connection in Minkowski space. Finally, choosing u(z) = i7°, the causal fermion
system is obviously chirally symmetric (see Definition .

Our results are summarized as follows.

Proposition 4.2.2. Let z,y € M with &2 # 0 and 53& 0. Consider the spin connection
corresponding to the Euclidean signature operator (4.20) and the unregularized Dirac sea
vacuum ([4.29)). Then x and y are spin-connectable if and only if €2 > 0. The spin con-
nection D, is trivial up to a phase factor [1.38). The time direction of Definition
agrees with the usual time orientation of Minkowksi space. The corresponding metric
connection Vg, is trivial.

Restricting attention to pairs (xz,y) € M x M with £ # 0 and 57& 0, the resulting
causal fermion system is parity preserving, chirally symmetric and Clifford-parallel.

4.3. The Geometry with Regularization

We now use a perturbation argument to extend some of the results of Proposition
to the case with regularization.
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4.3. The Geometry with Regularization

Proposition 4.3.1. Consider the causal fermion systems of Proposition[4.1.1. For any
x,y € M with € > 0 and E # 0, there is g > 0 such that for all ¢ € (0,e9) the
following statements hold: The points x and y are spin-connectable. The time direction
of Definition [3.5.1) agrees with the usual time orientation of Minkowksi space. In the
limit € (0, the corresponding connections Dg , and V5 = converge to the connections of

Proposition

: e _ : e
m D7, = Doy, LV, =1. (4.40)

Proof. Let z,y € M with £ > 0 and 57& 0. Using the pointwise convergence (4.28)),
a simple continuity argument shows that for sufficiently small ¢, the spectrum of A%
is strictly positive and the eigenspaces are definite. Thus = and y are properly timelike
separated. From (3.34]) and (3.41)) we conclude that in a small interval (0, &g), the phase
5, depends continuously on € and lies in the same subinterval as the phase ¢,
without regularization. We conclude that for all ¢ € (0,g¢), the points x and y are
spin-connectable and have the same time orientation as without regularization. The
continuity of the connections is obvious from (3.42)). ]

We point out that this proposition makes no statement on whether the causal fermion
systems are parity preserving, chirally symmetric or Clifford-parallel. The difficulty is
that these definitions are either not stable under perturbations, or else they would make
it necessary to choose € independent of z and y. To be more specific, the closed chain
with regularization takes the form

Ay = af + b+ e’ —idoS- 970
where the coefficients involve the regularized Bessel functions in (4.27]),

a. = 2Re(a.5.) be = lac* (€% + &%) + 8.7,

c. = 2¢Im(a.fB.) , d. = 2¢|a|?.

A short calculation shows that for properly timelike separated points x and y, the direc-
tional sign operator is given by

e _ af + e’ — idsg' 3~°

v =
ry —
V@€ + 20.0.80 + 2 — 2 &2

)

and the argument of the square root is positive. A direct computation shows that the
signature operators s, and v;, span a Clifford subspace of signature (1,1). According
to Lemma this Clifford subspace has a unique extension K, implying that K,, =
KY = K. This shows that the synchronization maps are all trivial. However, as vg,
involves a bilinear component which depends on E, the Clifford subspaces K, and K,
will in general be different, so that the identification maps are in general non-
trivial. Due to this complication, the system is no longer Clifford-parallel, and it is not
obvious whether the system is parity preserving or chirally symmetric.
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4. Example: The Regularized Dirac Sea Vacuum

4.4. Parallel Transport Along Timelike Curves

The phase factor in resembles the U(1)-phase in electrodynamics. This phase is
unphysical as no electromagnetic field is present. In order to understand this seeming
problem, one should note that in differential geometry, the parallel transport is always
performed along a continuous curve, whereas the spin connection D, , directly connects
distant points. The correct interpretation is that the spin connection only gives the
physically correct result if the points x and y are sufficiently close to each other. Thus in
order to connect distant points x and ¥, one should choose intermediate points x1,...xy
and compose the spin connection along neighboring points. In this way, the unphysical
phase indeed disappears, as the following construction shows.

Assume that ~(¢) is a future-directed timelike curve, for simplicity parametrized by
arc length, which is defined on the interval [0, 7] with v(0) = y and y(T") = . The Levi-
Civita parallel transport of spinors along + is trivial. In order to compare with the spin
connection D, we subdivide ~y (for simplicity with equal spacing, although a non-uniform
spacing would work just as well). Thus for any given N, we define the points zy, ..., zy
by

nl’
-
Definition 4.4.1. The curve v is called admissible if for all sufficiently large N € N
there is a parameter eg > 0 such that for alle € (0,&9) and alln = 1,..., N, the points x,,
and x,_1 are spin-connectable.

T, = Y(ty) with tn (4.41)

If v is admissible, we define the parallel transport Di\jif by successively composing the
parallel transports between neighboring points,

DYs .= D D;, D5 L VsV

TNHTN-—1 ITN—-1,TN-2 1,20

Then the following theorem holds.

Theorem 4.4.2. Considering the family of causal fermion systems of Proposition[4.1.1],
the admissible curves are generic in the sense that they are dense in the C*-topology
(meaning that for any smooth v and every K € N, there is a series v, of admissible curves
such that D*~yy, — D*~y uniformly for allk =0,..., K ). Choosing N € N and & > 0 such
that the points x, and x,_1 are spin-connectable for alln =1,..., N, every point x,, lies
in the future of x,_1. Moreover,

lim lim DY = D¥
N—oo eN0 7Y Y

where we use the identification (4.19), and Dy, SyM — S; M denotes the trivial parallel
transport along .

Proof. For any given N, we know from Proposition that by choosing ¢y small
enough, we can arrange that for all € € (O, €)and alln = 1,..., N, the points x,, and x,,_4
are spin-connectable and x,, lies in the future of x,,_1, provided that the vectors ¥, —¥,,_;
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4.4. Parallel Transport Along Timelike Curves

do not vanish (which is obviously satisfied for a generic curve). Using (4.40) and (4.38)),

we obtain

N
l{% Di\f;j = DSCN,’JUN—1DSCN—1790N—2 e Dl‘hxo = exp (Z Z K:Inyxn—1> L. (4'42)
n=1

Combining the two equations in (4.39)), one finds

Ky = % arg (52 —a? 52) mod 7 .

Expanding the Bessel functions in (4.30]) gives

ﬁQ—a2£2 1 1—|—O(1),

T 16m0 &6\t
As Ky, is smooth and vanishes in the limit y — x, we conclude that
Kay = 0(€%) .

Using this estimate in (4.42), we obtain

lim DY* =exp (i NON?)) 1.

Taking the limit N — oo gives the result. ]
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5. Example: The Fermionic Operator
in a Globally Hyperbolic Space-Time

In this chapter we shall explore the connection between the notions of the quantum ge-
ometry introduced in Chapter |3[and the common objects of Lorentzian geometry. To this
end, we consider Dirac spinors on a globally hyperbolic Lorentzian manifold (M, g) (for
basic definitions see [2], 3]). For technical simplicity, we make the following assumptions:

(A) The manifold (M, g) is flat Minkowski space in the past of a Cauchy hypersurface
N.

(B) The causal fermion systems are introduced as the Cauchy development of the
fermion systems in Minkowski space as considered in Section [4.1]

These causal fermion systems are constructed in Section [5.1 We proceed by analyzing
the fermionic operator in the limit without regularization using its Hadamard expansion
(see Section and Section [5.3). We then consider the spin connection along a timelike
curve v (see Section . We need to assume that in a neighborhood U of the curve 7,
the Riemann curvature tensor R is bounded pointwise in the sense that

IB@)]  IVR@] | IV?R@)]

" -~ 3 <c forall z € U, (5.1)

where ||.|| is a norm (for example induced by the scalar product <.|§(t).> on S, M),
and ¢ < 1 is a numerical constant (which could be computed explicitly). This conditions
means that curvature should be small on the Compton scale. It is a physically necessary
assumption because otherwise the gravitational field would be so strong that pair creation
would occur, making it impossible to speak of “classical gravity”. Our main result is that
the spliced spin connection goes over to the Levi-Civita connection on the spinor bundle,
up to errors of the order |[VR|/m? (see Theorem [5.5.1).

5.1. The Regularized Fermionic Operator

Let (M, g) be a globally hyperbolic Lorentzian manifold which coincides with Minkow-
ski space in the past of a Cauchy hypersurface N. Choosing a global time function t
(see [B]), M has a smooth splitting M = R x A with N' = t71({0}). For consistency
with Chapter 4] we use the conventions that the signature of g is (+ — — —), and that
Clifford multiplication satisfies the relation XY + Y- X = 2¢(X,Y). We denote the
volume measure by du(z) = +/|det g|d*z. The spinor bundle SM is endowed with a

47



5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

Hermitian inner product of signature (2, 2), which we denote by <.|.>=. We let D be the
Dirac operator on M, acting on sections ¢ € I'(M, SM) of the spinor bundle. For a given
mass m > 0, we consider the Dirac equation on M,

(D—m)y=0. (5.2)

The simplest method for constructing causal fermion systems is to replace the plane-
wave solutions used in Minkowski space (see Section by corresponding solutions
of obtained by solving a Cauchy problem. More precisely, in the past of N/ where
our space-time is isometric to Minkowski space, we again introduce the plane-wave solu-
tion ¢z, (see (4.2))). Using that the Cauchy problem has a unique solution (see [2] and

the integral representation ({5.13]) below), we can extend them to smooth solutions 1;,—6»&_
on M by

(D-—m)dg, =0, Yz, |[v=15,_- (5.3)
In obvious generalization of (4.5 and (4.6[), we can form superpositions of these solutions,
on which we introduce the scalar product

Old)sc =27 [ <dt0) 030t 2)=dio o). (5.4
t=const
where v is the future-directed unit normal on A/ (note that this scalar product is inde-
pendent of t due to current conservation). We again denote the corresponding Hilbert
space by H.
In order to introduce a corresponding causal fermion system, we introduce the opera-

tors 12 and F¢(z) by adapting (4.13]) and (4.12),

Let us verify that ¢; is injective: For a given non-zero spinor x € S, M, we choose a wave
function ¢ € H which is well-approximated by a WKB wave packet of large negative
energy (by decreasing the energy, we can make the error of the approximations arbitrarily
small). Consider the operator

LD K3, @ =-"Y [TEe fo ) Gt

where D(L) is a suitable dense domain of definition (for example the smooth Dirac
solutions with spatially compact support). As the image of L is obviously dense in X,
there is a vector ¢ € D such that L¢ approximates ¢ (again, we can make the error of
this approximation arbitrarily small). Then (¢|cx) = <¢(z)|x>.. By modifying the
polarization and direction of the wave packet ¢, we can arrange that < (z)|x>, # 0.
According to , the spin space S is defined as the image of F.. We now choose
a convenient basis of S; which will at the same time give a canonical identification
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5.1. The Regularized Fermionic Operator

of S5 with the differential geometric spinor space S, M. We first choose an eigenvector
basis (§5,(2))a=1,..4 of S5 = F*(x)(H) with corresponding eigenvalues

vi(z),v5(x) <0  and  vi(z),vi(z) >0. (5.5)

We normalize the eigenvectors according to

1
A

Then, according to (2.7, the (f5(z)) are a pseudo-orthonormal basis of (S%, <.|.>-,).
Next, we introduce the vectors

(7o (@) [ F3(2))ac

S -

e (z) = (o) i (x) € S, M .

e} x

A short calculation shows that these vectors form a pseudo-orthonormal eigenvector basis
of the operator
(t5)es + SeM — S, M,

T

corresponding to the eigenvalues v (z). In analogy to (4.19), we always identify the
spaces S; M and S; via the mapping J; defined by

Joo0 SuM — S5 e (v) = () . (5.6)

Again identifying x with F*(z), the kernel of the fermionic operator (2.10)) takes the
form (4.21]). Exactly as in the proof of Lemma (cf. the calculation (4.23))), we find
that the kernel of the fermionic operator is given by

e e\* € m 4’k —ew |,7, 7
P(ay) = =) =—— > | 5 ¢ g (0)==<dp ). (67
a=1,2
From this formula we can read off the following characterization of Pe.

Proposition 5.1.1. The kernel of the fermionic operator P*(x,y) is the unique smooth
bi-solution of (5.2), i.e. in a distributional formulation

Pg((D — m)@/;,gb) =0= P€(¢, (D — m)gb) for all 1, ¢ € To(M,SM),

with the following properties:

(i) P¢ coincides with the regularized Dirac sea vacuum (4.22)) if 1 and ¢ are both
supported in the past of N.

(i1) PF is symmetric in the sense that P(1, @) = P(¢,1)).

In order to keep the analysis simple, our strategy is to take the limit ¢ ~\, 0 at an
early stage. In the remainder of this section, we analyze this limit for P° and for the
Euclidean sign operator. In preparation, we recall the relation between the Dirac Green’s
functions and the solution of the Cauchy problem, adapting the methods in [2] to the first
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

order Dirac system. On a globally hyperbolic Lorentzian manifold, one can introduce
the retarded Dirac Green’s function, which we denote by s"(z,y). It is defined as a
distribution on M x M, meaning that we can evaluate it with compactly supported test
functions ¢, ¢ € T'y(M, SM),

M) = //M <0a)ls"2,9) V()= di(e) i)

We can also regard it as an operator on the test functions. Thus for ¢» € T'o(M, SM), we
set

N, ) = /M (2,y) ¥(y) duly) € T(M, SM)

The retarded Green’s function is uniquely determined as a solution of the inhomogeneous
Dirac equation

(D, —m) 5"\, 4) = ¥(z) = " (2, (D — m)) (5.)

subject to the support condition

supp s (z,.) C J(x)

where J”(x) denotes the causal past of x. The advanced Dirac Green’s function s"(z, y) is
defined similarly. It can be obtained from the retarded Green’s function by conjugation,

s"(x,y)" = s"(y,2), (5.9)

where the star denotes the adjoint with respect to the Hermitian inner product on the
spinor bundle.

For the construction of the Dirac Green’s functions, it is useful to also consider the
second-order equation

(D* —m?)p =0. (5.10)
Using the Lichnerowicz-Weitzenbock identity (see [3]), we can rewrite this equation as
]
(DV+%—m2>w:0, (5.11)

where OV denotes the Bochner Laplacian corresponding to the spinorial Levi-Civita
connection. This shows that the operator in is normally hyperbolic, ensuring the
existence of the corresponding Green’s function S” as the unique distribution on M x M
which satisfies the equation

(D* —m?) $"(x,¢) = ¢(x) -

and the support condition
supp S"(z,.) C J(z)

(see [2, Section 3.4]). Then the Dirac Green’s function can be obtained by the identities

", 9) = S ((D+m)y,¢) = S" (¢, (D +m)g) . (5.12)
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5.1. The Regularized Fermionic Operator

supp1n

supp V0.
J" ()

Figure 5.1.: The cutoff functions n and 6..

The existence of the retarded Green’s function implies that the Cauchy problem

(D-m) =0,  dlxy=1veCN)

has a unique smooth solution, as we now recall. To show uniqueness, assume that 1;
is a smooth solution of the Cauchy problem. For given x in the future of A, we
choose a test function n € C§°(M) which is identically equal to one in a neighbor-
hood of the set J"(x) N JY(N). Moreover, for a given non-negative function § € C*°(R)
with 0], = 0 and 0|1,y = 1 and sufficiently small € > 0, we introduce the smooth
cutoff function 6.(y) = 6(t(y)/e). Then the product ¢ := 6.7 has compact support

(see Figure , and by (5.8)) we obtain
Taking the limit € \, 0, we obtain the formula

Ba) =i /N N, y) v(y) - oy) diun(y) | (5.13)

where v is the normal of . This formula is an explicit integral representation of the
solution in terms of the Green’s function and the initial data, proving uniqueness. On
the other hand, this integral representation can be used to define 1, proving existence.

We next express P¢(z,y) in terms of Green’s functions and the regularized fermionic
operator of Minkowski space.

Lemma 5.1.2. The reqularized fermionic operator has the representation
Pe(a,y) = // (2, 21) (1) P¥ (21, 22) (20) 8" (29, 9) dpn(21) dpnc(22) 5 (5.14)
NN

with P*(z1, 2z2) as given by (4.22)).
Proof. We use (5.13)) in ((5.7) and apply (5.9). O

Setting ¢ to zero, we can use the statement of Proposition as the definition of a
distributional solution of the Dirac equation.
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

Definition 5.1.3. The distribution P(x,y) is defined as the unique distributional bi-

solution of ,
P((D—m),¢) =0=P(v,(D—m)¢p)  forall ¢ € To(M,SM), (5.15)
with the following properties:

(i) P coincides with the regularized Dirac sea vacuum (4.22)) if 1 and ¢ are both sup-
ported in the past of N.

(ii) P is symmetric in the sense that P(¢, ¢) = P(¢, ).
If the regularization is removed, P° goes over to P in the following sense.
Proposition 5.1.4.

(a) If e \ O, P*(x,y) = P(z,y) as a distribution on M x M.

(b) If x and y are timelike separated, P(x,y) is a continuous function. In the limit e
0, the function P¢(x,y) converges to P(x,y) pointwise, locally uniformly in x and y.

Proof. Part (a) is a consequence of the uniqueness of the time evolution of distributions.
More specifically, suppose that i is a smooth solution of the Dirac equation. We choose
a smooth function n € C*(R) with njs) = 1 and 9|(—s,—1) = 0. Then

(D —m)(n(t(z)) ¥ (z)) = (Dn(t(x))) - v(x) = o(x),

and the function ¢ is supported in the past of N. Using we obtain for any x in the
future of N that

P(x) =n(t(r)) ¥(z) = s"(2,0) = (s" * 9)(2) . (5.16)
Regarding the star as a convolution of distributions, this relations even holds if ¥ is
a distributional solution of the Dirac equation. Suppose that in the past of N, the
distribution 1 converges to zero (meaning that ¥(¢) — 0 for every test function ¢
supported in the past of N'). Then, as the function ¢ is supported in the past of N, it
converges to zero as a distribution in the whole space-time. The relation shows
that ¢ also converges to zero in the whole space-time. In order to prove (a), we first
choose z in the past of AN/ and apply the above argument to the distribution ¢ (z) =
(P — P)(z,2). Then according to the explicit formulas in Minkowski space (see
and ), Y, converges to zero in the past of A/, and thus in the whole space-time.
By symmetry, it follows that for any fixed x, the distribution ¢_(z) := (P® — P)(z,x)
converges to zero in the past of N. As ¢)_ is again a distributional solution of the Dirac
equation, we conclude that ¢_ converges to zero in the whole space-time.

In order to prove (b), we first note that the singular support of the causal Green’s
functions s"(z,.) and s¥(.,z) lies on the light cone 9J"(z) centered at x (see [2, Propo-
sition 2.4.6] and ) Thus if = and y are timelike separated, the singular supports
of s"(z,.) and s"(.,y) do not intersect (see Figure[5.2). Moreover, we know from (4.28)
that P°(z1, z2) converges as a distribution and locally uniformly away from the diago-
nal. Using these facts in (5.14)), we conclude that P¢(z,y) converges locally uniformly
to P(x,y). This also implies that P(x,y) is continuous. O
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5.1. The Regularized Fermionic Operator

/\JA )
e

Figure 5.2.: The singular supports of s"(x,.) and sY(.,y)

We remark that P(x,y) is even a smooth function away from the light cone; for a proof
for general bi-solutions we refer to [32, 27]. Next, we determine the behavior of the
Euclidean sign operator in the limit € ™\, 0.

Proposition 5.1.5. There is a future-directed timelike unit vector field s such that for
every xr € M,

lim 5% =
lim 57 s(x),

where by s(x) we mean the operator on S, M acting by Clifford multiplication.

Proof. A short calculation gives

1 1
(o) oo = o G = <l
1
— _VEVE =<el | P(x, x) e (5.17)
€ € 1 €(, EN* (€ 1 € pe €
F (l’) fa(x) = ;( - Lx(bx) Lx(ea)) = ; by P (:CVSE) €q
€ € € 1 €| pe €
(fa (@) | () F(2))se = ———— <[P (z,2) 5. (5.18)
a”p

Comparing ((5.17) with (5.18)), one sees that in our chosen basis,
Fe(x) = P*(z,x) .

Moreover, we know from that F©(x) has two positive and two negative eigenvalues.
Therefore, it remains to prove that, after a suitable rescaling, P¢(x,z) converges to the
operator of Clifford multiplication by a future-directed timelike unit vector s(z) € T, M,
ie.
lim e? P*(x,z) = ¢ s(x) (5.19)
e\0

for suitable constants p and c.
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

In order to prove this claim, in the past of N we choose a chart where the metric is the
Minkowski metric. Moreover, we choose the standard spinor frame and use the notation

of Chapter 4l Then we can combine (5.14) with (5.12)) to obtain
P (z,z) = // ™z, 21) ° P (21, 22) 7" 8V (20, ) d* 21 dP2,
R3 xR3

.
- / SMa, z21) (=i, +m) Y P (21, 22)7° (i, +m) S (22, @) A’z 5 |

R3 xR3
where 215 = (0, Z1), and the arrow indicates that the derivatives act to the left,

S/\ 9 — i S/\ J
(x,2)9, = 527 (x,2) 7.

We now integrate by parts the spatial derivatives of z; and z5. Using the identity

3 )
(iYV. +m) P*(z,y) = —i’yoﬁpa(z, y) +2m P*(z,y)

and its adjoint, we obtain

P(z,z) = //R i SN, z1) <— i(04, + 0y) + 2m’yo> P (21, 29)
3%R3

. (5.20)
X (i(8t2 + 0p,) + 2m70> SY (29, 1) d*2 d*2y

where 11 = z(f/z are the time components of 2.

In the limit € N\, 0, the function P¢(z1,22) becomes singular if z; = 25 (see (|4.26))
in the case t = r = 0). Moreover, the singular supports of the distributions S”(z,.)
and SY(.,z) coincide (see Figure [5.2]in the case x = y). As a consequence, the integral
in diverges as € N\ 0, having poles in €. The orders of these poles can be obtained
by a simple power counting. In order to analyze the structure of these poles in more
detail, one performs the Hadamard expansion of the distributions S” and SV (see [2,
Section 2] or the next section of this work for similar calculations for the fermionic
operator). Substituting the resulting formulas into , one finds that the higher
orders in the Hadamard expansion give rise to lower order poles in €. In particular, the
most singular contribution to ([5.20]) is obtained simply by taking the first term of the
Hadamard expansion of the Green’s function S”(z, z1), which is a scalar multiple of the
parallel transport with respect to the spinorial Levi-Civita connection along the unique
null geodesic joining z; and z. Similarly, the Green’s function SV (zq, ) may be replaced
by a multiple of the parallel transport along the null geodesic joining z, with . Moreover,
for the most singular contribution to it suffices to consider the lowest order in m,
which means that we may disregard the factors 2m~° in . Finally, we know that in
the limit z; — 2y, the leading contribution to P?(zy, z) is proportional to 7° (see (5.7)
and ) Putting these facts together, the most singular contribution to P*(z,x) is
obtained simply by taking the operator 7° at z; = 2, = z and to parallel transport it
along the null geodesic joining z with z. Integrating z over the set 9J" () NN, we obtain
the desired operator of Clifford multiplication in . O
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5.2. The Hadamard Expansion of the Fermionic
Operator

In this section we shall analyze the singularity structure of the distribution P introduced
in Definition by performing the so-called Hadamard expansion. In order to be able
to apply the methods worked out in [2] Section 2], it is preferable to first consider the
second-order equation . The following lemma relates P to a solution of .

Lemma 5.2.1. Let T be the unique symmetric distributional bi-solution of the Klein-
Gordon equation (5.10) which coincides with the Fourier transform of the lower mass

shell

T(x,y) = / (;147];4 5(k* —m?) O(—k°) e~ik@=w) (5.21)
for x and vy in the past of N'. Then
P, 6) = T((D+m)v, 0). (5.22)

Proof. We introduce the distribution P, by

Pat,6) = 5. T((D+m)o. (D +m)g) .

Obviously, P,, is symmetric and satisfies the Dirac equation . Moreover, a short
calculation using and shows that P, coincides with the regularized Dirac
sea vacuum if ¢ and ¢ are both supported in the past of A/. We conclude that P,
coincides with the distribution P of Definition [5.1.3] Obviously, P, is also a bi-solution
of the Klein-Gordon equation. Flipping the sign of m, we get another bi-solution P_,,
of the Klein-Gordon equation. Again using and , we find that the following
combination of P,, and P_,, coincides with T,

T— (P, P, (5.23)

2m

The fact that the operator P, is a bi-solution of the Dirac equation implies that it
commutes with D,

Pon(Dy, ¢) = mPn(¢, ¢) = Po(¥, Do) (5.24)
and similarly for P_,,. We thus obtain

P(.0) = 5 T((D+m)y, (D+m)o)
@ <Pm((D +m)Y, (D+m)p) — Py ((D+m)e, (D + m)cb))
G229 1 2 2
= W(Pm((D+ m)*v,¢) — P_,, (D +m) Wb))
_ iT((D +m)2,6) = T((D +m)i, ¢),
giving the result. [
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

We now perform the Hadamard expansion of the distribution 7" using the methods
of [9, 24, 32, B0, 2]. Assume that Q C M is a geodesically convex subset (see [2, Defi-
nition 1.3.2]). Then for any x,y € €, there is a unique geodesic ¢ in €2 joining y and z.
We denote the squared length of this geodesic by

T(z,y) = g(exp, " (z),exp, " (z))

(note that I' is positive in timelike directions and negative in spacelike directions) and
remark that the identity

g(grad, I', grad, I") = 4T (5.25)

holds. In order to prescribe the behavior of the singularities on the light cone, we set

[o(z,y) =T+ i&?(t(m) — t(y))
and introduce the short notation

L1
T~ =0 (T.)r

and logT = li{% logT: = log |T'| — ime(t(z) — t(y)) (5.26)

(where € is again the step function), with convergence in the distributional sense. Here
the logarithm is cut along the positive real axis, with the convention

ll{% log(1 + ie) = —im.

In the past of N, this prescription gives the correct singular behavior of the distribu-
tion (4.24) on the light cone (for details see [12, eqns (2.5.39)-(2.5.41)]). Using the
methods of [24], it follows that this prescription holds globally. We remark that the
rule also implements the local spectral condition in [32].

In [2, Section 2], the Hadamard expansion is worked out in detail for the causal Green’s
functions of a normally hyperbolic operator. Adapting the methods and results in a
straightforward way to the distribution 7', we obtain the Hadamard expansion

(~85) T(a,y) = 1z 4 220D

['log(I"
Ve % WY+ THY +0(Tlogl)  (5.27)
(the normalization constant (—87®) can be read off from (4.26)) and (4.31)), because T'(x, y)
coincides with §/m if z and y are in the past of N'). Here V(x,y) is the square root of
the van Vleck-Morette determinant (see for example [30]), which in normal coordinates
around y is given by
V(x,y) = |det(g(x))] . (5.28)

Moreover, I1Y : S,M — S, M denotes the spinorial Levi-Civita parallel transport along c.
The linear mappings VY, WY, HY : S,M — S, M are called Hadamard coefficients. They
depend smoothly on x and y, and can be determined via the Hadamard recurrence
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relations [9]. Namely, inserting the expansion ([5.27) into the Klein-Gordon equation
(5.11]), we obtain the relations

2¢(grad, T', grad, V )IIY = (OT + 8) VIIY (5.29)
1 1
Viaa, 1V = (500 +2) 12 =2(3% + 25 - m?) (1) (5.30)
1 1
VgradgC Fng - §DF Wé/ - 4<DV + ﬁ - m2) ny > (531)
where O = — div grad is the Laplace-Beltrami operator on M. The relation (5.29)) is true

(as it is the defining property of the van Vleck-Morette determinant), and the ordinary
differential equations and can be solved by integration along the geodesic ¢
(see [2], Section 2] for a proof of these statements). We remark that one could also give an
explicit formula for HY. However, as this contribution has no influence on the subsequent
results, we omitted the corresponding recurrence relation in the above formulas.

Writing the result of Lemma with distributional derivatives as P(z,y) = (D, +
m)T(x,y), we obtain the Hadamard expansion of P by differentiation.

Corollary 5.2.2. The distribution P(x,y) has the Hadamard expansion

Y rad, DT + %gradm VI 4+ L(D, 4 )1y

T2 T
log(I")

i (1 +log(T))
L grad TV 4 288 p y o os)) L.
T op erad, LV + = (Dy +m)Vy +i 3 grad, I'-W;

+igrad, I'"HY + O(T'log ) . (5.32)

(_87T3) P(.%’,y) - -

The Hadamard coefficients appearing in formula (5.32)) are calculated explicitly in Ap-
pendix [A]in terms of curvature expressions.

5.3. The Fermionic Operator Along Timelike Curves

Assume that 7(t) is a future-directed, timelike curve which joins two space-time points
p,q € M. For simplicity, we parametrize the curve by arc length on the interval [0, ¢ax]
such that 7(0) = ¢ and y(tax) = p. For any given N, we define the points zy, ..., zy by

n
n =Yt ith tn = — tmax - .
T, = Y(t,) wi N (5.33)

Note that these points are all timelike separated, and that the geodesic distance of
neighboring points is of the order 1/N. In this section we want to compute P(z,1,Z,)
in powers of 1/N. To this end, we consider the Hadamard expansion of Corollary
and use that 0 < I'(z,,41,2,) € O(1/N). Thus our main task is to expand the Hadamard
coeflicients in in powers of 1/N. For ease in notation, we set

T = Tpi1 and Y=2Ty.

57



5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

Possibly by increasing N, we can arrange that x and y lie in a geodesically convex
subset 2 C M. We let ¢ be the unique geodesic in €2 joining y and z,

c:[0,1] =M, c(r):=exp,(rT) with T :=exp, ' (z) . (5.34)

We also introduce the expansion parameter

6 :=+/I(z,y) = /g(T,T) € O(%) :
Next, we let {eg = 67T, ey, ea, €3} be a pseudo-orthonormal basis of T, M, i.e.
g(ej,er) = € Oji,
where the signs €; are given by
+1 ifj7=0
9= {—1 if j=1,2,3. (5.35)
We extend this basis to a local pseudo-orthonormal frame of 7°C2 by
ej(z) =Alej, (5.36)

where AY denotes the Levi-Civita parallel transport in 7'M along the unique geodesic
in 2 joining y and z. Then the following propositions hold.

Proposition 5.3.1. The kernel of the fermionic operator has the expansion

7 m

(=87%) P(x,y) = T2 grad, I'-T1Y + T I + 00 1). (5.37)

Proposition 5.3.2. The closed chain has the expansion

(—87%)? Ayy = c(z,y) Ls,ur (5.38)
I\ Im(log T

+ m<m2 - Sf; > mg;g ) grad, T’ (5.39)

+i[grad, ', X, | + { grad, I, Yy, } (5.40)

+ 00 ogd) ,
where all operators act on S, M. Here X, and Y, are symmetric linear operators and
X,y =0(57%), Y, = 0(672 log ) .

The proof of Propositions [5.3.1] and [5.3.2] is given in Appendix [B]

Note that the contribution (5.39) is of the order =3, whereas is of the or-
der O(62logd). The term (5.39) amounts to Clifford multiplication with grad, I' and
is thus analogous to the term a(&) ¢ in the closed chain (4.32)) of Minkowski space. The
contributions will be discussed in detail in the next section.
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5.4. The Unspliced versus the Spliced Spin Connection

In this section, we compute the unspliced and spliced spin connections and compare
them. We write the results of Corollary and Proposition [5.3.2] as

(—87%) P(z,y) = — % grad, D11V + % I + O(5~Y) (5.41)
(—87%)? Ay = Cuoy + agy grad, T
+i[grad, I', Xuy] + { grad, T, Yy, } + O(6 7" logd) , (5.42)
where
Ay ~ 54 and Xay ~ 573,

We want to compute the directional sign operator v,, (see Definition [3.3.2) in an expan-
sion in powers of §. To this end, we first remove the commutator term in (5.42) by a
unitary transformation,

(—8m%)? e 7P A,y €% = ¢y + agy grad, T + { grad, T, Yy, } + O (6 'logd) , (5.43)

where we set
Xay

Qg

gy = — ~0. (5.44)
We let uw € T,M be a future-directed timelike unit vector pointing in the direction
of grad, I". Then the operator u (acting by Clifford multiplication) is a sign operator (see
Definition , which obviously commutes with the right side of . Hence the di-
rectional sign operator (see Definition is obtained from u by unitarily transforming
backwards,

Vay = €7 w e P = u 4 i[Zyy,u] + O(6%log?é). (5.45)

In order to construct the synchronization map at z, it is convenient to work with
the distinguished subspace £(z) of Symm(S,M) spanned by the operators of Clifford
multiplication with the vectors eg,...,e3 € T, M and the pseudoscalar operator e, =
—eg -+ - e3 (thus in the usual Dirac representation, £ = (7°,...,73,475)). The subspace &
is a distinguished Clifford subspace (see Definition and Definition . The inner
product extends the Lorentzian metric on T, M to £(z). The space Symm(S, M)
is spanned by the 16 operators 1, e; and oj; = 3[e;, ex] (where j, k € {0,...,4}), giving
the basis representation

4 4
. .
Ly = C+ E B0, + E wle; .

k=0 §=0

The first summand is irrelevant as it drops out of the commutator in ([5.45)). The second
summand gives a contribution to vy, which lies in the distinguished Clifford subspace,

4 4
Au =1 Z [Bjkajk,u] =4 Z B ;e € 8, (5.46)

7,k=0 7,k=0
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whereas the last summand gives a bilinear contribution

4
i[w,u] with w = ijej :
5=0

We thus obtain the representation
Ugy = u + Au+iw,u] + 08 log” §). (5.47)
We next decompose w € K as the linear combination
w=au+ps(x)+p with pLlu and pL s(x). (5.48)

If uw and s(x) are linearly dependent, we choose = 0. Otherwise, the coefficients « and
are uniquely determined by the orthogonality conditions. Substituting this decomposition

into ([5.47)), we obtain
gy = €7 P50 (u+ Au) e"iPs(@) g=ip 4 0(8°log?9) . (5.49)

Comparing with Lemma [3.2.2] and Definition [3.2.3] one finds that ¢ is the synchroniza-
tion map U“*® at x. The mapping €**®) on the other hand, identifies the represen-
tatives R, KY € T% of the tangent space T, (see Definition |3.1.9). Using the notation
introduced after Definition and at the beginning of Section [3.4] we have U,, = %
and

Ky =P KW e and KW = P g(g) emPs@) (5.50)

We next compute the synchronization map at the point y. Since the matrices A,
and A,, have the same characteristic polynomial, we know that

Ugy P(2,y) = P(x,y) vyy .
Multiplying by
1

(~87%)7" P(z,y)~ = { T I grad, T - % 2112 + 0(6°)

(where we used (5.41)) and (5.25))), a direct calculation using (5.47)) gives
vy = 1T, (u — Au—i|w,u] ) ITY + 0(6210g25).
Using that s(y) = IIj s(z) IT4 4+ O(5), we obtain similar to ((5.50)
Kyo =T PIY K TIZePITY and K = e P WIIY R(y) e @IIL . (5.51)

We are now ready to compute the spin connections introduced in Definitions

and [3.7.5]
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5.4. The Unspliced versus the Spliced Spin Connection

Proposition 5.4.1. The unspliced and spliced spin connections are given by
D,, = (]1 + (Au)u+2i (B s(x) + p)) 1Y + O(6 log? o) (5.52)
Dy = (11 + (Au) u) Y + O(62log? ) . (5.53)

Proof. We first compute the unspliced spin connection using the characterization of The-

orem A short calculation using (5.41]) and (5.47) gives

4 _
(—87%)? A,y = s + 054

A;y% P(x,y) = —<‘ — 871'3’7114;3}%) ((—8#3) P(x, y))
= % I~2 grad, 11V — % Iz 1Y + 0(67%)
= ju-IIY — % T2 1Y + O(52) .
In order to evaluate the condition (ii) of Theorem [3.3.7] it is easiest to transform the
Clifford subspaces K, and K,, to the distinguished Clifford subspace K(x) and R(y),

respectively. In view of (5.50) and (5.51), we can thus rewrite the condition (ii) of
Theorem by demanding that the unitary transformation

Vi e e (9 AL Pla,y)) T e
transforms the distinguished Clifford subspaces to each other,
VAWV =R). (5.54)
The operator V' is computed by
V = e Bs(@) e gl vy (zu _ F%> e~ e POV 4+ O(6?)

2
5.49) . ; ; .
g (utAu) —ifs(z) ,—ip <w _

= % F%) e~ PP [TV 1 9(6?)
= {eiip(%Au) (iu — % Iz + 28 (u, s(x)>)} I1¥ 4+ O(6%log? §). (5.55)

Now the condition ([5.54) means that the curly brackets in ([5.55)) describe an infinitesimal
Lorentz transformation on £(z). Thus the brackets must only have a scalar and a bilinear
contribution, but no vector contribution. This leads us to choose ¢ such that

sing = —1+ 0(0%1log®6), cosp = —% Tz 4243 (u,s(z)) +O(6%log?6) <0 (5.56)
(note that this choice of ¢ is compatible with our convention (3.44])). It follows that
V= (1 + (Au)~u> 1Y + O(62log? d)
Dy TEE = %0 Ay P(a,y) TI2
=1+ (Au)-u +ifw,u]u + 2iB (u, s(x)) u + O(6? log? 0)
1+ (Au)-u + 2i (B s(z) + p) + O(6%*log?d) .
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

Finally, using the notions of Definition [3.7.5] we obtain

Ua\:y) — oiBs(@) g=ip Uy(x\ — i o—iPs() (5.57)
Dpyy) = U Dy, US = 1 + (Au)-u + 0(6%log?5) (5.58)
completing the proof. O

The terms in the statement of the above proposition are quantified in the next lemma,
which is again proven in Appendix [B]

Lemma 5.4.2. The linear operators Au and (s + p in and (| - ) have the ex-

panSZOTZS
~1
Au= - <m2 - ﬁl) ¢; (Ve R)(T, ;) T + O(621og? §) (5.59)
60 12 :
scal
s tp = |0l Rie(Tep) 1) + 0o (1R + 192N ) | (14 0(%5))

+ 0(6%log? §) . (5.60)

Let us discuss these formulas. We first point out that all the terms in and (}5.60
are of the order O(J). Thus the corresponding correction terms in and ([5.53
are also of the order O(d). In the next section, we shall see that adding up all these
correction terms along a timelike curve will give a finite deviation from the spinorial
parallel transport. If we assume furthermore that the Compton scale is much smaller
than the length scale where curvature effects are relevant,

IVRI  IVEI IRl

4 2 ?

(5.61)

m m3 m

then this deviation will even be small. More specifically, the term involving the Ricci
tensor in (5.60) is the leading correction term. As shown in Proposition this
leading correction enters the unspliced spin connection, but drops out of the spliced spin
connection. This explains why it is preferable to work with the spliced spin connection.

The above calculations also reveal another advantage of splicing The corrections in
the spliced spin connection are bilinear contributions (see (5.53|) and - ) and can
thus be interpreted as describing an infinitesimal Lorentz transformatlon However, the
corrections in the unspliced spin connection (see and ) involve vector con-
tributions, which have the unpleasant feature that they do not leave the distinguished
Clifford subspaces K(z) invariant.

5.5. Parallel Transport Along Timelike Curves
We are now in the position to prove the main theorem of this section. We return to the

setting of the beginning of Section and consider a future-directed, timelike curve ~
which joins two space-time points p,q € M. For any given N, we again define the
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5.5. Parallel Transport Along Timelike Curves

intermediate points zy, ..., zy by (5.33]). We then define the parallel transport Di\]y’s by
successively composing the spliced spin connection between neighboring points,

N, 5
D =D )D(xN Lana) D(

(p,q) (zN,TN_1

Sy =Sy, (5.62)

1,%0)

where Df is the spliced spin connection induced from the regularized fermionic opera-
tor P¢. Substituting the formulas and , one gets N correction terms (Au)-u,
cach of which is of the order 6 ~ N~!'. Thus in the limit N — oo, we get a finite
correction, which we now compute.

Theorem 5.5.1. Let (M,g) be a globally hyperbolic manifold which is isometric to
Minkowski space in the past of a Cauchy-hypersurface N'. Then the admissible curves
(see Deﬁnitéon are dense in the C*-topology. Choosing N € N and € > 0 such
that the points x, and x,_1 are spin-connectable for alln =1,..., N, every point x,, lies
in the future of x,,_1. Moreover,

N, LC 1 2 &al -1
N 20 Py = P Toxp (6 A (m*-53)
< D e (301 0] 50D ).

where y(t) is a parametrization by arc length, and D, denotes the parallel transport
along v with respect to the spinorial Levi-Civita connection, and Texp is the time-ordered
exzponential (we here again identify SS and S, M via (5.6]) ).

Proof. Substituting the formula (5.53)) into (5.62)), one gets a product of N linear opera-
tors. Taking the limit N — oo and using that differential quotients go over to differentials,
one obtains a solution of the linear ordinary differential equation

d
7 P00a = (};{% 5 (Au): ) Dire)a) -
Here the limit § N\, 0 can be computed explicitly using (5.59). Then the differential
equation can be solved in terms of the time-ordered exponential (also called Dyson series;
see [35, Section 1.2.1 and 7.17.4]). This gives the result. O

This theorem shows that in the limit € N\, 0 and locally in the neighborhood of a given
space-time point, the spliced spin connection reduces to the spinorial Levi-Civita connec-
tion, up to a correction term which involves line integrals of derivatives of the Riemann
tensor along v. Computing the holonomy of a closed curve, one sees that the correspond-
ing spliced spin curvature equals the Riemann curvature, up to higher order curvature
corrections.

For clarity, we point out that the above theorem does not rely on the fact that we
are working with distinguished representatives of the tangent spaces. Namely, replac-
ing by the products of the unspliced spin connection with intermediate splice
maps,

Dﬁ’; — Df Uenlzn-2) pe Ulen-ilen—s) .. prlz2lzo) pye

IN,XN—-1 ~ TN-1 IN-1,TN-2 ~ TN-2 TN-1 T1,Z0 ?
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5. Example: The Fermionic Operator in a Globally Hyperbolic Space-Time

the above theorem remains true (to see this, we note that in view of (3.58|) and ([3.59)),
the parallel transpors DN ¢ and DNE differ only by the two factors Uy ¥~ and UL,
which according to and Lemma converge to the identity matrix).

Corollary 5.5.2. Under the assumptions of Theorem the the metric connection
and the Levi-civita connection are related by

lim lim VY, — V¥, =0 (L(v) ”V—Jf”) (1+ o(&al)) , (5.63)

Nosoo eN0 m m2
where L() is the length of the curve 7y, and

Ne .__ :
vp,qe =V va—l@N—Q folvffo : Tq — TP :

ITN;TN-—1

Proof. This follows immediately from Theorem [5.5.1] and the identity

N 5 . N,E N,E

Vi ta = DlgtiaDigryy
where we again identify the tangent space T,M with the distinguished Clifford sub-
space R(x) of Symm(S, M) (see after (5.45))). O

We finally discuss the notions of parity preserving, chirally symmetric and future-transi-
tive fermion systems (see Definitions|3.4.2} [3.6.1|and |3.8.2)). Since our expansion in powers
of ¢ only gives us information on P(x,y) for nearby points x and y, we can only analyze
local versions of these definitions. Then the expansion shows that the fermion
system without regularization is locally future-transitive and locally parity-preserving.
Moreover, as the formula only involves an even number of Clifford multiplications,
the fermion system is locally chirally symmetric (with the vector field u(z) in Defini-
tion chosen as i times the pseudoscalar matrix), up to the error term specified

in (£.53)
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6. Conclusion and Outlook

We have shown in this thesis how geometric structures can arise in the fermionic projector
approach. Working in the formalism of causal fermion systems, we deduced space-time
as a topological space and introduced the geometric notions of spin space, tangent space,
connection and curvature. We have then considered natural examples of causal fermion
systems arising from regularizations of Dirac sea configurations. We have seen that in
a suitable limit, the induced geometric objects reduce to the corresponding objects of
differential geometry on a globally hyperbolic Lorentzian manifold. But our framework is
more general, as it allows to also describe space-times with a non-trivial microstructure
(like discrete space-times, space-time lattices or regularized space-times). In this way, the
notions of Lorentzian geometry can be extended to a much broader context, potentially
including an appropriate model of the physical quantum space-time.

Concerning the technical assumptions made in this work, we first point out that the
assumptions (A) and (B) at the beginning of Chapter |5 should be considered only as a
technical simplification. More generally, the fermionic operator can be introduced using
a causality argument which gives a canonical splitting of the solution space of the Dirac
equation into two subspaces. One of these subspaces extends the notion of the Dirac sea
to interacting systems (see [12, Section 2.4]). So far, this method has been worked out
only perturbatively in terms of the so-called causal perturbation expansion (see [19] and
for linearized gravity [I1, Appendix B]). This shortcoming was our motivation for the
above assumptions (A) and (B), which made it possible to carry out all constructions
non-perturbatively. To avoid confusion, we note that the fermionic operator constructed
by solving the Cauchy problem (see Proposition does in general not coincide with
the physical fermionic operator obtained by the causal perturbation expansion in the
same space-time (because solving the Cauchy problem for vacuum initial data is usu-
ally not compatible with the global construction in [I2 eqns (2.2.16) and (2.2.17)]).
However, these two fermionic operators have the same singularity structure on the light
cone, meaning that after removing the regularization, both fermionic operators have the
same Hadamard expansion. Since in the constructions of Sections [5.2 we worked
exclusively with the formulas of the Hadamard expansion, all the results in these sec-
tions immediately carry over to the physical fermionic operator. We also point out that
throughout this thesis, we worked with the simplest possible regularization by a conver-
gence generating factor eIk (see Lemma . More generally, one could consider a
broader class of regularizations as introduced in [12] §4.1]. All our results will carry over,
provided that the Euclidean sign operator has a suitable limit as € N\, 0 (similar to (4.20)
and Lemma [5.1.9)).

A possible direction of future research would be to generalize our constructions to
systems with several families of elementary particles (see [12] §2.3]). In this setting, only
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6. Conclusion and Outlook

the largest mass will enter the conditions and , so that it is indeed possible
to describe physical systems involving fermions with an arbitrarily small or vanishing
rest mass. Working with several generations also gives the freedom to perform local
transformations before taking the partial trace (as is worked out in [I5, Section 7.6]
for axial potentials). This freedom can be used to modify the logarithmic poles of the
fermionic operator on the light cone. In this context, an interesting future project is to
study causal fermion systems in the presence of an electromagnetic field. We expect that
the spin connection will then also include the U(1)-gauge connection of electrodynamics.
Another direction of future research would be to study the geometry of causal fermion
systems with regularization (i.e. without taking the limit £ N\, 0). It seems an interesting
program to study the “quantum structure” of the resulting space-times.

From the mathematical point of view, the constructions in this thesis extend the basic
notions of Lorentzian spin geometry to causal fermion systems. However, most of the
classical problems in geometric analysis and differential geometry have not yet been
analyzed in our setting. For example, it has not yet been studied how “geodesics” are
introduced in causal fermion systems, and whether such geodesics can be obtained by
minimizing the “length of curves” (similar as in , such a “curve” could be a finite
sequence of space-time points). Maybe the most important analytic problem is to get
a connection between the geometric objects defined here and the causal action principle
(see |12, §3.5] and [I7]). From the geometric point of view, our notions of connection and
curvature describe the local geometry of space-time. It is a challenging open problem
to explore how these local notions are related to the global geometry and topology of
space-time.
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A. The Expansion of the Hadamard
Coefficients

In this appendix we will derive expansions of the Hadamard coefficients in (5.32)) in
powers of 6. We will need these expansions for the proofs in Appendix [B] In terms of the
pseudo-orthonormal frame e; (see ((5.36))), the Dirac operator on SM is given by

DY =ic;e;-Vep,  withy € D(M,SM). (A.1)

Here V denotes the spinorial Levi-Civita connection, the dot denotes Clifford multipli-
cation, and the signs €; are defined in . We denote space-time indices by Latin
letters j,k,... € {0,1,2,3}, and spatial indices by Greek letters «,f,... € {1,2,3}.
Furthermore, we use Einstein’s summation convention.

A.1. The Coefficient D,[IY

In order to calculate the derivatives of the spinorial parallel transport I1Y with respect
to the vectors e;, we introduce suitable local coordinates. To this end, we consider the
family of geodesics

cs(t) = c(t, s1, 82, 83) := exp, (tu + tsaea) , (A.2)

where u = exp,; Y(z) = §ep. The curve ¢y obviously coincides with the curve ¢ defined in
(5.34). The exponential map (A.2)) also gives rise to local coordinates (t,s,) around v,
with corresponding local coordinate vector fields

_ 9% and Y, = 9c, (A.3)

T = )
05,

ot

The vector field T" is the tangent field of the curves c,, and in terms of e; it is given by
T=0dey+ Sqé€q- (A.4)
Since in this appendix we always consider variations of the curve ¢y, we can assume that

Sq = O(6), and thus
T =0().
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A. The Expansion of the Hadamard Coefficients

Moreover, the vector field T is timelike and the fields Y,, are spacelike. By definition of
the vector fields e; and of the spinorial parallel transport Hgs ) it also follows that

VrllY =0 (A.5)
VT €; cs(t) = 0 (AG)
Veijjs(t) =0(0) (A.7)
Vejeklcs(t) = 0(5) . (A.S)

The vector fields Y, are Jacobi fields, i.e. they are solutions of the Jacobi equation
VrVrY, =R(T,Y,)T (A.9)
with initial conditions
Yali=o =0 and VrYalizo = €aq, (A.10)

where R denotes the Riemann tensor on T'M. This initial value problem can be solved
perturbatively along each curve c:

Lemma A.1.1. The following expansions in powers of § hold:

T

t T
Yalety = tea + AL /0 dr A /0 do o NS R(T, e0)T e, + O(8%) (A1)

t? ¢
Vy,Yale.t) = gR(T, egléea + gR(T, ea)es + 0(0%) (A.12)
t? t?
Vy, Vv, Yale.r) = gR(eV, eg)eq + gR(eV, ea)es + O(6). (A.13)

Proof. To prove (A.11)), one simply differentiates with respect to 7" and verifies that the
Jacobi equation is fulfilled. Next, using (A.11]), one finds

VrVy,Yalew) = R(T,Y3)Ya + Vy, V1Y,
= R(T, Yg)Ya + Vyﬂea

cs(t)

t
+ AY / dr 7(R(eg, ea)T + R(T, ea)es) + 0(0). (A.14)
0
Since e, is parallel along c,, we have
VTVYBGQ = R(T, Y/g) (P (A15)
and thus by integrating (A.14)) and (A.15) along ¢, we obtain

t
VyﬁYa cs(t) = Ags(t) / dr T2R(T, 65)6a + 0(52)
0

t T
+AY /0 dr /O do oA (R(T, ep)eq + Rleg, ea)T + R(T, eq)ep)
3 3

= —R(T,ep)eq + 5 (R(T., ep)eq + Rleg,ea)T + R(T, eq)es) + O(6)

3
t3 t3
— gR(T, eg)ea + gR(T, ea)es + 0(6%),
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A.1. The Coefficient D,I1Y

where we performed a Taylor expansion of the integrand around c,(t) and applied the

first Bianchi identities. Using and ([A.8), we obtain (A.13). ]
The spinorial curvature tensor R on SM is defined by the relation
R(Xv Y)¢ = VxVyy = VyVxt — V[X,Y]"éff )
valid for any X,Y € T,M and ¢ € I'(M,SM). In the local pseudo-orthonormal
frame (e;), it takes the form

R(X,Y)y = 411 €€k g(R(X, Y)e;, ek) ej-er-. (A.16)

Using ({A.5) and the fact that the local coordinate vector fields 7" and Y,, commute, we
conclude that

VTVYQ Hz(t) = R(T7 Yoc) Hg (A'17)

Integrating this equation gives

()

Vy, 117

t
o =% /0 O RT, Yo le(r T d7 (A.18)

Using this formula, we can now derive the expansion of the Hadamard coefficient D, I1Y.

Proposition A.1.2. The Hadamard coefficient D, I1¥ has the expansion

. 1
D,IIY = — % q(/o tRic(T), e;)|c dt) e;-1I3

; 1
+ 54 Gira <€k g(R(e;, T)T, ex) ‘m / tg(R(T, ex)ep, q)ler) dt> ej-epeq 1Y
0

+0(6%).

Proof. From (A.11)) we conclude that
t3
Yalew = tealew) + 3 R(T, ea)T |ewy + O(67)

t3
= teale) + @ exg(R(T,ea)T, ex)exlew + O(8°),

where we performed a Taylor expansion of the integrand in (A.11]) around ¢(¢). Thus

1
eals = Yo — ég(R(ea,T)T, 65))Yﬂ +0(6%).

Then, from (A.18) we conclude that
1
V. 1Y =T11Y /0 dr T OR(T, eq)|on 1T,

1 ! Cc\T
+ 5 g (Rlea )T 00)) T /O dr TIEOR(T, ) T

+0(5Y). (A.19)
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A. The Expansion of the Hadamard Coefficients

Representing the Dirac operator as in (A.1]), we find

1
D, 1Y = iﬂg/o dr TH;(T)GjGj'R(Ta 6j)|c(T)Hz(T)

; 1

+ 51 Gi%a (ek g(R(e;, T)T, ex) ‘x/ tg(R(T, ex)ep, €q) e dt) ej-epeq 1Y
0

+0(3Y),

where we used (A.16]) and the fact that the vector fields e; are parallel along c. The
result now follows from the identity

1
eje;-Riej, X)p = 56 Ric(ej, X)e;-1 for X € T,M and ¢p € I'(M,SM), (A.20)

which is easily verified by applying ([A.16)) as well as the first Bianchi identities. O

A.2. The Coefficient V!

We now compute the expansion of the coefficient VY. The Hadamard recurrence relations
(5.30) can be integrated along ¢, giving the explicit formula

1 6o
Vet = =7 V(e(t),y) L /0 dr V=i (c(7),y)

1 (07 + 28 02) (v ) o)

(A.21)

z=c(T)

(see [2 Section 2] for a proof). Note that this formula remains true if we replace the
curve ¢ by the curve ¢, as defined in (A.2). For the computation of the term in (A.21))
which contains the Bochner Laplacian, it is most convenient to work in local normal
coordinates around v,

Q> p=exp,(zje;). (A.22)
The corresponding coordinate vector fields are given by

0

X =—. A.23
J 8Ij ( )

In these coordinates, the Bochner Laplacian is given by
where ¢/* is the inverse matrix of gjx = ¢(X;, Xiz). Moreover, the vector fields X;

transform according to
Xy = a7 — oy d X, -y, (A.25)
= <4 7 <ta an a— J1a, .
Tt t
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A.2. The Coefficient VY

where T and Y,, are the coordinate vector fields in (A.3]). Also, from (A.4)), (A.11]) and
(A.25), it follows that
=607 w20

More precisely, we have the following lemma for the expansion of the metric.

Lemma A.2.1. In the local normal coordinates (A.22)), the metric g has the expansion

t2
(X5, Xi)esty = €051 — 3 9(R(e;, T)T, ex)|esr)
3 (A.27)
t5 g((VrR)(e;, T)T, ex) e,y + O(6%).

Proof. Inserting (A.11) into (A.25), we find

X

ales(t) = Ca

1 t
eslt) T ;Ai(t)/ dr AZS(T)/ do o A R(T, €0)T (o) + O(5")
0 0

1 t T
= Cale,n) + ;Ai/s(t)/o dr Aff(T)/O do o (R(Ta €a)T |e,(r)

+ (0 = 7)YV R(T, €a)Towiry + 0(T4)) + 0@

2

1 t
€ales(t) T n / dr (% R(T,e,)
0

1 t 7_2
)ty /O dr (5 R(T, ea)Tc.t)

,7_3
cs(r) — EVTR(T, ea)T

CS(T)) + O<54)

:ea

7_2 7_3

+ ST = OVrR(T €)oo = = VoR(T,ea)Tler)) +0(6")

t? t?

calesty + 5 BT ) Tlesy = T3 (VrR)(T, €a)T ey + 0(5), (A.28)

where we expanded the integrands in a Taylor series around cs(t). Moreover, we used

that 7' = O(0) and that T" and e; are parallel along the curve ¢;. Substituting (A.4))
and (A.28) into (A.25)), we then find

1 Sa Sa
Xoleaty = ST — 5Y co+ - 5 —eales(ty — FXOC calt)
12 3

— — —R(T, T T, T 4

€0 es(t) 6(5R( Sa€a)T e, ) + 12(5(VTR)( 5a€a)T e,y + O(6%)

t2 3
=y — @R(T T — 6e0)T |eory + 125(VTR)(T, T — Sep) e,y + O(0)
t3

=€y cs(t) + gR(T, 60) cs(t) (VTR) (T GO)T cs(t) + 0(54) . (A29)
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Thus, inserting (A.28) and (A.29) into the metric, we obtain

2

1
9(X;, Xi) = glej, ex) + 5 (ej, R(T, ek)T) + A g(R(T, e;)T, ek)
3 3

= 9(es (Ve R)(T,e)T) - %2 g(VrR)(T,e))T, ) + O(6")

t t
= €j6jk - g g(R(ej, T)T, €k> + E g((VTR) <€j, T)T, ek) + 0(64) s

where the first Bianchi identities were used in the last step. O

In the subsequent calculations we will frequently expand the integrands in a Taylor
expansion. For brevity, we shall not always give the corresponding computations in
detail. Instead, we refer the reader to as a model calculation.

We now expand the function V and related terms in powers of 9.

Lemma A.2.2. For the square root of the van Vieck-Morette determinant V, the follow-
ing expansions hold:

Vies(t),y) =1+ % Ric(T,T) — %(VT Ric)(T,T) + 0(6%) (A.30)
Ovi Veetty = %Ric(T, ea) + O(6%) (A.31)
grad V. ) = éej Ric(T, e;)X; + O(6%) (A.32)
OVl = _%al +0(8%) (A.33)
Oy, OV e,y = _t e, scal +t0,, 1 + O(6?), (A.34)

6
where r is a smooth real-valued function of the order O(52).
Proof. We first recall the expansion for the matrix determinant
det(1 + A) =1+ tr(A) + O(A?).
From this identity and , we obtain
| det(g)| = — det(g)

2

= det []1 — %ej g(R(ej,T)T, ek)

cs(t)
t3
+ E € g((VTR)(e]-, T)T, ek)

cs(t) + O<54):|
=1+tr [ - gej g(R(e;, )T, ex) + %(fj g((VrR)(e;, T, ek)] + O(6%)

2 3

= 1= 5 Rie(T.T) + ¢ (Ve RiO)(T,T) + 0(5").
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Hence

2 3
ic(T,T) — —
2R1(:(, ) 51

V= |det(g)| =1+ (Vo Ric)(T, T) + 0(5"),

giving (|A.30]). Next, we calculate

2

2 2
Oy, V = % Ric(T, Vy,T) + O(6?) = % Ric(T, V1Yy) + O(6%) = % Ric(T, es) + O(6%),

[e3

proving (A.31). Using (A.27) and (A.26]), the gradient of V is given by

2

) t
grad V = g% (0x, V) X;, = (0x, V)X, + O(6?) = ¢, (axjﬁ Ric(T, T))ej 062

The derivatives with respect to X; are computed to be

2 2

2 1, t . b, 2
6Xaﬁ Ric(T,T) = ;aYaﬁ Ric(T,T) = G Ric(T, e,) + O(67),
and

2 1 Sq 2
8XOE RIC(T, T) = <5VT - EVYLX) E RIC(T, T)
12t Sq t?
= - Ric(T,T) — == Ric(T T 2
512Rlc( ,T) téGRlC( ,Vy, T) + 0(67)
ot Sa . Sq 9
—6R10<T,60+5ea>—6Rlc<T,5ea>+O(5)

- %Rio(T, eo) + O(8%), (A.35)

where we used (A.4)), (A.25) and (A.31). Thus

t
gradV = =¢; Ric(T, e;)X; + O(6?),

which shows (A.32)). Using that g;x = €;0;, + O(6?), we find

1 .
V== ———— o, (V[ detlg) ¢"*0x, V)

V| det(g)]

'
= — €;0x,0x, (1 + 55 Ric(T,T) = 7 (Vr Ric) (T, T)) +O®8?).
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A. The Expansion of the Hadamard Coefficients

The spatial derivatives in this formula are calculated by
Ox. 0. V =~y 0 (1+ E Rier. 1)~
XaOXa ¥ T Pava 17 9 ML 24

1 t
— By, (6 Ric(T, ea) + 75 (Ve Ric)(1.T) -

(Vo Ric)(T, T)) +0(5?)

t

24
1 t t

— By, (6 Ric(T, ea) + 15 (Ve, Ric) (T, T) = 5 VrVy, Rie(T, T)) +0(5?)

Yy, Vo Ric(T, T)) + O

_ Lo, t . t . ,
= Oy, <6 Ric(T, e,) + 21 (Ve, Rie)(T,T) — 5 (V7 Ric)(T, €a)> + 0(8?)
_ é Ric(ea, ea) + & (Ve RiO)(T, c0) — = Vy, Vr Ric(T, e0) + O(5?)

1 t t
=5 Ric(eq, €a) + 6 (Ve, Ric)(T, e,) — D (V1 Ric)(eq, €a) + O(6?).
The derivatives with respect to X are calculated similar to (A.35) and give
1 t t
Ox,0x, V = 8 Ric(eg, €9) + 6 (Vo Ric) (T, eq) — 19 (V1 Ric)(eg, o) + O(6?).

We thus obtain

1 t t
oy = — ej(a Ric(e;,¢;) + 7 (V, Ric) (T ¢;) = 15 (Vr Rio)(e;: ej)) + 0(5?)
_oscal ot . t oy scal 9
= 6 & div(Ric)(T") + 128T scal +0(0%) = 5 + 0(67) ,

where in the last step we used the second Bianchi identities. We rewrite the remainder
in this formula as O(6%) = r + 0(6%), where r is smooth and of the order O(6?). Then by

differentiation, we obtain
t
Oy, OV = 5 s, scal +t0,, 1 + O(6?),

concluding the proof.

We remark that the function r could be computed explicitly using the fourth order
expansion of the metric in local normal coordinates (see [31]). Since the computation
would be rather long and since we will not need the explicit formula, but only the

asymptotic behavior of r, we here only remark that
r=0(2(IR|+ | V2R])) . (A.36)
We next derive the expansion of the Hadamard coefficient V7.

Proposition A.2.3. The Hadamard coefficient V¥ has the expansion

scal Or scal

vy —miry - 2 S (A.37)
€j€xE

jZfl ! g((VejR)(T, ej)ek,el)ek~el~l_[g (A.38)

+ 820 I1Y + 62 v;?k ej-ep-11Y + 0% 0P eg-e1-eq-e3-11Y + (%), (A.39)

where the coefficients v®, U;-)k and VP are real-valued functions.
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A.3. The Coefficient D,V

Proof. As VY is a Hadamard coefficient of the second-order equation , all contri-
butions to V! involve an even number of Clifford multiplications and only real-valued
functions. As a consequence, the higher order terms can be written in the general form
(A.39). In order to calculate the leading terms, we note that inserting the expansion
7% = €;0; + O(6%) into the definition of the Bochner Laplacian (A.24)) yields

1
OV = =V, VoIl + Vi, Vi 11 + 0(6%) = ﬁvyavyang(t) + 0(6%)
1 Y ! T2 c(T) Y 2
=1 Hc(t) i dr ) I e exe g((VejR)(T, e;) e, €l)€k’€l’HC(T) + 0(67%)
t

where we used formulas (A.7), (A.g8)), (A.16), (A.18) and a Taylor expansion of the
integrand around ¢(t). Inserting into the definition of V¥ (see formula (A.21])), we obtain

1 1
VY= —V(z,y) Hg/o dr V7' (e(r),y) I (Dv + —Sza - m2> (VIL)
1
_ e(T) &al _ 2> Yy
— ng/o ar 0 (0V+25 - m?)IY,

1
+ 1Y / dr 15 (Wgradv — DV) I,
0

1
.
+ 11Y / dr 1157 5 ke 9((Ve, R)(T, e)er, er) ex-er T, + O(6%)
0
, scal 8Tscal>
= B - Hy
<m 12 24 )
€5€L€E]

24 9((Ve; R)(T e, er) ex-er I + O(5%)

where we used (A.30), (A.33), (A.7), (A.32), (A.40) and again performed a Taylor ex-
pansion of the integrands around . ]

A.3. The Coefficient D,V

In order to calculate the Hadamard coefficient D,V?, we need to calculate the covariant
derivatives of V¥ with respect to the vectors e;. We will perform the calculations for the
spacelike vectors e, in this appendix. The calculation for the timelike vector eg can be

5



A. The Expansion of the Hadamard Coefficients

done similarly. Thus, starting from formula (A.21]), we compute

V.. VY= Vy, V¥ +0(5%)

= o [ a0 (o7 ) (v )
0

s=0

1 ¢ scal

v /0 d I OR(T,Y,) /0 artiz v (07 + X5 ) (v )|

1 scal

_ vng/o at 1 Oy, |V (07 + 55 —m? ) (VI )] |+ 0@?)

— % Ric(eq, T) <m2 - 1—12 /01 scal dt) I3
1 1 t
+ Hg/o dt (tm2 - E/0 scal dT) Hz(t)R(T, Y, )Hi'(t)
_ 1/1 t* Ric(eq, T) <m2 L scal> dt 11Y
6/, ’ 12 ’
- /01 40Ty, <Dv n %al )(vng w)|_ 0. (A.41)

Here we used the formulas of Lemma as well as formulas ) and - A
Taylor expansion of the integrands in 1} around z yields

V. VY= é(m2 — %) Ric(eq, T)ITY — %(mQ — %)R(ea, )11

1
Cs v
— 11 /O dt 11 OVy,, ((m VI, ) = 2V a2 )+ V OVILY, (t)>

5=0
1
os(t scal 2 9
_ng/o Atz Ovy, (M5 - m?) (v )| o). (A42)
Applying the product rule for the Y,-derivatives, we can again use the formulas of
Lemma [A.2.2] Taylor expanding the resulting integrands around z, we obtain
1( , scal 1 scal

V.V =g (m? - E> Ric(eq, T — < <m2 - H)R(%,T)Hg

1 1
- ( /0 Oy, OV dt) Y — 11 /0 dt T (D V) Vy, 1T,

s=0

1
+ 211 / AtV y, Vgaav I
0

cs(t)

1
—Hy/ dt 11Oy, OV 11

s=0

scal ot [ Scal
/ 8ya—dt Hy Hg/o dtHy(t)<T—m )(ay V)L,

1
I / dt T (% - m2)vyang(t) +0O(62)
0
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A.3. The Coefficient D,V

1 I 1 1
=3 <m2 = %) Ric(eq, T)I1Y — 3 <m2 — %)R(emT)Hay:

ot scal t
+ / (0., scal ~t0,, ) dt + 112 / at (%55 / EOR(T, Yo)ITY
0

+ 211Y / dt IOV y, Vgraa pI1Y L

s=0

— 1Y / dt I Ovy, 0V

Cs (t)

1 ¢
- ( / 0., scal dt)TT — 1Y / at 0 (55 —m?) <§ Ric(T, ) ) T,

! scal o(r
Y /0 dt <T—m2>/0 EOR(T, Y)Y, + O(6%)

m? 5 1 scal
(- _ = ; y _ — 2 _ 2 Y
( & 716 scal) Ric(eq, T)ITY 5 (m 5 )R(ea, I

1 1
— ﬂ(a@a scal)ITY + ﬁ(ﬁTé?ea sca)I1Y — C'(D,,r)ITY

1
+ 211 / dt 1OV, Vgaavll?
0

0%, (A.43)

1
. cs(t) \Y
Y /0 dt 1OV, 0V |

where C'is a positive number coming from the Taylor expansion of fol t0,,r dt around x.
Thus the remaining task is to calculate the expressions Vy, Vg ad VHZ;S ®) and Vy, DVHZS ®)
up to the order O(4?). The first expression is given as follows.

Lemma A.3.1. The following expansion in powers of 6 holds:

1
. :1—86k Rlc(ea, ek)R(T, ek)HZ

1
1—8€k Ric(T, er)R(ea, ex)I1Y + O(5%) . (A.44)

Proof. Using the expansion of gradV in (A.32)) and the transformation law (A.25)), we
find

1
211 / dt 1OV, Viraa 1T,
0

t .
VY Vgradvn Vya <66k RlC(ek, T>VXkH?ch(t)> o + 0(52)
. L.
= -5 Rlc(eg, ea)VyBH?C’(t) + ek Ric(e, T)Vy, Vx, 1T .

+ 0(6%)

1 : ! Cc\T
=5 €L Rlc(ek,ea)Hz(t)/ dr Hy( )7.73(T7 ek)Hﬁm

t . Rp—
+ 6 RlC(Go,T)VYa< Iy Hy / dr HyS( )TR(Ta 6/3)1_[?8(7.))

s=0
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A. The Expansion of the Hadamard Coefficients

t . K o T
- RlC(@g,T)VyaHg(t)/(; dTHy( )zR(T, ep) T, + 0(8?)

1 . ! c(t
=5 Ric(eq, ek)Hz(t)/o dr Hy( JTR(T, en) Il

t

1 : c(T
+ 56 Ric(T, e)ITY /0 dr T TR (e, )T ) + O(6%) . (A.45)

c(r

I hU.S7
C )y I x
0 1 €k Ric(e €k R(1 (&3 [1

1
—|—1—8€k Ric(T, ex)R(eq, ex) 1Y + 0(52) ,

1
QHZ/ dt H;S(t)VYavgradVHZS(t)
0

where we used a Taylor expansion of the integrand around =x. O]

Let us now consider the expression Vy, OVITY, (1 10 (A.43), with the Bochner Laplacian

given by ([A.24). We first remark that from the expansion of the metric g in (A.27)), it
follows that in the first summand of (A.24]), we have the expansion

2

t
cs(t) = €0k + gekel g(R(ek, T)T, 61) }cs(t) + 0(53) . (A46)

gkl

Moreover, using ([A.25) and (A.12), a short calculation similar to the proof of Lemma
shows that in the second summand of (A.24]), we have the expansion

gklele

2t .
cot) = €6V, Xkleor) + 0(6%) = 6 Ric(T, ex) Xieu () + O(6%). (A.47)

The expansion of the last term in (A.43)) is then given as follows:

Lemma A.3.2. The following expansion in powers of 6 holds:

1
—11Y /0 dt 11 vy, ovIIY

() s=0

1 1
= —€;Ve, (R(€a, ex)1Y) — Eevavek (Req, ex)IL¥)

6

- %ek Ric(eq, ex)R(T, ex)I1Y — %ek Ric(T, ex)R(eq, ex)I1Y

+ %%R(ea, er)R(T, ex)I1Y + 7—126k7€(ea, R(T, ex)ey,) 1Y

+ %ekR(R(T, € )€ks ek)Hg — 3—16€kR(R(€k, €a )€k, T)Hg

- %ekR(R(T, er)eas ex) 1Y + 1—126k(VekVeaR) (T, ep)TIY + 0(6%).  (A.48)
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Proof. Inserting (A.46) and (A.47)) into (A.24]), we find

t2
VYaDVH?cJS(t) = Vya ( — GkvkaXk — gekelg(R(ek, T)T, el)VkaXl

2t )

+ gﬁk RlC(@k, T>VXk>Hzg(t) 0 + 0(52)

= —a Vv,V VIl Lt O(6%) (A.49)

t? y

- §€k€l (aYQQ(R(@k, T, 61)>ka szHcs(t) o (A.50)

2t . 2t .
+ (gﬂg RlC(ek, ea)VXk + gﬁk RlC(@k, T)VyaVXk>st(t) 0 (A51)

The coefficient 8yag(R(ek,T)T, el) in (A.50)) is symmetric in k& and [, and of the or-
der O(6). On the other hand, the symmetrized expression
(vXkVXz + levXk) Hz

s(t) ‘SZO
is also of the order O(4), as the following considerations show: Since Xy = 37T along c,
the expression Vx,V XOHZ(t) vanishes. Next, using (A.25)), we find

(VxoVixs + Vi, Vo) I | o = (R(Xo, Xp) + 2V x, Vi, ) 1T

el
s=0 cs(t) ls=0

= (R(eo, eg) + %Vyﬁ < - j—gvn)>ﬂi(t) P 0(d)

= (Rleo, e5) — Rlco, e5)) 1LY, + 0(8) = 0(0).

Moreover, using ((A.18]), we have

1
(vXﬁVXv + VX'YVXﬂ)st(t) ‘5:0 = t_2 (VYﬂVYv + VYvVYﬁ)Hgs(t) |s:0
1
= §(R<65, ey) + Rey, 65))Hz(t) +0(5) = 0(9) .

Thus, the term ([A.50) is in fact of the order O(§2). The term (A.51)) can be calculated
using the transformation law (A.25]),

2t 2t
<§ek Ric(eg, €a)Vx, + 361‘3 Ric(ey, T)Vyavxk) Hi(t)

s=0

2. 2.
= ( -3 Ric(eg, €a)Vy, — 3 Ric(eg, T)Vyavyﬁ>ﬂ‘z(t)

o 5
+ 3 Ric(eg, T')Vy, ( - £vyﬁnzs(t)> L:o

2 : ‘ c(T
= 3¢k Ric(ea, )T, /0 dr TS OR(T, )T,

2 : ! c(r
+ 36 Ric(T, ek)l_[g(t) /0 dr THy( )R(ea, ek)Hg(T) )
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A. The Expansion of the Hadamard Coefficients

We conclude that

1
cs(t v
_Hg/o dilly “Vy,0 Hgs(t)

s=0

1
:H / dtHCs GkVYaVXkVXkHy (A52)
0

cs(t) s=0
1
- §ek< Ric(ea, ex)R(T, e1) + Ric(T, ex)R (€a, ek))ng L O0Y),  (A53)

where we used a Taylor expansion around x to calculate the term (A.53). In order to
calculate the term (A.52)), we use the transformation law (A.25)) to obtain

EkaavkaXng 0],

O R - B T e |

= (55 Vv — 5 RITY, )>Hc(t) t%vyavyﬁvyﬁn
t2252 I, / dr D R(T, Y)Y ) — ﬁR(T Yo)Il%
— ﬁvyavyﬂng(t) /O dr O R(T, Ya)TTY,
t2252 I, / ar O R(T, Yo )T ) — WR(T Yol
- t—QVYQHg(t) /0 ar EOR(T, Ys) /0 do T R(T, Ya)ITY
— tlzvyang(t) /0 ar 57V, (RAT, Y)ITY )
t2252 I, / t dr D R(T, Yo )T ) — ﬁR(T Yol (A.54)
- %Hi’(t / dr IER (e, ) /0 o S R(T, Ya) I, (A.55)
- tlzny( / dr IEDR(T, Yy) /O " do 57 R (e, Y3)ITY (A.56)
— t%ng /0 dr 5V y, Vy, (R(T, Yp)ILY ) + 0(6%) . (A.57)

The contribution of the term ({A.54)) to the expression (|A.52)) can be calculated by sub-
stituting Ya|e(r) = 7Xal|(r) and Taylor expanding the integrand,
" e 2 R
c Y c(T Y Y
I /O a0 | 1Y, / dr TEO R(T, Vo) 1Y) — ﬁR(T Y Il ,

- éveo (R(607 Xa) HZ) + %veoveo (R(e()’ XQ)HZ) + 0(52)
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= %veo (R(ea, €0) I1%) — %veoveo (R(ea, €0)IT¥)

)
+ 36R(R(eo, €a)€0, o) ITY + O(6%)

In the last step of (A.58)), we used that

1 1 t T
Xalew = ;Ya(c(t)) = e, + ZAZ(t) /0 dT/O do UA;(U)R(T, ea) T(c(o)) + O(6*)

1 to
veoXa|c(t) = SVTXQ = gR(@O, 604) €o + 0(52)

1 1
VeoveoXa’c(t) = SVT<V€OXQ) = gR(eo, €a) €0 + O(5> .

(A.58)

Substituting (A.54] - into ( and Taylor expanding the integrands, we find

. cs(t) \v4
HZ/O dtHy Vy, O H?ch(t)

s=0

1 ) o
= aveo (R(ea, 60)1_[%) — Eveoveo (R(ea, 60)1_[3) + %R(R(eo, ea)eo, 60)1_[%

1

+ ﬁekR(ea, ek)R(T, ek)Hg
1

— §ek ( Ric(ea, ex)R(T, ex) + Ric(T, ex)R(eq, ek)>H§

1
— 11y /0 dt = /0 dr XDV, Vy, (R(T, Y5)ITY, ) + 0(5%). (A.59)

It remains to calculate the last term in (A.59). We define the covariant derivative of the
spinorial curvature tensor by

1
+ ﬂekR(T’ €k)R(eaa ek’)HZ‘

(VxR)(Y, Z)¢ :=Vx(R(Y, Z)¢) — R(VxY, Z)
where X € T,M,Y,Z € I'(TM) and ¢ € I'(SM). Then we can compute
Vy. Vy, (R(T, Y)Y )

(A.60)

= 'R,(Ya, YB)R(T Yﬂ)Hy + VYBVYQ (R(T Yg)Hg(T))
— R(Y, YIR(T, YT,

T (Vy, Ve R)(T, V)T,
+ Vy, (R(VrYa, Yﬁ)H‘Z(T))

+ R(Gg, VYQYQ)Hy + R(T VY[,VY Yﬁ) o(r)
+ R(T, Yg)VyﬁVya o(r) + 0(52)

= R(Ya, YO)R(T.Yo)IIY ) + (Vy, Vi, R)(T, Y5)IIY

+ vyﬂ [R <€a + A?C/(T) /0 do o A:Z(U)R(T’ eOé)T|C(U)v Tep
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T+ Ay [ do N | dp p AL R(T, )Tl ) T
0 0

7_3 7_3 7_3
+ R(eﬁ, S R(T,ea)es + S R(T, eg)ea> I, + R(T, ~R(ep. ea)eﬁ)ngm

+ R(T, Yp)ILY,,, /0 do 115 R(eg, Yo I, + O(6%) , (A.61)

where we used the formulas of Lemma [A.1.Tl A Taylor expansion of the remaining
integrands and the first Bianchi identities then yield

Vv, vy R(T, Y5)IIY,,,)

es)R(T' ep)Ily + 7%V, (R(ea,eg)HZ(T))

w/-\/-\

3
-
R(R(T,ea)es + R(eg, ea)T, eg)Hi’(T) + ER(%’ R(T, eg)eﬁ)ﬂgm
3 73
— S R(R(T, ea)es + R(T, e5)ea, es) 1Y + §R(T, R(ep, ea)es) 1LY

+ 5 R(T, ep)ITY Rieg, ea) 1L,y + 72(Ve, Ve, R)(T, ep)ILY ) + 0(07)
y 27° y ’ y
(R(€CU eﬂ)Hc(T)) + TR(R(T7 €a)65, eﬁ)HC(T) - ER(R<€[37 €a)65, T) HC(T)
3
-
+ —ekR(R(T, €k)Cas ek)H‘Z(T) — E(—:kR(ea, R(T, ek)ek)Hzc/(T)

+ %QR(T er)R(ea, ek)Hz(T) — e R(eq, er)R(T, ek)Hi’(T)

— P (Ve Ve, R)(T, )Y, + 0(52) .

Therefore, the last term in (A.59) is given by

1 t

—I1Y /O dt -5 /0 dr DYy, Vy, (R(T, Y3)ITY )
1 1

= — gveﬁ (R(ea,es)IY) + —VTV s (R(ea, es)I1Y)

1
- y
SR(R(T, ea)eq, ep) T + o

— S AR(R(T,ex)ea, )T + xR (e, RIT, ex)ex) 12

1 1
— ﬂEkR(T ek)R(ea, ek)Hg EekR(ea, ek)R(T, €k)Hg

1
Eek(v Ve R)(T, )Y + O(5%)
1 1
= — Eveﬁ (R(ea,ep)1Y) + 1—2VTV65 (R(eq,ep)11Y)
1 1
1—8€kR(R(T o)k, ek)Hy — %ekR(R(ek, €a)Ck, T)Hg

R(R(eg, €a)€s; T) I1Y
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_ iR(R(eo, €a)€0); )

36
5 1
— 561@R(R(T, ek)ea, ek)Hg + ﬁe;ﬂ'\’,(ea, R(T, ek)ek) 1Y
1 1
— ﬂekR(T, ex)R(€qs €)Y + EekR(ea, ex)R(T, ex)I1Y
1
+ Eek(vekvean) (T, )Y + O(6%), (A.62)

where we used a Taylor expansion of the integrand around x. Inserting (A.62)) into (A.59)
concludes the proof. O

We now insert the results of Lemma [A.3.1] and |[A.3.2| into formula (A.43) and obtain

m? 5 1 scal
Ly = (I 2 1) i aTHy——< 2——) o THTIY
\ Y ( &~ 516 5@ Ric(eq, T)ITY 5\m 15 R(eq, THITY
1 1
- Yy _ Yy _ Yy
51 (Oe,, scal)I1¥ 4 = (070, scal)I1Y — C(0,,,r)I1Y

+ éEkvek (R(ea, Gk)Hg) — %Evavek (R(ea, €k>Hg)

1 1
— —e¢; Ric(eq, ex)R(T, e) 1Y — 1—8€k Ric(T, ex)R(eq, ex)11Y

18 v
1 1
+ gekR(ea, ex)R(T, ex) 1Y + ie,ﬂz(em R(T, ey )ex) 1Y
1 1
+ 1—8€kR(R(T, €a)Cks ek)l_lﬁ/C — %ekR(R(ek, €a)Cr, T)Hg
5 1
- iekR(R(T, er)ea, ex) 1Y + Eek(vekvwn)(ﬂ ex) 1Y +0(6%) .  (A.63)

We remark that formula (A.63)) is also valid if one sets @ = 0 (with a slight abuse of
notation), which can be shown by similar calculations. We are now in the position to
compute the expansion of the Hadamard coefficient D, VY.

Proposition A.3.3. The expansion of the Hadamard coefficient D, V.Y in powers of ¢ is

given by
DVY = — %ej(vT div(Ric))(e;)e; - T1¥
_/m?  scaly _. .
— ze.j (E — E) Ric(T, e;)e;-11Y —ie;C(0,,r)e;-11Y
i
+ ﬂekequ((vekvej R)(T, €k)€j, 61)61 Hg
— éekejelg(R(T, en)er, ej)ej Rer, ex) Y + O(6%) (A.64)

Proof. Using the representation (A.1)) of the Dirac operator, we obtain from ((A.63) and
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the remark below (|A.63)) the formula
Dzvxy == ij@j ~Vej ‘/xy

' (T; ZC?ZI) Ric(T, e;)e;-11Y — 24@ div(scal g)(e;)e;-11¥
+ o (Vi div(seal ) (e; ey TIY — ie,C/(0, r)e; T
144%5] Ric (e], R(T, ek)ek)ej-l_[g - %ekej Ric(T, ex) Ric(ej, ey )e;- 117
+ ﬁekej Ric(ek, e;)e; - R(T, ex)I1% — %Ekej@j'R(R(eka ej)er, T)ITY
+ %Ekejej.R(R(T, ej)er, ex) 1Y — %ekejej-R(R(T, er)ej, ex) 112
+ éEkEJ’ej‘vek (Rej, ex)1Y) — %ekejej-VTVek (Roej, ex)1Y)
+ %erjej'(vekvej,]z) (T, ex)ITy + 0(07), (A.65)

where we applied (A.20). We now calculate the remaining derivatives in (A.65)). First,
1
es6k€i- Ve (Rlej, en)TTy)

‘ i
:éekejv (Ric(eg, ej)ej.l'[g) — éek’ej(vekej)'R(ej, ex)TTY

ej dlv(Rlc)(ej)e] T+ Ekﬁg Ric (R(T> ex)er, ;) e;-I1Y

24
—ep€; Ric (ek,R(T ek)ej)e] q1Y 4+

12

246k6] Ric(ex, €) (R(T, ek)ej) 1Y

24ekej Ric(ex, €;)e;-R(T, e) 1Y — éekejR(T, ex)ej-R(e;, ex) Y
+0(6%), (A.66)

where we used (A.20)) and the fact that

24

t
Vekej\x = —R(T, €k)€j 1 + 0(62> y (A67)

2
following from ({A.15]) by integration and Taylor expansion. Again using formulas (A.20)

and 1) we find

ejeke] V1Ve, (Rlej, ex)TY)

12 _
= 1Z2€J€/€VT (e] VekR(ej,ek)H§>
S éejemvek (e5Rles e12) + <566 Vr(Veyes) Ries, €)1 + O(57)
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2Z4e]ekR(T er)e; Re;, ex)T + O(52)

4%@66]- Ric (R(T, ex)ex, e;) e;-T1

—epe; Ric (e, R(T, ey )e;)e;- 114 — 48

486kej Ric(ey, e;)e;-R(T, ex)I1Y + 24eke]R(T, ex)ej-R(ej, e) Y
+0(8%), (A.68)

— 214€]ekVTVek <R1c(e],ek)ej Hy>

- 24 €;(Vr div(Ric))(e;)e; - 1T —

—ex€; Ric(eg, €5) (R(T, ek.)ej) 1Y

48

Second, using the representation (A.16)) of R and the definition (A.60|) of its covariant
derivative, we have

(Ve,R)(T, ek)Hy
ep(—:q (g((VeJR T, ek)ep,eq)ep eq + g(R(T, ek)Vejep,eq)ep~eq

+g(R(T, ex)ep, Ve,eq)epeq + g(R(T ex)en, eq) (Vesep)
+9(R(T, ex)ey, eq)ep (vejeq)> 103

Thus, using (A.67) and the formula
R(X,Y)Z =qg(R(X,Y)Z,e)er, (A.69)

we find

1
(Ve Ve, R) (T, )L

= %ekepeq (29((V5kV5jR) (T, ex)ep, €q)€p-€q
9(R(T, 1)V, Ve,ep,eq)ep-eq + g(R(T, ex)ep, Ve, Ve, eq)€p€q
+ g(R(T, ex)ep, €q) (Ve Ve,€p) -€q + g(R(T, ex)ep, eq) €y (Ve Ve, eq)>
+ 0(8%)
1
= 55 ckCrta (29((VekV6jR) (T, ex)ep, €q)€p-€q
+ g(R(T, ex)R(ex, €j)ep, €q)ep-eq + g(R(T, ex)ep, R(ex, €;)eq)€p-eq
+ g(R(T, e)ep, eq) (R(ex, €5)ep) -eq + g(R(T, ex)ep, eq) ep- (R(ex, ej)eq)> 1Y
+ 0(6%)
= %ekepqu((vekvejﬂ’) (T, ex)ep, €q)ep-eq-11Y

1

+ % —EREPEGEN (g(R(ek, €;)€p, eA)g (R(T7 €k )en, eq)

+ g(R(€k7 ej)em 6)\)g(R(T, ek)epv 6)\) + g<R(€k7 ej)e/\7 GP)Q(R(T, ek)e)n 6q)
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+ g(R(ex, e;)ex, eq) g(R(T, ex)ep, ek)>ep~eq~l_[z + 0(8%)
1
48

Substituting (|A.66} - ) and ( into , and using the well-known formula

div (%alg) (¢)) = div(Ric)(c;).

166069 (Ve Ve, R) (T ex)ep, eq) €p-eq- 114 + 0(57) . (A.70)

we obtain
D, VY = 72 —¢;(VrdivRic(e;))e; 112
. /m?*  scal ,
- ( 13 432> Ric(T, e;)e;-11% — zejC(aejr)efHZ
+ é%ﬁj Ric (e, R(T, ex)e;)e;-I1Y + 486k€] Ric(ey, e;) (R(T, ex)e;) -11Y
+ %ekej Ric (ej, R(T, ex)ex)e;- 11 — %ekej Ric(T, ey) Ric(ej, ex)e; - 11%
+ 36ekej Ric(ey, e;)e;- R(T, ex) 1Y — %ekejej-R(R(ek, ej)ex, T)ILY
{ y Ol Y
+ Tgekejej-R(R(T, ej)er, ex) 11 — iekejej-R(R(T, er)ej, ex) 1Y
1
24€k63 (R(T7 ek)ej) .R<€j7 ek)HZ
i
+ Eekéjepqu((vekvejfi) (T, ex)ep, eq)ej-€p-eq-11% + O(67) . (A.71)

Again using formula (A.69)) and the symmetry properties of the Riemann tensor, we find
that the two terms in the third line of (A.71)) drop out,

?

18k Ric (e, R(T, ex)e; ) e;-11% + —ekej Ric(ex, €;) (R(T, ex)e;) -11¢

48

i
:@ekejq Ric(ey, el)g(R(T, ex)e;, el)ej 1Y
i .
+ Eekejel Ric(ey, ej)g(R(T, ex)e;, el)el-Hg =0.
Likewise, the two terms in line four drop out, as well as the two terms in line five.
Moreover, using formula ((A.69) together with the first Bianchi identities, we can combine

the terms in lines six and seven,

. i
f—8ekejej~72(R(T, ej)er, ex) 1Y — %ekejej-R(R(T, er)e;, ex) 11
1
24€k€J (R(T7 €k>€j) 'R(ej’ ek)Hg
1 5Y)
:18 kejelg(R(T, ej)ek,el)ej-R(el,ek)HZ 72eke]elg(R(T, ek)el,ej)ej-R(el,ek)Hg
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€k€j€lg R T (A3 €l,€j €l,€k H

)
ekejelg R(T,ex)er,ej)e;-Rie,e k)H

x)

)

(R( Jei

(R( ¢i)es
eke]qg(R T,e)ej, ex)e;-Rer, ex) 1Y
kejelg(R (T, ex)er, e;)e;-Rer, ex) 1

(R Jes-

ekejelg R(T,er)ei, ej)e;-R(er, ex)ll

In order to simplify the last term in ({A.71]), we note that the composition of three Clifford
multiplications can be rewritten as vector and axial components,

€j€pr€q = (gjpeq + 9pg€s — gjqep) + 1€k €jpgk €5°Ck

(where €j,q, is the totally anti-symmetric tensor, and es = iegejeses denotes the pseu-
doscalar matrix; see [0, Appendix A]). Thus, we find

?
48 FCir€ad (Ve Ve, R)(T er)ep, eq)ej-epreq- 1Y

l
:ﬂekejelg((vekvejR)(T, er)ej, ) eI + 0(6%),

where we used the second Bianchi identities and the symmetries of the curvature tensor.
O

A.4. The Coefficients W/ and HY

We next investigate the Hadamard coefficient WY¥. Similar to (A.21]), the Hadamard
recurrence relation ((5.31]) can be integrated along ¢, giving the explicit formula
1
W2 = =2V(a) 1 [ drrVelr))
0

c(7) v SC&I(Z) . 2) y
X Hy <DZ + 4 m sz |z:c(7‘) :

(A.72)

Thus, WY can be expanded as follows.

Proposition A.4.1. The expansion of the Hadamard coefficient WY in powers of d is
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A. The Expansion of the Hadamard Coefficients

given by
WY = 2m2<m2 — @)Hg — _1 <_ — ﬁ)ng
3 12 5 6 216
1 2
~ 1a0Y €;(V, div(Ric))(e; )T — 5630(82 r)I1Y
1
+ 606Jepqu((V6pV6qR)(ej,ep)eq,ej)ﬂg
1 y
60 coeierepqg(R(ep, eq)ej, ex) g (Rlep, eg)es, ex) I
1 .
— o0 kepEaCre Sg(R(ej, €p)€qs ek)g(R(eq, ep)er, es)ejk’ﬂseo-el-62-63-1_[?C
+ 0(9). (A.73)

Proof. Using (A.72)), the expansion of V in Lemma and the Lichnerowicz-Weitzen-
bock identity, we find

1
WY =211Y /0 dr T (m? — D2 )V + 0(6%) . (A.74)

The terms m2VC‘1ZT) and D? Vy in the integrand of ( can be expanded using the
results of Propositions mJ_?E\ and [A.3.3] and a Taylor expanswn of the integrand. Note
however, that the corresponding formulas (A.37) and (| are evaluated at 7 = 1,
meaning that we have to insert the appropriate powers of 7, before we Taylor expand
A.74). More precisely, the leading term in contains a factor 7, and the terms in
A.64) contain a factor 73. Thus,

2 1 2
WY = Zm? (m2 - @)Hg — ZD,(D,VY) + 0(5). (A.75)
3 12 5)
[t remains to compute the second term in formula (A.75)),
D.(D,V}) = L€j€E; 'Vej' (D.VY)

1
—¢€jex(Ve, div(Ric))(ex)e;-ep 114

T2
2 |
+€j€k<T2 ZZZ) Ric(e;, ex)ej-ex-11Y 4 €€, C(0e,; 0c, 7)€ - ex - 11Y
1
+ 12636k6pqu(R(ej,ep)eq,ek)ej-ek-R(eq,ep)Hg
1
— 55669 (Ve, Ve, R) (), €p)eq, ex) e TT + O(6)
1 2 1
= —¢€;(Ve, div(Ric))(e; ) I + scal (% - %)HZ’ + 6]0(82 r)I1Y
1
48 ejekepequesg(R(ej, €p)eq, ek)g(R(eq, ep)er, es)ej cep-epeg- 1Y
1
- ﬂejekepqu((vepveqR)(ej, ep)eq, ex)ej e 114 + 0(8), (A.76)
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A.4. The Coefficients WY and HY

where we used the representation (A.1]) of the Dirac operator, the expansion (A.64]) of
the term D, V! and the symmetry properties of the Riemann tensor. Using the formula

ik
ej-ep-eres =€ eye1-e3-€3 + €01, €5 — €065 €5

+ €j0js€p-€r + €10kr€j 5 — €40ksCj € + €.0p5€5 €

and the symmetry properties of the Riemann tensor, the fourth term in (A.76]) can be
written as

1
13 ——€€REpEgErEsy (R(ej, €p)eq, ek)g (R(eq, ep)er, es) ej-ex-ep-es-11Y
1 ,
=13 e]ekepeqeresg(R(ej, €p)eq, ek)g(R(eq, €p)er, es) FSeg-e1-e9-03 1Y
1
+ 35 —ejenepegerg(R(ej, ep)eq, ex) g(R(ep, e)ej, er)ex-e, 112 . (A.77)

Using the first Bianchi identity, the coefficient of the last term in (A.77) can be rewritten
as

112 €j€LEPEGER] (R(ej, €p)eq, ek)g(R(ep, eq)€;, er)
= 112 ejenepeqerd(R(ep, eq)es, ex)g(R(ep, e)ej, er)
112e]ek6peqerg(R (eq,€5)€p, €)g(R(ep, €q)ej, er)
= 112€]€k€p6q€Tg(R (€p, €q ej,ek)g(R €ps €q)€j, er)
112€J6k6p€q€rg(R (ej,€p)eq, €x)g(R(ep, eq)ej, er)
and thus,
1
12616k€p6q€,«g(R(€j, ep)eqs €r) g (R(ep, e)ej, er)
= 214e]ekepeqerg(R(ep, eq)ej er)g(R(ep, eq)ej,er) - (A.78)
Inserting into , we obtain
1
48€Jekepeqeresg(R(ej,ep)eq,ek)g(R(eq,ep)er,es)ej-ek-er-es-ﬂg
418 ejekepequesg(R(ej, ep)€q, ek)g(R(eq, ep)er, es)ejkmeo~el -eg-eg-11Y
214 ejenepcad (R(ep, €q)ej, ex) g(Rlep, eq)e;, ex )11 (A.79)

In order to compute the last term in (A.76)), we first rewrite it as the sum of its symmetric
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A. The Expansion of the Hadamard Coefficients

and antisymmetric part,

1
94 Ci€kEpal ((Ve, Ve, R)(ej, ep)eq, ex)ej-ex- 114

1
24e]epqu((V6pV€qR) (ej,ep)eq, e]-)HZ
1

+ 48 ToEi€keptq\ g ( ((Vepveq R)(ej, ep)eq, ek)

— g((Ve, Ve, R)(ex, €5)eq, ej)>ej-ek-1_[g . (A.80)
Using the first Bianchi identities, the coefficient in this identity can be written as

9((Ve, Ve, R) (5, €p)eq, €x) = Oc,0e,9(R(ej, €))eq, €x)

(R(Vepveqej, €p)eq, ek) - = g(R(ej, €p)eq, Vepveqek) + 0(0)
=0, 88qg( (ep, €x)ej, eq) + O, 8qu( (ek,ej)ep,eq)
(R(Vepveqej, €p)eq, ek) - - g(R(ej, €p)€q, Vepveqek) + 0(0)

= 9((Ve, Ve, R)(eps er)ejs ) + 9((Vepv R)(ex, ej)ep, ¢q)
+ g(R(Ve, Ve ep €n)ej eq) + ...+ g(R(ep,ek ¢j, Ve, Ve,q)
+ g(R(Ve, Ve er€)ep,€q) + ...+ g(Rlex, €5)ep, Ve, Ve, €q)
— g(R(V¢, Ve €5, €p)eq, €5) — (R(ej,ep)eq, Ve, Ve, e5) + O(8
=g((Ve, Ve, R)(er, €p)eq, €5) + g((VepVeqR)(ep, eq)ek, e]) 0(9) .
Inserting this identity into , we find

1
BYRALE A ((Ve, Ve, B)(ej, ep)eq, ex) ej-ex- 114

1
= 31 e]epqu((vepveqR) (ej,€p)eq, ej) 1Y

1
+ 48ejekepqu((vepveqR)(ep, eq)er, €;)ejer-11Y + 0(0) . (A.81)
The coefficient in the last term of (A.81]) can be simplified using the identity (A.67]),

€xep€qd ((Ve, Ve, R) (€p; €q)er; €5)
= 6rta (9(Ve, ey Blen e)ets ) = 9 (R(V., Toyepren)eraes)
— g(Rlep, Ve, Veyea)ens 5) = 9(Rlep, ) Ve, Veyen, ) ) + O()
= Seserenta (9(Rlepto) Rley,eq)e, ;) — 9 (R(R(ep, )y, co)en. o)
= 9(R(ey, Rley c)en)ens5) = g(Rleps € Rleyseg)ens ;) ) +0(0)
= Seseucrtaes (o (Rey.co)er )0 (Rier, eg)er ;)

+ g(R(ep, €q)ér, eq)g(R(ep, er)ek, 6]‘)> + 0(6)
=0(0). (A.82)
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Inserting ((A.82) into (A.81), we obtain

1
—ejerepegd((Ve, Ve, R)(ej, €p)eq, er)e;-ex-11Y

24
1
= ﬂejepqu((vepveqR) (e). ep)eq. €)1 + O(6) . (A.83)
The assertion now follows from (A.75)) and from inserting (A.79) and (A.83)) into (A.76]).
O]

Finally, we turn attention to the Hadamard coefficient HY. Since this coefficient will
not enter the error terms in Section [5.3] we will only give the general structure of the
expansion.

Lemma A.4.2. The Hadamard coefficient HY has the expansion
HY =n°TIY + h?k ej-er-11Y + hP eg-eq1-eq-e3-11Y + O(9) , (A.84)
where all coefficients are real-valued functions.

Proof. As HY is a Hadamard coefficient of the second-order equation (5.10)), all contri-
butions to HY involve an even number of Clifford multiplications and only real-valued
functions. Thus, HY can be written in the general form (A.84)). O
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B. Proof of some results in Sections
h.3and 5.4

In this appendix we give the proofs of Propositions[5.3.1]and [5.3.2) as well as Lemma [5.4.2]

Proof of Proposition |5.3.1. We rewrite the results of Propositions [A.1.2} [A.2.3] [A.3.3]
[A. 41 and Lemma [A.4.2]in the form

DI =idcSej-11Y +16° ¢ty ej-ep-e- 114 + O(6%)

VY =08 T1Y + 6 Ty eg- - T1Y 4 62 v?k e;j-ep-11Y + 62 v eg-e1-eg-e3-11Y 4 O(6%)
D,V =iddie;-I1Y +iddSy, ej-e-e- 11 + O(67)

WY =w*IIY + wP ey-e1-e9-e3-11Y 4+ O(6)

HY = h* T + hly ej-e- 1Y + BP eg-ey-e3-e3-11% 4 O(0) (B.1)

where all coefficients are real-valued functions. Here each factor ¢ corresponds to a
factor T" in the explicit formulas. The coefficients v* and ¥;;, are given by
< scal 1 €jere

— 2 Pre S8 d o=
v m B +ov an Vil 5 94

where v° is a real-valued function. Inserting this formulas into the Hadamard expansion

(5.32)), we find

9((Ve,R)(T, ¢j)ex, e1) (B.2)

(=873 P(x,y) = —% grad, I"-ITY + %gradx V-11Y
—|—¥(m+i5€j ej+i53c?kl ej-ek-el>-Hz
+ %gradxf- (vs + Dy e + 02 v;?k ej-ep + 5% P 60-61'62'63> 11
+ % [log |T| — im e(t(z) — t(y))] <v$ + 0 Ty ek-el) 1Y
+ i[log IT| — ime(t(z) — t(y))] (iéd}f ej +1i0djy ej~ek-el) 1Y

+ i[l + log |I'| — ime(t(x) — t(y))] grad, T'- (ws + w? 60‘61'62'63) 1T

+1 gradx I <hs + h’?k €€k + h? 60'61'62'63) Hg + 0(52 ].Og 6) . (BB)
The Clifford relations immediately yield the identities
grad, I (firej-ex) =0 fiej + 0 fime;-exe

gradxF-(f 60-61-62-63) =0 fjmej-ex-er,
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where all coefficients are real-valued functions. Using these identities in (B.3]) and com-
bining terms which are of the same order in ¢ and contain the same number of Clifford
multiplications, we obtain

1 m 1
(—87%) P(z,y) = ~T2 grad, I'-T1Y + T 1Y + T 5p§.1) e;-IY + mlog || v° 1Y (B.4)
(A v s

tr 0 U grad, I'-eg-e;- 117 — 1 e(t(z) — t(y))m v I1Y (B.5)

. m _ .
+ log ’F| 5<2p§2) € + Z Vgl €k €1 + Zpéi)l e]--ek-el> Hg (B6)

m
+ome(t(z) — t(y)) <p§4) € — = Umerel + pgi)l ej-ek‘el) 1Y (B.7)
+ 5<z'p§»6) e; + ng?l ej'ek-el> 1Y + O(6%log ) . (B.8)
Here all coefficients pﬁl), e 52 are real-valued functions of the order O(4°). Using the

Clifford relations, the composition of three Clifford multiplications can be rewritten as
as vector and axial components,

€j-ep e = (gjkel + guej — gjlek) + 1€y €jkin €5°€p (B.9)

(where €y, is the totally anti-symmetric tensor, and e; = iegejeqes denotes the pseu-

doscalar matrix; see [6, Appendix A]). Thus, in (B.6), (B.7) and (B.8) the resulting vector
components can be combined with the corresponding vector components in these lines.

The resulting axial component in can be written as
(—=87°) P(z,y) < log || § a; e5-e;-11Y (B.10)

with real coefficients a;. Moreover, from and the previous calculations one sees
that there is no other contribution to P(x,y) of this form. As the expression 0 a; e5- €;
is linear in § and smooth in z and y, it is odd under permutations of x and y (this can
also be understood from the fact that the linear factor ¢ corresponds to a factor T in the
resulting explicit formulas). Also using the identity (es-e;)* = e5-e;, we obtain

(—=87°) P(z,y) = (—87°) P(y,z)* = —log(") d a; e5-¢;-11¥ .

Comparing with (B.10)), we conclude that the coefficients a; vanish. For the same reason,
the term in (B.8) containing three Clifford multiplications reduces to a vectorial contri-
bution. Finally, the axial contribution in resulting from the decomposition

can be written in the form
(—87°) P(z,y) < ide(t(x) — t(y)) a; es5-e;-11Y (B.11)

with real coefficients a;, and from (5.32) and the previous calculations one sees that
there is no other contribution to P(z,y) of this form. However, the term (B.11)) is odd
under conjugation but even when interchanging x and y. Therefore, we conclude that
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the coefficients a; vanish. We thus obtain the following expansion of the kernel of the
fermionic operator,

m
r

+ é d U grad, I'-eg-e;- 117 — % e(t(z) — t(y))mv® 11

- m .
+ log |T'| 5<z'p§»2) e; + 7 Ok €k'€l) 1Y

(=87%) P(z,y) = —% grad, I"-ITY + — II¥ + %(5105” e;-I1Y + % log [I'| v* I1Y

+ome(tx) — ty)) ( 50 e — %@M em) T+ 55 e;-TTY
+ 0(8%logd), (B.12)
where ]55-2), ]55-4) and 15§6) are real-valued functions. The first two terms in this expansion

show that Proposition holds. The other terms will be needed to calculate the
expansion of the closed chain. O

Proof of Proposition[5.3.9. Using the expansion (B.12)), we compute
(_87T3)2Aym = (—8W3)2P($, y)* P(I,y)

= c(,y) L, + G5 0" e(t(x) = H(y)) T grad, -1/

+ % (6 4 0log |T|) I1Y { grad, I, O €5 -, } 112

+ ;—7; 0 e(t(x) — t(y)) I [gradx F,ﬁ§4) ej} 1Y

+ % 6e(t(:c) — t(y)) I [gradx I, 0y ek'el] 1Y 4 0(6’1 log )

= C(Q?, y) ]lSyM
, scal N\ T e(t(:c) — t(y))
—m(m —E—i—d?)) or? gradyF-]lgyM

_m
i
17T ~

— 15 0€(ta) = t(y)) [grad, .5 ¢;] Lo,

it G e(t(r) = y) [erad, T, it er-el] - Ls,ar + (0 log )

where we used that Uy = —0;; according to (B.2). Moreover, we used the formula for v*
in (B.2)) as well as the identities

I ;11 = e;-1s,m and II; grad, I'-1I¥ = —grad, I'- 1,5/ -

(0 4 dlog|T]) { grad, I, ivy ek-el}-]lgyM

Now the operators X, and Y, defined by

T m -
Xyo =13 de(t(z) — ty)) <T Ty el — Py €j> (B.13)
Y, = — 4—7;; ((5 +0log |T|) it ex-e; — 0 7 0 €(t(x) — t(y))) (B.14)
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are obviously symmetric, linear operators on S,M. Moreover, X,, is of the order
O(6~2%logd), whereas Y, is of the order O(6?). Interchanging r and y completes the
proof. O]

We finally prove the expansions (5.59) and (5.60) in Lemma [5.4.2]

Proof of Lemma[5.4.4 From (5.39)), we conclude that the coefficient a,,, in (5.42) is given
by

( 5 scal> Im(logT)

Azy = m(m* — .

v 12 212

Thus we obtain from (B.13)) and (B.2)) that the operator Z,, in (5.44)) is given by
1

49 (4 }

scal\ ~1T€ €€ {
) [ ik lg((VejR)(T, ej)ek,el) §[€k,€l] — Epj €l -

B.1
12 12 (B-15)

Moreover, since z lies in the future of y and grad, I' is normalized according to (5.25)),
the future-directed timelike unit vector u introduced after ([5.44) is given by

1 1
u gradxf‘:gT.

T2

Therefore, the vector Au introduced in (5.46) is given by

1 5 scaly—1
Au = & (m - E) ej(VejR) (T, €j)T,

proving (5.59).
The operator w in ((5.47)) is given by the vectorial part of (B.15)), i.e.

2 4 scal\NTlo g
w:——<m —E) op; €. (B.16)

A short review of the proofs of Propositions [5.3.1| and |5.3.2| yields that the functions ﬁ§4)
are combinations of the real-valued functions appearing in the expansion of the Hadamard
coefficients D, VY and WY. The formulas in Propositions[A.3.3|and [A.4.1| and the remark

(A.36]) show that these functions are of the order

m’ . 2 2
O ("5 lles Rie(T.e5) ) + O(I1R|* + | V*R)

Inserting into formula (B.16]), we conclude that w is of the order

(1+0(5%))-

Now ([5.60]) follows immediately from the representation ([5.48)|). ]

[O (% |le; Ric(T, e;) ej||> + O(% (HRH2 + ||V2R||))
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