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Preface

The present thesis investigates Buchdahl’s equations for the description of massive par-

ticles of arbitrary spin 5, s € N, on curved spacetime manifolds. This is a system of
two first order linear differential equations for spinor fields, first studied by Buchdahl

[Buc82a] and given by Wiinsch [Wiin85] in the equivalent formulation

VXAwAAl...AS,1 _ ,LL(P;II“AS?l — 0
V(A\X<p |A1As1) yopAA-Asr —

X
Assuming the spacetime manifold (M, g) to be a 4-dimensional, globally hyperbolic, ori-
ented and time-oriended Lorentzian manifold, existence and uniqueness of advanced and
retarded Green’s operators for a certain quite general class of first order linear differen-
tial operators (including Buchdahl’s equations and Dirac’s equation) will be proved, the
Cauchy problem for Buchdahl’s equations will be solved globally for all s € N, and two
possible constructions for quantizing Buchdahl fields using CAR-algebras in the fashion
of [Dim82] will be given.

This is a mathematics diploma thesis on a topic in theoretical physics. It is one of the
goals to present all considerations in an abstract and rigerous mathematical formulation.
To this end, and to make this document accessible to both readers from a mathematical
and readers from a physical background, one further main aspect of this thesis (apart
from the study of Buchdahl’s equations) is fully developing a comprehensive mathemat-
ical framework for dealing with spinor fields on Lorentzian manifolds.

This approach and all the in-depth preparatory work will pay off strikingly when finally
starting the investigation of Buchdahl’s equations in chapter 8, as they will have made
the concrete situation accessible to the powerful results on normally hyperbolic linear
differential operators on globally hyperbolic Lorentzian manifolds by Bér, Ginoux and
Pfiffle [BGP]. Using these, the main results sketched above, which are generalisations
of results by Dimock [Dim82] and Wiinsch [Wiin85], will be obtained in an elegant and
straightforward manner.

Overview and Structure of this Thesis

As stated above, Buchdahl’s equations are a system of differential equations on spinor
fields on a spacetime manifold (M, g). By a spinor field we! mean a section of an
associated vector bundle DM := S(M)x pA on M, where S(M) denotes a spin structure
(which has structure group Spin*(1,3) = SL(2,C) in our case) and (D, A) is a finite-
dimensional vector space representation of SL(2,C). More precisely, sections of DM
are called spinor fields of type D. Spinor fields are used for the description of particles
in physics, and different types of SL(2, C)-representations, i.e. different types of spinor
fields, generally correspond with different (classes/types of) particles.

!'Throughout this document, “we” will be used in the sense of “the author and you—the reader”.
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This indicates that the representation theory of SL(2,C), notably the classification of
finite-dimensional irreducible representations of SL(2, C), is of particular relevance for
the physical theory. More precisely, as we will see in chapter 3, of relevance are the
(equivalence classes of) finite-dimensional irreducible representations of SL(2, C) as real
Lie group, which makes the classification procedure significantly more complicated com-
pared to the “sl(2, C) = su(2) ® C"-case (this is the complex Lie algebra of SL(2,C))
presented in many introductory text books on representation theory.

This thesis will be subdivided into three parts and the first big goal in part I will be
classifying finite-dimensional irreducible representations of the real Lie group SL(2, C).
We will do this in chapter 3 by facilitating the well known classification of irreducible
vector space representations of SU(2) in a way that is indicated but not carried out with
satisfactory mathematical rigour in [SU01]. As a preparation for chapter 3 we collect
relevant basic facts from representation theory in chapter 1. In chapter 2, we will develop
a “little theory of complex algebra”, i.e. of complex conjugate vector spaces, linear maps,
tensor products, representations etc. This will be a core ingredient for our mathematical
approach to the representation theory of SL(2, C).

In chapter 4 we will give a thorough introduction to the 2-spinor formalism in a way
based on abstract indices. The 2-spinor formalism is an elementary formalism for dealing
with spinors of type D(%’O), D(O’%), and their tensor products. It (historically) originates
from physics and usually comprises a notation in components with respect to standard
bases. But by adopting abstract index notation and in virtue of our considerations in
chapter 2 we will be able to set up a strict formalism which deals with abstract objects.

Chapter 5 is entirely devoted to the illumination of the interrelationship of the Clifford
algebra Cly 3 of Minkowski spacetime (R*,7), its spinor representations, Dirac matrices
and the Dirac-spinor formalism. We will propose a precise notion of “a collection of Dirac
matrices”, learn how collections of Dirac matrices correspond with spinor representations
of Cl; 3 and prove a general version of Pauli’s fundamental theorem on Dirac matrices.
Then we will propose a formal notion of “the standard representation”, which is a re-
alisation of the spinor representation of Cl; 3 connected with the 2-spinor formalism in
a canonical way. This will then lead to the declaration of the Dirac-spinor formalism,
again in the fashion of abstract index notation.

Part II of this thesis starts with chapter 6, where the construction of spinor bundles
on our 4-dimensional oriented and time-oriented Lorentzian spacetime manifold (M, g)
is carried out in full detail. To make this thesis sufficiently self-contained, we shall
begin by reviewing relevant facts from Lorentzian geometry and about principal bundles,
associated vector bundles and spin structures. Eventually we will construct the spinor
bundles DUIIM = S(M) x ;i1 A;jo and extend the (tensor-)spinors €4?, o 4% and
vaﬁé as given fiberwise in part I to (tensor-)spinor fields on M. It is a technical but very
important result at the end of chapter 6 that the covariant derivatives on the spinor
bundles induced by the Levi-Civita covariant derivative on 7'M are mutually compatible
(in an appropriate sense) and that €4?, ¢, 4% and %AE; are parallel with respect to these
covariant derivatives.

In chapter 7 we will introduce linear differential operators on vector bundles. We will
fix the central concept of normally hyperbolic differential operators, which are second
order linear differential operators with metric principal part. These operators and the

vi



solution theory of differential equations given by them on globally hyperbolic manifolds
were studied to a large extent in [BGP]. In section 7.3 we will use results from this
useful reference to prove existence and uniqueness of advanced and retarded Green’s
operators for a first order linear differential operator P on a vector bundle &, as soon
as there is a second first order linear differential operator () on &, such that PQ is
normally hyperbolic. This is a generalisation of [Dim82, theorem 2.1] and turns out to

be applicable to the Buchdahl operator for all spin numbers £, s € N.

Part III of this thesis starts with chapter 8, where we will apply the whole theory
developed so far to Buchdahl’s generalised Dirac equations for spinor fields, where M
is assumed globally hyperbolic. After constructing suitable bundles DZ M of “Buchdahl
spinors” for every s € N we will be able to state the equations for spin 5 in the form

B,U =0, U e T(DEM),

where By is a first order linear differential operator (“Buchdahl’s operator”). Existence
and uniqueness of advanced and retarded Green’s operators for By will be established
immediately using our general theorem from chapter 7 after constructing an operator
B! such that B;B. is normally hyperbolic. Subsequently, we will consider the Cauchy
problem for Buchdahl’s operator,

B® =0, ®ecTl(DEM)
Dy = P,

where ¥ C M is a smooth spacelike Cauchy hypersurface and ®, € T'o(DPX) a prescribed
Cauchy datum. Existence and uniqueness of global solutions of the Cauchy problem will
be proved to be equivalent to @y satisfying the constraint
(o BA;.. A, Ay As
ngy (Vigty 70 = ) =0,

for s > 2, where n is the future-directed unit normal vector field along ». Thus, we
obtain a stronger version of the results by Wiinsch [Wiin85], who solved the Cauchy
problem locally.

Finally, in chapter 9 we will investigate the possibility of performing a quantisation of
Buchdahl fields by constructing the CAR-algebra generated by the space (J#%,0°) of
solutions of Buchdahl’s equations together with a suitable Hermitian scalar product b°.
The general idea will be to generalise the quantisation procedure for the spin % Dirac
field as given by Dimock [Dim82], which will be briefly reviewed beforehand. The core
problem will turn out to be the construction of a suitable Hermitian scalar product b°
on #°. Though we will find a promising candidate for b°, we won’t be able to establish
that the CAR-algebra obtained by our construction is independent of a choice of Cauchy
hypersurface (which has to be commited during the construction). Another possibility
quantising the higher spin fields is using the framework presented by Illge [11193], but
this turns out to be rather inappropriate as will be summarised in section 9.3.
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Notation and Conventions

e Tensors and spinors are denoted using abstract index notation if not stated oth-
erwise (for a brief summary on abstract index notation see below). Preferably,
abstract tensor indices are lower case latin letters from the beginning of the alpha-
bet, e.g. 2%, t%,., abstract spinor indices are capital letters from the beginning or
from the end of the alphabet, i.e. A, B,C,... or W, X,Y, Z. Abstract indices will
never be variables for natural numbers in this document.

For component notation of tensors and spinors we use greek indices, e.g. x*,
%, Ba ® B" ® B”. Those indices are always variables for numbers in a suitable
range. Moreover, we adopt the implicit summation convention for every diagonal
pair of greek (component) indices, e. g, 27, or n*,, but not ztnt.

The variables i, j, k,[,n, m are used as counting indices, this means they are vari-
ables for numbers, not abstract indices. E.g. zy,...,z, or Y I, a".

If Xq,...,X, are vector spaces over the same field, X; V... VX, C X;®...® X}
denotes the symmetrised tensor product. Moreover, we set

Rk . __ Vk .__
X =X®..X and X"W:=XV...vX.

k-times k-times

e Bundles and manifolds: (M, g) usuall denotes a smooth differentiable manifold
with pseudo-Riemannian metric g. T'M is the tangent bundle, TP?M the bundle
of (p, q)-tensors. T'M is equipped with the Levi-Civita covariant derivative V.

If € is a smooth vector bundle on M, I'(M) = I'**(M) denotes the space of smooth
sections, I'o(M) = I'°(M) the space of compactly supported smooth sections of
E. If U C M is an open subset, €|y denotes the restricted bundle on U.

e Integration on pseudo-Riemannian manifolds (M, g), [ - - - dp will always be per-
formed with respect to the standard volume form p given by the metric. We shall
sometimes write ji, to make this a bit more explicit. If ¥ C M is a submanifold
we denote the induced volume form (with respect to the restricted metric) by ps.

e Linear algebra and matrices: Matyy;(IK) denotes the space of k x [-matrices with
entries from K. If A is a matrix, A" denotes its transpose and A" its Hermitian

adjoint. We may sometimes write (¢, ¢)" if we mean the column vector ( v )

because it saves space.

If V' is a vector space and {z,y,z} C V, (z,y, z)x denotes the vector space span
of {z,y,z} over K. By an orthonormal basis of a vector space with respect to a
non-degenerate symmetric or Hermitian form of mixed signature we always mean
a pseudo-orthonormal basis. Sesqui-linear or Hermitian forms on complex vector
spaces are anti-linear in the first, linear in the second slot.

X



Notation and Conventions

o If f: A— Bisamapand C C A, we denote by f|c the restriction of f to C.

e N starts with the number 1, Ny starts with 0. In an expression like

Z Qr(1) K Qr(n)

7T€Sn

S, denotes the group of permutations of the numbers 1,... n.

Abstract Index Notation

Abstract index notation for tensors is e. g. known from [Wal84, section 2.4], and it consti-
tutes a reasonable compromise of classical (physical) component notation and abstract
(mathematical) notation without any indices, in that it maintains the good aspects of
both.

The good aspect of abstract mathematical notation is, well, that one deals with abstract
objects, as opposed to components with respect to a basis. However, the treatment
of contractions in this notation is extremely cumbersone, especially when dealing with
complicated terms with many higher order tensors, as it occurs frequently in physical
contexts. Contractions are much better treated in classical component notation us-
ing implicit summation: A diagonal pair of identical indices denotes a contraction and
this immediately reflects the “slots-picture” of tensors: Every supscript index denotes
a contravariant (“output-”) slot, every subscript index a covariant (“input-”) slot. A
contraction connects a contravariant slot with a covariant slot.

It is not the right place here to give a full introduction to the details of abstract index
notation (the reader cordially be refered to the above reference), but we shall briefly
point out the basic idea: In abstract index notation for tensors, tensors are denoted
using an upper index for each contravariant and a lower index for each covariant “slot”
(as in usual component notation). However, these indices are abstract indices, which
means that they are not variables for numbers 1,...,n but rather just (abstract) labels
for the tensor’s slots. To make an example: If X is some finite-dimensional real vector
space, t € X ® X ® X* will get denoted by %, but this is not a (basis—dependent)
collection of real numbers with indices but it rather says: ¢ is a tensor of type (2, 1), i
an element of X ® X @ X*. If 2¢ € X and ¢, € X*, an expression like t% o, 2° denotes
a contraction (still without making reference to any choice of basis).

The symbol ® for tensor products is usually omitted in abstract index notation: % ¢
is the tensor usually denoted by t ® ¢ ® x. Moreover, index order is relevant. An
expression like 2% y® = 2%y for 2%, y* € X means that 2 @ y = y @ .

Symmetrisation in abstract index notation is denoted by
(ar..ar) . w(1)..
s o Ly
TES
anti—symmetrisation by
glova] .= — 51gn Z ORI O
TESE

The factor gets introduced to make symmetrisation and anti-symmetrisation idempo-
tent, i.e. x(% a-ak)) = glar..ap)

X
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Spinors and Representation Theory






1. Background in Representation
Theory

We start out collecting relevant facts from representation theory in order to fix notation
and to make our presentation sufficiently self-contained.

Notice that in this document, all Lie groups and Lie group maps are assumed smooth.
All Lie groups are assumed real, Lie algebras may be real or complex. If G is a Lie
group, Lie(G) denotes the Lie algebra of G. For a table of Lie groups and Lie algebras
relevant to this document, cf. the appendix.

1.1. Basic Definitions and Important Theorems

1.1.1 Definition (Lie group and Lie algebra vector space representations).
Let K,L € {R, C} such that K C L.

(i) Let G be a real Lie group and V be a finite-dimensional L-vector space. (p, V)
is called a (finite-dimensional) L-representation of G over V, if p is a Lie
group homomorphism p: G — GL (V).

(ii) Let g be a KK-Lie algebra and V' be a finite-dimensional L-vector space. (p, V)
is called a (finite-dimensional) [L-representation of g, if p is a K-linear
homomorphism p: g — gl (V) of Lie algebras.

In both cases (representations of Lie algebras and Lie groups), V is called the rep-
resentation space, and dim(p) := dimg, (V') the representation’s dimension. If it
is clear or unimportant, which space is the representation space, we shall sometimes
denote a representation (p, V') just by p. Moreover, the image of g € G (or g € g)
under a representation p shall sometimes be denoted by p, instead of p(g).

1.1.2 Remark. We will only be considering finite-dimensional representations in this
document. This is why we restricted the above definition to this (technically easier)
case. Whenever we say “representation” we shall mean a representation in the sense
of this definition, hence, a finite-dimensional one.

Moreover, in the case of Lie groups, we will only be considering representations of real
Lie groups. This will not be a loss for our purposes; notice that every complex Lie
group G of dimension dime(G) = n may be considered a real Lie group of dimension

dimg (G) = 2n.

Just for the sake of completeness a few more basic definitions:



1. Background in Representation Theory

1.1.3 Definition (properties of representations).

(a) A representation on a finite-dimensional complex Hilbert space is called unitary,
if every element of the represented space gets mapped to a unitary operator.

(b) An LL-representation of a Lie group or Lie algebra is called irreducible, if there
is no non-trivial p-invariant L-subspace of the representation space.

(c) Let (p,V) and (7, W) be L-representations of a Lie group or Lie algebra G. They
are called equivalent if there is a [L-vector space isomorphism (called intertwin-
ing isomorphism) ¢: V — W such that

-1

Vg€ G:pplg)e™ =1(9).

In the next theorem we make an exception and consider also infinite-dimensional repre-
sentations (for the reader familiar with the definitions):

1.1.4 Theorem (representations of compact Lie groups).

(a) Every complex representation of a compact Lie group on a Hilbert space is equiv-
alent to a unitary one.

(b) Every complex, unitary, irreducible representation of a compact Lie group on a
Hilbert space is finite-dimensional.

(c¢) Every complex, unitary representations of a compact Lie group on a Hilbert space
is a direct sum of unitary, irreducible (hence, by (b), finite-dimensional) Hilbert
space representations.

Proof. The finite-dimensional versions of (a) and (c) are theorem 1.7 and proposition
1.9 in [BD85, p. 68]. For the infinite-dimensional version of (a) and (c) and for (b) cf.
[Rud]. O

1.1.5 Proposition (infinitesimal Lie group homomorphisms). Let G and H be
Lie groups.

(a) Let ¢: G — H be a Lie group homomorphism. Then
dp.: Lie(G) — Lie(H),

where e € G is the unit element, is a homomorphism of Lie algebras.

(b) Let G be simply connected and let ¢: Lie(G) — Lie(H) be a Lie algebra homo-
morphism. Then there is a unique Lie group homomorphism ®: G — H such that
dd, = .

Proof. Cf. [Lee03, theorem 20.15] or [FH91, chapter 8]. O

The immediate application of this proposition yields:

4



1.2. Forming New Representations Out of Existing Ones

1.1.6 Corollary (associated Lie algebra representation I). Let G be a Lie group.

(a) Let (p, V) be a representation of G. Then (dp., V') is a representation of Lie(G),
called the Lie algebra representation associated with (p, V). It mostly will
be denoted just by dp.

(b) If G is simply connected, for every Lie algebra representation (¢, V') of Lie(G)
there is a unique Lie group representation (®, V') of G such that d® = ¢.

1.1.7 Proposition (associated Lie algebra representation II). Let G be a con-
nected Lie group.

(a) Let p be arepresentation of G with associated Lie algebra representation dp. Then
p is is irreducible if and only if dp is irreducible.

(b) Let p and T be representations of G with associated Lie algebra represendations
dp and dr. Then p = 7 if and only if dp = dr.

Proof. For matrix Lie groups this is [Hal03, proposition 4.5]. The proof there generalises
to the general case (notice that we consider only finite-dimensional representations in
this document). As all Lie groups in this document shall be matrix Lie groups we
refrain from presenting the generalised proof here. For (a) cf. also [FH91, exercise
8.17]. O

1.2. Forming New Representations Out of Existing
Ones

1.2.1 Definition and proposition (complexification of representations).

(a) Let p be a K-representation of a real Lie algebra A on V (K € {R,C}), i.e.
p: A — gl (V) is an R-linear Lie algebra homomorphism. Then the complexi-
fied representation p, is the complex representation of A ® C on! V ® C given
by the C-linearly extended C-Lie algebra homomorphism

pe: ARC —gl(Ve(C).

(b) Let p be an L-representation of a real Lie algebra. Then p is irreducible if and
only if p,. is irreducible.

Proof. Let W C V be a p-invariant L-subspace, let @ A€ A Candz®@pue W @ C
be arbitrary. Then

Pe(§ @A) (@ p) = A~ (p(&)(x) @ p) = p(§)(x) @A e WRC.

!Notice that if V is complex, by V ® € we mean V ¢ € = V. If V is real, we mean V @ C =
V @gr C. In general, if V is a K-vector space and W is a IL-vector space (K, € {R,C}), we write
VoW =V @uningk,r} W (where min{K, L} is the “minimum” with respect to C)



1. Background in Representation Theory

Hence, W ® C is p.-invariant. By contraposition this proves that if p. is irreducible,
SO is p.
To prove the converse direction, let W C V ® C be a p.-invariant subspace. As it is

a complex vector space, for every x ® z € W, there is z ® 1 € W. Hence, there is an
[L-subspace W' C V such that W = W' ® C. Moreover,

Pe(§ @A) (x @ ) = p(&)(r) @ A

implies that if W is p.-invariant, W’ must be p-invariant. By contraposition this proves
that if p is irreducible, so is p,. O

1.2.2 Definition and proposition (dual representation). Let (®,X) be a repre-
sentation of a Lie group G on the vector space X. Then a representation ®* of G' on
the dual space X* is induced by

d*: g [@(g7 ], VgeQG,

where A" denotes the transpose of a linear map A. ®* is called dual representation
or contragredient representation of .

It is easily checked that the dual representation is constructed such that
Vg e GVp € X™Va € X: p(z) = [P*(¢)]P(x) .

The Lie algebra representation associated to ®* is given by
" i=d(®7): E = —[p(]", V€ € Lie(G).

Moreover, ®* is irreducible if and only ® is irreducible.

Proof. All of this is elementary. Cf. [Hal03, 4.24]. O

1.2.3 Definition and proposition (direct sum of Lie group representations).
Let (p, X) and (7,Y") be real or complex representations of the Lie group G. Then a
new representation of G, p @ 7, called the direct sum representation, is obtained
by

p&T: G- GLX YY)
9= (z,y) = (p(z),7(y))]

If dim(p) > 0 and dim(7) > 0, a direct sum representation is never irreducible. The
associated Lie algebra representation, d(p @ 7), is given by dp @ dr.

Proof. This is obvious. ]



1.2. Forming New Representations Out of Existing Ones

1.2.4 Definition and proposition (tensor product of Lie group representa-
tions). Let (p,X) and (7,Y) be representations of a Lie group G. Then a new
representation of (G, called the tensor product representation, defined as

pR7:G—GLIX®Y),
is obtained by linear extension of

pROT: g [1@Y = py(x) @ 7y(y)] -

The tensor product representation is, in general, not irreducible, even if p an 7 are.

The Lie algebra representation, d(p ® 7), associated with the tensor product represen-
tation is given by

d(p@7)e = dpe @ idy +idx ®dre, V& € Lie(Q).

Proof. Cf. [FH91, p.110]. Regarding the statement about irreducibility: See the classi-
fication of SO(3)-representations for counter examples. 0

Because we will make use of it later, we shall prove this (almost trivial) lemma:

1.2.5 Lemma (tensor products of equivalent representations). Let p, o', 7,7’ be
representations of a Lie group G such that p = p/ and 7 = 7. Then pR 7= p' @ 7.

Proof. Let V' and W' be the representation spaces of p’ and 7/. Let ¢ be an intertwining
isomorphism such that Vg € G: p'(g) = ¢ o p(g) o ¢! and let 1) be an intertwining
isomorphism such that Vg € G: 7/(g) = ¢ o 7(g) o ~'. Then we find for all g € G
and @y e V' @ W

(p@¢)o(p@T)(9)olp@y) | (z@y)
=[(e@¢)o(pa7)(9)] (¢ (z) ¥ (y))
= (pop(g)op(x)) ® (por(g) o (z))
= @7)(@lz2y)

This shows that ¢ ® 1 is an intertwining isomorphism of p ® 7 and p/ ® 7. O

Recall that if G and H are Lie groups, then G x H is a Lie group with Lie(G x H) =
Lie(G) @ Lie(H).

1.2.6 Definition and proposition (external tensor product representation).

(a) Let G and H be Lie groups, (p, X) a representation of G and (7,Y") a represen-
tation of H. Then there is a representation of G x H on X ® Y, called external
tensor product representation and denoted p®T, defined by linear extension
of

(9,h) = [z @y py(z) @ h(y)] .



1. Background in Representation Theory
(b) The associated Lie algebra representation is given by
d(p@T)(&O = dpg X ldy + ldX ®d7’<, ‘v’f - LIG(G), C - LIG(H) .
(¢) Let G and H be compact. If p and 7 are irreducible, so is their external prod-

uct representation, and if an irreducible representation of G x H is given, it is
equivalent to the external product of two irreducible representations of G and H.

Proof. For (a) and (b), cf. [Ros02] and [Hal03]. For (c) cf. [BD85, proposition 4.14]. O



2. Some Complex Algebra

This section presents a little theory of “complex algebra”, i.e. of complex conjugate
vector spaces, their homomorphisms, tensor products, representations etc. All these
considerations are rather elementary but we shall write them down in full detail as a solid
basis for chapter 3, where complex conjugate Lie group representations will be arising
in our program of classifying finite-dimensional irreducible complex representations of
SL(2, ©) as real Lie group.

The basic inspiration for the theory presented in this chapter came from the brief remarks
on the definition of a complex conjugate Hilbert space in [Wal94, A.1]. What we’ll do
here is just carrying this idea a bit further.

In this whole section and for the rest of this document we shall call a map ¢: X — Y
between complex vector spaces anti-linear, if

Vi € CVz,y € X: p(px +y) = fip(x) + »(y) -

2.1. Complex Conjugation of Vector Spaces and Lie
Algebras

2.1.1 Definition (complex conjugate vector space).

(i) Let V. = (W, +,-,C) be a complex vector space (W is the carrier space, i.e.
the mere set of vectors without any structure, while V' denotes the whole vector
space structure). The complex conjugate space V is the vector space V =
(W, +,~, C), consisting of the same carrier space and the same addition operation
but with an altered multiplication:

Avi=Xv, veV,AeC,

where - is the scalar multiplication of V. It is easily seen that V is again a
complex vector space.

(i) Let ~: V — V be the map given by the identity map on the carrier space, idyy. It
is called complex conjugation and is an anti-linear isomorphism. For z € V,
we denote by z € V' the image of z under ".

(iii) Let (V,(:,-)) be a unitary space. Then there is a canonical Hermitian scalar

product (-,-) on V' given by

Vz,5 € Vi (7,9) = (y,2) = (z,).

If (V,(-,-)) is a Hilbert space, (V, (-, -)) is again a Hilbert space.



2. Some Complex Algebra

The proof of these statements is really very elementary but a good exercise to get used

to the overbar-notation. This is why we will nevertheless write it down here:

Proof. We shall briefly prove that V' is again a C-vector space: The calculation - (v~ )

pw-(v-x)=p-v-x = pr-z shows associativity of scalar multiplication and multipli-
cation in C. The first distributivity law is derived by (u + v)"% = (u+v)-x =
[i-x+V-x=p-T+v-7, the second distributivity law by p~ (2 +9) = - (z +y) =
-x+ -y =p-2+ p-y. All other vector space axioms are untouched, hence, V' is
a C-vector space.

To show that complex conjugation is an anti-linear isomorphism, notice that bijectivity
of 7 is given by construction and anti-linearity is immediate: p-x+v-y = u-x +
V-y=p-r+rv-y.

To prove that (-,-) is a Hermitian scalar product on V', we only have to check that it
is anti-linear in the first, and linear in the second place: (\~Z,u~9) = (\-z, - y) =
-y, A-x) =Mz, ). AsVz € V: (%,Z) = (x,2) completesness of (V, (-,-)) implies

completeness of (V' (-, +)). O

.1.2 Remark (properties of complex conjugation). Let V be a complex vector
space.

(i) Notice the involutive character of complex conjugation:

V=V, Tr=ux.

(ii) Let V have the basis {b;}ic;. Then {b;}ics is a basis of V canonically associated
with {b;}. Moreover, if J C I is a finite subset and = }_,_; 2'b; is a component
representation of a vector x € V', we find

i€J icJ

This means, the components of  with respect to the complex conjugate basis
{b;} are obtained by complex conjugation in C. (Notice that when using implicit
summation for a vector from V (now V is assumed finite-dimensional), e.g.
T = :c“EH, the scalar multiplication ~ is used, i.e. x“l_)ﬂ = x“fl_)ﬂ.)

2.1.3 Remark (isomorphisms of V and V).

(i) There is no cau}onicaul1 isomorphism of V and V. In fact, the complex conjugation
map, : V — V, would be a candidate (it is canonical because it is the identity
on the carrier space), but it is anti-linear.

(ii) However, many (non-canonical) isomorphisms of V and V' can be constructed by
choosing a basis: For instance, let V be finite-dimensional? with basis e1, ..., e,.

1. e. without any further arbitrary choices involved

2This constuction generalises to infinite-dimensional V' but we restrict the exposition to finite-

dimensional V' for notational simplicity.



2.1. Complex Conjugation of Vector Spaces and Lie Algebras

It canonically yields the basis €i,. .., &, of V. Now, a linear map /: V — V can
be constructed just by linear extension of the mapping 1: e; — é;:

P(at-e,) =a'"e,.

Check that this yields an isomorphism but which depends decisively on the choice
of basis.

We recall from elementary functional analysis:
2.1.4 Remark (Riesz isomorphism).

(i) Let (V,(-,-)) be a Hilbert space. Then there is a canonical anti-linear isomor-
phism (Riesz’s isomorphism)

R:V—=V*

SL’I—><.T,->,

where V* denotes the (continuous) dual space of V. Antilinearity can be seen
from R(A\z) = (A\z,-) = Nz, -) = AR(z).

(ii) We use the Riesz isomorphism R to induce a Hermitian scalar product on V* by
setting

Vo, € V*: (o, 0) == (R (), R () -

“Swapping the arguments” is necessary because R is anti-linear.

2.1.5 Remark (the complex conjugate of the dual space). Let V' be a Hilbert
space. Using the Riesz isomorphism R and complex conjugation ~, we obtain the
following commutative diagram, where solid arrows are canonical anti-linear isomor-
phisms and dashed arrows are induced linear isomorphisms:

R
e

Y/ [ /%
V——=V
/ l/// !
PR I
- [ [

vV Z
>~ I I
=~k |
R Y T~ _ Y

This shows, that

e VV* = V* linearly and canonically, i.e. complex conjugation and forming the
(continuous) dual space commute;

e V = V* linearly and canonically;

e VV = V* linearly and canonically.

Notice that this only works for Hilbert spaces V' because otherwise we couldn’t use
Riesz’s isomorphism as a canonical anti-linear isomorphism.

11



2. Some Complex Algebra

2.1.6 Remark (tensor products and complex conjugation).

(i)

Let V' and W be complex vector spaces. The mapping z ® y — T ® y extends to
a canonical anti-linear isomorphism V@ W — V @ W given by

Z)\i(xz‘@)yi)HZ)\z'SC@'@Z?z:Z;\i(fi@ﬂi)-

Using this together with ordinary complex conjugation V@ W — V @ W, we
obtain the following commutative diagram, where solid arrows are canonical anti-
linear isomorphisms and the dashed arrow is an induced linear isomorphism:

VoW
|

1%

Vew :
\ \|(

VoW

Thus, there is a canonical linear isomorphism V ® W = V @ W by which we
shall henceforth identify both spaces. (Notice that in this remark, as both V'
and W are C-vector spaces, by V @ W we mean V ®@¢ W.)

Let now V' be an R-vector space and V @ C =V ®@g C its complexification (we
consider V' ® C a complex vector space). Then the canonical mapping induced
by

VeC—-VeC
VRzZz— VR Z
defines an anti-linear isomorphism: For \ € C,
AMzR2)=20N-2)— 2@ - 2=2@ (V- 2) =X (z®2).

Using this and ordinary complex conjugation V®C — V & C yields the following
commutative diagram, where solid arrows are canonical anti-linear isomorphisms
and the dashed arrow is an induced /linear isomorphism:

VeC
|

Il

Ve :
\ \|(

Vel

Thus, there is a canonical linear isomorphism V @i C — V ®@r C, by which we
shall henceforth identify both spaces.

2.1.7 Definition and proposition (complex conjugate Lie algebra). Let (V,[-,])
be a complex Lie algebra.

(i)

12

V together with the Lie bracket

[z, 9] = [z, 4], (%)

is a Lie algebra, called the complex conjugate Lie algebra.



2.2. Complex Conjugation of Linear Maps and Representations

(ii) Let V be finite-dimensional and choose a basis ej,...,e,. The isomorphism
¢: V — V, induced by linear extension of ¢: e; +— €;, is an isomorphism of Lie
algebras if and only if the structure constants® of [-, -] with respect to this basis
are real.

Proof.

(i) We have to prove that (x) indeed defines a Lie bracket on V. The only non-
obvious point is bilinearity under scalar multiplications. Let z,y € V:

[,ufi,7yfg] = [Ia'x7ﬁ'y = [ﬂ.ﬁC,Dy] = pv - [:C?y] :/,LVT[,T7§] :
(ii) We have to show that ¢ respects the Lie bracket, i.e.
Vi, j: e(lei e]) = [ei 51, (%)

if and only if the structure constants C}; of [-, -] with respect to e; are real.
For the left side of (#x) we find:

o([es, ej]) = QO(CZ ) eu) = CijTéM-
For the right side of (xx*) we find:

[él'u é]] = [eiu 6]] = CZ ’ eP« = CZ'LjLiéH

Hence, (*x) holds if and only if C'_Z = Cf.

2.2. Complex Conjugation of Linear Maps and
Representations

2.2.1 Definition (complex conjugate linear map). Let V and W be complex vector

spaces and A: V' — W a linear map. Define the complex conjugate linear map
A:V — W by

Vo e V: A(z) = A(x),

or, in other words: A = "0 Ao (")~!. Notice that A is again C-linear.

2.2.2 Proposition (properties of complex conjugation of linear maps).
(i) The mapping
~: Hom(V, W) — Hom(V, W)
A— A

is an antilinear isomorphism. If V' and W are unitary spaces and A € Hom(V, W)
is unitary, then so is A.

3The structure constants of a Lie bracket |-, -] with respect to a Lie algebra basis e1, ..., e, are the

numbers ij given by [e;, e;] = Ciuj €p-

13
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(ii) Using complex conjugation of linear maps and complex conjugation of vector
spaces we obtain the following commutative diagram, where the solid arrows are
canonical anti-linear isomorphisms and the dashed arrow is an induced linear
isomorphism:

Hom(V, W)

(
Thus, there is a canonical isomorphism Hom(V, W) = Hom(V, W) by which we
shall henceforth identify both spaces.

(iii) If V and W are finite-dimensional and if e; resp. f; are bases of V' resp. W with
corresponding bases €; resp. f; of V resp. W, the matrix [A] of A'is the complex
conjugate of the matrix [A] of A with respect to these bases: [A] = [A].

Proof.
(i) Let A€ Hom(V,W), A € C, v € V. Then we find:
OVA) (1) = M) = X A(0) = A-AQ) = (M) (@)

and obviously, A+ B = A+ B. Thus, ~: Hom(V,W) — Hom(V,W) is anti-
linear: MA = AA. Bijectivity follows by the obvious involutivity of ~: ()% = Id.
If A is unitary, that means, Vz,y € V: (Az, Ay) = (z,y), then we find:

Vi,y € V: (Az, Ay) = (Az, Ay) = (Ay, Az) = (y,7) = (z,9),

i.e. A is unitary with respect to the Hermitian inner products on V and W.

(ii) There is nothing to prove here.

(111) A(él) = @ = Z ajl- . f] = Zdjfﬁ, where [A]kl = agl-

2.2.3 Definition and proposition (complex conjugate representation).

(i) Let G be a real Lie group? and p a complex representation of G' on a finite-
dimensional unitary space V. Then

p: G — GL(V)

g p(9)

defines a smooth respresentation of G on V, the complex conjugate repre-
sentation of p. If p is unitary, so is p.

4This definition would not work in the case of a complex Lie group with a representation which is
considered a C-Lie group homomorphism, because complex conjugation is not holomorphic. To resolve
this problem one may either introduce the notion of complex conjugation of complex Lie groups or
consider real Lie groups and stick to representations of real Lie groups only. We adopt the second
approach in this thesis, which seems more appropriate in our physical context.

14



(i)

2.2. Complex Conjugation of Linear Maps and Representations

Let 7 be a complex representation of a complex Lie algebra A on a finite-
dimensional unitary space V. Then the complex conjugate Lie algebra homo-
morphism

i A—gl(V) = gl(V)
X

defines a representation of the complex conjugate Lie algebra A on V, called
the complex conjugate representation® of 7, where A denotes the complex
conjugate Lie algebra of A.

That p is again a representation follows from ~: GL(V) — GL(V) being a ho-
momorphism of real Lie groups. That p is unitary if p is unitary follows directly
from proposition 2.2.2-(i).

As gl(V) = End(V) and, canonically, End(V) = End(V) (cf. 2.2.2-ii), we find
gl(V) = gl(V).

O

2.2.4 Remark. Let p be a complex representation of a real Lie algebra A. In general,
p and p are not equivalent. A counter example will be demonstrated in remark 3.3.7.

®Notice that this does not give a representation of A itself (only of .A), because it would be antilinear
otherwise.

15
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3. Representation Theory of SL(2, C)

Premises and choices of bases

Throughout this section and for the rest of this document, the following choices of bases
shall be assumed silently, if not stated otherwise.

(a) Let (R* n) the real 4-dimensional vector space R* equipped with a Lorentz scalar
product 7 of signature (+———). Let e, €1, e, e3 be a choice of n-pseudo-orthonormal
basis of R*, such that n(eg, eg) = +1. We shall henceforth refer to this basis as stan-
dard basis of (R*, 7). We refer to (R%,7) as the real Minkowski vector space.

(b) Let the complexified Minkowski vector space be denoted by
(([34777) = (]R4v 7))@ = (]R47 7)) ®C= (([34777@) )

where 7¢ is the C-bilinear extension of 7. For C* we take the same standard basis
as for R* C C*.

(c) Let R? denote the Euklidean subspace R? = (ey, e, e3)r C RY. We take ey, e, €3 as
standard basis and equip R? with the standard Euklidean scalar product (-,-) with
respect to e; (hence, we have (x,y) = —n(z,y) for alle z,y € R?).

(d) Let (C?,(-,-)) be the 2-dimensional complex vector space equipped with a Hermitian
scalar product (+,-). Let Ey, Ey be a fixed choice of orthonormal basis which we shall
henceforth refer to as standard basis of (C?, (-, -)).

(e) Whenever an element of R*, C*, R? or C? is written as components without basis,
e.g. x = x*, components with respect to the standard bases (as declared here) are to
be understood. Whenever endomorphisms of R*, C*, R3 or C? are given as matrix
without a specified basis, the standard bases are to be understood.

(f) Using the standard bases as declared here, we will freely swap between understanding
the elements of £, SO(3), SU(2) or SL(2, C) as endomorphisms on (R*, ), (R?, (-, -))
or (C?,(-,+)) or as matrices (describing these endomorphisms with respect to the
standard bases).

It should be emphasised that whenever we say standard basis in this document, we mean
the bases declared here, not the standard bases. Of course, the standard bases could be
one possible choice for our standard bases. But they don’t have to be chosen; all we ask
for is a fixed choice of (pseudo-)orthonormal bases.

3.1. Review: Representation Theory of SU(2)

Before entering into the classification of irreducible representations of SL(2, C), we shall
give a brief review of the SU(2)- and SO(3)-representation theory as known from quan-
tum mechanics and fix some notation.

17



3. Representation Theory of SL(2, C)

Lie Algebras of SO(3) and SU(2)

We shall start out by collecting some core facts about SO(3), SU(2) and their Lie algebras
from the literature.

3.1.1 Reminder (Lie algebra of SO(3)). The Lie algebra of SO(3) is the real vector
space spanned by

00 0 0 01 0 -1 0
A= 00 =1 |, Ay= 00O0])], As=(1 00
01 0 -1 0 0 0 00
That means, for every 0 # z = 2# € R3,
Voi t = exp(tarA,)
defines a one parameter subgroup of SO(3). The scaling is chosen such that if ||z|| = 1,

V(1) =1=1t=0,22m,+4x,....

Notice that A; is the generator of rotations around the axis spanned by e;. All A, are
anti-symmetric and so(3) is the Lie algebra of real antisymmetric 3 x 3 matrices. The
Lie bracket is given by the matrix commutator. For the generators we find:

[Ai7 A]] = Eijk Ak .

Proof. All this may be found in [CMO00, section 2.2|, [Str02, chapter 4.1], or [SUO1,
chapter 7.2]. m

3.1.2 Reminder (Lie algebra of SU(2) and Pauli matrices).

18

(i) su(2), the Lie algebra of SU(2), is the real vector space spanned by the matrices

1 0 —1 170 1 L= 0
70— 0) 273\ 1 o) BT\ 0 di )
That means, for every x = a# € R3,

Vo: t — exp(tazts,)

defines a one parameter subgroup of SU(2). The scaling is chosen such that if
||| = 1, 7.(27) = —1 and 7,(47) = 1 (which is desirable in light of proposition
3.1.3-ii).

The Lie bracket of this Lie algebra is given by the matrix commutator. For the
generators we find:

[Si, Sj] = 5ijk Sk .

The matrices s, are anti-hermitian (SL = —s,) and traceless. The Lie algebra
su(2) is the Lie algebra of complex traceless anti-hermitian 2 x 2-matrices.



3.1. Review: Representation Theory of SU(2)

(ii) The matrices

{01\ (0 -\ . (1 0
n=(1a) = (8 70) »- (0 )

are called Pauli spin matrices (we shall use the tilde in oder to clearly dis-

tinguish the Pauli spin matrices ¢, from the o-tensor-spinor craAB introduced

in definition 4.2.1). The Pauli spin matrices are both unitary (6}, = ¢,') and
hermitian (¢f, = &,,). They are related to the s, by

—17

o

SN:7 1w

The matrices 15, = is, are sometimes called Hermitian generators of su(2)
associated with s, and are often used in physical contexts. For z = 2/ € R?,
||| = 1, we find

Y. (t) = exp(t at's,) = exp(ZL 2"G,,) .
The commutation relations of the Pauli matrices read:

6:,0;] = 2ieij, 05 .

(iii) Consider the Pauli matrices &1, 79, 03 together with the identity matrix,

. (10
op ‘= 0 1 .

The real linear span of g, ..., 03 is the real 4-dimensional vector space of com-
plex hermitian 2 x 2-matrices. The real linear span of 7y, 79,03 is the real 3-
dimensional vector space of complex traceless hermitian 2 x 2-matrices.

The complex linear span of 7y, ..., d3 is the complex 4-dimensional vector space
of all 2 x 2-matrices, Matyxo(C). The complex linear span of 1,09, d3 is the
complex 3-dimensional vector space of traceless 2 x 2-matrices.

Proof. These results will be found in [CMO00, section 2.2], [Str02, chapter 4.2], and most
standard textbooks on quantum mechanics. O

3.1.3 Proposition (adjoint representations and the universal covering).
(i) Consider the isomorphism of vector spaces
0: R® — s0(3)
r =" — al'A,.

Notice that if the anti-symmetric matrices A, and their linear combinations are
visualised as 2-dimensional oriented planes in R?, 0(z) for x € R? is the oriented
plane with normal vector x.

19
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Representation Theory of SL(2, C)

The adjoint representation® of SO(3),

Ad: SO(3) — Aut(so(3))
R [€— RERT'],

yields by concatenation with 6~1 a representation of SO(3) on R?®. This repre-
sentation happens to coincide with the defining representation of SO(3), i.e. for

r € R? and R € SO(3):
0t Adg(9(z)) = R(x).
(ii) Consider the isomorphism of vector spaces
0': R® — su(2)
r =2t ats,.
The adjoint representation of SU(2),

Ad: SU(2) — Aut(su(2))
U € UEUTY,

yields by concatenation with #'~! a representation
0: U 071 o Ady o € GL(R?)

of SU(2) on R3. Tt turns out that for all U € SU(2), p(U) € SO(3), i.e. we have
the representation
@: SU(2) — SO(3)
U601 oAdyob .

Moreover, it turns out that ¢ is a wuniversal covering of SO(3). It is two-fold,
meaning that it has kernel ker p = {1, —1}.

Proof. (i) is, on the matrix level, a simple and well known thing. However, on the

abstract level (talking about adjoint and defining representations) the author found
this result shine in a new and surprising light (isn’t it remarkable that in case of SO(3),
adjoint and defining representations coincide?) ...

The same goes for (ii). On the matrix level, this is well known (for a full proof cf.
[Str02, chapter 4.2]), but the enlightening connection with the adjoint representation
is rarely anywhere explicated.

Notice however, that instead of our isomorphism ', physicists often use the map
x# + at0,. This has the major disadvantage that it no longer gives an isomorphism
R? — su(2) (because it doesn’t even map into su(2)) and hence doesn’t illuminate the
connection of the double covering with the adjoint representation. But, on the other
hand, it has the major advantage of being compatible with the s[(2, C)-case, as will
be seen in proposition 3.2.3 and section 4.2. O

20
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3.1. Review: Representation Theory of SU(2)

For future references, we just write down the result on the universal covering homomor-
)
phism once again in a more concentrated form:

3.1.4 Corollary (universal covering homomorphism of SO(3)). There is a 2-fold
covering map SU(2) — SO(3) which is a universal covering of SO(3). Such a map
may be given as

¢: SU(2) — SO(3)
U 61 oAdyob,

0': R® — su(2), x = 2 — a's,. By differentiating, this yields an isomorphism of the
Lie algebras, ¢: su(2) — s0(3). The generators s, of su(2) and A, of so(3) are chosen
such that

Qs AN, p=1,2,3.

(For notation and terminology cf. 3.1.1, 3.1.2 and 3.1.3.)

Proof. The statement about ¢ is proved in [Str02, chapter 3.2]. U

3.1.5 Remark (comment on the choice of Lie algebra bases). We shall make a
brief comment on the interdependency of the choices of bases in this section: Firstly,
notice that our choice of basis {A1, Aa, A3} of s0(3) was naturally induced by our fixed
standard basis {e, ez, e3} of the Euklidean space R3 by demanding that A; be the
generator of positively oriented rotation around the i-th base vector (with respect to
the orientation induced by {e,}).

Secondly, once given a choice of {A,}, the choice of {s,} (basis of su(2)) as given in
reminder 3.1.2 is justified by propositions 3.1.4 and 3.1.3-ii: With our choice of {s,},
the induced isomorphism ¢': R? — su(2) is particularly related to the double covering
¢: SU(2) — SO(3), as shown in 3.1.3-ii.

In short, {A,} and {s,} are chosen such that the relations given in propositions 3.1.3
look as neat and simple as they do.

Irreducible Representations of SO(3) and SU(2)

Pulling back a representation of SO(3) through the universal covering homomorphism
@: SU(2) — SO(3) yields a representation of SU(2). Thus, as ¢ is surjective, every irre-
ducible representation of SO(3) gives an irreducible representation of SU(2). As SU(2) is
simply connected, its complex irreducible representations are in one-one-correspondence
with complex irreducible represenatations of su(2) by corollary 1.1.6-b.

This is why the procedure of classifying irreducible complex Hilbert space representations
of SO(3) and SU(2), as known e. g. from an introductory course on quantum mechanics,
starts from classifying irreducible representations of the Lie algebra, su(2) = so(3).
This then gives the equivalence classes of complex irreducible representations of SU(2)
itself, and the only remaining thing to do is sorting out, which of them push forward to

representations of SO(3) (a priori, not all of them do!).

The next theorem sums up the result of such a classification procedure. Notice that
we refrain from introducing the concept of weights here, just to spare the space and
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3. Representation Theory of SL(2, C)

time of presenting yet another general concept without ever making use of this level of
generality in our context. Instead, we shall stick to the terminology common in physics,
where irreducible SU(2)-representations get labeled by their “spin numbers”. Of course,
the involved reader will think of twice the spin number as the representation’s highest
weight.

3.1.6 Theorem (irreducible SU(2)- and SO(3)-representations).

(i) The collection of equivalence classes of irreducible complex Hilbert space repre-
sentations of SU(2) can be labeled by numbers

1 3

i =0,-,1, - ...

.] 727 727

such that
dim(DY) =25 +1,

where DU) denotes a representative of the equivalence class labeled by j. The
number j is called spin number of D). In particular, all irreducible complex
Hilbert space representations of SU(2) are finite-dimensional.

(ii) One finds that
DY (27 s;) = DY (-1) = (-1)¥1.

Thus, an irreducible complex Hilbert space representation of SU(2) pushes for-
ward to an irreducible complex Hilbert space representation of SO(3) if and only
if its spin number j is integral, j = 0,1,2,.... Consequently, the equivalence
classes of irreducible Hilbert space representations of SO(3) can be labeled by
spin numbers

71=0,1,2,...
and again with

dim(DW) =25 + 1.

Proof. All this is well known from introductory courses on quantum mechanics. Cf.
[Str02, section 4.5] for an explicit (physical) treatment and [BD85, proposition 11.5.3]
for a mathematical reference. 0J

We quote the useful Clebsch-Gordon formula for tensor products of irreducible SU(2)-
representations:

3.1.7 Theorem (Clebsch-Gordon decomposition). Let ji, 7> € {0, %, 1, %, ...} and
let DY) denote a representative of the equivalence class of irreducible complex SU(2)-
representations of spin number j. Then we find for the tensor product representation

of DUV and DU2).

DU @ DU2) o plitiz) @ plitia=) g plin-—il
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3.2. Lie Algebras of L and SL(2,C)

Proof. Cf. [BD85, proposition I1.5.5] and [Str02, section 4.5]. O

This shows that D(2) is the fundamental representation of SU(2), meaning that all other
irreducible complex representations of SU(2) are subrepresentations of tensor product
powers of D). The next proposition explicates what these subrepresentations look
like and uses these circumstances to define concrete representatives for the equivalence
classes of irreducible complex SU(2) representations for the rest of the document:

3.1.8 Definition and proposition (DY) and A;).

(a) We set A% := C? and equip this space with the standard basis. Then the equiv-
alence class of irreducible complex SU(2) representations of spin number % shall

henceforce be represented by DG on A%, given by
DR(8)(x) = Sz = S%a*, S E€SUQ), z€A,;.

(b) For each j € {0, %, 1, %, ...}, the equivalence class of irreducible complex SU(2)

representations of spin number j is represendet by

DU .— (D(%))@J’

on A] = (Al)\/2j .

(Al )\/Qj 2
2
Here, V denotes the symmetrised tensor product; thus, DY) is the restriction of

(D@)®% to the totally symmetric subspace (A)Y# C (A1)®. We equip A;
with the induced basis.

Proof. (b) may be found in [SUOL, p.244]. O

3.2. Lie Algebras of £ and SL(2,C)

In order to establish notation and provide a solid basement for all subsequent consider-
ations we shall collect some core facts about SL(2,C), £, and their Lie algebras.

3.2.1 Reminder (Lie algebra of £). lo, the Lie algebra of the Lorentz group L, is
the real vector space spanned by the matrices

000 0 0 0 0 0 0 0
OI— 1 OI— 1 OI— 1
Ml_o Al 7M2_O A2 7M3_0 A3 )
0 L J 0 L J 0 L 4
0100 0010 000 1
1000 0000 0000
N1_0000’N2_1000’N3_0000
0000 0000 1000

My, My, M3 are, of course, the generators of the SO(3) subgroup of /31, and are called
generators of (spacial) rotations. N7, Ny, N3 are the generators of Lorentz boosts. The
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3. Representation Theory of SL(2, C)

Lie bracket is given by the matrix commutator. The commutation relations for the
generators read:

[M;, M;| = ey My,  [Ni, Nj| = —€ijie My, [M;, N;] = €41 Ni, .

Proof. Cf. [CM0O, section 3.3]. These results may also be found in [SU01, section 8.1],
however, the opposite sign for the N, is used there. O

3.2.2 Reminder (Lie algebra of SL(2,C)). SL(2,C) is a complex 3-dimensional Lie
group. Its Lie algebra, sl(2, C), has complex basis sy, $2, s3 (notation cf. rem. 3.1.2),
and hence,

sl(2,C) 2 su(2) @ C
as complex Lie algebras. Considered as real Lie group, SL(2, C) is 6-dimensional and
sl(2, C)r = (s1, 82, 83, (i51), (is2), (is3))R ,

where s[(2,C)r denotes sl(2,C) considered as real Lie algebra. The commutation
relations of the generators read

[si s3] = €ijisne [(i0), (is5)] = —€iji sk, [(is0), 85] = eijie (isp) -

Proof. Cf. [CMO00, sections 3.4 and 4.2] for the generators (formula 4.34; notice that the
opposite sign is used there). The commutation relations are immediate using 3.1.2. [

3.2.3 Proposition (universal covering homomorphism of EL) There is a 2-fold
covering map A: SL(2,C) — EL which is a universal covering of CL. It gets realised

by
A S [x e 071(S0(x) ST], xR,

where 0: R* — (G0, ...,03)c € Matyys(R) is the map given by
0:2— X :=a"5,, pn=0,...,3

(we shall meet 6 again in section 4.2, cf. definition 4.2.1 for a more detailed treatment).
A induces an isomorphism A, : s[(2, C) — lo. Notice that

Proof. [CMO00, section 3.4]. O

3.2.4 Remark (comment on the choice of bases). In perfect analogy with remark
3.1.5, a choice of metric and oriented orthonormal basis for R? (as committed by fixing
the standard basis in our case) induces a natural choice of basis M, My, M3, N1, No, N3
of lo by demanding that M; be the generator of positive spacial rotation around e;
and N; be the generator of a Lorentz boost in the ey-e;-coordinate plane.

In consequence, a choice of basis of sl(2, C) as given in reminder 3.2.2 is justified by
proposition 3.2.3: The s; and is; are just the pullbacks of M; and N; under the double
covering, \.
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3.3. Representation Theory of SL(2,C)

Towards our aim of classifying finite-dimensional irreducible complex representations
of SL(2,C) (as real Lie group) we shall be pursuing the plan of extending the well
known representation theory of SU(2) to SL(2,C) in a way using complex conjugate
representations. Subsequently, this will naturally lead to the declaration of the 2-spinor
formalism in the next chapter.

The general idea for our classification procedure is inspired by [SUO1, chapter 8], but
the presentation there seems to remain rather sketchy concerning mathematical aspects.
We present an attempt of pursuing this plan in a more rigerous way and all our previous
work, notably complex algebra and representation theory of SU(2), will be culminating
in these considerations. However, we will have to pay for the aspired benefit in rigour by
considerably more technical complexity of this section. This indicates why the presenta-
tion in [SUO1] may not have been carried out in full rigour and that employing different
mathematical techniques (complex structures etc.) may perhaps simplify the business.
The reader who is in a hurry may just skip forward and only read theorem 3.3.6 and the
subsequent remarks.

Notice that SL(2,C) may be treated as real or as complex Lie group. Of course, the
universal covering map \: SL(2,C) — EL is a homomorphism of real Lie groups and
this is why from a physical perspective, irreducible complex representations of SL(2, C)
as real 6-dimensional Lie group are of relevance. This makes the classification prodecure
more complicated than that for SL(2,C) as complex 3-dimensional Lie group, which
is usually presented in mathematical textbooks on representation theory, cf. [Hal03] or

[FHO1).

Notice that, as SL(2, C) is simply connected, we may equivalently classify finite-dimen-
sional irreducible complex representation of SL(2, C) or of its Lie algebra, s[(2, C)r (cf.
1.1.6-b). To this end, one of the core artifices in this section is a clever choice of bases
for sl(2, C)r ® C:

3.3.1 Definition and proposition (polarisation of s{(2, C)). By complexification
of the real Lie algebra s((2, C)g,

s1(2,C)¢ == sl(2,C)g Or C,

a complex 6-dimensional Lie algebra is obtained. On sl(2, C)¢ we define the anti-linear
automorphism (we call it “polarisation automorphism”)

p: 5[(2, (D)qj — 5[(2, C)@
ats, + yt(is,) — T's, + 5" (is,) .

Consider a new basis? of s[(2, C)¢, defined as:

m

o= (sp+i(is,))

N | —

(Su - i<i5u))v m,, = p(m,) =

N | —

2Notice that s1, 52, 83, (is1), (is2), (is3) form a complex basis of s[(s, C)¢ and hence are all linearly
independent. Thus, i(is1) # —s.
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3. Representation Theory of SL(2, C)

(see footnote?). Tts commutation relations read:

+

70

[m,mf ] =eiymil,  [my,m;]=eymg, [mf,m;]=0.

Hence, each of the complex 3-dimensional spaces
sl(2,0)f = (my,m3, md)e, sl(2,C)g = (my,my,m3)e

is a copy of su(2) ® C and they commute with each other*. Moreover, the anti-linear
polarisation automorphism p together with complex conjugation s[(2, C)& — s[(2, C)&
induce a linear isomorphism x: s[(2, C){ = sl(2, C)g which makes the following dia-

gram commute:

sl(2,C) 4 X

(Solid arrows denote anti-linear isomorphisms, the dashed arrow is the induced linear
isomorphism.)
Finally, we fix the following C-linear embeddings:

Fisl(2,0) — sl(2,C)f Csl(2,0)¢

s;—m}  (extend C-linearly from this)

and

T sl(2,C) S osl(2,0) 5 5 sl(2,€) g Csl(2,0) ¢,

where 1T sl(2,C) — sl(2,C){ denotes the complex conjugate of +*. By using t* on
the first and +~ on the second component, we obtain an isomorphism

vi=(07)sl(2,C) @ sl(2,C) — sl(2,C)g

3.3.2 Remark (differences between sl(2,C), s((2,C), sl(2,C)g and sl((2,C)¢).
Just in order to sort out possible confusion, we shall make one comment on the
differences between sl(2, C), sl(2, C), s[(2,C)r and sl(2, C)¢:
Notice that sl(2, C), sl(2,C) and sl(2, C)g all have the same carrier space and the
same R-Lie algebra structure. The only difference is their C-Lie algebra structure,
notably the way in which scalar multiplication by imaginary numbers is done: sl(2, C)
does it “the standard way”, s[(2,C) does it “the complex conjugate of the standard
way” and sl(2, C)r has no C-vector space structure at all. Thus, canonically:

sl(2,C) =R sl(2,C) =g sl(2,C)r  (by the identity on the carrier space) ,

for +4. However, we shall stick to the presented construction using the base vectors m

31t is not a mistake that m;} = 4 (s, —i(is,)) (minus on the right-hand side) and m; = 3(s,+i(is,))

(plus on the right-hand side). This sign convention turns out to be of advantage later on.

4The author is aware that alternatively one could construct the subalgebras s[(2, (D)% using a com-
plex structure .JJ on sl(2, C)R, extending it C-linearly to s[(2, C)¢ and taking as sl(2, C)* the eigenspaces
ff which is inspired
by [SUO01].
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3.3. Representation Theory of SL(2, C)

where =R means isomorphic as R-Lie algebras, but these canonical isomorphisms are
not C-linear.

s[(2, C)¢ is a bit detached from the others, in that it is a genuine extension of sl(2, C)g
(it indeed has a bigger carrier space). It’s just the complexification sl(2, C)r ® C and
we have the canonical R-linear embedding monomorphism sl(2, C)r — s((2, C)¢.

As a first (and the easiest) step towards our classification aim we sort out the finite-
dimensional irreducible complex C-linear representations of sl(2, C):

3.3.3 Remark (irreducible representations of sl(2, C)).

(a) Let DY be an irreducible complex SU(2)-representation with spin number j and
let DY) denote the Lie algebra representation of su(2) associated with DU) (re-
member that su(2) is a real Lie algebra). D is again irreducible (proposition
1.1.7-a). By complexification, DU induces an irreducible complex represetation

DO = Y & ¢

of the complex Lie algebra s[(2, C) = su(2) ® C (proposition 1.2.1-b), and, more-
over, each finite-dimensional irreducible complex representation of sl(2, C) is—up

to equivalence—of the form ﬁﬁj) for a j € {0, %, 1, %, 2,...}5.

(b) We may forget about scalar multiplication by imaginary numbers in s[(2, C) to

consider DY) a representation of s[(2, C)R (cf. remark 3.3.2). As the real Lie group

SL(2, ©) is simply connected and has Lie algebra sl(2, C)g, each DY induces
a complex irreducible representation DY) of SL(2,C), such that dp¥) = DY
(corollary 1.1.6-b).

DY) is a representation of SL(2, C) (treated as real Lie group by our convention), thus
its associated Lie algebra representation dDY is, a priori, a representation of s[(2, C)g.
However, as we see from the construction of DY ), the infinitesimal version, DY ), has the
additional feature of being compatible with the natural complex Lie algebra structure
of 5l(2,C), in the sense that it may be treated as (C-linear) representation of sl(2, C).
Thus, and this is very important to appreciate: Remark 3.3.3 only classifies those finite-
dimensional irreducible complex representations of SL(2, C) which have this “additional
feature”.

3.3.4 Remark (Why is dDY) = DY )?). Let’s consider the complex conjugate repre-

)

sentation DY), Tt is also a representation of SL(2, C) and its infinitesimal Lie algebra

representation dDY is, a priori, a (R-linear) representation of sl(2, C)g. One might
expect that it may also be considered a (C-linear) representation of a complex Lie
algebra in a canonical way analogous to the DY) _case. However, it turns out that the
complex Lie algebra structure of sl(2, C) is not suitable in this case, as

s1(2,C) 3 2 — dDY)(z) = dDY(z)

is anti-linear. This problem gets resolved by taking s[(2, C) instead, and we may

canonically consider dDY’ a (C-linear) representation of sl(2, C) with dDY) = DY,

5This again is a consequence of proposition 1.2.1-b: If p,. is a finite-dimensional irreducible complex
representation of su(2) @ C = sl(2, C), it is easily seen that the restriction p := p¢|sy(2) is still irreducible.
Moreover, we have p. = p ® C. Proposition 1.2.1-b then does the rest.
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3. Representation Theory of SL(2, C)

It is possible to combine these two types of irreducible representations, DY) and DY l), to
obtain representatives for all equivalence classes of finite-dimensional irreducible complex
representations of SL(2,C) (which will be the final result, theorem 3.3.6). The next
proposition presents a preliminary stage of this on the Lie algebra level:

3.3.5 Proposition (irreducible complex representations of sl(2,C)). Each
equivalence class of finite-dimensional irreducible complex Lie algebra representations
of 5((2,C) & sl(2,C) is given by a representative of the form

U9 = DY @ 1dg , +1da, @D on Ajji=A; @ Ay,

where j, 5/ € {0,3,1,3,...}. Using the isomorphism ¢: s((2, C) ®sl(2, C) — sl(2, C)q,
this shows that the finite-dimensional irreducible complex representations of s((2, C)

are—up to equivalence—the representations
b(]v]/) pp— U(Jv]l) o Lfl
(& ° C °

Notice that this proposition does not state that Dy 2 D) for (7,7) # (k, K'). Of
course this is true, but we don’t take the effort proving it here as it will eventually be a
byproduct of theorem 3.3.6.

Proof. We first show that for all DU and DU, U9 is irreducible: Notice that canon-
ically,

sl(2,C) @sl(2,C) 2 su(2) @ C @ su(2) @ C

(cf. remark 2.1.6-ii). Hence, sl(2, C) @ sl(2, C) has the real subalgebra su(2) @ su(2).
We may restrict U7 to this subalgebra, to obtain a representation of su(2) & su(2)
on A
T3 = 3" = DY @ Idx—+Ida, ®DU" .
N su(2)Psu(2) i’ /
As SU(2) is simply connected and compact, proposition 1.2.6 gives irreducibility of
TG, Thus, U97) must also be irreducible.

To prove the converse direction, let T, be an arbitrary irreducible representation of
sl(2,C) @ sl(2,C) on some finite-dimensional complex representation space A. Con-
sider the restriction 1" := Tc‘5u(2)€95u(2). Let W C A be a T-invariant subspace and pick

some £ = (21 ® 21,12 ® %) € 5u(2) @ CPsu(2) @ C = s5l(2,C) ®sl(2,C) and v € W.
We find:

Tc(é)’U =21 TC<ZL’1 X 1, O)U + 2 TC<O, T & I)’U =1 T(l’l, O)’U + 2 T(O, .TQ)’U eWw.

Hence, W is T.-invariant. Thus, we deduce irreducibility of 7" from irreducibility of
T, by contraposition. Moreover, using proposition 1.2.6, we find that there must be
irreducible complex su(2)-representations p; on V; and py on Va, such that
T = p1 ®@Idy, +1dy, ®ps.
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By theorem 3.1.6 and corollary 1.1.6-b there are j and j' such that p; = DY and
p2 = DU (footnote®) and

T=DY ®ldg, +1dg; @DU)  (and A= A5 = A; @ Ay).
Now we use T to express T, and obtain our final result:

Te[(61® 21,60 )|t @y =Te[(§1 ® 21,0)]r @y + T.[(0,5 ® 2)]r @Y
=21 (T[(&1,0)]z @ §) + 2 (T[(0,&2)]r @ )

=1 (DV(&)7)] @ g+ 2 @ %7 (D) (&)y)]

- Agﬂ(gl ®21)r ® IdAj, yg+1da, z® ﬁgj’)(§2 ® Z9)Y
— 6"

This shows that an arbitrary irreducible complex representation of the complex Lie
algebra sl(2, C) @ s((2, C) must—up to equivalence—be of the form Ui, O

The following diagram displays the interrelationship of the various representations ap-
pearing in this chapter. It will help us prove the classification theorem for finite-
dimensional complex SL(2, C)-representations.

DU 0(71){ DY) & Py \SL%;:)A D& D)
8 @) 3)
d d 20 d
©)
. Ofl|sr(2 O)r |si(2,0)a o, o1 \i -,
D" @ ’ 17" (é) | C(J,J )} ® ng,J )
[s1(2, C)r] [s((2,C)a] [s[(2, C) @ sl(2, ©)] [s1(2, ©)¢]

(Watch the diagram 3-dimensionally: imagine arrow (9) to “lay on the floor” while all
other arrows lay on a vertical plane.) The Lie groups or Lie algebras written in square
brackets display the object represented by the representation near by. An arrow in the
diagram means that the representation at the tip gets constructed or derived from the
representation at the tail in a certain way. We shall explain in detail how the various
arrows work:

(a) A priori, the associated Lie algebra representation of the outer tensor product
DY'&DY is a representation of sl(2,C)r @ sl(2, C)g. But, in consideration of re-
marks 3.3.2 and 3.3.4, one may equip this real Lie algebra with a complex Lie algebra

SNotice that by means of theorem 3.1.6, there must be an intertwining isomorphism such that

DU") = D) | as both representations have the same dimension. However, this is a speciality of su(2)
representations; notice that a priori, a Lie algebra representation 7 is not equivalent to its complex

conjugate, 7. Later, remark 3.3.7 will show that in case of SL(2, C), ng) o2 ng).
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30

structure which is compatible with the representation. This is how one (canonically)
ends up considering d[DgJ '&DY )} a representation of s[(2, C)®sl(2, C). And, using
proposition 1.2.6, one finds that

d[DY&DY] = 069
This explains arrow (3). Arrow (6) just uses the isomorphism ¢ from definition 3.3.1
(cf. proposition 3.3.5).

We now define
SL(2,C)a :={(S,5)| S € SL(2,C)} C SL(2,C) x SL(2,C),
which is a real Lie group obviously isomorphic to SL(2, C) by

H:SL(2,C) — SL(2, O)a
S (S,9).

And we define

sl(2,C)a :={(z,2) |z €51(2,C)} Csl(2,C) dsl(2,C),

which inherits the structure of a real Lie algebra with basis

{(81, 51), (82, 52), (83, 53), ((iSl), (’iSl)), ((iSQ), (’iSQ)), ((ng), (ZSg))}

and induced Lie bracket [(£1,£1), (€2, 8)] = ([€1, &), [€1, &)).
It is clear now how arrows (8), (5), and (7) work (the notation D) := DY @ DY)
will get introduced in theorem 3.3.6).

The real Lie algebra of the real Lie group SL(2,C)a is
Lie(SL(2,C)a) = {(z,x) |z € s1(2,C)r} Csl(2,C)r sl(2,C)r .

As sl(2,C)r =R sl(2,C) and sl(2,C)r =g sl(2,C) by remark 3.3.2, there is a
canonical isomorphism of real Lie algebras

k: Lie(SL(2,C)a) — sl(2,C)a
(x,2) — (2,Z).
This explains how arrow (2) is to be understood. Commutativity of the cycle (3),
(5), (2), (8) is an immediate consequence of statements (a)—(c).
For z's; € sl(2,C) and y's; € 5[(2,C), we find:
(a'si,y's)] = a'mf + p(g'm;) = a'md +y'm;
1

=5 [ +y)si —ia’ —y')(isi)]

(%)

(v and p were introduced in definition 3.3.1). This shows that for z's; € s[(2, C):

(s 5] = 5 [0+ 2950 — ila’ — 2)(is)]
= Re(2")s; + Im(2")(is;) € s1(2, O)R .

(%)
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and it is easily checked (using the commutation relations for s; and (is;) given in re-
minder 3.2.2) that the restriction ¢|q2,r), @ §/(2,C)a — sl(2, C)g is an isomorphism
of real Lie algebras. This explains how arrow (4) works.

For the inverse of ¢|q(2,r), We find:
L’1|5[(2,@)R: x's; +yt(is;) ((:cZ + iy s, (2f + zy’)sz) )

Notice that this is just the infinitesimal version of what H does on the Lie group
level, meaning that the following diagram commutes:

SL(2,C)— . S1L(2,0)a

exp]

5[(2, (D)]R

[(exp, exp)o k!

[/_1|s[(27(E)1R
5[(2, C)A

To understand arrow (1), one needs to know that DU := U7 0 1™! | ¢y (this will
get introduced in theorem 3.3.6). Finally, commutativity of the cycle (2), (4), (1),
(7) follows from commutativity ob the above diagram.

(e) In light of the preceding considerations, we get the following commutative diagram
of C-Lie algebra homomorphisms:

5[(2,@)]1{( 5[(2,@)@
Usi2,0) | =R L=
s1(2,0)a ———51(2,C) @ 512, ©)

The left arrow is explained in (d), the top arrow is the canonical injection and the
right arrow is by by definition and proposition 3.3.1. i: sl(2,C)a — sl(2,C) @
s[(2,C) on the bottom arrow denotes the canonical injection, it is an R-linear Lie
algebra homomorphism. Commutativity of the diagram follows from (x) and (k)
in (d).

The direct consequence of the commutativity of the preceding diagram now is that
the following diagram commutes:

5[(2,@)]1{@ C 5[(2,@)@

tsi2,0)a ® C|=g L =¢
sl(2,C)r @ C %5[(2, C) @312, C)

Finally, this together with arrows (4), (5), (6) explains arrow (9) and commutativity
of the cycle (6), (5), (4), (9).

Pleasurably, we are now prepared to prove the main result:
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3.3.6 Theorem (irreducible complex representations of SL(2,C) and s((2, C)R).

The collection of equivalence classes of finite-dimensional irreducible complex rep-
resentations of SL(2,C) (as real Lie group) is in one-one correspondence with the
representations (which are to be taken as representatives)

for 7,7 € {0, %, 1, %, ...}. Consequently, the equivalence classes of finite-dimensional
irreducible complex representations of sl(2, €)g are given by DUJ) .= dDUI) for

which we find

DU — (763 o s, - -

Proof. Relation (x) follows from the commutativity of the cycle (1), (4), (2), (7) in the big
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diagram above. So, there are three things to show: Irreducibility of DU that every
finite-dimensional irreducible complex representation of SL(2, C) is equivalent to one
of the DU and mutual inequivalence of DY) and D**) whenever (4, 5') # (k, k).
By proposition 1.1.7 we may show these points for either of DY) or D) (SL(2,C)
is simply connected).

To prove irreducibility of the Lie algebra representation DU remember that D)
is an irreducible representation of s((2, C)¢ = sl(2, C)gr ® C. Arrow (9) from the big
diagram above shows that DU is the complexification of DU Thus irreducibility
of D) follows from proposition 3.3.5 by proposition 1.2.1-b.

To prove that every finite-dimensional irreducible complex representation of SL(2, C)
is equivalent to one if the DU it suffices to notice that on the Lie algebra level, this
is the statement of proposition 3.3.5 in combination with proposition 1.2.1-b.

We prove the statement on inequivalence for DY), Let (j,5') # (k, k') and without

[

loss of generality, j > 0 and j # k. To make an indirect proof, we assume DU7") =2
D®*) - Thies yields, using lemma 1.2.5:

D(Jv]l) ® D(]vo) > D(kvkl) ® D(]vo) . (*)
Using the Clebsch-Gordon formula (theorem 3.1.7), we obtain for the left-hand side:

2j 2j
DU g P9 = W) @ DY © DY) = ) DW © DY) = @) D#",
n=0 pn=0

and for the right-hand side:

j+k j+k
DK & DU ng) ® Dg) ® ng/) ~ @ Dg‘) ® ng/) _ @ Dk
p=[k—jl p=[k—j|

All the summands are irreducible by the first part of this proof. But as j # k, the
number of summands on the left- and on the right-hand sides differ. Thus, (%) can
not be true because an intertwining isomorphism must be bijective and would map
invariant subspaces onto invariant subspaces and thus irreducible components onto
irreducible components. (*) not holding contradicts the assumption and thus proves
the assertion. O
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3.3.7 Remark (SU(2) vs. SL(2,C)). Theorem 3.1.6 implies that all irreducible com-
plex representations of SU(2) of the same dimension are equivalent. This includes D)
and DY), However, in the case of SL(2, C) (which we treat as real Lie group), we just
proved that D9 which is equivalent to ng ), and D7) which is equivalent to ng ),
are not equivalent. This suggests that something happens during the transition from
SU(2) to SL(2, €). To make this a bit more plausible, we shall illuminate the example
of j = % in detail:

1
Notice that D39 = Dz may be taken as

DE(S) (@) = Sz, SeSLE2,C), zeC’=A

=

To prove by contradiction that DGO a2 D(O’%), assume that DGO o D(O’%), which
means that there is a C-linear intertwiner ¢: A 1= A 1 such that

VS € SL(2,C): D(%)(S) =ypo D((jé) ot

Adopting standard bases for A 1= C? and A 1 this is equivalent to the following
expression on the matrix level:

S =pSp~t forall SecSL(2,C)

for some invertible matrix ¢ € Matoyo(C). For instance, take

S:<437Z 01.), hence, §:<_437Z 10)
0 —EZ 0 E’L

S has an eigenvalue 43714, thus ¢S¢~! must have an eigenvalue 437i. However, S
obviously doesn’t have 4371 as eigenvalue. Contradiction.

Why does this argument not work in case of SU(2)? This means: Why is there no ma-

trix S € SU(2) such that S has eigenvalue A but S hasn’t?—This follows immediately
from the definition of SU(2):

SU(2) = {S € Matg,o(C)|S™S = 1 and det(S) = 1} .

Unitaritry of S (STS = 1) implies that there is an (orthogonal) basis of eigenvectors
and that for any eigenvector A, |[\| = 1. Unimodularity (det(S) = 1) then implies that
if \; and Ay are the two eigenvectors, 1 = det(S) = A;Ae. Together with 1 = |\;| =
A1 this immediately gives Ao = A;.

3.3.8 Remark (justification). We took the effort of introducing our little theory
of complex algebra in chapter 2 only to have a solid framework to handle complex
conjugate representations which were arising due to our polarisation construction of
definition 3.3.1. Yes, indeed, notice that the core idea for our classification procedure
was founded there.

So, couldn’t we have avoided the need for complex conjugation by just decomposing

s[(2, C)¢ another way? Instead of ¢: sl(2,C) @sl(2, C) — sl(2, C)¢, why not take the
map

sl(2,C) @ sl(2,C) — s1(2,C)¢
(2'si,y"si) = a'm +y'm; ?
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Using proposition 2.1.7-ii and the commutation relations for m; and s; this would
certainly be an isomorphism of complex Lie algebras and it may be used to push
forward outer tensor product representations d( D¢ WeDy )) (this associated Lie algebra
representation is a representation of sl(2, C) & sl(2,C)) to sl(2, C)¢ (and sl(2, C)gr in
the end). But, and this is the crucial point: One would just not obtain all finite-
dimensional irreducible eomplex representations of 5[(2, C)¢ this way! Best evidence
for this is that d(D )& DY )ei2,0)r and d(D )& DY) )si2,0)r Would be equivalent, as
is easily checked. Resolving this problem one will always be—more or less explicitly—
ending up with considering complex conjugate representations.

3.3.9 Remark. We sort out relationships between the representations DY from remark
3.3.3 and let DY) from theorem 3.3.6:

(i) For all spin numbers j, there is a canonical equivalence DU = DY Notice
that DUO) = Déj ) ® Dﬁo), Whichi is a represenation on A; ® C. The canonical
intertwining isomorphism A; ® C = A; is given by (C-linear extension of)

1zZ=2Q (2 -1)=20(EF 1)=2:G1)~Zz z
forz € Aj and z € C.

(i) For all spin numbers j, there is a canonical equivalence D7) 2 DY ). Notice
that D©3) = DY @ DY l), which is a representation on C ® A/, The canonical
intertwining isomorphism C ® Aj =2 A is given by (C-linear extension of)

2r=2(102%)— 2T
for € Cand 7 € A

(iii) For all spin numbers j and j there is a canonical equivalence DG-i") & DU"J),

The intertwining isomorphism A; ;; = A/ ; is induced by

A]j A®A/_A]/®A]:Aj/’],

where the first isomorphism is given in remark 2.1.6 and the second isomorphism
is “by swapping arguments”.

3.3.10 Corollary (Clebsch-Gordon decomposition). It is immediately derived
from theorem 3.1.7 and the previous remark that for all spin numbers j,j’ k, k' €
113 )
{0,3,1,5,.. .}
itk R

DU @ DEF) = @ @ D)

p=li—kl p=li=k|

3.3.11 Remark (irreducible complex representations of EL) It can be shown
that an SL(2, ©)-representation D7) pushes forward to an £ -representation if and
only if j + j' is integral.”

Before we conclude this section, we shall write down some of the most important repre-
sentations of SL(2, C), which we shall meet again later. We equip A; and A; with the
standard bases.

"We shall not give a proof here as this result is not central for our purposes. The reader be refered
to [SUO1], even though a rigerous proof won’t be found there, either.
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DGO DO.3) positive /negative Weyl spinor representations of SL(2,C). The ele-
ments of A 10 Tesp. A, 1 are called positive resp. negative Weyl spinors.
dim DG = dim D©2) = 2.
These are the two fundamental representations of SL(2, C); all other
DUJ) are irreducible components of tensor products of these.
Concrete realisations:
DEO(S)(w) = Sz, SESL2,C), z €A,
D(O’%)(S)(x) = Sz, S eSL2,C), z €Ay,
where Sz and Sz denote ordinary matrix multiplication.
D9 g DO:2) | Dirac spinor representation of SL(2, C) on A%p & Aoé- The elements
of As @ A1 are called Dirac spinors.
dim(DGY @ DO) = 4
Notice that this representation is obviously not irreducible.
Concrete realisation:
(DGO © DOD)(8)(x,a') = (DEV(S)(x), DOV(S)(@))
= (Sx, Sx), S eSL2,C), (z,2) € A1 @Ay
D(z2) Vector representation of SL(2,C) and £1. For £1 this is the defining

and the fundamental representation.
dim D(2) = 4
Conrete realisation:

NI
NI

DE(9)(X) =59 55 XxP = Sxsf
— —

matrix notation

notation of from prop. 3.2.3

chapter 4

where S € SL(2,C), X = X458 ¢ A

11,
272

DGE(L)(x) = Le, Lefll, zeC'=A

N
N

In light of proposition 3.2.3, a neat choice for the isomorphism C* =2

A%é would be XAB = x“aHAB. Cf. chapter 4 for more details.
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4. The 2-Spinor Formalism

In this chapter we will introduce an elementary formalism for dealing with 2-spinors
and their tensor products, which is historically grown from the physical theory of spin
% particles. 2-spinors are the elements of the representation spaces of the 2-dimensional
irreduciblle (fundamental) spinor-representations of SL(2, C), i.e. spinors of types DGO
and D3,

As every finite-dimensional irreducible representation of SL(2, C) is a subrepresentation
of a tensor product representation of the fundamental representations,

o V2j V25 ®2j
Ajjr = (A%,o) ® (Ao,é) < (A%,o) ® (A,

i 1)
(cf. proposition 3.1.8), all SL(2, C)-spinors of type DU and their tensor products or
direct sums can be handled using the 2-spinor formalism, which therefore is the most

universal but also most elementary spinor formalism.

Mostly, 2-spinor notation occurs in physical context as a component-based formalism,
i.e. spinors get represented as components with respect to a basis, indexed by 2-spinor
indices. However, in order to avoid this base dependency and to make 2-spinor notation
available for dealing with spinors as abstract mathematical objects, we will develop the
2-spinor formalism using (base independent) abstract index notation. The reader is
assumed to be familiar with abstract index notation for tensors, compare the section on
notations and conventions at the beginning of this document.

4.1. Foundations of 2-Spinor Notation

4.1.1 Definition (SL(2, C)-spinors).

(a) Let D be a representation of SL(2,C) with representation space A. Then the
elements of A are called SL(2,C)-spinors of type D. If D* denotes the dual
representation on A*, then the elements of A* are called SL(2, C)-co-spinors of
type D.!

(b) (Co-)Spinors of type DGO are called positive Weyl (co-)spinors, (co-)spinors
of type D©:3) are called negative Weyl (co-)spinors. All positive and negative
Weyl (co-)spinors are also called 2-(co-)spinors or just 2-spinors.

(¢) (co-)Spinors of type D0 @ D©2)* i e. the elements of A1y ® A, (or the dual

’ 2

space), are called Dirac (co-)spinors.

Now we start declaring 2-spinor notation:

I'Notice that in this terminology, co-spinors of type D are spinors of type D*.
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4. The 2-Spinor Formalism

1. The elements of A 1o and Aoé are denoted using abstract indices, if not explicitly

stated otherwise. We use capital letters written as supscripts for spinors of type DGO
. . . . 1
and dotted capital letters written as supscripts for spinors of type D(2). E. g.

p=pteli,, p=¢" €.

2. Co-spinors of types A 1o and A, 1 are the elements of the dual spaces, A1 and Af 4,
: : 2 )

where (canonically)

Asy =B =A

ol ¥

*
1
07§ ,0

(cf. remark 2.1.5). Co-spinors are then denoted with abstract indices written as
subscript (undottet/dottet) capital letters, e. g.

g € A;O, P4 € A;,% .

*

0.1

3. One may form arbitrary tensor products of A% 0 D 1 A7 jand A
: : 2 3

. Particularly,
the elements of
(A1) @ (8 1) =A1,® - ®AL,®A 1 ® - ® A1

i) 724

TV TV
k-times I-times

are called 2-spinors of type (k, 1), or “(k, [)-spinors” in short, (for possible notational
confusion see footnote?). The elements of

* ®k * ® * . * * . *
(A1) @ (A5 ) = A1 (@ ®A] (@A, @ ® A,
k-times I-times

are called 2-co-spinors of type (k,1), or “(k,[)-co-spinors” in short.
An element of A1 (@ A1 (®AL, ®A, 1, for instance, gets denoted by Q/JABCD . Extend
b K ,5 b
this scheme to arbitrary tensor products of the four spaces, A% 0 Dg 1 A% jand Af .
K b 57 )

2
Notice that the ordering of factors and indices is relevant, as tensor products generally
don’t commute.

4. Contractions are, as usual in (abstract) index notation, written like

AB D
pe =1 ¢ PATBD -

Notice that this is not an implicit summation, as we are using abstract indices.

ZNotice that, as (k,[)-spinors are precisely those spinors “with k + [ indices, the first k& undotted
and the remaining [ dotted,” not every (k, 1) spinor is of type D7) for any (4, j'), because in general,

Ajj = (810)"% @ (89 1) G (A1 )% @ (8g,1)%

(cf. proposition 3.1.8). This means: not every (k,[)-spinor is an element of an irreducible representation
of SL(2, ©), especially, (k,1)-spinors are not to be confused with spinors of type D*:1)1
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4.1. Foundations of 2-Spinor Notation

5. The canonical anti-linear complex conjugation maps : A 10— A, 1 and : A} —

Ay 1 can be used to transform a (1, 0)-(co-)spinor into a (0, 1)-(co-)spinor (and vice
2

versa). The complex conjugate of 1) would get denoted by QZA.

Complex conjugation may in the obvious way be extended multi-anti-linearly to ar-
bitrary tensor products of 2-(co-)spinors. For instance, complex conjugation maps a
spinor

W40 = () © (B © (1) + (a2)4 © (B ® (3)°
to the spinor
\I/ABC = (@1)A ® (B1)p ® (1) + (@z)A ® (62) © (12)¢

6. In cases were abstract index notation is not appropriate we may fall back to usual
component notation: Let {B,}, 4 = 1,2, be a basis of Ai o Then {B,} is an
induced basis of Ao,%- We denote the induced dual bases of A;O and AS,% by {B"}
and {B"}3.

Elements of A;O, Ao,% and their dual spaces may be denoted in components with

respect to the bases { B}, {B,}, {B*} and { B} in the usual way, using greek indices
and implicit summation. E. g.

AC i DU >,
B :¢Mp BM®B ®BH

Notice that complex conjugation of @Z)ABC in component notation is just given by
complex conjugation of each single component (cf. remark 2.1.2):

0" =,"B,® B' ® B,.

7. Let E,, p = 1,2, denote the standard basis for A%,o (recall that A%,o = C? (def-
inition 3.1.8, remark 3.3.9) and cf. point (d) at the beginning of chapter 3). {E,}
induces bases {E;}, {E*} and {E*} of Ag1, A;O and Aa% in the way previously
described. These bases are called the standard bases of A;O, A, 1 A;O and AS, L
respectively.

8. Let ¢*P denote the totally antisymmetric (2,0)-spinor given by the component
matrix

1= o) (4

with respect to the standard bases (u: row index, v: column index). Let €45 denote its
inverse, such that e4Zecg = Id3, where Idg € A% o®A1 | is the tensor representation
k) 57

of the identity map on A 1o It is easily seen on the component level that e, also
has component matrix (%) with respect to the standard bases.

3This means that {B*} and {B"} denote the bases defined by B*(B,) = 6* and B*(B,) = 6%, as
usual.
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4. The 2-Spinor Formalism

Moreover, by €48 := eB and ¢ ip = €ip we denote the complex conjugates of 48
and e, 5. Their component matrices with respect to the standard bases are again given

by (*). This is why one usually omits the bars on éAB and € i (“on the component

level, it’s all the same”).
The e-spinors play a fundamental role in the 2-spinor formalism because they are used
for “indix shifting”, which is to be performed according to the following rules:

Up = eapth”, Yp = €407
wA _ €AB,¢B’ 'l/)A — EAB'I/JB

“Lowering with the first, raising with the second index of €.”

Notice that due to the anti-symmetry of e,
Upp” = eapo” = —epatpto” = —py,

and, analogously, ’(Z}B@B = —@EB@B.

SL(2, C)-Representations in the 2-Spinor Formalism
4.1.2 Remark (D=9 in 2-spinor notation).

(i) Let 4 € Ai o and @A € Ap,1- Then for 5 = S4, € SL(2, C),

DEOS)t = 50, DO (S)pt = 57 o7

(cf. point (f) at the beginning of chapter 3, definition 3.1.8 and remarks 3.3.3

and 3.3.9). Notice that D(%’O)w“‘ actually means (D(%’O)w)A, but we may omit
A

the brackets; analogously for D(O’%)go
(ii) Let
ph-te =yt @@yt € (A )™
be a simple (k,0)-spinor. Then S € SL(2,C) acts on it according to the tensor
product representation (D(2:9))®k:

(DEMNEH(S)g-te = (DEO(S)g) ™ @ - @ (DEO(S)y) ™
— SABl’l - SAéck ,l/}Bl---Bk ]
The analogous result holds for dotted spinors:
(DOt = (DOD(S)H) @ - @ (DO (S)P)™
_ga gAr 7B...B
= 8% - 50 P
4.1.3 Remark (SL(2, C)-action on co-spinors). The SL(2, C)-action on co-spinors

is given by the dual representations (cf. definition 1.2.2), e. g. D(%’O)*, in the following
way:

DGOy = (871 e
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4.1. Foundations of 2-Spinor Notation

It has the nice feature that scalars (for example, ¥ 4*) remain constant:
DEO(S)ps DEO(S)p" = (57 Gve S = Yag?.

On the other hand, it would fit into our formalism ever so neatly, if the action of
SL(2,C) on 14 was just given by the action on 14 and a subsequent index shift. This
would mean:

DS s = epa S0 = =8, Yo

It turns out, that both approaches coincide (see proof). Hence, summing up, the
action of Dz on co-spinors is given by:

DEO(S)Y 4 = (S e = =S, de .

Analogously for dotted spinors:

Proof. We use component notation with respect to the standard basis of C? and A 1o
To see the asserted coincidence, notice that for S € SL(2, C),

g — S11 S12 R S99 —S12
521 S22 —S21  S11 ’
and hence, on the matrix level,
(5‘1)1% = (Y1, ¢0) - [S7'] = (Y1522 — V2821, —P1812 + 2s11)

and

—Sﬂyi/fu = =€ S G Yy = (=521 + S20%1, S1192 — s12¢1) -

Both expressions equal, which completes the proof. O

4.1.4 Proposition (coordinate independence of ¢7). 4P ¢ (A1) is invariant

under the (D(%’O))@—action. Thus, the inverse e4p must also be invariant under the
(D(9%)82_action.

Considering the action of D@9(S) for § € SL(2,C) as passive (coordinate) trans-
formation, this thows that the component representation of €4? with respect to a
basis {B,} of A%,o is invariant under base transformastions B, — B given by

B, = D(%’O)(S)BM. Analogous statements hold for €45, €2 and € ;5.
Proof. For arbitrary S € SL(2, C), the assertion reads:
(D(%,O))@)Q(S)GAB _ SACSBD CD _ AB

In component notation with restect to the standard bases of C? and A1, this state-
ment is equivalent to det(S) = 1, as can be checked by simple calculation. O
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4. The 2-Spinor Formalism

Symmetrisation and Anti-symmetrisation in the 2-Spinor Formalism

4.1.5 Definition (symmetrisation and anti-symmetrisation). Let ¢4 ¢
(A%p)@k. Then

w(Al---Ak) — % Z ¢Aw(l)---Aw(k)

TESE
is called symmetrisation of ¢ and
A Z PpAn @ Ax)
2/} =7 sign(m
TESE

is called anti-symmetrisation of 1.

Analogous definitions hold for dotted spinors ¢4 co-spinors ¢4, . A Vi, 4, OF
)C

. . : A(B1..B
mixed expressions like 1) (B1---Bi DB
1.5

4.1.6 Remark (properties of symmetrisation and anti-symmetrisation). All of
these statements hold in an analogous fashion for dotted spinors.

i) Notice that symmetrisation and anti-symmetrisation are idempotent. Hence,
y y p
for symmetric spinors 1414 or anti-symmetric spinors @414 we find that
,l/}Al---Ak — 'l/}(Al"'Ak) and (pAl---Ak — @[Al---Ak].

(ii) Let V denote the symmetrised and A the anti-symmetrised tensor product
of vector spaces. Then we may write

,l/}Al...Ak c (A%ﬂ)\/k o ,l/}AlAk — ,l/}(AlAk)
and

,l/}Al...Ak c (A%ﬂ)/\k o ,l/}AlAk — ,l/}[AlAk] )

(iii) Notice that for simple combinatorical reasons,
k>2= Al =0

Thus, the dimension of (Al 0)A is 0 if £ > 2 and 1 for k£ = 2. In this case, e4p
is a base vector for this space. From this, one can easily deduce:

1 1
Y4Bl = 51/;00 e'Pas well as Ypap = 5@/)00 €AB -

(iv) We immediately find
'l/JAB — 'l/J(AB) + w[AB} )

Proof of (ii). Use component notation with respect to the standard basis { £, }. Notice
that v " = ¢¥Ney, = 12 — 4?1, Moreover,

@/)[1”:0 w[m}:%wm_wm)
1

w[21 _ <w21 w12) 1/}[22} -0
Comparing coefficients eventually yields #] = %Q/JVV emr O
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4.2. Vector-Spinor-Correspondence

4.2. Vector-Spinor-Correspondence

Let (R*,n) and (R*, n)c = (C*, n) be the real resp. complex four-dimensional (Minkowski)
vector spaces equipped with the standard basis and standard Lorentz scalar product of
signature (+ — ——) as declared at the beginning of chapter 3.

4.2.1 Definition and proposition (tensor-spinor o,45). Let 0,48 € (C4)* ®A11
be the tensor given in component notation with respect to the standard bases “of

(CY)n), Aigand Ay by

"
Oy 01

|
Hg\H
[\

e = v w
Oy = =02 03 =

V2

where G,, denote the Pauli spin matrices as in reminder 3.1.2-ii (thus, 5,/ means the
entry of &, at row index p and column index 7)*. We shall refer to 0,47 as the
“tensor-spinor” (everything needs a name, doesn’t it?).

O’aAB can be considered a C-linear map o: C* — A
phism with inverse

1 1 which is actually an isomor-
272

L XAP gt = XAPg (%)

where all indices of ¢ , were shifted according to the rules, i.e. tensor indices using

Nap and spinor indices using e4p and € 5.

Proof. We have to prove formula (%) for o~!. Firstly, o is injective because Gy, ..., d3

are C-linearly independent, as is quickly checked (cf. also reminder 3.1. 2 iii) Thus, as
dim(C*) = dlm(Al 1) = 4, bijectivity of o follows. Secondly, o¢, .o,4% = 1d?% is to
be checked by calculation on the matrix level using component notatlon with respect
to the standard bases (notice that (5;)? = 1 for the Pauli matrices 61, G2, ). O

4.2.2 Remark (on notational confusion concerning ¢). Notice that o occurs in
three different ways:

1. aaAB alsways denotes the tensor-spinor as in the preceding definition 4.2.1,
2. o denotes the linear map induced by this tensor-spinor, and
3. 6, (n=0,...,3) denote the Pauli spin matrices.
If the components of &, are meant, we shall write additional indices for the row and

for the column number: 6l‘jﬁ or ETE‘B . Notice that the components 52‘5 differ from the

components UMO‘B (Which are the components of o4 B with respect to the standard
bases) by factor f This is is why we introduced the tilde for the Pauli matrices.

4This definition is in accordance with [SUO1, p. 247] but [Wal84, p. 353] uses another sign convention:

Qv ul/7 O_ILLV

P T
oy 0 e =0 e =1,2,3.
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4. The 2-Spinor Formalism

4.2.3 Remark (vector-spinor correspondence). The tensor-spinor craAB plays a
central role in the 2-spinor formalism as we shall demonstrate now:

Let A: SL(2,C) — EL be the universal covering map as given in proposition 3.2.3.
From the same proposition we know that the Pauli matrices 7, have a special rela-
tionship with A, and in our new terminology, we may rewrite proposition 3.2.3 for
S € SL(2,C) and z = 2% € C* as?®

A(S) (@) = o' [DED(S) o(2)| = 0%, 5% 5% 7,2 at.
This shows: If x gets mapped into Ay 1 by o, then the action of DG3)(S) on o(x) is

given by applying the Lorentz transformation A(S) to x and subsequently applying o
to the transformation result; this means, the following diagram commutes:

& Y

Ay (5 A,

2 2

It is in this sense that o,4? consitutes a correspondence of vectors with (1, 1)-spinors.
Therefore, if % is a vector, we shall sometimes use the abbreviating notation

A(S
n
g

)

N
[SIES

)o
D(

n)c
o

S
[SIES

)

B

4% = x“aaAX .

In remark 4.2.5 we will see that there is a canonical Lorentz metric on A%, 1 with

respect to which o: (R*,7)¢ — A1 1 is an isometry.

11
272

4.2.4 Remark (regarding the index order of ¢5). As the Pauli matrices, G, are
selfadjoint, it is easly checked on the matrix level that for z € (R*,7) and v, € A

wA € AS,%a

*
1
350

AB AB _ BA ~BA . BA
™ pathp =20, Tpahg =10, Cpaty =17 pathp = 27 patp.

We shall sometimes omit the bar on 54 in favour of 284 if z¢ € R* (as opposed to
C*), and 24P and 284 = 254 may be freely substituted for eachother.
AB

Notice that all this is in general not possible for a general (1,1)-spinor z“* or for

% € C*\ R% “2% begin real” (i.e. 2% € R?) is a core ingredient here.

4.2.5 Remark (spinor metric on A 1 %). Let 7, denote the metric tensor of our

Minkowski vector space (R*, 7). Then, as is easily seen,

(A)

R a b
Naxpy = Nab 0 4x0 gy

Notice that the @ in prop. 3.2.3 and the ¢ in this remark differ by factor v/2. However, this has no
consequences upon our statement here, as this additional factor cancels out.
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4.2. Vector-Spinor-Correspondence

is a Lorentz scalar product on Ay 1 of signature (+———). Actually, this is no surprise
because 1, gy 1s just the pushf%rward of nay by o.

But it is surprising that one finds:

Naxpy = €ABEXY - (B)

By rising the indices of 7,55y by means of €48 and XY, one obtains the inverse

metric on A%

11y
272

nAXBY _ EABEXY ’ (C)

which coincides with 7% o, 4%, BY .

Summing up: o: (R*n)ec — A% 15 an 1sometry with respect to Mg, and N5 gy =

1
2
€AB€xy - It commutes with index shifting by 74 and e4p, i.e. for € (R, n)¢, the
following diagram commutes:

a

g .
AX .
Tg Tax
[ﬁab €ABExy = NaxBY
o.aAX '
ol AX

Proof. We make (B) a definition, i.e. we set 1, ¢y ‘= €ap€xy, and first prove

NaxBy %AXUbBY = Tab - (*)

by elementary calculation on the matrix level using component notation with respect
to the standard bases:°

Cuv€ii UOW.{UOV}\ =1 €€ Ulw}”ao”}‘ =0
SRS 0'0“1%‘7111A =0 €pv€ps 01‘“%0'1”A =1
Euv€ii C’om%yX =0 €uv€ii 01‘“"@02”A =0
€} UOW%V}\ =0 €€y 01“’%0—3”)“ =0
€} 02“[{‘70”}‘ =0 € €is, 03“”'””0—0”)" =0
Cuv€ii 02“[{‘71»‘ =0 €€k 03“”'””0—1”)" =0
Cuv€ii 02;“%02”).\ =—1 €v€pii 03“’%02”)" =0
Cuv€i) UQWU?)VX =0 €v€pi 03“’%03” =1

This shows (). Using the inverse formula from proposition 4.2.1, () implies

a b _ .
Tab O AXO BY €EABEXY

and thus, (A). This also shows that o is an isometry with respect to 74, and 7,y gy

Finally, commutativity of the diagram is an immediate consequence of all this. O
Notice that eyp€, aa“”aﬁ”}‘ = (—ew)(—e;\k)aa“"“aﬁ”y = €€} aﬁ“ﬂoa”}‘, hence not all of the

following expressions have to get calculated separately on the matrix level.
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4. The 2-Spinor Formalism

4.2.6 Remark (vectors, spinors and coordinate transformations). “2-spinors
are objects that change sign under a rotation by 27”"—this is often said in physical
context. Viewed from a slightly different perspective, this just sais that a Lorentz
transformation does not contain all the information about a coordinate transformation
of a physical system if the mathematical model of the system uses 2-spinors.

The fundamental transformation group for “systems with spin”, i. e. for systems whose
mathematical model uses (2-)spinors, is SL(2, C). We shall briefly describe here how
such a coordinate transformation, given by S € SL(2, C), works:

Let a physical system be described by elements of the Minkowski vector space (R*,7)
and spinors of type D, where D is any representation of SL(2, C) on a space A. Let
reference frames for a coordinate description of the system be given by a basis {b,} of
(R%,n) and a basis {B,}, v = 1,...,dim(A) of A. Moreover, let A: SL(2,C) — £|
denote the universal covering map as given in proposition 3.2.3.

Then an element S € SL(2, C) induces transformations b, — b, and B, — B, of our
reference frames, given by

b:L = \(S)(b,) and B, :=D(S)B,.

Surprisingly, using the commutative diagram from remark 4.2.3, it turns out that for
D = DG2) the component representation of craAB with respect to the reference frames
{b.}, {B,} and {B,;} is invariant under the above transformations, though generally,
the coordinate representation of such an object may of course change.

In remark 6.4.5 we will see that the reference frame transformation mechanism dis-
cussed here occurs fiberwise, when the reference frames of a system described by vector
fields and spinor fields on a Lorentzian spacetime manifold get transformed by an el-
ement of SL(2, C) (in a suitable way).

4.2.7 Lemma (some useful spinor identities).

. BX BX __ B
(1) Tuaxop ™ + Opax0s " = Napda-

(ii) For z € (R*,n),

; 1
~XB _ a,b B
Taxt = =750t Tab 04 -

6% :=1d5} denotes the identity on A%,O'

Proof.
(i) At first, we notice:

. _BX . _BX __ B
OuaxTh  +Oyax04 = Nabdy

BC _XY ) ) BC
S €€ O ax Oy T €€

b'e% , o B
OpAxCacy = Nab0 4

Xy . . Xy . o
S € 0uaxOppy T € Opax0upy = Nab€AB
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Then we make the following deductions:

Nap + Nba = 2nab
AB _XY ) ) BA _XY ) o AB
= €€ OuaxOpgy T €€ OupxOhay = Nab €ABE
AB _XY ) ) AB _XY ) S AB
= €€ OuaxOppy — € € O,pxOpay = Tab €EABE
XY . . XY . . _ o, XY ) ) : .
Because €' 0, 40,5y — € OupxTpay = 2€ O A% b BV (anti-symmetry in A
and B), we can continue:

XY ) ) XY ] o
= € OuaxOpy — € Oux0pay = Nab€AB

XY ) ) Y X ] o
= € 0uax Oy T € " 0upx0pay = Nab€AB

XYy Xy _
= €7 04ax 0y T € OpaxTapy = Nab€AB
(ii) We calculate:

oXB_ Yo ab  _BX | boa_
TpxT™ = 5( TOax0p T T X Opu50,
1
— —(l‘aZL‘b
2

BX)

)

. _BX a. b . _BX
Ouax 0y + 200y 50,77)

a,.b B
—— b0
QxxnbA

where we used (i) for the last step.
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5. Clifford Algebras and Dirac
Spinors

This chapter intends to illuminate the interrelationship of the Clifford algebra Cl, 3 :=
CI(R*,n) of the Minkowski vector space, its spinor representation, Dirac matrices and
the Dirac spinor formalism.

In section 5.1 we will start out briefly collecting relevant background knowledge on
Clifford algebras to fix notation and to make our presentation self-contained. In section
5.2 we will propose a precise formal notion of “collection of Dirac marices”, which fits
into out mathematical framework described so far and which discloses an illuminating
relationship of the (historical) concept of Dirac matrices with the spinor representations
of Cly 3 and CIf 3 := Cl; 3 ® C. The core aspect of this relationship will be reflected in a
general version of Pauli’s fundamental theorem on Dirac matrices.

Finally, in section 5.3 we will single out one particular spinor representation of Cl; 3
which we will call “the standard representation” and which brings about a canonical
connection of the Dirac spinor formalism and the 2-spinor formalism.

5.1. Clifford Algebras and Related Definitions

5.1.1 Definition and proposition (Clifford algebra). Let (V,q) be a K-vector
space (K = R or K = C) with a quadratic form g.
(a) An associative unital K-algebra Cl(V,q) together with a linear map ¢: V. —
Cl(V, q) is called Clifford algebra of (V,q), if
(i) Yz € Vi (1)) = q(2) - 1,
(ii) (universal property:) if there is a second associative unital K-algebra A and
a linear map ¢: V — A such that (¢(z))? = q(x) - 1 for all z € V, then

there exists a unique K-algebra homomorphism ®: CI(V,q) — A, such that
p=>oy.

(b) For every (V,q), there exists a Clifford algebra. Any two Clifford algebras C1(V, q)
and CI'(V, q) of (V,q) are isomorphic.

(c) A concrete realisation of CI(V,q) is given by the tensor algebra of V' modulo the
relation Vo € V: z @ x = ¢(x), i.e.,

Cl(V.q) =T(V)/I,
where
T(V):= é ver,
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5. Clifford Algebras and Dirac Spinors

and [ is the ideal
I={z®@x—q(z)|zeV}.

(d) Every Clifford algebra CI(V,q) has a Zs-grading with grading automorphism «
given by the extension of a(v) = —v for v € V to all of CI(V, q). It is easily seen
that « is involutive (a? = Id) and thus there is the eigenspace decomposition

Cl(V,q) = CI"(V,q) & C1" (V,q),

where C17(V,q) is the subalgebra given by the eigenspace for eigenvalue 1 and
Cl~(V, q) is the subspace given by the eigenspace for eigenvalue —1. CI17(V, q) is
called even part, C1™(V, g) is called odd part.

Proof. All this is well known; cf. [Fri97] and [LM89]. O

5.1.2 Lemma (complexification of Clifford algebra). Let V be an R-vector space
with quadratic form q. Let g be the C-quadratic extension of g to the complexification
V ® C. Then canonically:

Cl(V © C,qc) =Cl(V,q) @ C.

Proof. Cf. [Fri97, p.12]. O

5.1.3 Notation (standard Clifford algebras).
[ ] Clr,s = Cl(Rn’x%—i——i_I‘% —x‘g+1 —_ ... —x%+s)7 n=r-+s
L] Cln = Cln70
e CI,:=CL,®C
o CIl :=ClL,®C

Notice that for all r,s such that r + s = n, CI, = CI7, (non-canonically), because if
€1y vy CryCrit, ..., Erps is & basis of C" with ¢(e;) = ... = q(e,) = 1 and q(e,41) =
oo =qleys) = =1, i€y, ... 0€m, €41, ..., €45 18 & basis such that ¢ = 1 for all base
vectors (cf. [Fri97, p. 11]).

5.1.4 Remark (different sign conventions in the literature). [LMS89, p.8, p.19]
uses #2 = —¢q(z) - 1 in the definition of a Clifford algebra such that what they call Cl,.
is Cls, in our setting. [Bau81] uses our sign convention for the definition of a Clifford
algebra but writes C,,, for what we denote Cl,,,_,. [Fri97] uses our sign convention
for the definition of a Clifford algebra but uses C, := Cl,, = Cly,, and C,, := Cl,, 0.

In our (physical) context we shall mostly deal with CI(IR*,n) with 7 of signature
(+———). This Clifford algebra is denoted by Cl; 3 in this document, Cls; in [LM89],
Cy, in [Bau81] and doesn’t occur in [Fri97].
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5.1. Clifford Algebras and Related Definitions

5.1.5 Lemma. Let (V,7) be a K-vector space with a symmetric bilinear form 7. Let
Cl(V,n) be its Clifford algebra. Then for all z,y € V C CI(V,n):

roy+y-r=2nxy).

Proof. This is a standard formula. Cf. [LM89, p. 8]. O

The aim for the remaining part of this section is introducing the covering homomorphisms
Pin(r, s) — O(r,s) and SL(2, C) = Spin*(1,3) — SO"(1,3) = £,. In order to do this
on a rigerous mathematical level we shall briefly introduce basic concepts like the group
of units, the Clifford group and the twisted adjoint representation. Consider this a crash
course on relevant facts (mostly) from [LM89, section 1.2].

5.1.6 Definition (group of units). Let (V,q) be a K-vector space with quadratic
form ¢. The multiplicative subgroup

CI*(V,q) :={x € Cl(V,q) | Iz~ € CL(V,q): 2 'x =z~ =1} C CI(V, q)

is called group of units of Cl(V,q). If V is finite-dimensional with dimk (V) = n,
CI*(V,q) is a K-Lie group of dimension 2". We write C17,, Cl;, CI;, CI;*, for the
groups of units of Cl, ,, Cl,,, CI7 ,, CI7, respectively.

7,87

The representation of C1*(V, ¢) on CI(V, q), Aﬁ, given by

Ady(r) =alp) -z ¢, @ €C*(V,q), € Cl(V,q)
will be refered to as twisted adjoint representation of C1*(V,q). (Cf. [LM89,
p. 14].)

5.1.7 Definition and proposition (Clifford group). Let (V,q) be a vector space
with quadratic form g. The subgroup

T(V,q) = {¢ € CI*(V,q) | Ady(V) = V'}

of CI*(V, q) is called the Clifford group of (V,q)'. We write I, ,, T',, I'¢ , T'¢, for
the Clifford groups of Cl, s, Cl,, CI7 , ClI7, respectively.

Let V' be finite-dimensional and ¢ non-degenerate. Then one finds that for all ¢ €
I'(V,q), Ad,, preserves the quadratic form ¢, i.e. Vo € V C Cl(V, q): ¢(Ad, ) = q(x).

Hence, the twisted adjoint representation Ad restricts to
Ad: T(V,q) — O(V,q),

where O(V, q) denotes the orthogonal group of (V,q). (Cf. [LM89, p.16].)

"Notation in [LM89, p.14]: P(V,q)
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5. Clifford Algebras and Dirac Spinors

5.1.8 Definition (Pin and Spin groups). For a Clifford algebra CI(V, q), Pin(V, q)
denotes the multiplicative group generated by {x € V |¢(x) = £1}. It is a subgroup
of I'(V, q). Moreover, we define

Spin(V, ) := Pin(V,¢) N CI"(V, q) .

We write Spin(r, s), Spin(n), Spin‘(r, s), Spin®(n), for the spin groups of Cl, ,, Cl,,
CI ,, CI¢, respectively. Putting everything together we have this inclusion chain of

.87 n

subgroups:
Spin(V, q) € Pin(V,q) CT'(V,q) € CI*(V,q) € CL(V,q).
5.1.9 Proposition (covering homomorphisms). Let (V,q) be a K-vector space

with dim(V') = n < oo and with non-degenerate quadratic form ¢. There is a short
exact sequence

0—TF — Pin(V,q) 24 O(V,q) — 1

restricting to

0 — F — Spin(V, q) A SO(V,q) — 1,
where F' = {1,-1} 2 Zy; f K =R and F = {1,—1,i,—i} = Z4 if K = C. These
sequences give (Lie) group covering maps Pin(V, q) A4 O(V,q). The covering
. Ad
0 — Zy — Pin(r,s) — O(r,s) — 1

is universal if and only if € {0,1} and s > 3.

In the physically interesting case r = 1, s = 3, the restriction to Spin™(1,3) (the
connected component of the unit element in Spin(1,3)) gives a universal covering
homomorphism of £, = SO*(1,3),

0 — Zy — Spin*(1,3) 29 SO*(1,3) — 1.

In light of proposition 3.2.3, this shows that SL(2, C) = Spin™ (1, 3).

Proof. The first statement is [LM89, theorem 2.9]. The criteria for the covering maps’
being universal are [Bau81, Folgerung 1.2]. For the last statement also cf. [Bau81,
pp. 60]. O

5.2. The Spinor Representation of Cl; 3 and
Dirac-Matrices

The representation theory of Cl, s depends crucially on r and s. This is why, from now
on, our exposition shall be restricted to the special case of Cl; 3 and CIf 3, i.e. to the
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5.2. The Spinor Representation of Cl; 3 and Dirac-Matrices

real Clifford algebra of the Minkowski vector space and its complexification. For more
general results the reader be referred to [Bau81] and [LM89, pp. 30].

As already stated at the beginning of section 3,
(RY,n)e = (R, n) ® C = (C*,ne) = (C*,n)

denotes the complexified Minkowski vector space, where 7¢ is the C-bilinear ex-
tension of 7. We then have CIS 3 = CI((R*,7)c¢).

Notice that Clf 3 = Cl, as stated in 5.1.3. However, we will always work with CIf ; here
as it comes with the canonical embedding

Cll,g — Cll,g ® (D = CliS .

5.2.1 Definition (representation of a Clifford algebra). Let CI(V,q) be a Clifford
algebra, where V' is a IK-vector space (K = C or K = R) with quadratic form ¢. Let
W be a finite-dimensional L-vector space, where .. = C or L = R and L. O K. A
Clifford algebra representation of Cl(V,q) on W is a K-algebra homomorphism

p: Cl(V,q) — Endg(W).

W, the representation space of p, is then called a Cl(V, ¢)-module (over K) and the
action of C1(V, ¢) on the elements of W is refered to as Clifford multiplication. We
may write

ple)(z) =p-z, peCl(V,q), zeW.

5.2.2 Definition and proposition (spinor representation).

(i) CIf 3 is C-algebra-isomorphic to End(C*):
Cl{ 5 = End(C*).

Such an isomorphism considered as representation of C1§ on C* is called a spinor
representation of Clj ;. It is irreducible and up to equivalence the only irre-
ducible complex representation of CIf ;.

(ii) A representation ki3 of Cly3 is called a spinor representation of Cl ;, if
Kig = K13 ® C is a spinor representation of Cl‘{vg. Every spinor representation
of Cl; 3 is irreducible and up to equivalence the only irreducible representation
of 01173.

(iii) As Clj 3 = Cl; 3 ® C, all this shows that spinor representations x; 3 of Cly 3 and
spinor representations k{5 of CIj ; are in an one-one correspondence given by
K,i?’ = K13 X C.

Proof. Existence of an isomorphism End(C*) = Clj(= CI{ ;) is proven in [Fri97, p. 14].
Irreducibility of spinor representations of Clf ; is trivial and uniqueness up to isomor-
phism follows from [LM89, theorem 5.7]. Irreducibility of spinor representations x1 3
of Cly 3 is a consequence of k13 ® C being irreducible (by a result similar to 1.2.1-b).
Uniqueness again follows from [LM89, theorem 5.7]. O
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5. Clifford Algebras and Dirac Spinors

With respect to a fixed basis of C*, spinor representations k{3 and Ky 3 yield represen-
tations of CIf 3 and Cl; 3 as matrices. In order to deal with such matrix representations
more conveniently we now introduce the historical concept of Dirac matrices.

5.2.3 Definition (Dirac matrices). Let by, ...,bs be a basis of (R*, n)¢ and let 7, be
the component representation of 77 with respect to this basis. A collection of complex

4 x 4-matrices 7, ..., 73 is called a collection of Dirac matrices with respect to
the basis {b,}, if

Vi, v Yy + Ve = 20w - 1. (%)

Notice that the basis {b,} is not unique, meaning that there might be another basis
of (R* n)¢ with respect to which {v,} comprises a collection of Dirac matrices.

5.2.4 Remark. Notice that the statement “{v,} is a collection of Dirac matrices” is
meaningless without the information with respect to which basis of (R*,n)¢, because
the term 7, in equation (*) depends on a choice of basis.

5.2.5 Theorem (Dirac matrices and spinor representations).

o4

(a)

Every collection of Dirac matrices {7, } with respect to a basis by, . . ., b3 of (R*, )¢
induces an unique C-algebra-isomorphism

v Cli3 — Mat4><4<C)
such that for 2 = z#b, € C* C Cl{ 3,
(@) = 2"

Conversely, every C-algebra-isomorphism «: CIf ; — Maty,4(C) may be described
by a collection of Dirac matrices: After choosing a basis by, ..., bs of C* C Cli 5,
just set 7, := v(b,).

Let a choice of Dirac matrices {v,} with respect to a basis {b,} be given and
let v: Clf 3 — Maty,4(C) be the induced isomorphism according to (a). After

choosing a basis Fi, ..., E; of C* this defines a spinor representation Cli; —
End(C*), by setting:

V@) = (@) "B, weCliy £=¢"E, € C,

(Notice that Ej, ..., E; is meant to be a basis of the representation space, C*,
while by, ..., b3 is a basis of (R*,n)¢.)

Conversely, every spinor representation xfz: Clj; — End(C*) defines a collec-
tion of Dirac matrices after choosing a basis by, ..., bs of C* C Cli ; and a basis
F1, ..., Ey of the representation space C*: Just let 7, be the component matrix
of xf 5(b,) with respect to {£,}.

Using proposition 5.2.2-iii all this shows that after choosing a basis {F,} of C*,
each collection of Dirac matrices {7, } with respect to a basis {b,} of (R*,n) gives
a spinor representation of Cl 3; conversely, every spinor representation of Cl, 3
may be described by a collection of Dirac matrices with respect to any basis {b,}

of (R%,7n).



5.2. The Spinor Representation of Cl; 3 and Dirac-Matrices

Before we enter into the proof, we make a brief comment on what we just learned:

5.2.6 Remark.

(a) Notice that (a) just shows that a choice of a collection of Dirac matrices {v,}
with respect to a basis {b,} of (R*,n)¢ is equivalent to a choice of C-algebra-
isomorphism CIf 3 — Mat,x4(C), in the sense that both choices “contain the same
amount of information”.

(b) From (b) we learn that after two choices of bases (one for (R* n)¢ and one for
the representation space, C*), a choice of Dirac matrices fives one concrete spinor
representation 5 5: Clf 3 — End(C*).

Observe the similarity of the relationship between Dirac matrices and the spinor
representation on the one hand and the Pauli spin matrices ¢, and the tensor-

spinor O'aAX from chapter 4 on the other hand. We shall see in the next section
(5.3) that this similarity is not merely coincidence.

The following proposition is a preparation for the proof of theorem 5.2.5. It addresses
the question “what happenes to the Dirac matrices under a change of bases?” Of course,
as there are two kinds of bases involved, there are two kinds of base transformations:

5.2.7 Proposition (base transformations and Dirac matrices).
(a) Base transformation in (R* n)c: Let {7,} be a collection of Dirac matrices with
respect to a basis {b,} of (R*,7)¢ and let A”, be an invertible complex 4 x 4-matrix
(base transformation matrix). Then
=A%
is a set of Dirac matrices with respect to the transformed basis

bL:A”Mb,,, w=0,...,3.

(b) Pauli’s fundamental theorem for Dirac matrices; base transformation in
the representation space: Let {7,} be a set of Dirac matrices with respect to
some basis {b,} of (R*,7). A second collection 7, ..., 74 € Matx4(C) is also a
collection of Dirac matrices with respect to {b,} if and only if there is an invertible
matrix S € Maty,4(C) (base transformation matrix) such that

Vu: vy, = Syt

Proof.

(a) Let by, ...,b3 and b),...,bs be two bases of (R* n)c and let A € Maty,4(C) be
the base transformation matrix, i. e. the matrix such that

Vu: b, = A”.b, .

/

Let 7], be the component representation of 7 with respect to {b,} and let ],

be the component representation of 1 with respect to {0, }.
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5. Clifford Algebras and Dirac Spinors

We have to show that for v, := A" v,

Vi v Y+ Y = 20l - 1
Starting with the left hand side, we calculate:

Vet F U =D A A iy 4> AA

i3 2

=) AL (v )
0,

=D AL, 20 1
iJ

o !
- 2[77];1/V -1

(b) The backward implication (S € Maty.4(C) is invertible = 4/, := S7,5™" is again
a collection of Dirac matrices) is trivial. The forward direction is a tricky his-
torical result by Pauli, provided that {v,} are Dirac matrices with respect to a
pseudo-orthonormal basis of (R*,n) (cf. [Pau36], [?] or [Mes58, ch. XX, §10]).
The generalisation of Pauli’s version to collections of Dirac matrices with respect
to arbitrary bases of (R*,n)¢ may be performed using part (a):

Let {7,} and {7/} be two collections of Dirac matrices with respect to a basis
{b,} of (R* n)c. Let {b,} be a pseudo-orthonormal basis of (R* 7) and let A7,

be the base transformation matrix such that Vp: 5“ = A”,b,. Define 7, := A" v,
and 7, == A",7,. According to (a), 4, and 7, are collections of Dirac matrices
with respect to Z;u. Using the version of Pauli’s fundamental theorem on Dirac
matrices as given in [Mes58], there is an invertible S € Matyy4(C), such that
Yy, = 57,57, Looking at this equation a bit more closely, we find:

v . v -1 _ v —1
AV, =S A, S = A7, 57,57

By multiplication of A~' from the left we find that v), = S7,S~'. Thus, the
transformation matrix S also works for the {,} and {7}, which are our original
collections of Dirac matrices with respect to {b,}.

O

5.2.8 Remark. Part (a) of this proposition is why indices of Dirac matrices are to
be written as subscripts: At a change of basis in (R?,7)¢, Dirac matrices transform
covariantly. This, of course, fits well into the picture of theorm 5.2.5.

Proof of theorem 5.2.5.

(i) To prove the first part of (a), let {v,} be a collection of Dirac matrices with
respect to a basis {b, } and extend the mapping b, — =, linearly to a vector space
homomorphism ¢: C* — Maty,4(C). According the the universal property in
definition 5.1.1, there is a C-algebra homomorphism v: CIj 3 — Mat,4(C) with
@ =501 (1: C"— Clf 5 is the embedding map), as soon as

Vo € C*: (o(z)* =n(z,2)- 1. (%)
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5.2. The Spinor Representation of Cl; 3 and Dirac-Matrices

Notice that v is just the map we are searching for.
So, let some x = 2#b, € C* be given. We find in the algebra Mat,4(C):

plx) - ple) =) a"a"bu by
v

= a2 (buby + boby) + Y a'atbyb,

p<v p

= Zx“x”Q-nuy : 11+Z:1:“a:“77w -1
p<v p

= 77(%@ -1,

where we made use of the defining property of Dirac matrices in the third step.
This shows relation (x) and thus the first part of (a), up to the fact that v is an
isomorphism, which will be step (iv) of this proof.

(ii) To prove the second part of (b), let xf: Clf 3 — End(C*) be a spinor repre-
sentation. Choose bases {b,} of (R*,n)¢ and {E,} of C*. Then we shall show
that 7, := [x{ 5(b,)], where [x{ 3(b,)] means the representation of the endomor-
phism x¢ 3(b,) as component matrix with respect to { £, }, constitute a collection
of Dirac matrices, i.e. v, v + %Y = 21w Of course, this is completely inde-
pendent of the choice of basis {E,}. We may equivalently show on the level of
End(C?) that

Vi, v: Kf,g(bu)ﬁi,:’,(bu) + "fi,?,(bv)’fis(bu) = 20 Id .

But as k{3 is an algebra-homomorphism, this statement follows immediately
from lemma 5.1.5.

(iii) The first part of (b) is a consequence of the second part of (b) (step (ii) of this
proof) and Pauli’s theorem (5.2.7-b): Let {v,} be a choice of Dirac matrices
with respect to {b,}. Let {E,} be a basis of the representation space, C*. Let
K§3: Cli 3 — End(C*) be a spinor representation. Let 7], be the collection of
Dirac matrices induced by x5 with respect to {b,} and {E,}. Using Pauli’s
theorem, there is a regular matrix S such that -, = SWLS*I. Considering all
matrices as endomorphisms of C* (represented with respect to {F,}), this shows
that v = Sﬁ‘{ng*l, where v: Clj 3 — End(C*) is the homomorphism induced by
{7,.}- This shows that 7 is an irreducible representation of Clf ; and that v and
K{ 3 are equivalent.

(iv) That the homomorphism 7: CIf ; — End(C") as constucted in (a) is indeed an
isomorphism follows from the previous consideration, where we showed that ~ is
a spinor representation, together with proposition 5.2.2, where we learned that
Cl{ 5 = End(C*) by means of any spinor representation.
The second part of (a) (the converse direction) now is immediate as well: An
isomorphism ~: CIf ; — End(C) is a spinor representation according to propo-
sition 5.2.2 and thus may be given by Dirac matrices with respect to a basis of
(R*, 7))@, as we learned in (iii).

(v) Finally, (¢) is an immediate consequence of proposition 5.2.2-iii and the previous
results.

O
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5.3. The Dirac-Spinor Formalism

The spinor representation of Cly 3 is of particular intererst for our purposes because
of its relation to irreducible SL(2, C)-representations which shall be illuminated now.
Recall from proposition 5.1.9 that Spin*(1,3) = SL(2,C). Moreover, the Minkowski
vector space (R*,7) be equipped with the standard bases as declared at the beginning
of chapter 3.

5.3.1 Definition and proposition (Dirac spinor representation). The restriction
of a spinor representation r;3 of Clj3 to Spin*(1,3) C Cl; 3 is equivalent to the
representation

DP .= DGO ¢ DO on Ap = A% 0 @ AL (2 Y.
’ ’2

DP is called bi-spinor representation or Dirac spinor representation of SL(2, C),
its representation space Ap is called the space of bi-spinors or Dirac spinors. Set-
ting A}, = A1 and Ap = A(’;’%, one also writes Ap = A @ Ap. The spaces AF
are then refered to as the positive/negative chiral parts of Ap.

We shall postpone the proof of this central result until after the introduction of Dirac
spinor notation, also refered to as 4-spinor or bi-spinor notation:

1. The elements of Ap are called Dirac spinors (or bi-spinors or 4-spinors) and are
denoted using abstract indices, if not explicitly stated otherwise. For Dirac spinors
we use capital letters with a tilde (7), written as supscripts. The elements of the dual
space A% = A’;O @AO’%, called Dirac co-spinors, are denoted using capital letter with

a tilde written as subscript (as usual). E.g.
U=UcAp, d=;=A%.

2. Of course, one may form arbitrary tensor products of Dirac (co-)spinors. They
are denoted using multiple indices similar to ordinary tensor calculus or 2-spinor
formalism.

3. Contractions are, as usual in (abstract) index notation, written like
A B
Notice that this is not an implicit summation, as we are using abstract indices.

4. There is a natural anti-linear isomorphism
T Ap — A
A +
Ut — U i

given by complex conjugation on A 10 and Aj

(1) (%)

For U € Ap, U' is called the Dirac adjoint. The inverse map is denoted the same
way: For ¢ € A}, (T € Ap is the preimage under this isomorphism. Of course,
YU e Ap: Ut =0,

o8
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5.3. The Dirac-Spinor Formalism

5. In appropriate cases we may fall back to usual component notation: Let {B,}
denote a basis of A 1o By complex conjugation and subsequently forming the dual

basis, we obtain a basis {B"} of A¥ . {B,} together with {B"} induce a basis {B;}
'3
of Ap defined as

Bj = (Blvo)v B = (8270>7 Bg = (07@1)7 Bfl = (07B2)
We shall refer to {B;} as the basis of Ap induced by {B,}. The dual basis {B"}
may be refered to as the basis of A}, induced by {B,}.
6. Let {E,}, A=1,2, denote the standard basis of A%,o- Then the induced basis {E~“}

is called standard bases of Ap, and the induced basis {E#} is called standard
basis of A%,.

7. In the literature, Dirac spinors are also called 4-spinors because Ap is 4-dimensional.
They are also called bi-spinors because every Dirac spinor “consists of two ordinary
(2-)spinors”.

Proof of proposition 5.3.1. We did not fully develop all the background theory for an
elegant version of this proof. We just present a sketch for a proof, in order to give
an idea of why this result holds, but possibly leaving out detailed calculations and
arguments.

Let {7,} denote the collection of Dirac matrices given in example 5.3.3. All spinor
representations of Cly 3 are equivalent by proposition 5.2.2-ii, therefore it suffices to
prove the assertion for the concrete spinor representation ;3 induced by the {v,}
with respect to the standard bases {e,} of (R*,7) and {E,} of Ap.

The Lie algebra of Spin(1,3)" is given by the vector space of bivectors (cf. [Cno02,
pp. 32]),

spin(1,3) = (e, €20, €30, €12, €23, €31)R ,
where e, := €,-e,, and it can be shown that the Lie group isomorphism ¢: Spin(1,3)* =
SL(2, €C) mentioned in proposition 5.1.9 is on the Lie algebra level given by

dp: spin(1,3) — sl(2,C)

€0 QZSZ

e > Egr2sk, =123 i<j.
k

Using the matrix representation of Cl; 3 given by {v,}, the bivectors e, get repre-
sented by 7, - 7,. It is easily calculated that for ¢, 7 =1,2,3, i < j,

=0 s, ) N0 =6, )T 0 —2is
- =&E; 0 [ —iok 0\ _[2s O
BTN 00 =56 )\ 0 —ior )\ 0 2s

Let [¢] denote the matrix, representing an element £ € spin(1,3) in the matrix repre-
sentation of spin(1,3) induced by {~,}. Then notice that the action of £ upon an ele-
ment ¥ € Ap by means of the Lie algebra representation associated with 1 3[gpin+(1,3)
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is given by matrix multiplication [¢] - [z], where [z] is the column vector representing
x with respect to {£,}.

Our arbitrary element ¢ is a sum of the 7, and ~;-vy; and thus is block diagonal. This
shows that the representation space may be splitted into two invariant 2-dimensional
subspaces. It is easily checked on the matrix level that these 2-dimensional subrepre-
sentations are irreducible.

Finally, it can be seen on the matrix level that the first irreducible subrepresentation
(given by the top-left part of the matrices v, -, ) is canonically equivalent to the Lie
algebra representation D) (use the standard basis {E,} of A o, notice that £y and

E, are given by F; and E,). Analogously, it turns out that the second irreducible
subrepresentation (given by the bottom-right part of the matrices v, - v,) equals the

dual representation of D©2) (use the standard basis {E#} of Aj 1 but notice that we
’2
assume the elements of A, = A%, to be given as column vectors).
2

In this way one proves the assertion for the Lie algebra representation associated with
DP . Then using proposition 1.1.7 completes the proof. U

The Standard Representation

We may use proposition 5.3.1 to single out a special kind of Dirac matrices which is
connected to the Dirac spinor formalism in a particular way.

5.3.2 Definition (standard representation).

(a) Using the tensor-spinor o,? from definition 4.2.1, we define the “Dirac tensor-
spinor”

%AB € (CH*®Ap @A} =2 (CH*® End(A;, & A(’;’%)

i _ 0 O'aAB
7@ B 6@AB 0 .

(Cf. remark 5.3.4 for an explanation of this notation.)

(b) Let {7,} be a collection of Dirac matrices with respect to a basis {b,} of (R* n)¢,
and let {B,} be a basis of Ay o Then {7} is said to belong to the standard

representation with respect to {B,}?, if
7}1:\/5'[7};435]7 vuzoa"'aga (*)

where [WMAB] denotes the component matrix of ’YQAB with respect to {b,} and {B;}.?

2This definition differs from the “usual” definition. Frequently, as e. g. in [FV02], a collection of Dirac
matrices is said to belong to the standard representation if 'yg = 7o and ’y;f = —,; for i = 1,2, 3, where
’y:ﬂ denotes the Hermitian adjoint. This is equivalent to our definition if one only considers collections

of Dirac matrices with respect to the standard basis of (R*, 7).

-1
3The factor v/2 arises due to the factor v/2 = in definition 4.2.1 and is, in the end, to guarantee
compatibility with historical customs.
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5.3. The Dirac-Spinor Formalism

(c) Let ey,...,&4 denote the standard basis of the coordinate space C*.4 Let k{3 be

a spinor representation of CIf ;. Let {b,} be a basis of (R*,7)c and let {7,} be
the collection of Dirac matrices induced by xf ; with respect to the bases {b,} and
{ei}. Then kf ; is called standard spinor representation, if the Dirac matrices
{~.} belong to the standard representation with respect to {E,}.
Equivalently, this means: «{ 3 is called standard representation if the intertwining
isomorphism C* — Ap for the representations k{3 and DP is given by linear
extension of €, — Eu and therefore is canonical®. In this sense, the standard rep-
resentation is the spinor representation which is given by the Dirac tensor spinor
WaAB (these circumstances are the very essence of the standard representation).

5.3.3 Example. The following is a collection of Dirac matrices with respect to the
standard basis of (R*,7), which belongs to the standard representation with respect
to the standard basis of A;O:

0010 0 00 1
(o001 [ o o010
=1 100 0 n= 0 -1 0 0

0100 1 000

00 0 —i 001 0
| o0 i o0 [ o000 -1
=1 0 00 0 B 100 0

i 00 0 010 0

5.3.4 Remark (standard repr. and relationship of 2- and 4-spinors). The
preferable feature of the standard representation is its canonical connection to the ~-
tensor-spinor (as was pointed out at the end of definition 5.3.2), who in turn is directly
related to the 2-spinor formalism. Thus, there is a connection between the Dirac pinor
formalism (using the standard representation) and the 2-spinor formalism, which is

encoded in the special nature of then tensor-spinor fyaAB. We will illuminate this with
an example:

Let z = 2% € (R* n) be a vector. By the standard representation r; 3, x gets repre-
sented as an endomorphism on Ap = C* given by
ki 3(z) = x“yaAB :

Choose some

Then we find:

i -7 AB B a_ AB.
k1a(2)¥ = 2%y 07 =2 < L ) ( i’ ) = < T 0 X )
UaAB O XB A O'GABQO

4We mean ¢1 = (1,0,0,0)", 5 = (0,1,0,0)"", ...
Safter fixation of standard bases; “canonical” in the sense of “no further arbitrary choices involved”
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This shows how a Dirac spinor equation can be translated into a system of two 2-
spinor equations, and moreover, how “in the background”, the Dirac spinor formalism
still relies on the 2-spinor formalism, using the standard representation. Frequently,
when proving a statement involving Dirac spinors, one has to “fall back” to the more
elementary 2-spinor formalism using this translation procedure.

5.3.5 Example (Dirac’s equation). Let’s have a look at the classical Dirac equation
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on Minkowski spacetime using the techniques introduced in this section. Let
" oA
g = ( ) c C=(R* Ap)
Vx

be a smooth Dirac spinor-valued field. Let {v,} be a collection of Dirac matrices with
respect to the standard basis of (R*,n) which belongs to the standard representation
with respect to {£,}. Then Dirac’s equation reads

oV + kW =0.

Transforming this into invariant notation usign abstract indices and the tensor-spinor

VaAB (and setting s := v/2 - k), this may be written as:

ify“%(@a‘ll)é +RrUA=0.
We may transform this into a system of two 2-spinor equations:

) ~ B aBX A A
O:ify“AB(ﬁa\I/)B+/i\I'A:i<5£ UO )(gzzx)jLH(zx)

YA

which is equivalent to

{O =i 0 BX(0,0) 5 + kB = 108Xy + kOB



Part 11.

Differential Operators on Spinor
Fields
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6. Spinor Fields on Curved
Spacetime

This thesis’ main objects are spinor fields on spacetime manifolds and differential oper-
ators acting on them. In part one, we introduced the concept of SL(2, C)-spinors, which
form the representation spaces of finite-dimensional complex SL(2, C)-representations
(cf. definition 4.1.1). Now, the next step is introducing spinor-valued fields on spacetime
manifolds. This will be done by constructing a spinor bundle for each type of SL(2, C)-
representation, which is a special vector bundle with fiber equal to the representation’s
spinor space. Then, as usual, a spinor field is a section of such a spinor bundle. Finally,
in order to define differential operators acting on sections of spinor bundles, we need
to equip these bundles with covariant derivatives, which is possible in a canonical way
(after the manifold was equipped with some extra structure).

To make this document accessible to both readers with physical and readers with math-
ematical background, and in order to fix notation and terminology, we will give quick
crash crouses on relevant concepts from Lorentzian geometry in section 6.1, principal
bundles and associated vector bundles in section 6.2, and connections on principal bun-
dles in section 6.3. Finally, in section 6.4 we come to the declaration of the concrete
mathematical framework we will be working with for the rest of this thesis.

Sections 6.1-6.3 will be a digestion of [Bau81|, [BGV92], [Fri97], [LM89], [O’N83| and
[Roe98|, where “digestion” means that the author tried to present only a careful selection
of necessary definitions and propositions, but in such a way that consistency and com-

pleteness of the presented theory is maintained. The Construction presented in section
6.4 is inspired by [FV02].

6.1. Pseudo-Riemannian and Lorentzian Manifolds

If not stated otherwise, alle manifolds, bundles, maps and vector fields are assumed to
be smooth.

6.1.1 Definition (pseudo-Riemannian Manifold). Let M be a smooth n-dimen-
sional manifold and let g € T(T%2M) be a (smooth) metric of signature (p,q) on
M*

o If p=nand ¢g=0, (M,g) is called a Riemannian manifold,

!This means that on each fiber, G is a symmetric, non-degenerate bilinear form of signature (p, q).

We say a symmetric, non-degenerate bilinear form b on a real vector space V' is of signature (p, q), if

there is a b-orthogonal decomposition V = X &Y, where dim(X) = p and dim(Y") = ¢ and b restricted
to X and —b restricted to Y are positive definite.
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6. Spinor Fields on Curved Spacetime

eifp>land 1 <g<n-—1, (M,yg)is called a pseudo-Riemannian manifold,
and

e ifp=1and g=n—1, (M,q) is called a Lorentzian manifold.

It can be shown that every smooth manifold may be equipped with a Riemannian metric,
and a smooth manifold has a pseudo-Riemannian metric of signature (p, ¢) if and only
if there is a rank ¢ subbundle of TM. Moreover, we find in [Bau81, pp.43]:

6.1.2 Definition and proposition (timelike and spacelike subbundles). Let
(M, g) be a pseudo-Riemannian manifold of signature (p,q). Then there is a g-
orthogonal decomposition TM = 7 @ &, where 7 is a rank p subbundle and £ is a
rank ¢ subbundle of T'M, such that the restriction of ¢ to 7 and the restriction of —g
to & are both positive-definite.

We call 7 a timelike and ¢ a spacelike subbundle of T'M.

6.1.3 Remark (signature conventions). Notice that our signature convention for
Lorentzian manifolds and particularly, spacetime manifolds, is (+—...—). This choice
is convenient when dealing with spinors (which we shall be doing extensively), because
the spinor metric given by

NaABB = €ABEARB

has signature (+ — ——), cf. remark 4.2.5.

Orientations of Pseudo-Riemannian Manifolds
6.1.4 Definition (orientability of a pseudo-Riemannian manifold). Let (M, g)
be a pseudo-Riemannian manifold and let TM = 7@€ be an orthogonal decomposition
of T'M into a timelike and a spacelike subbundle. (M, g) is called
(i) orientable, if T'M is orientable,
(ii) time-orientable, if 7 is orientable,
(iii) space-orientable, if ¢ is orientable.

The following proposition illuminates the interdependence of the different orientability
concepts:

6.1.5 Proposition. Let (M, g) be a pseudo-Riemannian manifold and let TM = 7@ ¢
be an orthogonal decomposition of T'M into a timelike and a spacelike subbundle.
(i) If (M, g) is orientable and time-orientable then it is space-orientable.
(i) If (M, g) is orientable and space-orientable then it is time-orientable.

(iii) If (M, g) is both space- and time-orientable then it is orientable.

The converse directions of these implications are in general not true.

Proof. Recall that a vector bundle is orientable if and only if its first Stiefel-Whitney class
vanishes (cf. [LM89, theorem 1.2] or [Mil74] for a general introduction to characteristic
classes). Notice, moreover, that using the Whitney product rule, wy (7 @ &) = wy (1) +
wy (€). Using this, all statements follow by simple calculations. O
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6.1.6 Definition. Let (M, g) be a Lorentzian manifold.

(i) Fix a point m € M. A tangent vector £ € T, M is called

- timelike if ¢,,(¢, &) > 0,

- lightlike if ¢,,(£,€) = 0 and £ # 0,

- spacelike if ¢,,(£,€) < 0 or £ =0 (see footnote?),
- causal if € is timelike, lightlike or £ = 0.

(i) A parametrised C'-curve on M is called timelike, spacelike, causal, respectively,
if its velocity vector is everywhere timelike, spacelike, causal, respectively.

6.1.7 Remark (time orientations on Lorentzian manifolds). Notice that a time-
orientation on a time-orientable Lorentzian manifold (M, g) may be given by a global,
nowhere vanishing timelike vector field x on M, because timelike subbundles of T'M
are 1-dimensional.

6.1.8 Definition. Let (M, g) be a Lorentzian manifold with time-orientation given by
a global, timelike, nowhere vanishing unit vector field xy on M.

(a) Form € M, a causal vector x € T,,M is called future-directed, if g,,(z, x,n) > 0.
It is called past-directed, if g,,(z, xm) < 0.

Notice that each causal tangent vector is either future- or past-directed, except
for the O-vector, which is both.

(b) A parametrised causal C'-curve on M is called future resp. past directed if its
velocity vector is everywhere future resp. past directed.

(c) For m € M, define
I(m) :={& € T,,M | £ timelike} C T, M
and

J(m) :=1(m) (closure of I(m)).

I(m) is open in T,,M and called the open light cone at m.

(d) The open light cone I(m) at m € M has two connected components, I, (m) and
I_(m), given by

I.(m) ={z € I(m) |z future-directed }
and
I_(m) ={x € I(m) |z past-directed} .

We then define J, (m) := I, (m) and J_(m) := I_(m).

2By considering the zero vector spacelike we stick to [BGP, p.8]. However, not all of the references
agree with this.
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(e) Let A C M be a subset. The causal future resp. causal past of A in M is the
set JM(A) C M, + for future, — for past, of all points that can be reached by
future resp. past directed causal parametrised C'-curves starting at a point in A.
For m € M we write JM(m) = J¥({m}). Notice that J¥(m) C M while
Ji(m) g TmM.

Globally Hyperbolic Manifolds

In this thesis we will be considering differential equations on Lorentzian manifolds. For
both physical reasons (e.g. in order to avoid spacetimes that have paradoxical causality
features) and mathematical reasons (concerning solvability of the differential equations
involved), one typically restricts the attention to a special class of Lorentzian manifolds,
globally hyperbolic manifolds. We are now in the position to present the core definitions.

6.1.9 Definition (Cauchy hypersurface). Let M be a connected time-oriented
Lorentzian manifold. A subset S C M is called a Cauchy hypersurface in M
if every inextendible timelike curve® in M meets S in one and only one point.

6.1.10 Remark.

(a) A Cauchy hypersurface is always a connected, closed C°-hypersurface in M.

(b) If S € M is a Cauchy hypersurface, every inextendible causal curve intersects
with S, but possibly more then once (at points where it is lightlike).

For proofs cf. [O'N83, chapter 14, lemma 29, proposition 31].

6.1.11 Definition (strong causality). A Lorentzian manifold M is said to satisfy
the strong causality condition if for all p € M and for each open neighbourhood
U C M of p there exists an open neighbourhood V' C U of p such that each causal
curve starting and ending in V' is entirely contained in U. (“There are no almost closed
causal loops.”)

6.1.12 Definition (globally hyperbolic manifold). A Lorentzian manifold M is
called globally hyperbolic if it is connected and time-oriented, if it satisfies the
strong causality condition and if for all p,q € M the intersection J.(p) N J_(q) is
compact.

6.1.13 Theorem. Let M be a connected, time-oriented Lorentzian manifold. The
following statements are equivalent:

(a) M is globally hyperbolic.
(b) There exists a Cauchy hypersurface in M.

(c) There exists a smooth, spacelike Cauchy hypersurface in M.

3A timelike curve v: (t1,t2) — M is called inextendible, if there is no timelike curve 7: (s1, s2) —
M with (t1,t2) € (s1,82), such that §|q, +,) = 7.
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(d) M is isometric to the smooth product manifold R x S with metric 3dt? — g;, where
[ is a smooth positive function on M, S is a smooth manifold, g; is a Riemannian
metric on S depending smoothly on ¢ € R and each {t} x S is a smooth spacelike
Cauchy hypersurface in M.

Proof. (a)=-(d) is essentially [BS05, theorem 1.1], however, we chose a formulation sim-
ilar to that of [BGP, theorem 1.3.10]. (d)=-(c) is trivial, as well as (¢)=-(b). (b)=(a)
is given by [O’N83, chapter 14, corollary 39]. (The converse direction, (a)=(c), by
the way, was given in [BS03, theorem 1.1]; however, our proof is already completed
without using this result.) O

Finally, for later use, we quote the technical lemmas [BGP, A.5.4, A.5.7]:

6.1.14 Lemma. Let M be a globally hyperbolic Lorentzian manifold.

(a) Let K, K’ C M be two compact subsets of M. Then JY(K)NJM(K’) is compact.

(b) Let K € M be a compact subset and let 3 C M be a Cauchy hypersurface. Then
JY(K)N¥ and JY(K) N JY () are compact.

6.2. Principal Bundles and Associated Bundles

This section is a crash course on principal bundles and associated vector bundles. The
main references for this section are: [Bau81, pp.34], [BGV92, p.14], [Roe98, p.23];
further references are: [Fri97, pp.170], [HVO00, pp.164], [LM89, p.370]. Many of the
definitions and propositions stated here may be found in those references in a more or
less similar form. It is the purpose and the (non-trivial) goal of this section to present a
certain amount of mathematical beckground knowledge in a concentrated and consistent
form. We shall not give proofs if they may as well be found in the references.

If not stated otherwise, all manifolds will be smooth, fiber bundles and Lie groups
included. All maps between manifolds and bundles will be considered smooth, Lie group
actions included. M denotes a manifold, G a Lie group. For the definitions of a fiber
bundle and a vector bundle we refer to [BGV92, p. 13].

Recall that a group action G x M — M is called free if Vg € G: (Im € M: g-m =
m) = g = e, where e is the unit element of G. It is called transitive if ¥Ymq, my €
M3dge G: mg=g-m;y.

6.2.1 Definition (principal G-bundle). Let M be a smooth manifold and G a Lie
Group. A smooth fiber bundle (P, x, M) with typical fiber isomorphic to G and a
smooth right action P x G — P is called (smooth) principal G-bundle, if

(i) Ype PYge G: w(p-g) =n(p) (G acts on the fibers)
(ii) the G-action is free,
(iii) Vp,q € P: w(p) =7m(q) = g € G: p-g=q (transitivity on the fibers).
G is called structure group of the principal bundle P.
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Notice that for a principal G-bundle (P,m, M), the base M is diffeomorphic to the
quotient P /G as the fibers are diffeomorphic to G.

6.2.2 Definition (reduction of a principal bundle). Let (P,p, M) be a principal G-
bundle and let A: H — G be a smooth homomorphism of Lie groups. A A-reduction
of P is a principal H-bundle (Q, ¢, M) together with a bundle map f: Q — P such
that the following diagram commutes (cf. [Bau81, p. 35]):

where - on the horizontal arrows denotes the right action of the group on the bundle.

If H C G is a Lie subgroup and A\: H — G the canonical embedding map, we may
call a A-reduction of P just a H-reduction of P.

We will need the concept of principal bundle reductions when dealing with frame bundles
at the end of this section.

6.2.3 Definition (fibered product). Let G be a group, let M be a right G-space
(i.e. M is a set and there is a right G-action on M) and let N be a left G-space.

(a)

Define a right G-action on M x N:

(m,n)-g:=(m-g,97" - n).

Then the fibered product M xs N is the quotient
M xg N:= (M x N)/G.

We shall denote the elements of M X N (which are equivalence classes) by
[m,n|lg € M xg N .

Let the right G-action on M be transitive and free, and let p be a representation
of G on a K-vector space V' (considered a left G-action). We then denote the
fibered product M x¢ V by M X,V and the equivalence classes by [g, v],.

In such a situation, the fibered product M x, V' inherits a vector space structure
from V', given by

A [g7v]ﬂ = [97 )‘U]p and [g7v]ﬂ+ [ng]l) = [g7v +w]ﬂ'

Check that this is well defined because the left action of G on V' is linear and
because due to the transitivity and freeness of the right action of G on M, for
every g € G and for every equivalence class [h, v],, there exists one and only one
w € V such that [g,w], = [h, v],.

This motivates the following definition:

70



6.2. Principal Bundles and Associated Bundles

6.2.4 Definition and proposition (associated vector bundle).

(a) Let (P, m, M) be a principal G-bundle and let p: G — GL(V') be a representation
of G on a finite dimensional vector space V', taken as left G-action. Then the
fibered product P x, V forms a vector bundle on M, called the vector bundle
associated to P by p.

(b) Let V :="P x,V be the associated bundle from (a). Then the dual bundle V* is
given by

V5 =P, VE

Moreover, if V is a complex vector space with complex conjugate V', we denote
by V the associated bundle

T}:PXﬁV

The anti-linear complex conjugation isomorphism (cf. definition 2.1.1) ~: V' — 1%
canonically induces a bundle map ~: V — V (of real vector bundles, given by the
identity map on the total space) which is fiberwise anti-linear.

(c) Let again V := P x, V be the associated bundle from (a). If 7 is a representation
of G on a second vector space W, and if W := P x,. W is the bundle associated
to P by 7, then the tensor product bundle V ® W is given by

V@W:PXP®T (V@W),
and the direct sum V @ W is given by:

VOW =P X, (VOW).

An intuitive understanding of what exactly the fibered product does and what an asso-
ciated bundle is, may become clearer by considering frame bundles and their associated
vector bundles:

Frame Bundles

6.2.5 Definition (frame bundle). Let £ be a K-vector bundle on M of rank k (K = C
or K =1R). The bundle

F(E) :=A{(m,(v1,...,v))|me M, v; €&y, (v1,...,v;) linear independent }

with projection map (m, (vy,...,vx)) — m over M is called the frame bundle or
repeére bundle of £. By F(M) we denote the frame bundle of TM.

Let F(€) be the frame bundle of a K-vector bundle £. Every point in the fiber over
meM,p=(m,(vi,...,v)) € F(E)m, gives rise to an isomorphism

. mk 1 k i
wp: RY — &, (x,,x)»—>§ x'v;,
i
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where &,, denotes the fiber of £ over m. After once choosing a fixed basis for &,, this
shows that the fiber F(&),, is isomorphic to GL(k, K). Moreover, there is a right action
of GL(k,K) on F (&), given on each fiber by

k k

(m,(vl,...,vk))-A:: (m, (v1,...,05) - A ):(m,(ZUiAil,...,Z’UZ‘Aik>>

: . =1 =1
“row vector times matrix”; N
base transformation

~
A taken as base transf. matrix,
equivalently:
A considered as endomorphism
of F(E)m represented with
respect to the bases (v1,..., VE);

= (m, (A(v1), ..., A(wy))) - then, 377 viAij = A(v;)

It can be shown that with this right GL(k, K)-action, F(&) forms a principal GL(k, K)-
bundle on M.

We now closely follow [Bau81, pp.45]. If M is a pseudo-Riemannian manifold of signa-
ture (p, ¢) and with frame bundle F (M) one can consider the subbundle* of orthonormal
frames, O(M) < F(M), called orthonormal frame bundle of M. It is easily seen
that O(M) is an O(p, ¢)-reduction of the frame bundle. Moreover, we have the following

results:

6.2.6 Proposition. Let (M, g) be a connected pseudo-Riemannian manifold of signa-

(i)

(iii)

(iv)

ture (p, q) with orthonormal frame bundle O(M).

If (M,g) is orientable but neither space- nor time-orientable then O(M) has
two connected components and is reducible to a principal SO(p, ¢)-bundle with
connected total space.

One may think of such a reduction as the subbundle SO(M) < O(M) of oriented
orthonormal frames.

If (M,g) is space-orientable and not time-orientable resp. time-orientable and
not space-orientable then O(M) has two connected components and is reducible
to a principal O,(p, q)- resp. O¢(p, ¢)-bundle with connected total space®.

One may think of such a reduction as the subbundle Os(M) < O(M) resp.
O(M) < O(M) of orthonormal frames whose spacelike resp. timelike part is
oriented.

If (M, g) is both space- and time-orientable then O(M) has four connected com-
ponents and is reducible to a principal SO (p, ¢)-bundle with connected total
space.

One may think of such a reduction as the subbundle SO* (M) < O(M) of space-
oriented and time-oriented frames.

If (M, g) is not orientable in any way then O(M) is connected.

Proof. Cf. [Bau81, Satz 0.51]. O

72

4F < & for vector bundles £ and F means that F is a subbundle of £.
SFor the definitions of O(p, q), Os(p, q) and SO (p, q) cf. the appendix or [Bau81, pp. 45].



6.2. Principal Bundles and Associated Bundles

Notice that the alternatives given in this proposition are mutually exclusive. Notice
further that using proposition 6.1.5, it is immediate that the alternatives are exhaustive,
meaning that to every pseudo-Riemannian manifold one of the alternatives applies. This
enables us to state the following definition which will be of importance later:

6.2.7 Definition (connected frame bundle). Let (M, g) be a connected pseudo-
Riemannian manifold of signature (p,q). Reduce O(M) as far as possible to the
principal O(p, q)-, Os(p,¢)-, Ou(p, q)-, SO(p, q)- or SO™(p, g)-bundle O(M), O, (M),
Oi(M), SO(M) or SO*(M), using the previous proposition.® The resulting bundle,
which has connected total space, is called connected frame bundle of M and shall
henceforth be denoted by F.(M).

After these considerations we conclude this section by presenting one remak on the
promised intuitive understanding of associated vector bundles:

6.2.8 Remark (on the concept of associated vector bundles). Check that for
an orientable and time-orientable pseudo-Riemannian manifold of signature (p, ¢), the
following relations hold:

TM = F(M) xarm R", TM =0O(M) xopq R",

TM = SO(M) Xsopq R",  TM = SOT(M) Xgo+ (g R
Taking the first one of these isomorphisms as an example we may be able to get a

better intuition for associated vector bundles:

According to the definition, the fibers of the associated vector bundle F (M) X g,y R™
consist of equivalence classes of tuples (f,x), where f is a frame and z = 2* € R"
is a “column vector”. Thus, TM = F(M) X1 R™ entails that each tangent vector
£ € T,,M, m € M, corresponds with an equivalence class [f, z]gLp). Now, this
relationship between tangent vectors and equivalent classes may visualised like this:
Consider the frame, f, as a basis of the tangent space T,,M, and x as the column
vector representing ¢ with respect to this basis.

Of course, there exist several bases for T,,M and with respect to each basis, & gets
represented as another column vector. According to definition 6.2.3, two such tuples
(f,x) and (f’,2’) of bases and column vectors are equivalent if and only if there is a
group element A € GL(n, R), such that

(flax,): (f,:L‘)A:(fA,A_lfL‘)

But the transition from (f,z) to (f - A, A™* - z) is just a basis and coordinate trans-
formation! As usual, the reference frame f gets transformed by multiplying the base
transformation matrix A from the right, while the column vector z transforms by
multiplying the inverse of the base transformation matrix from the left.

Thus: all the tuples (f, x) in the equivalence class [f, x]qrm) may be thought of as base
and column vector representations of one and the same “abstract vector”.

6This means: we reduce O(M) to SOT (M) if M is space-orientable and time-orientable, to SO(M)
if M is only orientable, to O4(M) resp. O:(M) if M is space- but not time- resp. time- but not space-
orientable and we don’t reduce it at all if M is not orientable.
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6. Spinor Fields on Curved Spacetime

All this may be done in an analogous fashion for the three other isomorphisms given
above and in general for all associated vector bundles. Last but not least, these
considerations may serve as belated motivation for the above definition of the fibered
product (which might have seemed a bit odd at first sight).

6.3. Connections on Principal Bundles

It is the purpose of this section to briefly introduce connections on principal bundles,
the lifting of a covariant derivative on a vector bundle to its frame bundle and induced
covariant derivatives on associated vector bundles. We need all this in order to equip
spinor bundles on spacetime manifolds with a covariant derivative in the next section.

To save space and time we shall be rather minimalistic as regarding the amount of math-
ematical background theory presented. For instance, we shall refrain from introducing
vector bundle valued differential forms (which would make parts of the exposition much
more elegant, e.g. induced covariant derivatives on associated bundles). In case of in-
duced principal bundle connections on a frame bundles and in case of induced covariant
derivatives of associated bundles, our general guidline will be to give an idea of how the
constructions are performed but to skip the proofs that they indeed yield the desired
objects.

This section’s main references are [BGV92, p.14-36], [Roe98, p.23-25]. We only give
proofs if they may not be found in the references.

Again, if not stated otherwise, all manifolds will be smooth, fiber bundles and Lie groups
included. All maps between manifolds and bundles will be considered smooth, Lie group
actions included. M denotes a manifold, G a Lie group.

For the definition of a covariant derivatives on vector bundles we refer to [BGV92, p. 21].

Principal Bundle Connections

6.3.1 Definition (vertical bundle). Let (P, 7w, M) be a fiber bundle on M. The
kernel of dr: T'P — T'M is a subbundle of TP and is called vertical bundle of P,
denoted by VP. A vector £ € T,P, p € P, is called vertical, if dm,(§) = 0.

Consider the case of a principal G-bundle (P, 7, M). Differentiating the G-actionn,: G —
P, p € P, yields a map dn,: g — 1,P where g denotes the Lie algebra of G. It turns out
that dn,: g — V,’P is a (canonical) isomorphism (because the G-action on the principal
bundles is transitive and free on the fibers). Moreover, for X € g, the vector field Xp
on P, in each fiber given by (Xp), = dn,(X), is G-invariant and called Killing vector
field corresponding to X on P.

Recall that a splitting of a short exact sequence ([Lan02, p.132])

0 A<__f__B<__g__C 0,
¥ (0

is a coice of map ¥: C — B such that g o ¢y = id, or equivalently a choice of map
¢: B — A such that ¢ o f =id. This then yields isomorphisms

B =1Im f @ ker ¢, B =kerg®Im1, B=Aa(C.
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Let (P,m, M) be a principal G-bundle and let p denote the right action of G on P. A
splitting of the short exact sequence of subbundles

0—=VP—-TP—n"TM — 0 (%)

gives a subbundle HP of TP, called horizontal bundle, such that TP = VP @& HP.
A such a splitting is called G-equivariant, if

Vp € PVg € G: H,,P = dp,(H,P),
where dp, just denotes the differential map of the G-action p,: P — P.

6.3.2 Definition (fiber bundle and principal bundle connections).

(a) Let (P, m, M) be a fiber bundle. A smooth splitting of the short exact sequence
of vector bundles

0—-VP—-TP —->a"TM — 0

is called connection on (P, m, M).

(b) A G-equivariant fiber bundle connection on a principal G-bundle (P, m, M) is
called principal bundle connection on P.

Connection 1-Forms

An alternative approach to constructing a principal bundle connection is via Cartan’s
connection 1-forms: In case of a principal G-bundle (P, 7, M), the fibers V,P of the
vertical bundle VP are canonically isomorphic to g = Lie(G), as introduced before. Let
a connection on P be given as splitting of the short exact sequence (x), and we assume
this splitting to be given by the map ¢: TP — V'P. Using in each fiber the isomorphism
V,P = g, ¢ may be considered a g-valued 1-form on P. This 1-form contains all the
information of the connection. This motivates the following definition:

6.3.3 Definition (principal bundle connection 1-form). Let (P, x, M) be a prin-
cipal G-bundle. A principal bundle connection 1-form on P is a smooth g-valued
1-form w on P with the properties

1. Vg € G: (py)'w=Ad(g ") ow (Ad-equivariance of w),
2. VX eg:w(Xp) =X (vertical projection property),

where p denotes the right action of G on P, Ad denotes the adjoint representation of
G on g and Xp denotes the Killing vector field on P associated with X.

The Ad-equivariance condition on w corresponds to the G-equivariance condition in the
definition of a principal bundle connection (6.3.2-b) and is the reason why one can prove
(cf. the references given above):

6.3.4 Proposition. Let (P, 7, M) be a principal G-bundle. There is a one-to-one corre-
spondence between principal bundle connections on P and principal bundle connection
1-forms on P.
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6. Spinor Fields on Curved Spacetime

The construction of the principal bundle connection 1-form for a given principal bundle
connection was indicated above. Conversely, if a principal bundle connection 1-form is
given, the horizontal bundle HP of the induced principal bundle connection is just the
kernel of w. (Of course one would have to give more detailed proofs for all this. Cf. also
[Roe98, pp. 24].)

Lifted Connections on Frame Bundles

For slightly different but equivalent approaches to constructing the lifted connection on
a frame bundle (using bundle valued differential forms) cf. [Roe98, p.24-25], [BGV92,
p. 23].

Let (£,7, M) be a rank k vector bundle on M with frame bundle F(£). Let £ be
equipped with a covariant derivative. We endeavour to construct a principal bundle
connection on F (&), induced by the covariant derivative on &:

Fix an arbitrary point e € F (&) with foot point m := w(e) € M. Let z € T.F(E) be a
tangent vector. Represent z by a smooth curve 7: (—¢,¢) — F(£) with 5(0) = e and
7(0) = z. We can write the curve 4 as

F(t) = (v(), (G (®), - - Aw(?))

where v = 77 is the “curve of foot points” and 7; are suitable curves in £. The curves
7; may also be considered as sections of £ along the curve v, which allows to define
that x be called horizontal if for all 7, the section 7; along v is parallel according to the
covariant derivative on €. By this procedure we may construct the horizontal subspace
H.F(E) CT.F(E) over each point e € F(E).

One may now prove in detail that the collection of horizontal spaces H.F(E) consti-
tutes a principal bundle connection on F(&£). Moreover, it is easily visualised using
our construction that a covariant derivative on the tangent bundle T'M only induces a
connection on the reduced bundle O(M), if it is metric compatible (i.e. Vx g(Y,Z) =
g(VxY, Z)+g(Y,VxZ) for all X|Y,Z € T'(TM)).

All in all, one finds:

6.3.5 Proposition (lifted connections on frame bundles).

(a) Let € be a vector bundle on M with frame bundle F(&). Then every covariant
derivative on &€ canonically induces a principal bundle connection on F (&), and
vice versa.

(b) Let (M, g) be a connected pseudo-Riemannian manifold of signature (p,q) and
with connected frame bundle F.(M) (cf. definition 6.2.7). Let G denote the struc-
ture group of F.(M). Then every metric compatible covariant derivative on 7'M
canonically induces a principal G-bundle connection on F.(M), and vice versa.

We call the principal bundle connection on F (&) resp. F.(M), induced by a covariant
derivative on & resp. TM the lifted connection on F (&) resp. F.(M).

Proof. (a) can be found in [BGV92, p.23, p.26]. Statement (b) can be deduced from
what is mentioned in [Roe98, p. 24-25] using a decomposition TM = 7@¢ in the sense
of proposition 6.1.5. O
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Induced Covariant Derivatives on Associated Vector Bundles
We will not be following the references in this section.

Let P be a principal G-bundle on M, equipped with a principal bundle connection. let
(V,p) be a vector space representation of G and let £ = P x, V' be the vector bundle
associated to P by p.

Our aim is constructing an induced covariant derivative on the associated bundle £. As
the first ingredient to this we quote the following standard lemma:

6.3.6 Lemma (horizontal lifting of curves). Let (P, 7, M) be a principal bundle
on M with connection given by a horizontal bundle HP. Let v: (—&,&) — M be a
smooth curve on M. Then for every starting point p € P,(o) there is a unique curve
¥: (—e,e) — P such that

1. %(0) = p,
2. moy =7,
3.Vt € (—¢,8): H(t) € HyyP.

The last condition states that the curve 4 has everywhere horizontal velocity vector.
This is why we call 4 the horizontal lift of v with respect to the connection HP.

Proof. Cf. [Roe98, p. 25]. O

Let X be a vector field on M and let s be a smooth section of £. We will now construct
the covariant derivative V xs on £ induced by the principal bundle connection on P: Pick
a point m € M and represent X,, as a curve v: (—e,g) — M, v(0) = m, %(0) = X,,.
Pick a point p € P, and let 4 be the horizontal lift of v on P with 4(0) = p. Then there
is a smooth curve v: (—e,e) — V, such that Vt: s, = [(t),v(t)],. As V is a vector
space, there is a canonical way of forming the derivative v = %v of the curve v. Thus,
we may define:

(Vxs)m = [7(0),9(0)],. (%)
As we will prove below, this defines a covariant derivative on &.

6.3.7 Remark. To develop a pictorial understanding of the construction we just per-
formed, put it in the light of remark 6.2.8:

We represented s, as tuples (7(t), v(t)) of reference frames and “component vectors”.
7(t) is a collection of reference frames along ~y(¢), which is by construction parallel,
meaning that the frames do not “drift” as ¢ increases. This notion of “parallel” or “not
drifting” is derived from the connection on P.

Then, if we think of v(t) as the components of sy with respect to these (non-drifting)
reference frames as suggested by remark 6.2.8 (for simplicity, imagine V' = R"), it is
clear that the “infinitesimal change of s, for increasing ¢” is reduced to the change
0(t) of the coordinates.
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6. Spinor Fields on Curved Spacetime

6.3.8 Proposition (induced covariant derivative). Let P be a principal G-bundle
on M and let (V,p) be a vector space representation of G. Then every connection
on P induces a covariant derivative on the associated vector bundle P x, V' by the
construction indicated above.

Proof. As the above construction is not to be found in any of the references, we give
a full proof here. It is immediately seen that for every s € I'(£) there is a smooth
function ¢*: P — V such that

Vp € P: [p, ¥°(D)]p = Sap) -

Notice that ¢* has the following equivariance property:

\V/g € va € P ng(,lvz) )p ;g pg,l(ql);) )
where 7,: P — P denotes the right action of g € G on P.
Moreover, for every X € I'(T'M) there is a unique vector field X7 € T'(HP) such that
Vp € P: dﬂp(XZf ) = Xz (just represent X pointwise by curves and apply lemma
6.3.6). X7 is called the horizontal lift of X to P. Tt is a standard result that X" is
right-invariant:

Vg e GVp e P: n;(XP) = X7,
We can express our above construction of (Vys),, in this new terminology. Notice
that for p = 5(0) € P, X7 =5(0) and ©(0) = dv5(X]). Thus, we find

(Vxs)m = [p, dip(X))], - (%)

We now can show independence of the starting point p € P, of v (and hence, com-
pletely forget about by making (x) the definition of (Vxs),,): Let p’ € P, be a
second point and let g € G be such that p’ =p-g.

0, dvs (X)), = [P g, d5 (X))o = [P+ 9, d(mb®)p (10 X P ),
=[p- g, d(pg-10")p (X)), = [P+ g, pg—1d03 (X)), = [0, dv3(X])], -

Finally, C*°(M)-linearity of Vxs in X, K-linearity in s and Leibnitz’s rule are imme-
diate now, as all this holds for dy*: TP — V: Pick f € C*(M), X,Y € I'(T'M) and
s,u € T(E). As st/ =4 + fop¥, we find:
(Vrrv(s),, = [, dvp(X) + fu Y,
= [pv d¢;<Xf)]p + [p7 Jm dz/};(yf)]p
= (Vx8)m + (fr VyS)m
and
(Vals + S ), = lp.dvy (X)),
= [p, dup (X)) + d(m" - 4"), (X)),
= [p, dep(X))]p + [P, fn Ao (X))p + [0, d(7* (X)) W3],
= [p, duy (X))o + [ fn d(W")p (X)) + [P, dfin(Xin) W],
= (Vx$)m+ (f Vxu)m + (X.ft)m

Smoothness of Vxs is a consequence of all involved maps and bundles being smooth.
O
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6.4. Spin Structures and Spinor Bundles

6.4. Spin Structures and Spinor Bundles

After all the preceding preparatory considerations we will now construct a spinor bun-
dle DM for every finite-dimensional vector space representation of SL(2, C) and equip
these bundles with covariant derivatives which are induced by the Levi-Civita covariant
derivative on T'M.

Our overall construction is shown in the diagram below. In order to construct a spinor
bundle DM we have to take the big detour from (M, g) to TM to F.(M) to the spin
structure S(M)) and then to the associated bundle DM.

= structure group £ structure group SL(2, C)
g
2 Fe(M) S(M)
75; = connected frame bundle spin structure
g with lifted connection with lifted connection
=
2,
=
g
=B M DM :=S(M) xp A

(5]
f = tangent bundle associated spinor bundle
% — with Livi-Civita with induced covariant derivative
L covariant derivative

_______________ N —

(M, g)

oriented, time-oriented
Lorentzian base maifold

We shall start out defining the yet missing link—the spin structure of the connected
frame bundle. For this, cf. [Bau81, p. 70].

6.4.1 Definition (spin structure). Let (M,g) be a connected pseudo-Riemannian
manifold of signature (p, q) with connected frame bundle F.(M) (cf. definition 6.2.7).
Let G be the structure group of F.(M)". Let A: Pin,, — O(p, q) denote the 2-fold
covering map as given in proposition 5.1.9, and let G := A~Y@) be the A-preimage of
G.

A smooth principal G-bundle S(M) on M together with a bundle map A: S(M) —
Fo(M) is called a spin structure on M, if the pair (S(M),A) is a A-reduction of
Fe(M).

Twe have G € {O(p,q),0¢(p, q), Os(p, q),SO(p,q),SO* (p,q)}
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6. Spinor Fields on Curved Spacetime

6.4.2 Remark.

(a)

Spin structures do not necessarily exist and are not necessarily unique. In [Bau81]
one finds that a space- or time-orientable pseudo-Riemannian manifold has a spin
structure if and only if its second Stiefel-Whitney class vanishes (Folgerung 2.1),
and that every simply connected pseudo-Riemannian manifold has (up to isomor-
phism) at most one spin structure (Folgerung 2.2). Geroch showed in [Ger70b] that
every 4-dimensional globally hyperbolic Lorentzian manifold has a spin structure
(this is the relevant case for our considerations).

If F.(M) is equipped with a principal bundle connection given by a horizontal
bundle HF (M), a spin structure A: S(M) — F.(M) canonically induces a con-
nection on S(M) by setting in each fiber over m € M for every point p € S(M),,
and every £ € T,S(M):

¢ € HpS(M) = dAp(g) S HA(p)fC(M) .

One can show that this yields a principal bundle connection on S(M), called the
induced spin connection (cf. [Bau81, p.119]).

Finally, we can now build spinor bundles as vector bundles associated to a chosen spin
structure by means of spinor representations:

6.4.3 Definition (spinor bundles). Let (M, g) be a connected pseudo-Riemannian
manifold of signature (p,q) with connected frame bundle F,.(M) and spin structure
S(M). Let the structure group of S(M) be denoted by G. We have G C Pin(p, q).

(a)

Let D be a representation of G on a vector space A. Then the associated bundle
DM :=8(M) xp A

is called the spinor bundle® of type D or the bundle of D-spinors on M
with respect to the spin structure S(M). The (smooth) sections of DM are called
spinor fields of type D.

Of course, this thesis is all about the special case of (M, g) being a time-oriented
and space-oriented, globally hyperbolic (thus, connected), 4-dimensional, Loren-
tzian manifold of signature (+ — ——). In this case, the connected frame bundle
is SOT (M), it has structure group SO*(1,3) = £] and a spin structure S(M) on
(M, g) is a principal SL(2, C)-bundle.

Then for every finite-dimensional representation D of SL(2, C) on a vector space
A we may form the bundles of D-spinors on M:

DM :=S8(M) xp A

Particularly, for the irreducible spinor representatios D7) of SL(2,C) on A;;
we may form the bundles of (j, j')-spinors on M:

DYUIIM = S(M) X i A

8Notice that in the context of Clifford algebra representations one might find a different usage of the
term “spinor bundle” in the literature, meaning a vector bundle associated by a spinor representation
of a Clifford algebra, cf. [BGV92, p.111], [LMS9, p. 96].
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and the bundles of (j, j')-co-spinors on M:
DU = (DUIIM)* = S(M) X . AL
Analogously, for DP the Dirac spinor representation,
DPM :=S(M) xpp Ap, and DP*M :=S(M) x pp. A%,

are the bundles of Dirac spinors and Dirac co-spinors on M.

For the rest of the section we shall restrict our attention to the (physical) setting as
mentioned in part (b) of the preceding definition. Thus, for the rest of this section,
we make the following assumptions:

Let (M, g) be a time-oriented and space-oriented, 4-dimensional, globally hyperbolic,
Lorentzian manifold of signature (+ — ——). (This implies that (M, g) is oriented and
connected, it satisfies the strong causality condition and it has a spin structure). Let
both space and time orientations be chosen.

Let, moreover, F.(M) denote its connected frame bundle, which equals SO* (M) and
has structure group SO*(1,3) = L. Let A: S(M) — F.(M) denote a spin structure
on (M, g) (then S(M) is a principal SL(2, C)-bundle).

6.4.4 Remark (Clebsch-Gordon decomposition on the bundle level). It is easily
seen using the Clebsch-Gordon formula (corollary 3.3.10) together with definition and
proposition 6.2.4-c that for all spin numbers j, j', k, k' € {0, %, 1, %, S

kR
DU N & DEF) pf @ @ DWH) N

p=li—kl p=li=w|

as vector bundles.

6.4.5 Remark (reference frame transformations on spacetime manifolds). In
remark 4.2.6 we were considering transformations of reference frames of a physical
system modelled by vectors from (R*, 1) and spinors from an SL(2, C) spinor repre-
sentation (D, A). Let a new physical system be given which is modelled by sections
of TM (i.e. vector fields on M) and sections of DM (i.e. spinor fields on M). We
shall now see that for every S € SL(2,C), the spin structure A: S(M) — SO*(M)
communicates a transformation of reference frames of this new system, which fiberwise
equals the transformation mechanism from remark 4.2.6.

Let U C M be an open neighbourhood on which local reference frames of the system
are given by a local tetraed field (by, by, bo, bs) (this is a local section of SOT(M)) and
by linearly independent local sections Bl, e Bdim(D) € I'(DM]|y). Then there is a
local section F' of S(M) such that (130, . .,63) = Ao F, and one may choose local
functions B, : U — A, such that

~

B,=[F,B))p, v=1,...,dim(D).
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6. Spinor Fields on Curved Spacetime

Now, an element S € SL(2, C) induces transformations IA)M — ZA):L and B, — B/, of these
reference frames, given by

(Bs -, ) := Ao (F-S) = (by,...,bs) - A(S) = (\(S)bo, - .., A(S)bs) ,

~
cf. comm. diagram in def. 6.2.2 and text on frame bdls. below def. 6.2.5

where X is the double covering A: SL(2,C) — £, and
B, :=[F-S,B,)=[F,D(S)B,].

In words: In each fiber, S transforms the local reference frame {13“} by the Lorentz
transformation A(S) € £ and the local reference frame {B,} by D(S). This is just
what we had in remark 4.2.6. (It is easily seen that this construction is independent
of the choice of F'.)

AX AB

Our next aim is Constructlng spinor fields 7, and ~ 7 5 on M which are fiberwise

given by o, AX AP and 7, B as known from the previous sectlons It is amazmg to see

that, after the choice of a spin structure, this can be done in a canonical way?.

AX ¢AB and VaAB on a manifold).

(a) Let F' be a local section of S(M) on an open neighbourhood U C M. By A, F
gets mapped to a local section in § O (M), which constitutes a local tetraed field
(bo, by, ba, bs) := A o F. Moreover, let {E yAES}, {EY), {E”}, {E;} and {E”}
denote the standard bases of A;O, Ay, AT AS ir Ap and A%, (cf. point 7 in

6.4.6 Definition and proposition (o,

1 0’
section 4.1 and point 6 in section 5. 3) Then F 1nduces local sections {E,} of
DGOM, {Ey} of DOYM, {E”} of DEO*M, {E?} of DO M, {E,} of DPM,
and {E”} of DP*M by setting

B, :=[F E,] By :=[F.E) oy,  Es:=[F Es]po,

D(%,O)a
E" :=[F, EV]D(%’O)*7
forall v,r =1,2, v=1,....,4.

(b) Let 0, be the coordinate representation of the spinor—tensorﬁaaAX from definition
4.2.1 with respect to the standard bases {e*}, {E,} and {E;}. Then we define
the tensor-spinor field

6% eT(TeM @ DGDM),  TiM :=T"M & C

a

locally by

6 =0 R B, ® By (A)

a

9Strictly speaking, the construction further depends upon the choice of standard basis of A 105 88
done at the beginning of chapter 3, but still we call this canonical, in the sense of “no further arbitrary
choices involved”.
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(c) Analogously, let € be the totally anti-symmetric spinor €*? from section 4.1
given in components with respect to the standard basis {£,}. Then we define the
spinor field

P e T(DEOM © DEYM)
locally by
AP = [, 0F,. (B)

(d) Finally, let fyaAB be the Dirac tensor-spinor as defined in definition 5.3.2-a. Let

7./, be its component representation with respect to {e,} and {E;}. Then we
define the tensor-spinor field

4 A e T(TeM © DPM @ DP*M)
locally by

AA =R QE;®FE", TeM:=T"M®C. (C)
(A), (B) and (C) do not depend on the choice of local section F' and thus all these
objects are well defined. We shall only write the hat on ¢,**, é*” and 4 ‘. if it
is necessary to distinguish these tensor-/spinor-fields from the corresponding objects

AX _AB A :
o, ", €77 and vy 75 on a single fiber.

Proof. Let F' and F’ be two smooth local sections of S(M) on an open neighbourhood
U C M. Then there is a smooth function 7: U — SL(2,C) such that F' = - T.
Using remark 6.4.5, the local reference frames (b, ..., b;) and (E}, ..., E}) induced by
F" according to the procedure described in (a) are then related to the (bo, ..., bs) and
(El,. . .,E4) by

(b, .., bs) = Ao (F-T) = (MT)bo, ..., A(T)bs)
(where in the right-hand expression, X is the double covering \: SL(2,C) — £]), and
E,=T-FE,=[F-T,E,)=[F,D*(T)E,].

Analogous results hold for the transformations of the other local reference frames
constructed in (a) and we shall refrain from writing them all down here.

Now, notice that in each fiber over m € U, this constitutes precisely such a collection

of basis transformations given by T'(m), as described in remark 4.2.6. According

to the same remark, coordinate representations of ¢,4% are invariant under basis

transformations of this kind. This shows that in each fiber over U,

a

6, =0 b @ B, © Ey =0, i, ® E, ® Ej.

In a completely analogous way, application of proposition 4.1.4, shows that in each
fiber over U,

AP =B, @ E, = e“”EAL@)EA;.
The case of %AE; can be reduced to the cases of &QAX and éP using the definition of
v, % (5.3.2-a). O
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6. Spinor Fields on Curved Spacetime

6.4.7 Remark (induced covariant derivative on spinor bundles).

(a)

84

Notice that as soon as there is a metric compatible covariant derivative V on T'M,
this induces a connection on the connected frame bundle SO* (M), which induces
a connection on the spin structure S(M), which induces a covariant derivative on
associated bundles, especially on all spinor bundles (cf. propositions 6.3.5, 6.3.8,
remark 6.4.2-c). We shall denote these covariant derivatives again by V.

It is easily checked that the covariant derivatives on different spinor bundles are
compatible in the following sense:

Let (only for the moment) VU denote the covariant derivative on DU M. Then
for all S € T(DUYM) and all T € T'(D7)) one finds:

VOINT®8)=ViV8SeT+ S VYT,

(The proof is just a matter of chasing definitions.)

It is important to notice that with respect to the induced covariant derivatives on
DEOM® DGOM, TEM @ D3 M and TEM © DPM @ DP*M, the fields €7,
o, and v 4, are parallel, i.e.

Ve =0, Ve0,"¥ =0, Vo, L =0.

Proof. We sketch the proof for ¢,4%; the other proofs are completely analogous.
To prove 1%(V,0,2%),, = 0 for an arbitrary m € M and z € T,,M, let
v: (—e,e) — M, v(0) = m, ¥(0) = z be a geodesic. Fix any p € (SOT(M)),,
and let §: (—¢,¢) — SO*(M) be the horizontal lift of v with 5(0) = p. More-
over, choose a curve 7: (—¢,e) — S(M) such that A(§(¢)) = F(¢). In analogy
with definition 6.4.6-a define the reference frames

E,(t) = 4(t), BJ) 40 € DFOM

Ey(t) = [3(1), B3] 0.3, € D3 M
(these are “reference frames along a curve”). According to proposition 6.4.6,
o, A% along 7 is given by

(JaAX)’y(t) = U;@W (€)rt) ® (Ep)y) @ (Ef/)“/(t) )

where the coordinates o,*” do not depend on ¢ and {e*} is the reference frame
of T*M along ~ given by 7. Thus, we have in the fiber over m:

V.0, =V, (0,)e, ® B, ® Ey + 0, (V,e,) @ B, ® E,

oM e, ® (VoE,) ® By + 0" e, @ E, @ V()
—0

A

because by construction, E,,, Eﬂ and e are parallel. O



6.4. Spin Structures and Spinor Bundles

Notice that parts (b) and (c) of this remark are of core importance for everyday life
when using 2- and 4-spinors on manifolds. Without them one could not write stuff like

A
ECDEABVa?/J BC = Va@/)BBD :

All calculations like those in sections 8.2-8.4 and many physics papers and text books
silently assume these results!
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7. Normally Hyperbolic Differential
Operators

This chapter is the last step on our road towards a mathematically full-featured frame-
work for dealing with differential equations for spinor fields on curved spacetime mani-
folds and for tackeling Buchdahl’s generalised Dirac equations in an effective and elegant
way.

For the reader who is not familiar with the formal definitions, we will start out in section
7.1 introducing the mathematical concept of differential operators on general smooth
vector bundles and the principal symbol. In section 7.2 we will define the physically
relevant class of normally hyperbolic differential operators.

Finally, in section 7.3 we will prove existence and uniqueness of advanced and retarded
Green’s operators for a certain class of first order differential operators (including the
Dirac operator on Dirac spin % fields and the Buchdahl operator on higher spin fields)
using results from [BGP]. Thereby we obtain a generalisation of a central theorem from
[Dim82].

7.1. Differential Operators on Manifolds

Let in this section M denote an n-dimensional smooth manifold with a smooth volume
density du. If not stated otherwise, all vector bundles, maps and sections are assumed
smooth. If £ is a vector bundle on M, I'(§) := I'*°(€) denotes the space of smooth
sections.

7.1.1 Definition (multi index notation). An k-multi index is an k-tuple of non-
negative integers a = (aq, ..., ax). We write |a := Zle a; (legth of ) and

o (ONT 2\
ore ~ \ ozl ok ’

7.1.2 Definition. Let m: & — M be a smooth vector bundle on M with typical
fiber E. Let U C M be an open subset on which there is a local coordinate chart
¥: U — V for an open subset V' C R", and such that there is a local trivialisation
x: 7w HU) — U x E of & Let the local coordinates induced by v be denoted by

2!, ..., 2" and the induced local coordinate vector fields by %, ey ff%.
Then by %, ey a[% we denote the differential operators on &|t, given through x by

L&|y denotes the vector bundle &, restricted to U C M.
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7. Normally Hyperbolic Differential Operators

differentiation in £, i.e. for x € U and s € I'(E]|y),

Oy _ X71<37 0

_ 8 [
Oz " Ozt

"
]R”Q“?HE

w(r)‘<

xT

where pry,: U x E — E denotes the projection onto the second component. We refer
to these operators as (local) componentwise derivative operators on & with
respect to x and {z/}.

7.1.3 Remark (on componentwise derivative operators). Why are the ;ﬂg—xu called
componentwise derivative operators?’—Let £ be of rank p and choose an isomorphism
E = RP, such that £ has typical fiber RP. With respect to the local trivialisation x
on U, every section s € I'(€|y) may then be written as

$(2)
s(x) = : , s, eCU), zeU.
s”(x)

In this notation, ;TXH is given by

) 2.5 )
—Xs(1) =
oxH ‘

agu sP(x)

This is just componentwise differentiation in the local trivialisation xy. One may also
form higher order componentwise derivatives: Let a be a p-multi index. Then one

has:

5l —gfi s'(x)

X _s(z) = :

83:0{ olel .p
8J:°‘$ (l‘)

As this is, in each component, differentiation of an R-valued function, it is easily seen

that the local componentwise derivative operators ;TXH commute.

7.1.4 Definition (differential operator on vector bundles). Let £ and F be be
smooth K-vector bundles on M with typical fibers E and F'. A linear differential
operator of order at most k£ from £ to F is a K-linear map

P:T(E) —T(F),

which has the following property: Around every point on M there is an open neigh-
bourhood U C M, with local coordinates x!,...,2" on U, and there is a local trivial-
isation x: 7 H(U) — U x E of &, such that for all s € T'(€):

(Ps)(m) =Y (Aa%s) (m) VmeU,

la| <k

where for every multi index « with |a| <k, A* € I'(Hom(&|y, Fly)).

P is said to be of order k, if for no [ < k it is a linear differential operator of oder at
most [.

88



7.1. Differential Operators on Manifolds

7.1.5 Remark (change of coordinates and trivialisations). Let £& and F be
defined as in definition 7.1.4, fix local coordinates x!,..., 2" on U C°°* M and fix a
local trivialisation x: 7 *(U) — U x E of .

(a) Let the linear differential operator P of order k be given with respect to our local
coordinates and our local trivialisation by

a|04\
P = «
> @) g
|| <K

where A% are smooth sections of Hom(&|y, Fly).

For every 0 < k < k we define a local section I'; of V*T M|y @ Hom (& |y, Fly) (cf.
footnote?) by setting in our local coordinates:

Toi= Y (52)" V..V (55)" @ A,

laf=r

As argued in remark 7.1.3, the % commute. Therefore we can locally write P

dzi
as:
& )
P Ml M XA, X ES
; axﬂl Qxhe’ ()
here we use implicit summation over pq, ..., u, and for all py, ..., 0 =1,...,n,
([ )#1#= is an element of Hom(&|y, Fly).
(b) Now, let y!,... 4™ be a second collection of local coordinates on U. Again, %
Y

denote the local coordinate vector fields and a the local differential operators
on & according to definition 7.1.2. It is easily seen that we have:

Oy  Oy” Oy
Oxr Ozt Oyr
This gives:
P = i(r )ul...uﬁ aX . aX
" Oxt Ozt

i
o

WE

(F )“1"4% 8y”1 aX .. ayl}& 8X
‘ " OxHt Jy» Oxts Qyvs
oy*t oy 0Oy Oy
drt " Qaks Oy Oyvs

The tensor I'x transformed into
the new coordinate basis

K

= |l

+ lower order derivatives

o

g

i
o

2By V we denote the symmetrised tensor product,

a1 Qg . A (1) afr(k)
(x1 V...V = Z ®.
TESE
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7. Normally Hyperbolic Differential Operators

90

By “lower order derivatives” we mean the differential operators of oder < x on £
arising from using the Leibniz product rule on an expression like

QY1 Oy Y2 Oy [ oy Ok
oxh1 Oyr1 oxh2 gyv2 Oxkr Qyvr .
The appearance of these lower order derivative terms is crucial. It shows that

transforming expression (*) into the local coordinates y', ... 4™ can not be done
by just transforming each of the tensors I', separately! This means, in general,

8yul ayl/,..€
Oxm ~~ Oxke

| k 0 ~
P 1/1 Vi . X f Fn Vl...Uk = F/{ 1l
. ZHO 8y”1 gy 1) (T)

Let’s return to our original local coordinates {z*} but let ¢: 771(U) — U x E be
a second local trivialisation of £ on U. This new local trivialisation induces new
local differential operators aa—ﬁ” given according to definition 7.1.2.

Notice that both the a—"# and the a—ﬂ constitute covariant derivatives on &|y. It

is known that two covariant derivatives differ by a linear map on the fibers, i.e.
there is a section C' € T*M|y ® End(€|y), such that

Vs € D(Elu): A2 (s) = 22 (s)

For our differential operator P this gives:

+ C,(s).

k
1---Hr ax ax
P= 2 ™ G
3
17) Oy
- ZO(FH)MMM (83:“ + Cm) o (a Jir + CMR)

=l

O . O
Oxrt Oxte

o

-+ lower order derivatives}

o

=

By “lower order derivatives” we mean the differential operators of oder < xk on £
arising from expanding

a, a,
(axm *C‘“) <6w *C“ﬂ)

% % % Y%
© Oams Qxrs - M Qpre Qpew

“lower order derivatives”

o 4Cy G

K

J/

Again, we have the appearance of crucial lower order derivative terms. This shows
that transforming expression (x) into an analog expression with respect to a new

local trivialisation ¢ can, in general, not be attained by mere substituting 51—*’; for
aaﬁ: In general,

Kk
P 7§ Z(l"ﬁ)ul---mi . i

Oxt Oxhx
=0



7.1. Differential Operators on Manifolds

(d) Notice, however, that there is one exception: If P is of order k, then there will
never arise an additional derivative term of order & (all the additional terms are
of order < k, for both coordinate transformations and transformations of the local
trivialisation). Therefore, it is clear that if

k
0, 0,
P = A L
S
is a representation of P with respect to the local coordinates y,...,4™ and the
local trivialisation ¢, we find

8yyl ayyk

INVIVE (T \V1---Vk . J] el
(L) = ™ o= L™ g - e

(for k only, not generally for k). So, ', the local section of VKT'M @ Hom(&, F)
“which handles the highest order derivative term in a local coordinate representa-
tion of P” has the special property of transforming contravariantly under change
of local coordinates and being invariant under change of local trivialisations. This
is why I'j, also has a special name: the principal symbol of P, denoted by op.
Because of it’s transformation behaviour, the principal symbol is a global section
of VKT M ®@Hom (€, F) and, with respect to every local coordinate chart x!, ... 2"
and local trivialisation y, P may be written locally as

Iy Oy
Ox#  OQukn

-
{z#} and x independent part

P = (gp)tt—tn + lower order derivatives .

TV
{z#} and x dependent part

(The highest order term (crp)*““'“"a’Z—’;1 e 8225" is often called the principal part

of P in the local coordinates z# and the local trivialisation x.)

7.1.6 Definition (principal symbol). Let P be a linear differential operator of order
k from & to F given locally by

as in definition 7.1.4. The principal symbol op of P is the section of VKT M ®
Hom(&, F) locally defined by:

op =Y (F2) V.V (55)V @ A
|a|=k

We learned in the preceding remark that this definition is independent of the choice
of local coordinates z# and local trivialisation y.

7.1.7 Lemma. Let &, & and & be smooth vector bundles on M. Let P: T'(&;) — T'(&y)
and Q: I'(&) — I'(&;) be linear differential operators. Let P be of order p and let @
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7. Normally Hyperbolic Differential Operators

be of order ¢q. Then QP: I'(§;) — I'(&;) is a linear differential operator of order at
most p + ¢ and the principal symbol

oop € VPTITM @ Hom(&, &)
of QP is given by
(UQP)almap-m — (O_Q>(a1...ap o (0_P>ap+1...ap+q)

= Z (O-Q)a‘rr(l)"'aﬂ(P) o (O-P)afr(P+l)"'aﬂ(P+¢Z) .
TESptq

Proof. That QP is a linear differential operator of order at most p 4+ ¢ is immediate.

To prove the formula for ogp we argue with respect to local coordinates !, ..., 2" on

U C M and with respect to local trivialisations x and ¢ of & and & on U. Adopting
terminology and notation from remark 7.1.5, the principal parts of P and () are given
by

Oy Oy 0 0
X ... Kipn _~P hid
agjﬂl 83;#71 and (UQ) axﬂl 83;!1% ’

Then we find (“l. 0. t.” meaning “lower order terms”):

— Vl---”n& a 1w fim 8X a
QP = ((UQ) 5o B +1.o. t) ((o—p) S +1lo.t.

8@ aeo (gp)m---un aX 8X

ozt ox?n ozt Oghn

Now, aa"# and - together induce local differential operators %‘;’ on Hom(&;, &) such

that for every local section s € I'(&;|y) and for all puq, ..., p, we find:

e ((op)rens) = 22 (gpytm) s 4 (opprn DX (s).
Using this we continue the above calculation:
aX e 8X 8X e aX
Ox¥1 Oxvn Ozt Qxhn
Using the argument from remark 7.1.5-a, this equals:
) Ox Ox Oy Oy
Ox¥t Oxvn Ozt Qxtn

(op)t

= (og)" " +1lo.t

= (og)™ " (op)Ht-tn +new l.o.t+1.o.t

= (og) 1" (op)Hr-tn +new lo.t+1lo.t.

O

7.1.8 Definition and proposition (formal adjoint of a differential operator).
Let £ and F be smooth K-vector bundles on M wich dual bundles £* and F*. Let
P:T(E) — I'(F) be a linear differential operator. Then there is a unique linear
differential operator P*: I'(F*) — I'(£*), called formal adjoint of P, such that

Vip € To(€), ) € To(F*): /M B(Pp) dyt = / (P*)(¢) du.

M
We find that (P*)* = P, and P* is of order k if P is of order k.

Proof. Cf. [BGP, p.4]. O
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7.2. Normally Hyperbolic Differential Operators

7.2. Normally Hyperbolic Differential Operators

Let (M, g) denote an n-dimensional smooth Lorentzian manifold. If not stated otherwise,
all vector bundles, maps and sections are assumed smooth.

7.2.1 Definition (local componentwise Laplace operator). Let £ be a smooth
vector bundle with typical fiber F on (M, g). Choose an open subset U C M such
that there is a local coordinate chart ¢&: U — V' C R"™ and a local trivialisation
x: T N U) = Ux Eof £ Let 2',... 2" be the local coordinate functions induced by
£.

Then the local componentwise Laplace operator with respect to £ and x on
£ is the linear differential operator A¢, : I'(€|y) — I'(€|y) given by:

92
N
Agy(s) =g 8:6“83:”8’ sel(&ly).
Notice that by remark 7.1.5, A, indeed depends on the choices of £ and x. For every
¢ and y there is such a local Laplace operator and they may differ be terms of order at
most 1.

Local componentwise Laplace operators are the very prototypes of a bigger and physi-
cally important class of second order linear differential operators—normally hyperbolic
differential operators. From the mathematical perspective, they have a particularly ac-
cessible solution theory. All second order operators appearing in this thesis will be of
normally hyperbolic type from this point on.

7.2.2 Definition (normally hyperbolic differential operator). A second order
linear differential operator P acting on sections of a smooth real or complex vector
bundle £ over a Lorentzian manifold (M, g) is called normally hyperbolic, if its
principal symbol is given by the metric:

Vo e Mv@aw € F<T;M) aP(@vw) :g<9071/}) Idg .

Equivalently, P is normally hyperbolic if, for every m € M, after choosing arbitrary
local coordinates z',...,z" and a local trivialisation y of £ around m, we have for
every s € I'(€):

n 82 n
(Ps)m) = 3 g (m) - s(m) + 3 Bulm) 2 s(m) + Clm)sim)

where g are the inverse metric components and B,,, C' are smooth local sections of
End(€) around m.

7.2.3 Remark (sign convention). Notice that in [BGP, section 1.5] they use the
opposite sign convention op(-,+) = —g(-, ) Ide. But they also use the opposite metric
signatur (— 4 ++), such that the definitions are equivalent.

7.2.4 Proposition. The formal adjoint of a normally hyperbolic differential operator
is normally hyperbolic.
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7.2.5 Lemma. Let £ be a smooth vector bundle on (M, g), let U C M be an open
neighbourhood with a local coordinate chart ¢: U — V' C R"™ and a local trivialisation
x: ™ HU) - UxFEofEonU. Let ', ..., 2" be the local coordinate functions induced
by € and let x* be the local trivialisation of £* dual to x.3

Then the formal adjoint of A¢,: I'(E|y) — I'(E|y) is given by Ag .

Proof. Pick arbitrary ¢ € I'o(£*|) and ¢ € I'y(€]y). Choose a basis ey, ..., e, of E and
let e', ..., e* be the dual basis of £*. By means of y and x* these bases induce tetraed
fields on &|y and £*|y with respect to which ¢ and 1 can be written in components
¢ = ¢" and 9 = 1, such that ¥(¢) = ,¢". Now we calculate:

2

/U U(Aexp) dp = /U w(g“” mfgxyw) dpu

k k
o2 A A
— Nz 7 — A 7
/ngl Vi g g du ;ZI/UM e(@") du

As all of the scalar functions ¢’ and 1); have compact support with supp(¢*) C U and
supp(¢;) C U, we may use Green’s second formula to obtain:

:i /U Ae() @' dp = /U (g“”aj—%xyw) (p) dp = /U (Ago-10) () dpa

As on general grounds, for z € M and ¢ € I'(E*|y), Af | (¥)(x) depends only locally
on ¢, this shows that A7 = Ag . O

Proof of proposition 7.2.4. Let £ be a smooth vector bundle with typical fiber F on
a Lorentzian manifold (M, g). Let P: I'(£) — I'(€) be a normally hyperbolic linear
differential operator and let P* be its formal adjoint.

We have to show that for every point m € M there is an open neighbourhood m €
U C M with local coordinates z** on U and a local trivialisation x* of £, such that
for every ¢ € I'(£*) we have

2

0.
(P)(m) = (9 5y + oo ) ()(m). (+)

where “l. 0.d.” means lower order derivative terms.

Pick m € M. Then there is an open neighbourhood m € U C M with a local
coordinate chart £: U — R™ and a local trivialisation y: 77 (U) — U x E of £ on U.
Let o',..., 2" be the local coordinate functions induced by & and let x* be the local
trivialisation of £* dual to ¥.

Pick an arbitrary ¢ € I'y(£*|¢7) and also an arbitrary ¢ € I'y(€|y). There are sections
B C e I'(End(€|y)), such that

2

o B
(Po)(x) = gWaTng‘p(x) +B“a—;¢(x) +C(p)(x), VzeU,

—Aer(9) =Ry (¢)

4

3The local trivialisation of £* dual to y is the unique local trivialisation x*: 7=1(U) — U x E* such
that Vi € D(E]v) Vi € T(E]r): d(p) = (pry o X*(¥)) (pry 0 X())-
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7.2. Normally Hyperbolic Differential Operators

where A, is the componentwise Laplace operator on I'(€]y) with respect to x and
&. This implies:

/U B(Py) dj = / B(Dex() + Ry(9)) dp = / (AL ) (¢) du+ / (R2) () dyt.

Thus, we must have P*(¢) = (A7, + R;)(¢). R} is the formal adjoint of a linear
differential operator of order at most 1 and thus is itself of order at most 1 by definition
and proposition 7.1.8. Using lemma 7.2.5 we therefore find:

2
ax*

= gﬂym(iﬁ)(m) +Lo.d. (¢)(m).

Pr(p)(m) = Ag(¥)(m) + Ry () (m)
Again, on general grounds, (P*1)(m) depends on v only locally for ¢ € I'(£*). Thus,
we proved equation (). O

7.2.6 Proposition. Let P and () be first order linear differential operators on sections
of a smooth vector bundle £ on a Lorentzian manifold M such that PQ) is normally
hyperbolic. Then QP is normally hyperbolic, too.

Proof. We have to show that
(0gr)™ = g™ ®1ds (+)

where ogp denotes the principal symbol of QP.

Let n = dim(M) and let k& be the rank of the vector bundle £. Fix some arbitrary
point m € M and an open neighbourhood m € U C M on which there are normal
coordinates z!,... 2™ at m and a local tetraed field (ey,...,e;) of £ Notice that
g™ (m) is diagonal as the coordinates are normal at m. We will now that (+) is valid
at our point m. As m was arbitrary, this procedure can be repeated for every m € M.

Represent the principal symbols of P, (), PQ and QP locally as components with
respect to the local coordinates {z*} and the local tetraed field (e,) on U. Using
lemma 7.1.7, we have to show that

[(0Q)" - (0p)" + (0Q)” - (op)!] (M) = g™ (m) T, (++)

N —

Vi, v (o)™ (m) =

while we assume that P() is normally hyperbolic, i. e.

[(p)" - (0Q)" + (op)" - (9¢)"] (m) = " (m) 1. (%)

N | —

Vu,v: (opg)™(m) =

Notice that these are equations of k£ x k-matrices and - denotes matrix multiplication.
By construction, g"”(m) is diagonal; therefore equation () for u = v specialises to

Yz (op)"(m) - (0q)"(m) = g"(m) T,

which shows that (op)*(m) and (og)*(m) are (up to the factor g"*(m)) inverses of
each other. Especially, they are elements of GL(k), and as left-inverses in groups are
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also right-inverses and right-inverses are also left-inverses and all inverses are unique,
we can deduce:

Vi: (0@)!(m) - (ap)*(m) = g™ (m) 1. (%)
For u # v, (x) specialises to:

(op)H(m) - (9¢)"(m) + (op)"(m) - (00)"(m) = 0.
Multiplying by

[(op)" (m)] ™ = [g""(m)] ™ (0g)"(m)
from the left and by

(o) (m)] ™" = [¢""(m)] " (ap)"(m)

from the right, one obtains for u # v:

(00)"(m) - (op)"(m) + (0¢)"(m) - (op)"(m) = 0. (5 %)
Finally, combining (%) and (%) yields (+4). As the choice of m was arbitrary this
implies (+). O

7.3. Existence of Green’s Operators

In this section we will prove existence and uniqueness of advanced and retarded Green’s
operators for a certain (quite big) class of first order linear differential operators including
the Dirac operator on Dirac spinor fields and Buchdahl’s operator on higher spin fields.
In section 8.4 this result will play an important role for solving Cauchy’s problem for
Buchdahl’s equations.

Following the terminology from [BGP, p.72], we first define:

7.3.1 Definition (advanced and retarded Green’s operators). Let (M,g) be a
time-ordiented connected Lorentzian manifold. Let P be a differential operator acting
on sections of a smooth vector bundle £ over M. Linear maps G1: I'((£) — I'(€) are
called advanced (+) resp. retarded (—) Green’s operators for P, if

(i) P oGy =idrye),
(ii) G4 o P =idpye),
(iii) Vo € Io(E): supp(GLy) C JY (supp(yp)).

In Dimock’s paper on Dirac quantum fields on a manifold [Dim82], it is one of the
central steps showing that unique advanced and retarded Green’s operators (in Dimock’s
terminology: fundamental solutions) always exist for the Dirac operator acting on Dirac
spinor fields on a globally hyperbolic space-time manifold (cf. [Dim82, theorem 2.1]).

The goal of this section is generalising Dimock’s result to a wider class of first order
differential operators utilising results on normally hyperbolic second order differential
operators from [BGP]. These generalised results can then be applied to Buchdahl’s
equations to immediately yield advanced and retarded Green’s operators for our concrete
system of field equations, which contain the Dirac equation as a special case.

The central result of this section is:
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7.3. Existence of Green’s Operators

7.3.2 Theorem. Let P and @ be first order linear differential operators on sections of
a smooth vector bundle £ on a time-oriented, globally hyperbolic Lorentzian manifold
(M, g), such that PQ is normally hyperbolic. Then there exist unique advanced and
retarded Green’s operators Si: I'o(€) — I'(€) for P. Moreover, Si are independent
of the choice of Q.

Proof. We set L := PQ and L' := P*Q*. L is normally hyperbolic by assumption,
normal hyperbolicity of L’ follows by L' = P*Q* = (QP)* from propositions 7.2.6
and 7.2.4. This enables us to apply [BGP, corollary 3.4.3], which says that there
exist unique advanced and retarded Green’s operators G.: I'g(€) — I'(€) for L and
G To(E*) = T(&E*) for L.

Define Sy := QG+ and S, := Q*G’.. We will show that S. are advanced/retarded
Green’s operators for P be checking conditions (i)—(iii) from definition 7.3.1. As a
byproduct we will find that S/, are advanced/retarded Green’s operators for P*:

(i) It is immediate that PSy = LGy = idpye) and P*S, = L'G’y = idp,(e).

(iii) As G+ are Green’s operators, supp(Gy) C J (supp @) for all ¢ € Ty(E).
Moreover, @ being a differential operator implies supp(QG+1p) C supp(G+y)
on general grounds. Thus, S; = QG4 fulfill the support criterion from defini-
tion 7.3.1. The argument for S’, is the same.

(ii) To show Sy P|ry(e) = idr,(e) and S P*|pye+) = idp,(e+), consider for ¢ € I'g(E*)
and f € Ty(&):*

(SL, f) = (S, PSaf) 2 (P*SLap, Suf) = (1, Sif). (+)

The equality (2) may be performed because supp(S;1) Nsupp(Sz f) is a subset
of a compact set, which is a consequence of global hyperbolicity: supp(Stf) C
Jx(supp(f)) and supp(S’.f) € Ji(supp(v)), as we learned from (iii) above.
As f and v are compactly supported, we can apply lemma 6.1.14-a to deduce
that Jo(supp(f)) N Jx(supp(¢)) is compact.
We found that S. = (SL)*. From P*SL = idp,e-) we get, by forming the
adjoint, idpyg) = (S%)*P = S+ P. In a totally analogous way one can deduce
idpo(g*) = S/iP* (PS;F = idpo(g) = idpo(g*) = S;P* = (SI)*P* = SIiP*)
Summing up, we have so far proved that Sy are advanced/retarded Green’s operators
for P. It remains to show uniqueness:

Let T # S be a second pair of advanced and retarded Green’s operators for P. This
implies that PTy = idp ) and therefore we find for every ¢ € I'o(E*) and f € I'y(€):

(W, Sufy DSt ) = (SL, PTuf) L (PSLy, Tuf) = (4, TLf),

where step (3) was performed by an analogous argument to step (2) in (ii) above. As
v and f were arbitrary, this shows T = Si. As the choice of Ty did not depend on
@, this argument also shows that the construction of S. does not depend on ). [

“We now set (¥, f) := [, ¥(f)dp.
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7. Normally Hyperbolic Differential Operators

7.3.3 Remark. Notice that indeed, [Dim82, theorem 2.1] is the special case of our
theorem 7.3.2 for P = —i¥ 4+ m, Q = i¥Y + m: Let ¢ be a Dirac spinor field.

(=Y +m)(i¥ + m)p = (—iy™ 5 Vo + m)(ir"? 5V + m) ©
=1 VeV ” +m
1 i op .
= 5757 VeV e©
a A 1 A G/~ -

+ (" 1d%, —§7bA37 BVaVy o +m? o
i ~ ; ~
Bl 5/.}/OLAB,YbBC’VOLVb SOC 4 nab IdAé vavb SOC

1. .
_ §7bA37chVbVa ¢ +lot +mip

= 142 V,V, ¥ + Lo.t.

where the “lower order terms” in the equality * arise due to the non-commutativity
of the covariant derivative on curved space-times. Hence, we see that PQ = (—i¥ +
m)(i¥ +m) is normally hyperbolic. Thus, the situation of [Dim82, theorem 2.1] fullfills
the premises of our theorem 7.3.2.
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Buchdahl’s Generalised Dirac
Equations
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8. Solving Buchdahl’s Generalised
Dirac Equations

At last, all preparations are done to tackle Buchdahl’s [Buc82a] generalised Dirac equa-
tions for particles of higher spin. After giving a quick historical review of the development
of higher spin wave equations and stating Buchdahl’s equations as differential operators
on suitable spinor bundles in section 8.1, and after proving a couple of technical lemmas
in section 8.2, we will show existence of unique advanced and retarded Green’s opera-
tors for Buchdahl’s equations in section 8.3, basically just applying our central theorem
7.3.2 to the concrete situation. Finally, in section 8.4 we will solve the global Cauchy
problem for Buchdahl’s equations and thereby obtain an improved version of the results
on existence of local solutions by [Wiin85].

8.1. Statement of Buchdahl’s Generalised Dirac
Equations

In this section we will fix notation for dealing with Buchdahl’s generalised Dirac equa-

tions. We start out fixing the physical setting for the rest of this thesis:

8.1.1 Premises (physical setting). Let (M, g) be a time-oriented and space-oriented,
4-dimensional, globally hyperbolic, Lorentzian manifold of signature (+ — ——). (This
implies that (M, g) is oriented and connected, satisfies the strong causality condition
and has a spin structure). Let both space and time orientations be chosen.

Let, moreover, F.(M) denote the connected frame bundle on (M, g), which equals
SO* (M) and has structure group SO*(1,3) = £ Let A: S(M) — F.(M) denote a
spin structure on (M, g) (then S(M) is an SL(2, C)-principal bundle).

The spinor bundles DY) M and DPM are declared as in definition 6.4.3; aaAX , 7aAB

and €!? as in definition 6.4.6. V denotes the Levi-Civita covariant derivative on T'M
and the induced covariant derivatives on all spinor bundles. For all this keep in mind
remark 6.4.7-b and -c.

AX a~ AX

Finally, notice that we shall often be using the abbreviating notations 2+ := 2%,
forz € I(T'M) and V , := 0*, . V,. Keep in mind remark 4.2.4.

8.1.2 Definition (bundles of Buchdahl spinors). We assume premises 8.1.1
(i) For s € N, define the (auxiliary) SL(2, C)-representations
s 1 s-1
D+7 = D(270) ® D( 2 70) on A+,S = A( ,0) ® A(%,O)
D? = D(%’O) on A, := A(% 0)

D :=DC* @D 0 on A=A

=

) ® A(s—l 0) 3

*
(07 2

N
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8. Solving Buchdahl’s Generalised Dirac Equations

and the associated spinor bundles

DTSM = 8(M) X pes A,
D*M = S(M) X ps A,
DM = 8(M) xp-s A_ .

Sections of these bundles may be written using 2-spinor index notation. E. g.
¢AA1...AS_1 —_ ¢A(A1...As_1) c F(DJDSM)

,QZ)XAL--ASA _ w}éz‘h---Asﬂ) c P(D—,SM) .

(ii) For s € N we call the SL(2, C)-representation
D =D*®D* on AP =A,0A_,
the Buchdahl spinor representation of spin J. The associated bundle

DEM =DM @ DM

S

is called the Buchdahl spinor bundle for spin 3.
Notice that

Ap @A = (A1 DA 1) @A ZALBA DA DA,

and thus, AP C Ap ® A, ;. This is why we will write sections of DZM using a
hybride Dirac-/2-spinor notation, e.g.:

\I,AAl...As_l _

This may be broken down to the 2-spinor level like:

_ {AALLA (wl)AAl'"AS’I ) o (1/11)A(A1---A571)
e a ( (¢2)XA1“.A5_1 o (wz)X(Al...AS,I) .

As a generalisation of his spin % equations, Dirac [Dir36] proposed the following system
of first order linear differential equations for particles of higher spin:
A
0 XOwAAl---Ale---XZ + HP A Ao X = 0 (D)
0P armii s, — V¥t %1%, = 0,

E+1 (E 121)

for ¢ € I'(D2 ’%)M) and ¢ € T'(D'22 ) M), where (M, g) = (R*,n) is flat Minkowski

spacetime and p,v € C are constants. Fierz and Pauli [FP39] investigated the minimal

coupling of these equations to an electromagnetic field but found the minimally coupled
k-l

system to be inconsistent for spin == > 1, where “inconsistent” means that only under

(unacceptably) strong assumptions the system of differential equations is integrable.

The minimal coupling to a gravitational field modelled by a curved general-relativistic
spactime manifold (M, g) is achieved by substituting the Levi-Civita covariant derivative
for partial derivatives:

" _
{v XOwAAl...AkX1~~~Xl THPa AKX T y (PF)

X . . . e
V AQSOAl...AkXXl...Xl VQ/)A()...A;CXL..XL - 0 :
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8.1. Statement of Buchdahl’s Generalised Dirac Equations

This system was studied by Buchdahl [Buc62] and again found to be inconsistent for
spin k+ 1 > 1; for £ > 2 and [ = 0 it is consistent only if (M, g) is conformally flat. As
the next important step of the development, Buchdahl [Buc82a] suggested the following
modified equations to describe a particle of spin 3:

xatth pog =0 (B)
VAX X Asi1 (37132372) €A(A1\II‘PQDlAQSOPQDASWAS_I) i ywAAl,,,As,l =0,
for (1, )" € T(DE M) (cf. footnote!). Here, ¥ pcp is the Weyl spinor, [Wal84, pp. 370],
and u,v € C are constants®>. Notice that (B’) and (PF) are equivalent for [ = 0 and
k= 0,1 or \IJABCD = 0.

The striking feature of (B’) is that it is consistent for all s € N, if © # 0 (v may still
be € C). Massiveness of the field (1 # 0) is an essential premise to this, which is why
in this thesis, we will be considering the massive case only. (For an overview of the
development of the massless case, cf. [IS99, section 7].)

At first sight, the extra term in (B’) seems to be added “by hand”. Buchdahl [Buc82a]
himself considered this a violation of the principle of minimal coupling and there-
fore proposed its abandonment. However—and this is the next step of the historical
development—Wiinsch [Wiin85] found that (B’) can equivalently and much simpler be
written as

Ve - At .
V(A\X(p [A1As—1) ppAdL-As = ) (BW)
X

The symmetrisation just takes care that “we stay in the same irreducible SL(2, C)-
representation”: If (¢, )" € T'(DPM), which implies that p € T'(D™*M) (thus, ¢
is a section of a spinor bundle for an irreducible SL(2,C)- representation hence it is

symmetric in its undotted indices), then why in general would vAX A % A1 Sl be

symmetnc in its undotted indices? So, it seems rather obvious that VAX X At

vapAdt-Asst = () will rarely be fulfilled for (1, 0)'" € T(DFM). But after adding the
symmetrisation, which means: after projecting VAX%?I“'AS‘I back onto I'(D~*M), this
seems much more likely.

After this brief historical review we shall define some auxiliary differential operators
which will allow to state equations (B’) and (BW’) more elegantly.

8.1.3 Definition (auxiliary differential operators). Assume premises 8.1.1. For
s € N, we define the following differential operatos:

(i) M,: D(D+*M) — T(D~*M),

A1 Ag 1 Aey
(Msw)x = VXATPAA Aot

IBuchdahl and Wiinsch usually denoted all indices of v and ¢ as subscript indices, thus they actually
considered co-spinor fields (1, @), ¥ € T(DG9*M), ¢ € T(D©2)*M @ DZ-9* ). However, in this
thesis we shall adopt the hybride Dirac- and 2-spinor framework as outlined in definition 8.1.2 because
it seems to offer more conceptual insight. Therefore, we translated most of the equations quoted from
papers by Buchdahl and Wiinsch into our notation. E.g. the —pu (instead of +p) arising in the first
equation of (B’) is one consequence of this.

2Wiinsch [Wiin85] uses y = v = Uver

with ¢ the speed of light, mg the rest mass.
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8. Solving Buchdahl’s Generalised Dirac Equations

(ii) N,: T(D~*M) — T(D+*M),

AA1 Ay AKX AlAe
(Ns’l/b> ! ! T V ,l/bX 9

\
(iii) No: T(D~"M) — T(D*M),
(]\\/]S,QZ))AAL..ASA = (NS’QZ))(AAI"'AS*Q
() Pt T(DW*M) — T(D 1),

—1)(s—2
(Psg[J)AAl...As_l — (s )8(5 )eA(Al\I,|PQD\AQSOPQDA3...AS_1)

Here, WU is the Weyl spinor, cf. [Wal84, pp.370]. Notice that P, = 0 and P, = 0.

8.1.4 Definition (Buchdahl’s equations). We assume premises 8.1.1.

S

(a) For s € N, Buchdahl’s generalised Dirac equation for spin

of differential equations

M) —pp =0
Ny — P —vp =0,

is the system

(B)

where (1, )" € T(DJM), p,v € C, u # 0.
Defining Buchdahl’s operator B,: I'(DZM) — I'(DEM),

1
b (VAR N
M, —u )’

we can write (B) for ¥ € T'(DEZM) simply as
By(¥) =0.

(b) For s € N, Buchdahl’s generalised Dirac equations for spin j in the form
as given by Wiinsch [Wiin85] is the system of differential equations

M —pp =0 BW)
NsSO—WP:Oa

where (¢, )" € T(DJM), pi,v € C, p# 0.
Define the operators BY : T(DEM) — T'(DP M),

Vv
BW — ( —V NS )
My —p

which we call Buchdahl’s operators in the form as given by Wiinsch. Using
them we can write (BW) for ¥ € I'(DZ M) simply as

BY(¥) =0.
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8.2. Lemmas for Buchdahl’s Equations in 2-Spinor
Notation

This section is, in essence, devoted to showing the equivalence of equations (B), i.e.
Buchdahl’s equations, and (BW), i.e. Buchdahl’s equations as given by Wiinsch (cf.
corollary 8.2.5). This is a technical result needed in the sequel, and we shall give a far
more detailed version of the proof presented in [Wiin85], using the theoretic framework
developed so far.

For the whole section we assume premises 8.1.1. The central result of this section is:

8.2.1 Proposition. Assume Buchdahl’s equations as given by Wiinsch, (BW), hold
for (¢, )" € T(DEM), s € N. Then we find:

v 1
Ngp=Ngp——F; 0.
1

8.2.2 Remark. Notice that this result is trivial for s = 1 but indeed surprising for
s = 2: Remember that P, = 0. Thus, the assertion is: Whenever (1, )" solves (B)
or (BW) for s = 2, Nyp = VA )?1 is already symmetric. Notice that this is not a

priori the case for a general ¢ € (D22 M).

We first prove an auxiliary lemma:
8.2.3 Lemma.

v s—1 -
AAy L Agiy AAy L Agir A(Aio|UV |A2...As—1)
(Nsp) ™™ b= (Nop)™™ ' S Y.

forall p € I'(D™*M) and s > 1.

Proof. The assertion is equivalent to [Wiin85, eq. 21], but which is left unproven in the
reference. So we shall prove the equation from scratch here.

Notice that for s = 1 the assertion is trivial. We assume s > 2 henceforth. Starting
with the right hand side of the assertion, we find:

V(AXCIOXAL“AS_I) _ §— 1€A(A1V‘UV¢VJA2---AS—1)
S
1

1 y A A B . AAﬂ_ ...Aﬂ' N
- W Z [g (VAXQOX Tl 4 VA”(I)X()OX @) (=D 4

A X A7r(2)"'A7r(s—1)A S — 1 AA Uv A7\'(2)"'A7\'(S—1)
(1) . - w(1) .
+V “y ) s ¢ Vi ey }

WEszl

We notice that ¢ XAI'”AS’l is symmetric in the indices A; ... A,_; and that in conse-
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8. Solving Buchdahl’s Generalised Dirac Equations

A571

¢ A . - .
quence, VA% % ! is also symmetric in Ay ... A, 1. Hence, we continue:

(3 - 1)! AX - Al AgC 1 Ay X Ar@)Ar(s—nA
TESs—1

- (S — 1)€AA7"(1) VUVSOVUA”(Q)"'AW(S—U}

1 y s—1 ¢ AA A
A A1l As 1 Aﬂ. 7(2) - (s—1)
= gv X + 7 E [v QRIS

TESs—1

AATF X UAW(Q)"'AW(S—l)
+ OV o, }
As a trivial consequence of remark 4.1.6-(iii) we obtain:

]' : A A S - 1 g ATr "'Aﬂ' S§—
:gVAX‘Px Y - Z VAX Arwfnoon

TESs_1

_ lVAX(p 'Al---As—l + S — 1VAX(,0 . (A1.. A1)

s X s X

_ wAX, . AlLA,

We just quote here:
8.2.4 Lemma (spinorial Ricci identities). For ¢ € F((D(%’O)M)@’s) and s € N:

s

VX(AVB)chl...CS = Z (Y apclvcy..p..co — 2Mecy e B)...c.)
=1

VA(XVY)chl...CS = Z (I)XYC?SOCL..D...CS )
i=1

where here, ¥ apcp = Y(apcp) (Weyl spinor), @ xy.cp = @y cp) and A are certain
spinors derived from the spinor equivalent of the Riemann tensor as demonstrated in

[Wal84, pp. 370].

Proof. For a comprehensive treatment cf. [Wal84, pp. 370]. The first formula is derived
there explicitly; for the second formula apply the described procedure for the derivation
of (13.2.28) to (13.2.13) instead of (13.2.11). O

Proof of proposition 8§.2.1. Notice that for s = 1 the assertion is trivial. Thus, we set
s > 2. Let (¢, )" € T(DEM). We have to show:

(N, SO)AAL..ASfl = (N, SO)A,axl...As,1 o (s — 1}1(85 —2) GA(Al\I/|EFG|A2wEFGA3---Asfl) .
By assumption, equations (BW) hold. This yields:

1
@Z_Msw
L
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Substituting this into 8.2.3 yields:

\ s—1 ' Ao Ay
(Ns (p)AAl...Asf1 — (Ns (p)AAl...Asf1 _ F €A(A1\VUV<MS w>VU\ 5 1)
-1 .
= (N, Qp)AAl...As_l + 5? GA(Al\VUVVVBwBU|A2...AS_1)
_ (Ns (p)AAl...As_l N 3[:_81 EA(AI‘VUVVVBwBU|A2-..As—1)'

Now we notice that v is symmetric in all indices®. Hence, we can just add the following
symmetrisation:

s—1
LS
We now apply the spinorial Ricci identities (lemma 8.2.4) on the last part:

— (Ns QP)AAL..A571 _ GA(AIIV(U‘\'/VV‘B)@Z)BU‘AQ"'AS*I) . (*)

AA V(U|VVV ‘B)wBU|A2...AS,1)

_ _A(A4| _BC _UD _|As|B2 |As—1)Bs—1 Rva4
— ¢ eV e Ve RN s V(UWV ‘B)@DCDBQ...BS,l

_ (AW BCUD |A2|By | | JAs-1)Bso
P
Ny YrpBy. By — 2MecW VB DB,...B, ()
P
+Yypp YePB,..B.y — 2Mepw¥c|B)B,...Bs -y
s—1
P
+ (\IIUBBi YCDBy..P..Buy — 2A€Bi(U|1/JCDB2...\B)...BS,1) } .
i=2

~
this term is non-existent if s = 2

Let’s look at the summands separately. Using the symmetries of ¥ and v, we get:

BC P _
€ Vype YPpBy..B, 1 =0

BC UD BC _UD
€ e 2Necw VB pBy..By, = € € " (AecuVBDB,...B.1 + NecBVUDB,..B, 1)

BD
= —Ae”"YppB,..B, 1)
=0
UD P
\IIUBD wCPBQ---Bs—l =0
(BCUD

€

2/\€D(U|1/JC|B)BQ...BS,1 = EBCEUD(AEDU?/JCBBg...BS,1 + AGDBQ/JCUBQ...BS,l)

uc
= —¢€ AE/:)B@/)OUBQ...BS,1
=0

s—1
A BOLUD el A By E Uy pp YCDBy...P...Bus

=2

s—1
AN Ail ) BU|As...|P|...As—1)
= —¢€ E :\IIUB pY °

i=2

s—1
_ A(Ar § : Ay BUP|As...A;.. As_1)
= —€ ( \IIUB le‘ ‘ 1 s

=2

3This step wouldn’t work if ¢ was in T'(D*™*M) but not in I'(D*M).
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_ _eA(Al (S _ 2)\I,UBA2P¢|BUP|A3...AS_1)
— (3 _ 2)€A(A1 \I]‘UBP‘AQwBUPASWAS_l)

(BC UD
2Aep, (U|?/JCDB2 1B).By
(BCUD
(Aeg,ucpB,. B B, + Neg,BYcDB,. U B, 1)

=0

Hence, we can rewrite (%) as

eA(Al\V(UWVV‘B)wBU\Ag...AS_l) _ (s . Q)EA(AI\I,|UBP|A2wBUPA3...As_1)

Y

and finally get, by resubstitution into (x):
v —2)(s—1
(NS 90>AA1...A5_1 — (NS 90>AA1...A5_1 . (8 ZL(SS )GA(Al \I[|UBP|A2,I/}BUPA3...AS,1) )
]

8.2.5 Corollary (equivalence of (B) and (BW)). Using proposition 8.2.1, Buch-
dahl’s equations (B) and Buchdahl’s equations as given by Wiinsch (BW) are equiva-
lent.

8.3. Normal Hyperbolicity and Existence of Green’s
Operators

Now we will show existence and uniqueness of advanced and retarded Green’s operators
for Buchdahl’s operator B using our preparations from section 7.3. Notably, we want
to apply theorem 7.3.2, and in order to fullfill its premises, for every s € N we need to
find a second first order linear differential operator B, on T'(DZ M), such that B,B. is
normally hyperbolic.

8.3.1 Lemma. Setting

B/ :2 —I/—i-ips Ns
s Ms — I

on ['(DBM), s € N, B,B’ is normally hyperbolic.

Proof. We calculate:

1P N, —v+1iP, N
r_ pnts s
B ( M, ) ’ ( M —p )
_ ( v? %Pz + N,My  —(v+ p)Ns — %PSNS
v+ )

)M +MMP M N, + i
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This is a linear differential operator of order 2. In order to prove normal hyperbolicity,
we have to show that its second order term (i.e. its principal part) is of metric type
(cf. definition 7.2.2). We may decompose B;B. into

, 2N M 0
= <
BB, < 0 OM.N, ) + terms of order < 1.

Therefore it suffices proving normal hyperbolicity of 2N M,: T'(Dt*M) — T'(D™°M)
and 2M,N,: ['(D™*M) — T'(D~*M). For this purpose, pick ¢ € I'(DG? M) and
calculate:

(QNSMSw)AAl...AS,l —9 VAXVXBwBAl...AS,l
— 9AD, Bcv Vg C A
_ 9AD, BCV[ VX|B]7vD Ast | 9 AD BCV( VX|B e Ar A
il _EADeBC VEXVXE c As—1 + 26AD€BCV VX|B 1/} Ay A

kk
= V“VG@/)AAL“ s=1 4 terms of order zero

where for % we used 4.1.6-iii and for *x we used the spinorial Ricci identities (lemma
8.2.4). Hence, the principal part of 2N,M, is g*°V,V,, which shows that 2N, M, is
normally hyperbolic. Next, pick ¢ € I'(D™*M) and calculate completely analogously:

(2MNyp) {47 = 2V g VY o e
— 2€YZV . vB_ .Al---Asfl
_ ZEYZV XleBZ]SOYAI As_1 + 2 6YZv()(‘BvB Al Asq
_ EYZEXZVWBVBW As1 + ZEYZV X|BVB A1 As—

— VavagoX 1---As—1 + terms of order zero

Y

Hence, the principal part of 2M N, is ¢**V,V, which shows that 20/, N, is normally
hyperbolic. O

8.3.2 Corollary (advanced and retarded Green’s operators for B;). Apply-
ing theorem 7.3.2 for P = B, and ) = B! shows that there are unique advanced
and retarded Green’s operators G.: ['o(DEM) — T'(DBM) for By, s € N, and this
construction does not depend on the choice of B..

8.4. The Cauchy Problem

8.4.1 Premises. We assume premises 8.1.1. and in addition, let > C M be a smooth
spacelike Cauchy hypersurface with future-directed unit normal vector field n.

In this section we will consider the Cauchy problem for Buchdahl’s operator,
B®=0, ®el(DEM)
(I)|2 = (I)O
109



8. Solving Buchdahl’s Generalised Dirac Equations

for given ®y € T'y(D2EY), s € N. In the case s > 2 it turns out (theorem 8.4.6) that this is
well posed only if the Cauchy datum @, satisfies certain constraints. We will achieve an
improved version of results by Wiinsch [Wiin85], who proved existence and uniqueness
of local solutions for this Cauchy problem (local means: only on a neighbourhood of ¥2).

This section’s general idea is to facilitate the theory developed in [BGP], notably theorem
3.2.11, which we shall cite here in a slightly modified version:

8.4.2 Theorem (Bér, Ginoux, Pfiffle 2007). Let (M, g) be a time-oriented, globally
hyperbolic Lorentzian manifold and let > be a smooth spacelike Cauchy hypersurface
with future-directed unit normal vector field n. Let K be a normally hyperbolic
differential operator acting on sections of a smooth vector bundle £ on M. Then the
Cauchy problem

K®=0
D5 = B,
(Va®)ls = ¥o,

has a unique solution for all &y, ¥y € I'y(€]x) and we have
supp(®) € JM (supp(®o) U supp(¥y)) .

The first part of our argument still works for two general first order linear differential
operators P and () on sections of a vector bundle £ such that P(Q) is normally hyperbolic.
Of course, later we will set P = B and @ = B (cf. lemma 8.3.1).

8.4.3 Definition (various Cauchy problems). Let (M, g) be a time-oriented, glob-
ally hyperbolic Lorentzian manifold and let > be a smooth spacelike Cauchy hyper-
surface with future-directed unit normal vector field n. Let P and @ be first order
differential operators on sections of a smooth vector bundle & on M, such that P() is
normally hyperbolic. Set L := PQ and L' := QP.

We define the following Cauchy problems:

P {;{; Z (()D,O D cT(E)

for given @y € I'y(E]x).
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Lo =0, ®eTl(&)
(L) § Pls = o

(Va@)|s = ¥y
for given @, Uy € ['1(E]yx).

Lo =0, ®ecl(E)
(L) Py = dg

(QP)]x =0
for given @y € T'y(E|x).

L'd=0, del(€)
(L) { ®ls =P

(Va@)|s = ¥y
for given @, Uy € I'h(E]x).

Ld=0, ®ecl()
(L) 4 ®ls =P

(PP)|s =0
for given @y € I'o(€]x).



8.4. The Cauchy Problem

8.4.4 Lemma. In the context of the preceding definition, the following diagram holds:

Here, a solid arrow means: If the Cauchy problem at the tail has solution ® with
O|y, = P, for a given function @, € I'h(€]x) as (part of the) Cauchy data, then ®
is also a solution of the Cauchy problem at the tip. In the case where the Cauchy
problem at the tip is (L’), the missing Cauchy datum ¥, can be uniquely constructed
from ® and ®.

The dashed arrow is only valid if the Cauchy data &, and ¥, fulfill certain constraints
(if s > 2), which depend on the differential operator P. This will be treated in
proposition 8.4.5.

Proof. First notice that normal hyperbolicity of PQ) implies normal hyperbolicity of ) P
by proposition 7.2.6.

(L) — (L'): the task is to construct a ¥, € ['y(£|y) such that ® is a solution of (L)
for the Cauchy data &y and Wy. It is immediate that Vo := (V,®)|s. That this ¥,
has compact support follows from the last statement of theorem 8.4.2. Analogously,
(L) — (L) holds; this is not part of the diagram but will be needed in one of next
parts of the proof.

(P) — (L'): this is immediate, as P® = 0 implies (P®)|y, = 0.
(L) — (P): we are given &y € Ty(E|x) and ® € I'(E) such that

L'd=QPd=0, (PP)s=0 &|x=32,.
This implies:
PL'® = L(P®) =0, Q(P®?)|s=0, (PdP)g=0,

which means that P® is a solution of the Cauchy problem L for initial datum = 0.

Using theorem 8.4.2; solutions of (L) are unique. Combining this with (L) — (L),

uniqueness of solutions of (L) is immediate. Using a standard argument, this implies

that solutions of (L) with initial datum = 0 must be 0 everywhere. Hence, P® = 0,
which completes the proof. O

At this point our general considerations end and we set P = B, and Q = B.. The aim is
this: We want to show the equivalence of Cauchy problems (P) and (L) in the sense of
Lemma 8.4.4, because (P) (for P = By) is the Cauchy problem for Buchdahl’s operator
(which we want to solve) and (L) is a Cauchy problem where existence and uniqueness
of solutions is already estabilshed by theorem 8.4.2. The yet missing bit is the dashed
arrow in the diagram of lemma 8.4.4. In our concrete setting, this is only valid if the
Cauchy datum @, € T'(DEY) fulfills certain extra conditions:

8.4.5 Proposition (constraints for (L') — (L')). We assume premises 8.4.1 and use
the notation introduced in definition 8.4.3 with P = B, and (Q = B!, for s € N.

For @, € T'o(DEX) and ® € T'(DEM), the following statements are equivalent:
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8. Solving Buchdahl’s Generalised Dirac Equations

(i) There is a Wy = (1o, ¢0)"" € To(DEFY) which satisfies?
nay (Vo™ =gy M) =0 (only if s >2) ()

and such that ® is a solution of the Cauchy problem (L) with Cauchy data @
and V.

(ii) @ is a solution of the Cauchy problem (L) with the Cauchy datum .

Moreover, in a situation where this equivalence holds, ¥ is uniquely fixed by ®,.

Proof. For ® = (¢, )" € T(DEM) and & = (1o, o) € To(DEY) we want to show:

L'd=0 L'd=0
(I)|2 - (I)O = (I)‘z - (I)O

()
(Va®)[s = ¥o (Bs®)[s =0

for a Wy € ['y(E|x) satisfying (x)

First of all, we investigate the condition (Bs®)|y; = 0 a bit more closely (the following
calculation is a more detailed version of a calculation in [Wiin85]):

(Bsq))‘ﬁ =0

Ay A
o S (Vg Pt — g )z =0
¢ Ar.As 1 As—1 1--As—1 =
(VB atens _ L paghecs _ ytiedicls =
(
(

X
o J Oy (Vo Vgt — g Aty = 0
UaBX(@a + navn)(pXAl...As—l . iPSwBAl...AS,l . V,l/}BAl...Asfl)‘E =0
- BA;...As_ Ay Ag_
g p(Vap PA- A1) g = =V g pahy 70 R 1
' Aj.As— = B X Aj.. As— BAi...As_ BAj...As_
nBX(vnSOX 1 1)‘2 — _vBX¢0X 1 1 + ipswo 1 1 _'_ ywo 1 1

s Ar A Ay A
&S (Vap Ay = _Q“AX(VXBQ/JOB ' b - Heq % 1 Y
Ap A = BX Ap.As BA;.. A, BA;..As_
(Vap o7 )]s = =20z g (VB @) S0t — L Py 7t — i 200
where step * follows in both directions by contraction with nAX respectively ny 5 and
subsequent application of lemma 4.2.7-ii.
This calculation shows: if there is a ®; which enables the equivalence (), then it
must be of the form

X (V BA;y..As- Ar A
Vo = _QnAX(YXB% A1 A - Heo x ;A ,;) BA;..A (+)
_2nXB(VBXg00X 1. As—1 iPS,QZ)O 1eefs—1 I/'QZ)O 1. 571)

because according to (x%), we must have

AAy.As1
=@ (T,

nrx

4In this section, @a =V, —n’V, is the “tangential covariant derivative along X7 (for fields on ).
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8.4. The Cauchy Problem

(As a byproduct this already shows the asserted uniqueness of ¥, because (+) depends
only on ®,.) However, it is not clear that (+) always yields an “admitted” Cauchy
datum Uy, i.e. an element of I['y(DZY). Compactness of the support is already guaran-
teed because @y has compact support, but for s > 2 we need to take care of symmetry
in the undotted indices. As Wq as given by (+) is already symmetric in the indices
Aj ... Ay because @y = (1, pg) € To(DEPY), the only thing to take care of is symme-
try between A and A; of the upper component of (+), because zA41+A4s-1 = g(A41)As
and gA4-As—1 = gAML A1) qmplies A A1 = (A4 A1) for every spinor .
Thus, ¥y as given by (+) being an element of T'y(DZY) is equivalent to the condition

_ AX (G BA;...As_1 Aj.lAs—a
0=e€aa, 0" (Vipthy R L2 )

X /= BAi1...As_ Aj.As—
— “A1 (VXB% 1 s—1 _:L“)OOX 1 s 1) )

Summing up, we showed that assuming L'® = 0 and @[y = Py, (B;P)|x = 0 if and
only if ¥y := (V,®)|x satisfies condition (x). This proves (k). O

8.4.6 Theorem (Cauchy problem for Buchdahl’s equations). We assume premises
8.4.1. For s € N, the Cauchy problem

B =0, ®eTl(DEM)
(Bs) 3
(I)|E - (I)O

with Cauchy datum @y € T'o(DEY) has a solution if and only if 5 = (¢)g, )" satisfies
the constraint

“A?(@XB%BAL"AS_I — ,utpoXAl"'As_l) =0 (onlyifs>2).

Moroever, solutions of (B;) are unique.

Proof. “=": Let (B;) have a solution ® for some ®; € T'o(D/%). Then, using lemma
8.4.4 for P = B, and Q = B!, ® is also a solution of (L) for ®;. Then, using
proposition 8.4.5, it follows that ®, satisfies the constraints.

‘<" Let ®y be given such that it satisfies the constraints. Then, for P = B, and
() = B., theorem 8.4.2 together with proposition 8.4.5 in combination with (L) — (P)
from lemma 8.4.4 guarantees the existence of a solution ® of (By).

To prove uniqueness, take a second solution ® of (B;) for ®; and again use lemma
8.4.4 to show that & must also be a solution of (L’). But solutions of (L') are unique
according to theorem 8.4.2, hence &' = ®. U

8.4.7 Corollary (compatibility of the constraints). Assuming premises 8.4.1, let
Y C M be a second smooth spacelike Cauchy hypersurface with future-directed time-
like unit normal field m. For s € N, let ® be a solution of the Cauchy problem (Bjy) for
some Cauchy datum ®, € Ty(DPY). Then @ is also a solution of the Cauchy problem

B =0, ®cT(DEM)
Dy =
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8. Solving Buchdahl’s Generalised Dirac Equations

for @) := ®|sw, which means that &) = (¢g, ;)" is a proper Cauchy datum, i.e.,
Pf = ®|sy € To(DEY) and @) satisfies the constraint condition

(/e Ap.As— Aj. A .
m (Vpth D = g, ) =00 (only if s> 2).

Proof. That &f has compact support follows from the additional statement about the
support in theorem 8.4.2 together with lemma 6.1.14-b. That @ satisfies the con-
straints follows immediately from proposition 8.4.5 in combination with lemma 8.4.4.

O
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9. CAR-Algebraic Quantisation of
Buchdahl Fields

Our final goal now is performing a CAR-algebraic quantisation of fields given by solutions
of Buchdahl’s generalised Dirac equations. This was done before e. g. by Dimock [Dim82]
for the special case of the spin % Dirac field and in sections 9.2 and 9.3 we will investigate
two possible ways of generalising this construction to the case of arbitrary spin.

9.1. The General Idea

In this section we shall briefly review one well established quantisation procedure for
the classical Dirac field using CAR-algebras, which was given by Dimock in [Dim8&82].
This procedure will be our guideline for a subsequent attempt of quantisation of general
Buchdahl fields.

We assume premises 8.1.1 and first make the following definition:

9.1.1 Definition. Let > C M be a smooth spacelike Cauchy hypersurface in M with
future directed unit normal vector field n. For s € N we define the following spaces:

I = { Dy € To(DPX) | by is an admitted Cauchy datum for B,® =0 on &}
H* = {0 cT(DEM)| B,® =0 and |y € J&S},

where B, is Buchdahl’s operator for spin § (cf. definition 8.1.4) and a Cauchy datum
is called “admitted” if it satisfies the constraints, cf. theorem 8.4.6. We call .77° the
space of solutions with localised Cauchy data and .7%; the space of localised

Cauchy data on X.

Notice that the definition of J#° is independent of the choice of ¥ by corollary 8.4.7.
Both spaces are complex vector spaces, as Buchdahl’s operator B, is a linear differential
operator and the constraints are linear. For every smooth spacelike Cauchy hypersurface
., the canonical map

I — A
b — (I)|2 y
is a C-vector space isomorphism using theorem 8.4.6; the inverse is given by assigning to
® the solution of the Cauchy problem from theorem 8.4.6 with Cauchy datum ®,. Thus,
if > is a second smooth spacelike Cauchy hypersurface, there is a canonical C-vector
space isomorphism
TS — A
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9. CAR-Algebraic Quantisation of Buchdahl Fields

Now, the general idea for our quantisation procedure is the following: Imagine J7° was
equipped with a Hermitian scalar product to form a pre-Hilbert space, (%, (+,-)). Then
the system could be quantised (cf. [Dim82] for the spin 1 case) by assigning to this pre-
Hilbert space the algebra of canonical anti-commutation relations, CAR(.7%), which is
defined as follows:

9.1.2 Definition and proposition (CAR-algebra). Let (J7,(-,-)) be a complex
pre-Hilbert space. A unital C*-algebra CAR() together with a C-anti-linear em-
bedding x: s — CAR() is called CAR-algebra for # (CAR = canonical anti-

commutation relations),
(1) if CAR(?) is generated! by x () U {1}, where 1 denotes the unit element,
(2) Va,y € 2 x(@)x(y)" + x(y)"x(x) = (z,9) - 1,
(3) Y,y € A x(2)x(y) + x(y)x(x) = 0.
If CAR(47) and CAR/(2) are two CAR-algebras for (7, (-, -)) with embedding maps
x and Y/, then there exists a unique *-isomorphism a: CAR() — CAR/(#), such
that Vo € 7 a(x(z)) = x'(x). In this sense, CAR(.%) is unique and we call it the
CAR-algebra of (7, (-,-)).
Moreover, CAR(s#) = CAR(57), i.e. it doesn’t matter whether we take the pre-

Hilbert space or its Hilbert space completion to generate a CAR-algebra from its
elements.

Proof. This is well known from [BR96, section 5.2.2]. O

As an example, we demonstrate the construction of a CAR-algebra for the classical Dirac
field (s = 1 in our terminology, i.e. spin = %) Our construction is closely related and
equivalent to [Dim82, section III]:

First, notice that for s = 1, the constraints on the admissible Cauchy data from theorem
8.4.6 vanish and hence,

Ay =To(DPY) =To(DPY).

In order to equip s#! with a Hermitian scalar product, one may utilise the classical
Dirac current,

o= ot oF e T(TM),
(footnote?) for a general Dirac spinor field & € T'(D2)) with Dirac adjoint (IDE (cf. point
4 in section 5.3; for a general treatment of the Dirac current cf. [Rol03, pp. 349], [Mes58,

pp- 894]). The Dirac current is R-quadratic in ® and therefore motivates constructing
the sesqui-linear map I'(DP M) x T'(DPM) — I'(TM @ C), given by

JUW, @) = Wy P

'We say a C*-algebra 2l is generated by a subset X C 2, if there is no genuine C*-subalgebra B C 2
such that X C B.

2Notice that a priori, j is a section of TM ® C, cf. definition 6.4.6. However, it turns out that this
expression for j¢ always yields a section of T'M.
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9.2. Generalisation of Dimock’s Quantisation

Using this, one may build a Hermitian form bl : 54 x 74 — C by setting

DL (Wo, Do) = / i (W0, @) dis: ()
>

where 1: TM — TM ® C is the canonical embedding and for the contraction tn,j* we
use the complexified metric g ® C on TM @ C. It can be shown (cf. [Dim82]) that this
form is a Hermitian scalar product on J4; in particular, for every smooth spacelike
Cauchy hypersurface 3, bl is positive definite.

Actually, we wanted a scalar product on !, not on J&3. But as ' = 4! as C-vector
spaces in the canonical way described above, we may define a scalar product b' on 77
by pulling back bl through this isomorphism:

bW, ®) := by (U], @|5) .

It is very surprising that one can prove that b' does not depend on the choice of ¥
[Dim82, section III]. Thus, we have the following isometric isomorphisms of C-inner
product spaces:

(A1 bY) =2 (A L) =2 (A, b)) =
and one may use this structure to quantise the system by building CAR (£, b').

In the next section we will try to generalise this procedure to the general case of s € N.
As it turns out, the hard bit is to find a scalar product on #7° which is positive definite
and “as litte ambiguous as possible”.

9.2. Generalisation of Dimock’s Quantisation

In this section we present an immediate generalisation attempt of the spin = % con-

struction recalled in the previous section to general s € N. We will construct a scalar
product b3, on 5 for every smooth spacelike Cauchy hypersurface ¥ and prove positiv-
ity. However, for s > 1 it could not be established that there are (canonical) isometries
(5, 0%) = (55, b3, ), such that there is no unique “pulled back” scalar product on .77,
We therefore obtain only a quantisation which depends on a choice of Cauchy surface.

9.2.1 Definition. We adopt premises 8.1.1 and the notation introduced in section 8.1.

(i) Let

AAq.Ag 4
o = ( AAu ) e '(DEM)
Px

be a Buchdahl spinor. Then we define a generalised Dirac adjoint ®*:

i @AX1“.X871
P = IEXXI---XS—I .

Notice that this is a section of DEM C DP*M ® DO M which is why we
write @1 using abstract indices as

(b+ — (¢+)AX1X5_1 .

117



9. CAR-Algebraic Quantisation of Buchdahl Fields

(ii) Let ¥ C M be a smooth spacelike Cauchy hypersurface with future-directed unit
normal vector field n®. Set

A

B

A..

n a B

= n%y and ny, =0, ,.

Then on the space ['o(DEX) D 5#4: we define the sesquilinear form

b5y (P, U) := /(q)Jr)AXl...Xs_l ”AB Nyoa, - _nXs_lAs_l\I,AAl...As_l djis;
b

= /[(@1)XX1.-.X5—111XA11X1A1 .. .nXs_lAs_l<w1>AA1...As_l

3

N X1..Xsl1_AX Ar. Ae
(o) g g () N das,

whereby we assumed @, ¥ € ['y(DEX) with

(cpl)AAl"'As‘l (¢1)AA1"'AS_1
¢ = ( ArAg ) , ¥= ( Al Ag ) :
(¢2) X (¢2) X
Notice that this generalises the sequilinear form given by formula (x) in section 9.1 (or
[Dim82, section III.A]). Of course, this is not the only generalisation one could think of,
but after all it seemed to be the most promising one (most attempts failed being positive

definite). It is non-trivial that b3, is still a scalar product for s > 1, but this is indeed
the case:

9.2.2 Theorem (inner product on J&%). For every smooth spacelike Cauchy hy-
persurface > C M and for every s > 1, b§, as given in definition 9.2.1 is a Hermitian
scalar product on ['o(DEY) D J4s.

To prove this we will show that b§, is postitive definite. As it turns out, this is the case
even fiberwise, i.e. we show that b$,(®, @) is an integral over positive numbers if & # 0.
We start out with some lemmas:

9.2.3 Lemma. For ¢ € A%p, P # 0,

78— O-GAX,I/}A’I/_}X

is always an element of (R*,7) (see footnote?), which is lightlike and future-directed.
Notice that o,4% is now the tensor-spinor “on the fiber” (definition 4.2.1).

Proof. Represent all vectors with respect to the standard (orthonormal) basis {e,} of
(R*,n) (and (R* n)c) and represent all spinors with respect to the standard basis
{E,} of A;O (cf. the beginning of chapter 3 and point 7 in section 4.1). Using the

3Notice that a priori, = is an element of (R*, n)¢; cf. definition 4.2.1.
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9.2. Generalisation of Dimock’s Quantisation

component matrix representing o, . with respect to the standard bases (cf. definition

4.2.1), we find for x* = O'GAXQZJAQZJXZ
1 - - 1
2’ = §(¢1¢1 +¢%P?) = §(|¢1|2 + 0%,
o = SR + 47") = Re(u1),

2
P = S - ) = ('),
P = S =) = S0 - ).

Thus, all of the 2* are real numbers, hence, 2% € R*. Moreover, 2z > 0, thus z is
future-directed.

x® being lightlike is equivalent to
(1‘0)2 — (1‘1)2 + (12)2 + (:L,S)Z
Starting with the right hand side, we calculate:

4@ + (@*) + (%)) = (" + %) + (1% — ') + (Pl — )’
— (W) 4 201D 4 (V)
— (") + 207NN — (P197)?
+ (1) = 20N + ($77)?
— (WP 4 201 R 4 (V22)?
= (W'Y +y*)?)?
=4 (2%

O

9.2.4 Lemma. Every lightlike and future-directed vector z € (R?*,7) may be written
as

% = O'QA)'('QZ)A'QEX

AX

for some ¢ € A%,O' Again, ¢, is the tensor-spinor “on the fiber” (definition 4.2.1).

Proof. Let all vectors be represented with respect to the standard orthonormal basis
{e,} of (R* n) and let all spinors be represented with respect to the standard basis
{E,} of Aig (cf. the beginning of chapter 3 and point 7 in section 4.1).

Pick an arbitrary 0 # ¢ € A%ﬂ' Then y* = U“AchA@X is lightlike and future-
directed. Moreover, without loss of generality, we may assume that 3% = 2°: If this is
not the case, pick u € Rsg such that 2% = py° (this is always possible as 2° € R+
and y° € R~ because x and y are future-directed) and scale ¢ by /L.

Now, as 2° = " and both z and y are lightlike and future-directed, there is a Lorentz
transformation L € £ such that = L(y) (notice that L is just a spacial rotation).
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9. CAR-Algebraic Quantisation of Buchdahl Fields

Let S € SL(2,C) be such that A\(S) = L, where A denotes the universal covering
A: SL(2,C) — L, cf. 3.2.3.

L(y) on the level of spinors is given by the vector representation DG2) of EL:
= L(y) = o~ (DE(S)o(y))

which means,
2 = 05y 5450 0N = 04y (59)P(5)

Thus, setting 1 := Sy, we find 2% = OaAX@/)A@EX- =

9.2.5 Proposition. For () # @A-A4r1-Ys ¢ (A;O)@r ® (Aoé)@s define:

al...arbl...bs e al Qar b1 bs Al...ATYL..YS —Xl...XrBl...BS
o =0 T Oy T P %) .

Let n® € (R*,n) be future-directed and timelike. Then

0 < Mg, .. .Ng Ny, ... Ny GUrb1bs ¢ R

Again, aaAX is the tensor-spinor “on the fiber” (definition 4.2.1).

Proof.
(a) Consider the map
bnt ALy X Ary— € |
(QO, ¢) = nAXwA@X :

It is obviously sesquilinear (n # 0 as timelike vector). As n® € R* we find
aXA — pAX (

(%)

in the sense of remark 4.2.4) and therefore:

ba(0, 9) = 14 X = g, 650 = b, ).

Hence, b, is a Hermitian sesquilinear form on the 2-dimensional complex vector
space A1 . Morover, we find for all ¢ € A :

bn(’ll), ?/)) = nAX,le)A,lvEX - naajwa’J}X >0,

where “> 0” follows using lemma 9.2.3 and the fact that n(z,y) > 0 for x future
directed and timelike and y future-directed and lightlike.

Summing up: n naturally gives rise to a Hermitian scalar product b, on A 1o
Thus, there is a basis { By, Bo} of A o, such that ba(By, By) = ..

Notice that b, induces a Hermitian scalar product b, on A, 1= A%p by
ba(@,9) = ba(, ) = nux0™0%, €Ny, (%)

cf. 2.1.1-iii.
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9.2. Generalisation of Dimock’s Quantisation

(b) Let {B1, By} be a fixed choice of such a b,-orthonormal basis of Ay, and let

LAY

{By, By} be the complex conjugate basis of Ao,%- Represent @41 -Ys as com-

ponent matrix with respect to these bases:
o= (pa1...arl'/1...1'/sBal XR...R Bcw & Bpl X...RQ Blys .

Notice that @Xl“'XTBl"'BS has complex conjugate components with respect to our
bases (point 6 in section 4.1):

»= @mmmﬁl"ﬂSBm X...® Bm ® Bg, ®...® Bg, .

Then we finally calculate using () from above:

) ) ) A1 AYLL.Ys =X1..XsB1...Bs
N %, - Na x, My, - Ny, ® @

= nAle .. 'nArXrnB1Y1 .. .UBSYSQOQI"'aryl"'l}S@ﬂlmmﬁl"ﬂs
(Ba)M ® ... ® (Ba,)" @ (By)" ®...® (By,)"
® (Bp) @ ...® (B, )" @ (Bg,)”' @ ... (®Bg,)"
— SOOCI---OCN)I--J.’S@ﬂl---ﬂrﬁl---ﬁs_

bﬂ(Bﬂlv Bal) et bﬂ(BﬂMBar) ’ Z_)H<Bﬁ173f/1) B Z_)H<Bﬁsa Bl'/s)

.

~
= 0 unless Vi: (1; = «; and 3; = v

2
— Z ‘(pal...arl'zl...l)s 2
s 20
bﬂ(Boqv Ba1) bn(BOém BOW) ' Bn(BVN qu) ’ Bn(Bﬂsv Bl’/sz
>0

>0

where in the very last step (“> 0”) we do not have to include equalness because
@ was assumed to be # 0 which means that at least one of the summands is
non-vanishing.

0

Proof of theorem 9.2.2.  We have to show for all 0 # ® = (i, )" € Ty(DBY) that
b(D, ®) > 0, i.e.

0 < b3(D, P) :/

by

7XX1X 4. . . . AA1. A1
[¢ ’ Nxalx,a, nXsflAsflw ’

~ X1 Xe1 AX Ap.Ag
+S0A ' ln nXlAl "‘nX871A571S0X1 1i|d/j’2'
This may be accomplished by showing positivity in each fiber, i.e. for every timelike
future-directed vector n* € (R*,7), for all 44141t € A. o and for all <pXAl'“AS‘1 €
Al ® A% 9> we have to show:
D) ’

_XX1X 1 . . . AAq. A1
0 <4 TN A, A, Y ’
~ X1..Xe1 AX Ay A
+ SOA n nXlAl e nXsflAsflsz
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9. CAR-Algebraic Quantisation of Buchdahl Fields

This is obtained immediately applying proposition 9.2.5 separately to each of the two
summands. O

What we achieved so far is constructing a scalar product 03, on J%: for all s € N and all
smooth spacelike Cauchy hypersurfaces > C M. The next step would be proving that
the induced scalar product b* on 7, given by

b (W, @) := b5, (V|g, P|x)
is independent of the choice of ¥, such that we obtain isometric isomorphisms
(%vas) g( ZsabsE) g( Zs’v SZ/) =... )

such that we could use (J#°,b°) to construct a unique CAR-algebra for the system.
However, it turned out that proving independence of ¥ for s > 2 is much more com-
plicated than expected. Generalising the s = 1 proof in [Dim82] seems, in the end, to
require a kind of divergence theorem for higher order contravariant tensor fields. Maybe
this could get carried further using cohomological methods; in any case this hints at
a presumably deep and interesting mathematical background yet to be illuminated by
future research.

9.3. Quantisation in Illge’s Framework

Illge in [11193] presented a description of massive higher spin fields on general-relativistic
spacetime manifolds, which uses four “degrees of freedom” instead of two (see below).
He gives a Langrangian for the fields and the associated Euler-Lagrange equations turn
out to be given by two independent systems of Buchdahl equations. Moreover, minimal
coupling to an electromagnetic field is carried out and yields a U(1)-gauge invariance of
the Lagrangian and a generalised Dirac current vector field. We tried using this current
vector to perform a CAR-algebraic quantisiation (for the Fermionic case) as outlined in
section 9.1. However, it turned out that the sesquilinear form constructed by the current
is not positive definite and thus doesn’t form a Hermitian scalar product.

Review of [I1193]

We shall start out presenting the core results from [11193] in order to make expicit what
we mean by “Illge’s framework”. We assume premises 8.1.1.

In [I1193, theorem 1], Ilige presents a certain Lagrangian density Ls (s € N) which
depends on four spinor fields,

QPAAI...AS,l e P(D(%’O)M), gXXl...XSA c P(D(O,é)M)’
XXAl...AS,1 c F(D(O’%)*M ® D(S;Ql’O)M) ﬂAleX871 c F(D(%,O)*M ® D(O,%)M) .

Y

The Euler-Lagrange equations for the variational principal associated with Ls are the
equations

SOAAL--ASA EAAI---AS—I
0 - BS< Al...AS,1 )7 0 - BS <’l9 Al---Asl)
Xx X
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9.3. Quantisation in Illge’s Framework

(two copies of Buchdahl’s equations).

The question, of course, is: What is the physical relevance of the four fields ¢, x, &,
and of the Lagrangian density Ls? [11193] presents the following answers:

(a)

From [I1193, proposition 4.3] we learn: The case spin £ = % describes a classical

2
Dirac field if o = 94 and yy = £;. Setting

~ A
yA = (SD ) e T(DP M),
Xx

the Lagrangian density L 1 can be shown to be equivalent to the well known La-
grangian density of the Dirac field, [11193, eq. 4.30]

- 1 — —
L, = E(qﬁvqf —UTYU) + m Ut

1
2

From [I1193, proposition 4.4] we learn: The case of an arbitrary odd s (i.e. half
integral spin) describes a general Fermionic field of higher spin. Such a field is
given by the four spinor fields ¢, x, £, but can also be written as a single hybride
tensor-spinor field by setting

~ QOAAL“AS_IGXI'“XS_I + Q9AX1...X5_1€A1...AS_1
\I]Aal...as_l - ) ) (9 1)
: A1 A1 Y " X1..Xs 1 ) :
X : EXl---Xs—l + é’ ; €A1~~~As—l
X X
(where we set €4, 4, = €4,4, - .- €4,_,4, for even k, and we silently make identi-

fications wAX = aaAXw“, cf. remark 4.2.3), and

= Xl---Xsfl A As—1 & A1 As XlX —1
\I]+ ai...as—1 XA € ® _'_ §A € ?
A @XXl...XsflgAl...Asfl + ngAl...AsfleXl...Xsfl :

Notice that this is a true generalisation of (a) in the sense that (a) is the special case
for s = 1. For the Lagrangian density Ls written out using ¥, cf. 1193, eq. 4.49],
for the field equations cf. [I1193, eq. 4.50].

From [I1193, proposition 4.1] we learn: The case spin = 5 = 1 describes a classical

Proca field if x4, = ¥, x. Constructing a tensor field U, as
Ua = X5

and H,, as [11193, eq. 4.3]
Hup := papexy + Exyvean,

the Lagrangian density L; is equivalent to [11193, eq. 4.1]

- 1 - _
Ly = —iHabH“b +m2U,Ue.
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9. CAR-Algebraic Quantisation of Buchdahl Fields

(d) From [I1193, proposition 4.2] we learn: (c) can be generalised to arbitrary even s
(i.e. integral spin) to describe a Bosonic field of higher spin. Such a field again is
given by four spinor fields ¢, x, £, ¥ and may equivalently be written as field tensors
Hg, .., and Uy, o, which are given by [I1193, eq. 4.15]:

Hay o = QA1 A5, %, T x5, €A AL (9.2)

and

Uba3---an = XYBAgAnEXan + ,ﬁBYXanEASAn . (93)

Illge’s Generalised Dirac Current

In [11193, theorem 2], Tllge considers the minimal coupling of the higher spin wave equa-
tions to an electromagnetic field which yields an U(1)-gauge invariance of the Lagrangian.
Out of these considerations he introduces a generalised Dirac current associated with a
field given by o, x, &, -

. o a Al...AS,1 . ~ Al...AS,1
Jax = Ze[k:(spAAl---As—lﬁX T XxA,..4,.84 )
7/ = o . Xl...XS,1 — . . Xl...XS,1
- k:(stXl...XS,lﬁA + Xax,..x._:1Sx )} )

where e € R (charge) and k € C (cf. the reference for details on the constant k). Illge
states that for all s, the generalised Dirac current is conserved, i.e. V7% = 0.

In [11193, eq. 5.11] we find that for the general Fermionic case (s odd) this current may
be written by means of ¥ as

. _s=1 + A Bay...as—
ji=e277 . U o QRS A (9.4)
Notice that for spin § = % this reduces to the well known special case

j=e Utyd gl

Quantisation within Illge’s Framework

In order to perform a quantisation procedure analogous to the one presented for the
Dirac field in section 9.1, we restrict our attention to the Fermionic case (s odd). Then
the first step is to transform the expression for the generalised Dirac current vector
field, which depends R-quadratically upon one field, into an expression which depends
sesquilinearly upon two fields.

For the current as given in eq. (9.4), the formal analogy with the spin % case of section
9.1 is immediate and motivates the Ansatz

s—1

JUY, ) :=e27 2

. \I/J’: ’}/GAB @Bal...as—l , (95)

Aay...as—1

where W and ® are two solutions of the variational principal associated with the La-
grangian density Ls, each of which is given by four spinor fields ¢, x, &, .
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9.3. Quantisation in Illge’s Framework

Now let > C M be a smooth spacelike Cauchy hypersurface. Then we may define the
sesquilinear form

b5, (W, ) /maj (U, @) dusy,
%

where ¢: TM — TM ® C is the canonical inclusion (moreover, notice that @[y and |y
have compact support).

It turns out that 03, is Hermitian.

Proof. The proof is an easy but lengthy calculation. Using equations (9.5) and (9.1) we
obtain with k = e2~ "2

ja(\:[!’ @) \I/+ /yaAB \I/Bal"'as_l

Aat...as—1
B (X1 AKXy Xy €ALA T §1AA1...A51€X1...X51>

¢ 9 X .
801 Xl.“Xs_lgALnAs—l + ,191 Al...A5_1€X1...XS_1
( O o.aAX ) ((’02AA1---ASI€X1...X51 _'_19 AXl Xs—1 Al As—1
. o®. 0 ’,41""45*1 X1 Xso1 Xl Xs1 A As
XA X, 5 € +&, 5 €
- (Xl AXl...XsfleAl---Asfl + glAAl---Asflexl...Xsfl)

% ArAso1 Xy X X1 X5
O_QAX( 2).(1 s 1€X1...XS,1 +€ ‘ 1 s 1€A1...AS,1)

- X 7 X
+ (()01 Xl___XsilgAl---As—l + 191 A1 A1 €X Xs 1)

o AAL A1 Xy

(gt g MK i)

g

aAX X1.. X521 = aAX A A
&% + &AAl o 2X

AA1.As 1

= X14X,..X,1 9

_ X a AXy.. X1 a
+ P % % O xa V2 9,5 4 O

where in the last step we took into consideration the spinor fields’ symmetry properties.
Next, we find:

W — XIXAl...AS_l O_aXA _2;141...14571 + élXXl Xy O_aXA )—(22.(1...)'(5,1
+ (plAAlm 0% V2 XKooty 791AX1 Kooy Toax Gy LR
= X1XA1MA XA £2AA1 Ao, T le X1 X gaXA Xonxs %
+¢1AA1...A 0%\ % ﬁZXAl JrﬁlAXI...XS Yot %Xxl o
— XQAXl o O.aAX 51;(1...)(5_1 + gQAAl...Asfl O_a X1X1...As—1
+ (‘02 X1 X1 UaXA v e + 192 Ay UaXA ‘P1AA1'"AS_1

= K'_l ' ja((ba \I/) )

where for the second equality we used that s — 1 is even, and for the third equality we
kept in mind remark 4.2.4. ]
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9. CAR-Algebraic Quantisation of Buchdahl Fields

So far everything looks promising that we could perform a CAR-algebraic quantisation
(at least for s odd) using b3 as a scalar product. But the crucial point now is positivity,
and we find:

9.3.1 Proposition. 05, is not positive definite for s > 3.

Proof. Let U be given by the four spinor fields ¢, x, &, ¥. From the first big calculation
in the preceding proof we learn:

aAX  X1..X5-1 c aAX | A1 Asq
§ +&ansa,,0

X Xx
7).(. ) a AXl...XS,1 93X a
T 0% %, T xal U0, 0% a ¥

KU ) = X, x, O
AA1. Ag_ 1

Remember that (i, )" and (£, 9)" are solutions of Buchdahl’s generalised Dirac equa-
tion. Moreover, notice that if (p, x)" is a solution of Buchdahl’s generalised Dirac
equation, (—p, —x)" is as well a solution of Buchdahl’s generalised Dirac equation.
Let ¥’ be the spinor-tensor field given by —p, —x, &, ¥ according to equation (9.1).
Then we immediately find, using the expression for j*(¥, W) derived above:

JUWL ) = = (0, 0.

This (fiberwise) shows that if there exists a solution W such that b3 (¥, W) > 0, then
there is also a solution W' such that b%,(V’, W') < 0. Thus, b5, cannot be positive.

Notice how the spin % case is not affected by these considerations because for ¥ being
called a solution for s = 1, we imposed the additional conditions ¢ = ¥ and xy = &.
Therefore, we cannot construct the modified solution ¥’ if s = 1 and our argument
doesn’t work then. 0J

This proof illustrates that the non-positivity of b5, in the Ille framework is due to the fact
that there is “(too?) much freedom” in that a physical field is described by four spinor
fields ¢, x, &, ¥ instead of only two: The proof made use of the very fact that such a field
consists of two independent parts.

So, one idea of rescuing the situation would be not to consider all solutions (¢, x, &, )
of Tllge’s Euler-Lagrange equations but only a subspace. For instance, one could embed
J° into this space, by setting either J7° > (¥, )" +— (¥, @, 10, §) or H° > (Y, )"
(1, ,0,0). However, it can be seen that our sesquilinear form for the first suggestion
still is not positive definite and for the second suggestion it is always 0.

All this indicates that despite its advantages (Lagrangian formulation, U(1)-gauge invari-
ance), Illge’s framework seems not to be accessible for the CAR-algebraic quantisation
strategy outlined in section 9.1.
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Table of Relevant Lie Groups

GL(n, K) general linear group of K"
definition: GL(n,K) :={Q € Mat,«,(K) | Q is invertible}
eq. definition: | GL(n, K) = {Q € Mat,«,(K) | det(Q) # 0}
structure: non-compact K-Lie group. GL(n,R) is not connected, GL(n, C) is
connected but not simply connected.
dimension: n?, as K-Lie group.
Lie algebra: gl(n, K) := Mat,«,(K) with matrix commutator as Lie bracket.
GL*(n) general linear group with positiv determinant
definition: GL*(n) :={Q € GL(n,R) | det @ > 0}
structure: real Lie group, connected, not simply connected for n > 1, simply
connected for n =1
dimension: n?
Lie algebra: gl(n, K) = Mat, «,(R)
SL(n, K) special linear group, group of unimodular (det = 1) matrices
definition: SL(n, K) :={Q € GL(n,K) | det @ = 1}
structure: connected K-Lie group; for n > 2: simply connected if and only if
K = €, non-compact; n = 1: compact and simply connected.
dimension: n? — 1 as K-Lie group
Lie algebra: sl(n, K) ={Q € Mat,«,(K) | tr(Q) = 0}
remark: normal subgroup of GL(n, K)
O(n), O(n, K) orthogonal group
definition: O(n) := O(n,R)

eq. definition:

eq. definition:

0(n,K) i= {Q € GL(n,K) | Q"Q = QQ" — 1)

all @ € Mat,x,(K) such that all column vectors are orthogonal
with respect to the standard Euclidean metric x1y1 + ... + £,Yn
all @ € GL(n,K) such that Vz,y € K": (Qz,Qy) = (x,y) where
(-,-) is strictly the Euclidean inner product ) . x;y;, even if K = C

relation: Q€ 0n,K)=det@ = +1
structure: non-connected K-Lie group, non-compact if n > 2 and K = C,
compact otherwise
dimension: sn(n — 1) (K-dimension)
Lie algebra: so(n, K)
remark: O(n) is the maximal compact subgroup of GL(n, R)
SO(n), SO(n,K) | special orthogonal group
definition: SO(n) :=SO(n,R)

eq. definition:
eq. definition:
remark:

SO(n,K) := O(n, K) N SL(n, K)

SO(n, K) ={Q € O(n,K) | det @ = 1}

the connected component of the unity in O(n, K)
SO(n) is the maximal compact subgroup of GL*(n, R)

127




Table of Relevant Lie Groups

structure:

dimension:
Lie algebra:

Connected K-Lie group, non-compact if n > 2 and K = C, compact
otherwise, not simply connected if and only if n > 2

in(n — 1) (K-dimension)

for K = R: the Lie algebra of anti-symmetric n x n-matrices,
i.e. the anti-symmetric (2,0)-tensors, or the set of bivectors in
the clifford algebra of R™.

relation: s0(n,C) =so(n,R)® C
univ. coverings: | SU(2) — SO(3), SU(2) x SU(2) — SO(4)
O(p, q) orthogonal group, pseudo-orthogonal group
definition: all Q € GL(p+ ¢, R) leaving invariant the quadratic form 2%+ ...+
B by,
dimension: In(n—1)
SO(p, q) special orthogonal group
definition: SO(p,q) :={Q € O(p,q) | det(Q) > 0}
Ou(p, q), Os(p,q) | time-/space-orientation preserving pseudo-orthogonal groups
definition: Write each @ € O(p, q)
X B
(e 7)
where X € Mat,.,(R) and ¥ € Mat,v,(R). Then we set
Ou(p,q) == {Q € O(p,q)| det(X) > 0} and O4(p,q) = {Q €
O(p,q) | det(Y) > 0}. Cf. [Bau81, pp.45].
SO™(p,q) space- and time-orientation preserving orthogonal group
definition: SO(p, q) := O4(p,q) N O4(p, q)
U(n) unitary group
definition: U(n) :=={Q € GL(n,C) | Q'Q = QQ' = 1} where Q' denotes the

eq. definition:
structure:

dimension:
Lie algebra:

conjugate transpose

all @ € GL(n,C) such that Vz,y € C": (Qz,Qy) = (x,y), where
(-,-) is the standard hermitian inner product ). x,;7;.

compact, connected, not simply connected real Lie group (it is not
a complex Lie group)

TL2

u(n) = {Q € Mat,»,(C) | QT = —Q}, all skew-Hermitian complex
n X n-matrices

SU(n)
definition:
eq. definition:
structure:

dimension:
Lie algebra:

remark:
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special unitary group

SU(n) := U(n) N SL(n, C)

SU(n) ={Q € U(n)| det@ =1}

compact, connected, simply connected real Lie group (it is not a
complex Lie group)

n? — 1 (real dimension)

su(n) = {Q € Mat,,,,(C) |tr(Q) = 0 A QT = —Q} (all traceless
anti-Hermitian complex n x n-matrices)
SU(2) is isomorphic to the unit quaternions and diffeomorphic to
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remark: unlike in case of SO(n) and O(n), SU(n) is not a connection com-
ponent of U(n). Even the dimensions differ by the dimension of the
kernel of the determinant map on U(n).
relation: There is the following splitting short exact sequence of Lie groups:
1 —SU(n) — U(n) & U1) - 1.
L (full) Lorentz group
definition: L:=0(1,3)
structure: non-compact real Lie group with four connection components.
dimension: 6
Lie algebra: s((2,C)
L proper Lorenz group
definition: L, =350(1,3)
eq. definition: | £y ={Q € L] detQ =1}
remark: L, contains such transformation without space and without time
reversal and such transformations with both, space and time rever-
sal.
structure: non-compact real Lie group with two connected components (sub-
group of L).
dimension: 6
L 0% (1,3) orthochroneuos Lorentz group
definition: Lh={QeLlL|Q)>1}
alt. notation: | O*(1,3), O'(1,3)
remark: leaves invariant the time direction.
relation: L = LTUTL" where T is the time reversal operator, 2° — —a°,
a2t i=1,2,3.
structure: non-compact real Lie group with two connected components (sub-
group of ).
dimension: 6
CL, SO*(1,3) proper orthochroneuos Lorentz group, restricted Lorentz group
definition: EL =L, . NLT
alt. notation: SO™(1,3), SO'(1, 3)
remark: no time and no space reversals.
relation: Ll = EL U PCL, where P is the space reversal operator, 2° — 2°,
— —2' i=1,23.
relation: Ly = EL U PTL'L
relation: c=clupclurcluprch
structure: connected, non-compact, not simply connected real Lie group
dimension: 6

univ. covering:

Lie algebra:

SL(2,C) as real Lie group; the covering map SL(2,C) — EL re-
stricts to the universal covering map SU(2) — SO(3).
s((2,C) =: lo

129




Table of Relevant Lie Groups

130



Bibliography

[Bausl]
[BDS85)
[BGP]
[BGV92]
[BR9G]

[BS03]

[BS05]

[Buc62]
[Buc82al
[Buc82b)
[CM00]
[Cno02]
[Dim82]
[Dir36]

[FHO1]

BaAuMm, Helga: Spin-Strukturen und Dirac-Operatoren tber pseudorie-
mannschen Mannigfaltigkeiten. Teubner, 1981

BROCKER, Theodor ; DIECK, Tammo tom: Representations of Compact Lie
Groups. 1st edition. Springer GTM, 1985

BAR, Christian ; GINOUX, Nicolas ; PFAFFLE, Frank: Wave Equations on
Lorentzian Manifolds and Quantization

BERLINE, N. ; GETZLER, E. ; VERGNE, M.: Heat Kernels and Dirac Opera-
tors. Springer, 1992

BrATTELI, Ola ; ROBINSON, Derek W.: Operator Algebras and Quantum
Statistical Mechanics 2. 2nd edition. Springer, 1996

BERNAL, Antonio N. ; SANCHEZ, Miguel: On smooth Cauchy hypersurfaces
and Geroch’s splitting theorem. In: Comm. Math. Phys. 243 (2003), S. 461
470

BERNAL, Antonio N. ; SANCHEZ, Miguel: Smoothness of time functions and
the metric splitting of globally hyperbolic spacetimes. In: Comm. Math. Phys.
257 (2005), S. 43-50

BucHDAHL, H. A.: On the compatibility of relativistic wave equations in
Riemann spaces. In: Nouvo Cimento 25 (1962), S. 486

BucHDAHL, H. A.: On the compatibility of relativistic wave equations in
Riemann spaces: 1I. In: J. Phys. A: Math. Gen. 15 (1982), S. 1-5

BucHDAHL, H. A.:  On the compatibility of relativistic wave equations in
Riemann spaces: III. In: J. Phys. A: Math. Gen. 15 (1982), S. 1057-1062

CARMELI, M. ; MALIN, S.: Theory of Spinors — An Introduction. 1st edition.
World Scientific, 2000

Cnops, Jan: An Introduction to Dirac Operators on Manifolds. 1st edition.
Birkh&user, 2002

Dimock, J.: Dirac Quantum Fields on a Manifold. In: Trans. AMS 269
(1982), S. 133-147

Dirac, P. A. M.: Relativistic Wave Equations. In: Proc. Roy. Soc. A 155
(1936), S. 447-459

Furron, William ; HARRIS, Joe: Representation Theory, A First Course.
1st. Springer GTM, 1991

131



Bibliography

[FP39)

[Frio7]

[FV02]

(Ger68]
(Ger70a]
(Ger70D)
[GHLO4]
[Goo55]
[Hal03]
[Hum72]
[HV00]
(193]
[1196]
[1599]

[Lan02]
[Lee03]
[LMS9]

[Mes58|
Mil74]
[Mur90]

[O'N83]

132

Fierz, M. ; PauLi, W.: On Relativistic Wave Equations for Particles of
Arbitrary Spin in an Electromagnetic Field. In: Proc. Roy. Soc. A 173 (1939),
Nr. 953, S. 211-232

FrIEDRICH, Thomas: Dirac-Operatoren in der Riemannschen Geometrie. 1st.
Vieweg, 1997

FEWSTER, Christopher F. ; VERCH, Rainer: A Quantum Weak Energy In-

equality for Dirac Fields in Curved Spacetime. In: Comm. Math. Phys. 225
(2002), S. 331-359

GEROCH, Robert: Spinor Structure of Space-Times in General Relativity 1.
In: J. Math. Phys. 9 (1968), Nr. 11, S. 1739-1744

GEROCH, Robert: Domain of Dependence. In: J. Math. Phys. 11 (1970), Nr.
2, 5. 437-449

GEROCH, Robert: Spinor Structure of Space-Times in General Relativity II.
In: J. Math. Phys. 11 (1970), Nr. 1, S. 343-348

GALLOT, S. ; HULIN, D. ; LAFONTAINE, J.: Riemannian Geometry. Third
edition. Springer, 2004

Goob, R. H.: Properties of the Dirac Matrices. In: Rev. Mod. Phys. 27
(1955), S. 187211

HaLr, Brian C.: Lie Groups, Lie Algebras, and Representations. Springer
GTM, 2003

HUMPFREYS, James E.:  Introduction to Lie Algebras and Representation
Theory. 1st. Springer GTM, 1972

HURLEY, Donald J. ; VANDYCK, Michael A.: Geometry, Spinors and Appli-
cations. 1st. Springer Praxis, 2000

ILLGE, Reinhard: Massive Fields of Arbitrary Spin in Curved Space-Times.
In: Comm. Math. Phys. 158 (1993), S. 433-457

ILLGE, Reinhard: Energy-momentum tensor for massive fields of arbitrary
spin. In: Class. Quantum Grav. 13 (1996), S. 1499-1507

ILLGE, Reinhard ; SCHIMMING, Rainer: Consistent Field Equations for Higher
Spin on Curved Spacetimes. In: Ann. Phys. 8 (1999), Nr. 4, S. 319-329

LANG, Serge: Algebra. 3rd Edition. Springer GTM, 2002
LEE, John M.: Introduction to Smooth Manifolds. Springer, 2003

LAawsoN, H. B. ; MICHELSOHN, Marie-Louise: Spin Geometry. 1st Edition.
Princeton University Press, 1989

MESSIAH, A.: Quantum Mechanics. Two Volumes Bound as One. Dover, 1958
MILNOR, John W.: Characteristic Classes. Princeton Univ. Press., 1974

MurpHY, Gerard J.: C*-Algebras and Operator Theory. 1st edutuib. Aca-
demic Press, 1990

O’NEILL, Barrett: Semi-Riemannian Geometry. 1st edition. Academic Press,
1983



[Pau36|
[Roe98|

[Rol03]
[Ros02]

[Rud]
[Str02]
[SUO1]
[Walg4]
[Wal94]

[Wiin85]

Bibliography

PauLr, Wolfgang: Contributions mathématiques a la théorie des matrices de
Dirac. In: Ann. de I’'[. H. P. 6 (1936), S. 109-136

RoOE, John: Elliptic operators, topology and asymptotic methods. 2nd. Chap-
mané&Hall/CRC, 1998

RoLLNIK, Horst: Quantentheorie 2. 1st. Springer, 2003

RossMANN, Wulf: Lie Groups, An Introduction Through Linear Groups. 1st.
Oxford University Press, 2002

RuporrH, Gerd: Lecture Notes Quantenmechanik 1, Prof. Gerd Rudolph,
Universitit Leipzig.

STRAUMANN, Norbert: Quantenmechanik: ein Grundkurs tiber nichtrelativis-
tische Quantentheorie. 1st. Springer, 2002

SEXL, Roman U. ; URBANTKE, Helmuth K.: Relativity, Groups, Particles.
Ist. Springer, 1992/2001

WALD, Robert M.: General Relativity. 1st. The University of Chicago Press,
1984

WALD, Robert M.:  Quantum Field Theory in Curved Spacetime and Black
Hole Thermodynamics. 1st. The University of Chicago Press, 1994

WUNscH, Volkmar: Cauchy’s Problem and Huygen’s Principle for Relativistic
Higher Spin Wave Equations in an Arbitrary Curved Space-Time. In: Gen.

Rel. Grav. 17 (1985), S. 15-38

133



