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Abstract: Many different definitions and representations of spinors are given in
the literature, but there are no single reference explaining how they are related.
which may explain why considerable confusion on the subject persists. Here and in
following papers (Il and I1]) we deal with three different definitions for spinors, (i)
the covariant definition (E. Cartan) based on gfoup theory representation, (ii) the
ideal definition. based on real Clifiord algebra (IR, ;) methods, and (iii) the opera-
tor definition, where spinors are interpreted as particular elements on appropriated
Clifiord algebras (not necessarily elements of lateral ideals). By introducing the
concept of spinorial metric on the space of algebraic spinors (i.e., elements of lat-
eral ideals in appropriated Clifiord algebras) we prove that for p+ ¢ < § that there
exists an equivalence from the group theoretical point of view between covariant
and algebraic spinors. To this end we study the Clifford and the twisted Clifford
groups, a subject that is also necessary, e.g., for the construction of the Clifford
bundle for Lorentzian manifolds with (p,g) = (3,1). We give explicit construction
of the representative of Pauli spinors in Ry, and Dirac spinors, Majorana spinors,
dotted and undotted two component spinors in Ry s, Rs; and Ry;. The problem
of the transformations laws of algebraic spinors i« also treated in details anda sat-
isfactory mathematical solution is presented. Our approach clears among others



the gecometrical meaning of spinors and shows that the usual claim that spinors
are objects more fundamental than tensor is non-sequitur. Also our techniques
permit, e.g., the construction of sets of Majorana or Dirac matrices in very time
saving way.

In paper Il we show how to obtain an almost elementary proof of Geroch’s
theorem without using the sophisticated techniques of algebraic topology. In pa-
per 111 we study the problem of algebrasc spinor fields, the Spinors and Clifford
bundles and Dirac equation.

Introduction

There appears in the literature three essentially different definitions of spinors:
There are:

(I) The covariant definiton, (E. Cartan . R. Braver and H. Wevl '), where a
particular kind of a covariant spinor(e-spinor) is a set of complex variables
defined by its transformations under a particular spin group.

(T1) The ideal definition (C. Chevalley . M. Riez ' and W. Graf ') where a par-
ticular kind of an algebraic spinor (e-spinor) is an element of a lateral ideal
(defined by the idempotent ¢) in an appropriate Clifford algebra. (When ¢
is primitive we write a-spinor, instead of e-spinor).

(1I1) The operator definition (D. Hestenes ™*!) where a particular kind of operator
spinor (o-spinor) is a Clifford number in an appropriate Clifford algebra R,,
determining a set of tensors by bilinear mappings.’

. The socalled pure spinors recently used by Caianiello '* and Budinich and
Trautman 7 are special cases of c-spinors (or e-spinors) and will be not analysed
in this paper. From the point of view of this paper they are not so fundamental
as it is usvally thought.

The usual presentation of e-spinors as elements of lateral ideals in Clifford
algebras as well as the introduction in this context of the groups Spin, (p,q), does
not leave clear the relation between these objects and the e-spinors and the uni-
versal covering groups of some groups SO, (p, ¢) used in theoretical physics. The
same is true in relation with o-spinors.

The main purpose of the present paper is to clear up the sitvation, and in the
process we obtain very interesting results. In particular we are going to prove that

'for our motations see § 2



all the c-spinors vsed by physicists can be represented by appropriate e-spinors.
From the explicit construction of the e-spinors (representing c-spinors) by the
“idempotent method™ (§ 2.3), we will see that e-spinors are nothing more than
the sum of multivectors (or multiforms). This result is at variance with the usual
claim 19713 {hat spinors are more fundamental then tensors.

Also, from our approach the geometrical meaning of Pauli c-spinors, Weyl
spinors (i.e., two component dotted and undotted c-spinor) and Dirac c-spinors
become apparent. The geometrical meaning of these objects have already been
discussed in the literature 11/213.143% yging different approaches without a com-
mon geometrical basis.

To formulate our problem we start by remembering the kinds of e-spinors used
by physicists,

(i) Pauli c-spinors — these are the vectors of a complex 2- dimensional space c?
equipped with the spinorial metric

B,:C'x€ ~¢C Biv.p) = ¥'p (1)

¢=(:)9 P=(:) "iy.'leci 'lzlvz and p-zrzhz!)

where in this text # always means the complex conjugated of z € €.
The spinofial metric s imvariant ander the action of the greup SU(2),
e, if w € SU(2), then B,(uy,mp) = B,(¥,0). As it is well known,
Pauli ¢-spinors carry the fundamental (irreducible) representation D'/? of
SU(2)ire,

(ii) Weyl e-spinors - the objects have been introduced by Weyl ''* and called
by van der Waerden ™ undotied and dotted two component spinors. We
Rove: tlin Salloislag Oiluitings

Contravariant Undotted Spinors — these are the elements of a com-
plex 2-dimensional space C* equipped with the spinorial metric
B:€C'xC*'—~€C ; Bn€=1'C¢ (2)

- (3). o=( 2}

The spinorial metric # is invariant under the action of the group S L{2, C)
ie,ifnr—un; £ — wf, then

B(n,£) = Alun,uf) ~ u'Cu = C > ne SL(2,C) (3)
3



Covariant Undotted Spinors — these are the elements of the dual
a >
space C*, defined by

cishciac ;M () =1€= 8.6 (4)

It follows that

» 1= 1'C = (m.m) = (n%.-n") (5)

The transformation law of the covariant undotted spinors that leaves the
spinorial metric invariant under SL(2.C) is then

A—hu' |, weSL2C) : (6)

Contravariant Dotted Spinors — these are the elements of the space

¢’ = (€Y, ien €' 25 = (n,9") = (@,7) = n",n € C7) equipped with
the spinorial metric 3,

B:¢'x¢" —=¢ , Bif=wCE (n

and we have that ;

B(#,€) = Bliu",éu") » w'Ca*' = C (8)

Covariant Dotted Spinors — these are the element of the dual space
G, defined by ‘

L s T ey
C¢=4( ,€) i 0E)=4E=aCE ()

ber(g)=(£)-(5)  vo

It is clear that the laws of transformations of the dotted spinors under
the action of SL(2,C) are

It follows that

A A
At 5 = () g (11)

The matrices u and (u*) ™! are the (non-equivalent) representations D(1/2.0)
and DI°V? of SL(2,C).



(iii) Dirac c-spinors — these are the vectors of a complex 4-dimensions space
C* equipped with the spinorial metric 'l

Ba:C*'xC*'—C |, By= (Vs da) = ¢iBoa

where a Dirac e-spinor ¥4(04) is defined as

1

% a4 A n?
geci-Con-tic] . (12)

i

&
In the canonical basis of C* the matrix B is the representation of 3, and

we have
c o :

5= (S2) i

The spinorial metric §; is invariant under SL(2, C) in the following sense
Ba(tba, @a) = Ba(p(u)¥a, p(u)da)

)i (; (u,")_l ) u € SL(2,C) (14)

The transformation law of the Dirac c-spinors are then
‘ u 0
s[4 W5 | w (15

which means that Dirac c-spinors, as is well known, carry the D(1/2%g p(03/2)
of SL(2.C).

(iv) Standard Dirac c-spinors — If p(u) is a representation of SL(2.C) then
Sp(u)S~!, with S§7! = §71§ = ] is also a representation.Under a similarity
transformation the spinor ¢; —— Sv,, which in general mixes the compo-

s

nents of C? with those of C2. A particular mixing is convenient in writting

Dirac’s equation. We define standard Dirac spinors as the objects %, such
that

c‘a¢,=(:) (16)

a a B
where ¢ = ‘—}5(£+ 1) i A= J(&- n) where £ € C? and 7€ C? and the
sums in ¢ and A are in the sense of sums of complex numbers for each compo-
nent. It is well known that ¥, and 1, are related by a unitary transformation

5



(87! = 5) which leave unchanged the bilinear covariant constructed from
vq and y; 7200,

We now ask the main question to which this paper is adressed: to which Clif-
ford algebras are the e-spinors described in (i), (ii), (iii) and (iv) above to be
associated?

We are ghing to give an original answer to the above guestion by intoducing
a natural scalar product (see § 3) in certain lateral ideals of certain real Clifford
algebras that “mimic” what has been described in (i), (ii), (iii) and (iv) above.
To this end in section 2 we give the main properties of Clifford algebras over the
reals 342122332425 2627 The material presented fixes our notation and is the min-
imum necessary to permit the formulation of our ideas in a rigorous way.

In section 3 we define the a-spinors as elements of minimal lateral ideals and
the e-spinors are the elements of lateral ideals (not necessarily minimal) in real
Clifford algebras. The a-spinors or e-spinors of each one of the Clifford algebras
studied in Lhis paper has a natural F-linear space structure over one of the follow-
ing fields F = IR or € or H, respectively the real, complex and quaterniom fields
(5 2).

We introduce for each a-spinor space ] = R, ,e a natural scalar product (spino-
rial metric) i.e., a non-degenerated bilinear mapping I' : J x | — Fe. where F is
the natural scalar field associated with the vectot structure of ] € R, .

Our approach to the natural scalar product shows for p + ¢ < 5, the groups
Spin. (p,q) are the groups that leave the spinorial metric invariant. Thus our
approach to the scalar product is different {rom the one discussed by Lounesto!®
and as we shall see offers a solution for the main question formulated above.

In § 4 we analyse in detail the special cases SU(2) ~ Spin(3,0) and SL(2,C) ~
Spin.(1,3) and identify respectively the ideals that contain the objecis corre-
sponding to Pauli c-spinors in Rsg and the Weyl e-spinors and Dirac e-spinors
in R,3 (the space-time algebra) and Ry, (the Majorana algebra). Our identifi-
cations are all based on explicit proofs that the representative space of a-spinors
(or e-spinors) of each one of the c-spinors mentioned above carry the correct rep-
resentation of the corresponding spin group (according to the theory of group
representation). We show also that the original.Dirac algebra € (4) must be iden-
tified for physical reasons with the real Clifford algebra R, .

Now, it is well known that physical theories use spinor fields. Indeed, there are
theories which use c-spinor fields [**% and theories that use e-spinor fields [¢:30.31.32.3%
e-spinor fields are sections of the so-called Spinor bundle and the e-spinor fields are
elements of the Clifford bundle. These two bundles are of very different nature.
In particular the existence of the Spinor bundle imposes several constraints on the
base manifold of the bundle (which is taken as a Lorentzian manifold modeling
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space-time 10:3438.368) which are different from the constraints imposed for the
existence of the Clifford bundle [*37,

Now, the construction of the Clifford bundle for a base space-time of signature
(3.1) needs the use of the tilted Clifford group 1°2?#" which are introduced in § 3
togethés with the Pin(p,g), (Pin"(p.g)) and Spin(p,q) and (Spin®(p.q)) groups.

The use of the Clifford bundle in references 133323 show explicitly some
problems with the “transformation law” of e-spinors. This problem is completed
solved from the mathematical point of view in § 3.5 and in 39].

In another publication (called I1) we study the structure of the Spinor bundle,
the Clifford bundle and a new bundle which we call the Spinor-Clifford-bundle.
In I1 we show how to write Dirac’s equation on the Clifford bundies (IR, 3) and
C(R3;). This motivates the operator definition of spinor given by Hestenes for
IR, 3 and generalized by Dimakis * for all real Clifford algebras.

We call also the attention of the reader that in II'*"! we give a new proof Ge-
roch’s theorem that require only the explicit construction of the Weyl algebraic
spinor and the spinorial metric within IR, 3 and elementary facts about associated
bundles and the bundle-reduction process. This is to be compared with the origi-
nal Geroch’s proof which uses the full algebraic topology machiney.

For methodological reasons the definition of o-spinors is presented in another
publication, called 1119,

Finally in § 5 we present our conclusions.

2. Some General Features About Clifford Algebras

Let V be a veclor space of finite dim;nsion n over the field F and let Q be a non-
degenerate quadratic form on V. The Clifford algebra C(V,Q) = T (V) /I where
T(V) is the tensor algebra of V(T(V) = =%, T*(V); TV)=F; TYV)=
V; T7(V) = @'V) and Ig is the bilateral ideal generated by the elements of the
form z® z — Q(z)1, z € V. The signature of Q is arbitrary. The Cliflord alge-
bra so constructed is an associative algebra with unit. The space V is naturally
imbedded in C(V, Q).

VA T(WV) L T(V)/Io = C(V,Q), iq=jos; and V = Io(V) C C(V.Q).

Let C*(V,Q) (respectively C~(V.Q)) be the j-image of =X, T*(V) (respec-
tively =2, T#*!(V)) in C(V, Q). The elements of C*(V, Q) form a subalgebra of
C(V,Q) called the even subalgebra of C(V, Q).

C(V, Q) has the following universal property: “f A is an associative F-algebra
with unit then all linear mappings ¢ : V — A such that (¢(z))? = Q(z)1, Yz e V
can be extended in a unique way to a homomorphism ¢ : C(V,Q) — A"



In C(V,Q) there exist three linear mappings which are quite natural. They
are extensions of the mappings:

(a) Main Involution - an automorphism P : C(V.Q) — C(V,Q) exiension of
a:V -~ T(V)/lg, a(z)=-dg(z)=-2z,¥YzEV.

(b) Reversign - an antiautomorphism * : C(V.Q) — C(V.Q) extension of
LTV)=T7(V), T(V)32=2,8---Qx;, =2 =2, ®--- ® x;,-

(c) Conjugation - ~ : C(V.Q) — C(V,Q), defined by the composition of the au-
tomorphism © with the antiautomorphism ", i.e., if € C(V.Q). then 7 = (z7)C.

C(V,Q) can be described throngh its generators. ie.. if {e,}.7 =1,2,...,nis
a Q-orthonormal basis of V, then C(V.Q) is generated by 1 and the e)s subject
to the conditions e;e; = Q(e;)1 and e;e; +eje; = 0,0 # 3, 1,7 =12,....,n. HV is
a n-dimensional real vector space then we can choose a basis {e¢,} for V such that
Q(e:) = +1.

2.2. The Real Clifford Algebras R,,

Let IR"* be a real vector space of dimension p + ¢ = n equipped with a metric
g: IR x RP® — R. Let {¢;} be the canonical basis of IR*# such that

-1 1=j=p+1,....ptqg=n
0 1#;

Sty 13" a8
glei.e;) = 9i; = glej &) = 95 =

The Clifford algebra R,, = C(R??,Q); p + ¢ = n, in the Clifford alge-
bra over the real field IR, generated by 1 and the {e,}, 1 = 1....,n such that
Q(e;) = gles,e). Ry, is obviously of dimension 2" and it is the ‘direct sum of
the vector spaces R:‘ of dimensions C), 0 < k < n. The canonical basis for

R}, are the elements ¢4 = €, €q,, 1 < @y < --- < ay < n. The element
e, = ;- €, € R, commutes (n-odd) or anti-commutes (n-even) with all vectors
iy Bl R:'. = IR*4. The center of R, is R‘:‘ = IR if n is even and it is the
direct sum Ry & R}, if nis odd. ™ All Clifford algebras are semi-simple.
If p+ g=niseven R,, is a simple algebra and if p + ¢ = n is odd we have the
following possibilities:

(a) R, is simple «+ €} = —1 <+ p— ¢ # 1 (mod 4) — center R, is isomorphic
to C.



{b) R, is not simple < ¢} = +1 «+ p—¢ = 1 (mod 4) « center R, is isomorphic
to Rg.c & R;.r L

From the fact that all semi-simple algebras are the direct sum of two simple
algebras ** and from

Weddenburn’s Theorem: “If A is a simple algebra then A is equivalent to
F(m), where F is a division algebra and m and F are unique (modulo isomnor-
phisms)” we obtain from the point of view of representation theory IR,, ~ F(m)
or R,y = F(m) & F(m) where F(m) is the matrix algebra of dimension m x m
(for some m) with coefficients in F = R, €. H.

Table I (where [n/2] means the integral part of (n;/2) presents the representa-
tion of IR, ., as a matrix algebra 325!,

p— gimod §; ° 1 2 3 4 s ! 6 7
; , i
' r2le2), a2l l
o p2lr?)) " L) cal?}, wzlva-1; ® | mabe-1} cial2))
xiale/2) | aglahy |

Table 1 - Representation of the real Clifford algebra R, as a matrix aigebra

2.3. Minimal Lateral Ideals of R,,

The minimal left ideals of a semi-simple algebra A are of the type Ae. where
= e) is a primitive idempotent of A. A idempotent is primitive if it cannot
be written as a sum of two non zero orthogonal idempotents, i.e., ¢ #3 - :, where
A v

=€, ¢?=¢ and ee=ée= 0. Recall that when p + ¢ = n is even R,, ~ F(m).
(Table I). We also have the

e(e?

Theorem. The maximum number of pairwise orthogonal idempotents in F(m) is
mi2e]

The decomposition of R, into minimal ideals is then characterized by a spec-
tral set {e,,} of idempotent elements of R, such that

9



(a) 3 o5 €pga = 1

L
(b) Cpgs Cpqs = &ia Epgi
(c) rank of ey, is minimal = 0.i.e., ¢y,s primitive.

where rank of ¢,,, is defined as the rank of the & AY(R7)-morphism e, :
¥ — ¢ ey Where @ AY(JRP9) is the exterior algebra of RP4. Then R,, =
L Loy 5a=Rysepandvwe [ R, is such that ¢ ey, = ¢. Conversely,
any element ¢ € I}  can be characterized by an idempotent e,,, of minimal rank
# D with v ey, = ¥

We have the

Theorem ®: A minimal left ideal of R,, is of the type I,, = R, ., where
epe = 1/2(1 + €,,)---1/2(1 + e,,) is a primitive idempotent of IR,, and where
€ays-- -+ €a, IS a set of commuting elements of the canonical basis of R, such that
fe. P =1 r=%e . k that generates a group of order k = ¢ — r,_, and r, are
the Radon-Hurwitz numbers, defined by the recurrence formula ri4s = r; + 4 and

e L B
2 ad
Table I1 - Radon-Hurwitz number

If we have a linear mapping L, : R,; — R,, 3 La(z), 7z £ R,, and where
a £ IR;,, the since I,  is invariant under left multiplication with arbitrary ele-
ments of I, ., we can consider L,jj,, : I, — I, ,. We have the

Theorem: I p+ g = n is even or odd with p— ¢ # 1 (mod 4) then
o= Lrllyg) = F(m) (a7)

where F ~ R or € or H, L[r(l,,) is the algebra of linear transformations
in I,, over the field F, m = dimg(l,,) and F =~ eF(m)e, ¢ being the
representation of e, in F(m). If p~ g = n is odd, with p— ¢ = 1 (mod 4), then
Ryq > Lr(lp) = F(m) & F(m), m = dimp(l,s) and cyuRyep = R R or
Ha H.

With the above isomorphisms we can identify the minimal left ideals R, , with
the column matrices of F(m).

10



Now. with the ideas introduced above it is a simple exercise to find a primitive
idempotent of R,,. We have the following algorithm. We first give a look in
Table | and find to which matrix algebra our particular R, is isomorphic. Let
R,, ~ F(m) for a particular F and m. * Next we take from the canonical basis
{ea} of Ry,
2 ea=¢g vep, 1SB<---<Ph<n ptg=n

a element e,, € {es} such that e = 1. We then construct the idempotent
epg = 1'2(1+e,,) and calculate dimp(I, ;). If dimg(l,,) = m then e, is primitive.
If dimg(1,,) # m then choose * {e4} = ¢,,le2. = 1 and construct the idempotent
e'P? =12(1 + €a,)1/2(1 + e4,) and the calculate dimg(F, ) where I, . = Ry e, . If
dtmr([;‘) = m, then ey, is primitive. Otherwise repit the procedure. According
to the theorem above the process is finite.

We will discuss the problem of the equivalence of representations of IR,, when
we take the minimal left ideals {instead of some vector space isomorphic to them)
as representation modules of IR,,. after the introduction of the concept of the

Clifford groups (§ 3).

3. Algebraic Spinors, Spin Group, Spinorial Representation and
Spinorial Metric.

We continue to use the notation of § 2, but here V refers always to a real
veclor space.

3.1. The Group C"(V,Q).

The elements u € C(V, Q) such that there exists u™? € C(V.Q), uwu! =
u 'u = 1 constitute a non abelian group which we denote by C*(V,Q). When
(V,Q) = R™* we denote C*(V,Q) by R; .

C*(V,Q) acts naturally on C(V,Q) as an algebra automorphism through its
adjoint representation Ad

Ad: C*(V.Q) —~ Aut(C(V,Q))
Ad, :C(V,Q) — C(V,Q) (18)
Ad,(z) = uzu™', uwe CV.Q); z€C(V.Q)

For what follows it is also important to consider the so-called twisted adjoint

*We are supposing R, , is simple. The procedure is also straightforward when R, is semi-
simple.
“All elements e,, are actual commuoting elements as stated in the Jast theorem.



representation of C"‘(V, Q),
AdS : C(V.Q) —C[V,Q)

AdSz = wlzu™!
Observe that AdT = Ad, for u € C*(V,Q)nC*(V,Q).

3.2. The Glifford and the Twisted Clifford Gronps

We define the Clifford group I'(V.Q) of C(V,Q) by
F(V.Q) = {u e C7(V.Q). Ady(V) = V}
We define the special Clifford group I'* (V, Q) of C(V, Q) by
r“(v.Q) =r(v,Q)nc*(v,Q)
We introduce the “norm mapping” N : C(V,Q) — C(V.Q) by
N{(z) =22

We have the

Proposition: The following mappings are honﬁmpb'ﬂn

NH‘[V,Q) § F(V, Q} — R, dlm(V) is even
R = R-{0)
Nips(V.q) : T*(V,Q) — R*,dim(V) isodd

The reduced Clifford group is defined by
To(V,Q) = {s € T(V,Q)IN(v) = <1 and dim(V) is even}
The reduced special Clifford group is defined by '
T3(V.Q) = {s €T*(V,Q)IN(v) = <1 and dim(V) isodd}
I;, denotes the component of I'; containing the identity.
We now define the twisted Clifford group I'(V,Q) of C(V, Q) by
[OV,Q) = {u € C(V.Q), ALE(V) =V}
The special twisted Clifford group I'© * (V. Q) is defined by
re*(v,Q) = r°(v,Q)nc™(v.Q)

12
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When (V,Q) = IRP? we use the notations I'(p.q) and I'C(p, ¢) for I'(V, Q) and
ro.Q), et ... .

It i clear from eq.(20) leq.(27)' that T2(V.Q) ¢ T(V,Q).

Let us call o the restriction of Ad to I'(V.Q). Since when u € I'(V,Q), the
linear morphism o(u) : V — V satisfies Q(o(u)z) = Q(uzu™?) = uru luzu~! =
ur’u~! = Q(z) it follows that we have the following group morphism

Adirvg) =0 :T(V,Q) — O(V.Q) (29)

It is very important to observe that when dim(V') is odd the morphism ¢ is
not ontoe, its image being the special orthogonal group SO(V, Q).
We then have [10.21.22.23] ‘

Proposition:

o(T(V.Q)) = O(Q.V), if dim(V) iseven

30
o(T7(V,Q)) = SO(V,Q), if dim(V) isodd N
For what follows we need the result %I,
Proposition: The kernel of the mapping
Ad® : TP — Aut(V) s R (31)
Consider now the “twisted norm mapping® N© : C(V,Q) — C(V,Q)
NO(z) = iz (32)

HeeV — CV,Q), N =(r)°v=—-tv>=—-Q(v). This means that
N(v) coincides with the “square of v € (V,-Q)". In the particular case when
(V.Q) = R4, then (V,-Q) = IR**, which is a real vector space of dimension
n = p + ¢ with a metric of signature (g, p).

N© has important properties when restricted to I'?(V,Q). We have:

Proposition 4:

N%ro(V,Q) : TP(V,Q) — R* is a homomorphism
and for I'2(V,Q) > u itisN®(u®) = N°(u). (33)

More important is the
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Proposition: Let u € I'9(V.Q) and Ad%|rygq) = ¢” . Then the finear mor-
phism 02(u):V — V satisfies N(o®(u)v) = N(v) = —Q(v) .

It follows that % C O(V,-Q) (34)

%

-

The proof of Proposition (34) is trivial. It is important to observe that as
O(V.Q) ~ O(V, - Q) we have also that ¢ < O(V. -QJ.

We close this § 2.3 with the following observation: It is easily to show that if
ve<V oand Q(v) = 0. then Ad, (V) =V and Ad- (V) = V. Therefore we can show
110 that the elements of both I'(V,Q) and ['®(V.Q) can be writien as a product
of a finite number of vectors v,.Q(v,) # 0. We have, e.g.,

rEwol=4{n---%eCl¥V.Q), uwu=1,.., r, Q(w)#0} (35)
3.3. The groups Pin(p.q), Spin(p.q), Pin”(p,q) and Spin®(p.q)
We define the Pin(p, g) group when p+gq = n is even as the subgroup of I'(p, q)

such that
Pin(p,q) = {u € I'(p.q)|N(u) = £1} (36)

It is clear that Pin(p,q) =~ I'(p.g)/IR;, where IR’ are the non-negative real
numbers.
We also define the Spin(p, ¢) group when p— ¢ = n is even or odd by

Spin(p.q) = {u = I'"(p.q)iN(u) = =1} (37)

It is clear that Spin(p.q) =~ I'*(p.q) 'R’.
We define the Spin. (p.q) group when p~ ¢ = n is even or odd by

Spin.(p.q) = {u< ' (p.q) Nfu) = <1} (38)

Comparing eq.(38) with eq.(25) we see that Spin.(p,q) = T;(p,q) when
p~¢q = nis odd It is clear that Spin.(p,q) = Pin,(p.q) where Pin.(p,q)
is the component of Pin(p,g) containing the identity.

The following theorem holds true #*3 -

Theorem:
Ad' piipq) : Pin(p, g) — O(p,q) is onto with kernel

Z, when p+g=n is<even

Ad spnpq) - Spin(p,q) — 50(p.q) is onto with kernel

14



Zy when p+g=n is even or odd (39)

Theorem (39) means that O(p.q) =~ Pin(p.q)/Z: when (p + q) is even and
SO0(p.q) ~ Spin(p.q)/Z; when (p + q) is odd or even. It is also clear from the
above considerations that SO. (p.q) = EL'?;(M}, where SO, (p.q) and Spin_ (p.q)
are respectively the components of SO(p.g) and Spin(p.q) connected with the
identity,

The above groups are used for the case when p+¢ = n is even. e.g.. by Bugajska

"' in her study of the spinor structure of space time. Also related definitions are
given by Crumeyrolle 119,

For the construction of the Clifford bundle (in IIT) when p+ ¢ = 3+ 1 we need

also the following definitions

Pin®(V.Q) = {u € TO(V.Q)|N°(u) = +1} (40)
Spin®(V,Q) = {u € I'® *(V.Q)|N(u) = £1} (41)
Spin?(V.Q) = {u € TP *(V.Q)|N(u) = +1} (42)

Spin= (V. Q) is the connected component of Spin®(p.g).
We saw above that Pin(p,g) is a covering of O(p. g) only when p + ¢ is even.
For the groups Pin®(p.q) ‘and Spin~(p, q) we have [0,

Theorem:

Ad® | pinoipq) : Pin=(p,g) — Ofq. p) is onto with kernel 2,

(43)
Ad® {spac(pq) : SPin(p.g) — SO(g, p)is onto with kernel Z,
1t follows that the following exact sequences are valid for all (p, q).
0 — 2, — Pin®(p,q) ** O(g,p) 1
. AdC
0 — 2, — Spin®(p,q) = Olg.p) =1 (44)

v o
O — Z, — Spin®(p,q) % 50, (p.q)

We now give the relation between the various groups defined above

15



Proposition: When

P+ g=n is even rg(P-q) = r("q)
and when
p+g=n isodd I'*(p.q) C I°(p.q) C I'(p.q) (45)

Proposition: When

p-q=n iseven Pin(p.q) = Pin"(p.q) b4
and when
p+q=n isevenorodd Spin(p,q)= Spin®(p.q) (46)

The proofs of Propositions (45) and (46) are trivial.
We resume the above results in Tables III and IV.
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riea -T.M

O(q,p) = O(p.g)

Oina) Pin(p.g) =Pin" (paq)
| . J

SO(g,p) = SO(p.g)

S0,(pq) = SOlgp) %0, (96)=50, (pg)

Table 11l: p- g= nisevenand n > 2



ripal

L]
- Olgp) = Olpa)
\ /
A |
) e (o)

Spin(pa) = Spim (pa) g SO(gp) = SO(p.q)

- ]
T P9

P

+ + a
spin, (pg) = T, () = Lulpa) = Spin (pgj———®————SO(9.p) = SO +({pa)

Table IV - p- ¢ = n is odd
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Since R;# = R follows that

Spin(p,q) ~ Spin(q,p) (47)

Finally, the following is fundamental for the present paper:

Theorém 1;

Spin.(p.q) ={uc R, au=wu=1}; for p+q¢<5s. (48)
3.4. Algebraic Spinors.

Given a real Clifford algebra R,, we call elementary algebraic spinors. or a-
spinors for short the elements of the minimal left (or right) ideals R, je,, (e, Ry 4)
or R, e, (e, IR, ). where ey, ¢, are primitive idempotents of R,,. We call al-
gebraic spinors or e-spinor the element of left (or right) non minimal ideals of R, .

3.5. Spinorial Representations.

In § 2.3 we showed that the minimal left ideals are representation modules of
R, ,. We must now discuss the problem of the equivalence of these represeniations.
To this end, remembering that R, is not just an algebra, but an algebraic struc-
ture consisting of an algebra together with a distinguished subspace R",'q = IR*2
and that the representation spaces I, , are certain subalgebras of IR, , we have the
following theorems 2223,

Theorem of Noether-Skolen: When IR, is simple its automorphisms are given
by its inner automorphisms z — uzu™',z € IR, , and u € [(p.q) = I'Z(p.g).

Theorem: When R, is simple all their finite-dimensional irreducible represen-
tations are equivalent under inner automorphisms.

In view of the above theorems we define that two representations I, and I |
of R, are equivalent if I, = ulyu™' for some u < I'(p, g).

Now, if we consider the definition of the group Spin”(p,q) we see that the
ideals I,, can be made into spinorial representation of SO, (p.q) (in the sense of
group theory)by postulating f,, — ul,,. for u € Spin.(p.q). This is exactly the
idea behind the introduction of the spinorial metric (§ 3.6) which is necessary in
order to “mimic” the results in (i), (i), (iii) and (iv) of § 1.

The transformation ¢ — uw, ¥ € I, , corresponds to the usual transformation
of c-spinors, but the use of this transformation involving other Clifford numbers
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would contradict the fact that the [ s are substructures of R,,.

Observe that when IR, . is semi-simple and e,, is a primitive idempotent then
R, 4ep IR, , is a bilateral ideal and lel = e = 0. It follows that R, je, R,; = R, ,,
from where we can write .

R, = 1(p.q)("1,,) (49)
where
B Iyg = Rygepe and eyR,, =" I,

The meaning of eq.(48) is then that ¥r € R,, can be written as sum
of elements of the tensor product * of the spinor spaces I, and *I,,, ie.. any
z € R, , can be considered as a rank-two spinor.

This decomposition of antisymmetric tensors are the ones generally, presented
in textbooks of theoretical physics and group theory and which gave birthy to the
believe that spinors are more fundamental than tensors. However from the results
of § 2.3 we know that Vz € IR, , can be writlen as

=t g+t Y, (50)

where ¢, € L. L, = Rygepis 10 Cppa = 1.
From eq.(50) it is clear that e-spinors can be written as sum of antisymmetric

tensors (for explicit examples see § 4).

Now. let {¢,,.} and {€],,} be two set of primitive idempotent 327, €y, = 1,
Y, =1 and e, . =uea ', ucl(pg)

Given z € IR,, we have

1':zztﬂj=Zx¢;‘=ﬁ+---+“=¢;+-...‘.‘,‘-
=]

and then
¢ = ughu”’ (51)
On the other side if a given r € R,, can be written as
z=v"p, v€l, ‘ve 'L, (52)
we can write

CP= Vulpl Po i Yuo PE R,
Z&.(l"e’nl)(u"é;‘u) "o

Yl un (e, Telw) 5 ¥, = wea
Y (e e (e W)l (53)

‘remember the definition of the Clifiord product

=
I
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In this case the factor uu™" = 1 can be eliminated or retaining without affecting
the result. Then, from the usual decomposition of antisymmetric tensors as tensor
products of spinors we infer that we can choose as transformation laws for the
spinors:

v—o¢ =y (a)
or (54)
v — ¢ = wypu’ (b)
*

Eq.(54.b) is what results from the “sum decomposition” of z into spinors.

Observe that if ¥ € I, ; then up < I, but wwu™' @ I, , in general.

In physical theories which use spinor fields the observables are usually asso-
ciated with bilinear functions of spinors (i.e., the observables are tensors) and
the problem with (54.a) and (54.b) does not occur. There are a paper in the
literature/*® saying that the transformation (54.a) can be directly observed. How-
ever the arguments given by the authors are not very strong - we will come back
1o this particular point into another paper.

3.6. Scalar Product of e-Spinors. The Spinorial Metric

In § 2.3 we saw that R, is simple, a minimal left ideal I,, of R, is of the
form I, 4 = R, qep, Where ¢, is a primitive idempotent of R, and F =~ e, R, e,
with F = IR or € or HH. depending of p— ¢ = 0,1,2(mod 8), p— g = 3,7(mod B)
or p— g = 4,5,6(mod 8) respectively (Table I). We can then define a right action
Finlygdpg x F — Iy by I,y x F 3 (¢,a) — %a € I,,. In this way I,, has
a natural linear vector space structure over the field F. whose elements are the
natural “scalars” of the vector space I, ,.

These remarks suggest us to seach for a “natural sealar product” on [, i.e., 3
non-degenetared bilinear mapping I' : I, x I, — F. To this end we observe that
if f and g are F-endomorphisms in IR,, then we can define a bilinear mapping
I'in R,, using f and g. We simply take ['(v,p) = f(¥)g(e), w.p € Ry,
Considering that I, = IR, e, has a natural structure of vector space over F we
can take the restriction of I' to I,,, and ask the following question:

For ¥, € I,, when does I'(y,p) € F?

As we saw in § 2.1 we have three natural isomorphisms defined in R, ,, the
main involution, the reversion and the conjugation, denoted respectively by @, -
and ~. Combining these isomorphisms with the identity mapping we can define
the following bilinear mappings

Li:lyyxlyy—Rpy o i=1,23
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(53)
I(v,9) = ¢%¢
Ta(v,p) =¥'p
Ts(t, ) = v, Ve.pel

As already observed in § 2.1 the main involution is an automorphisms whereas
the reversion and conjugation are antiautomorphisms.” An automorphism (anti-
auotmorphism) transforms an element of a minimal left ideal in an element of a
minimal left ideal (minimal right ideal).

To see the validity of these statements it is enough to observe that the image
of a primitive idempotent under a isomorphism is a primitive idempotent and that
ifws I, = Ry 6p then ¥ = re, with z € R, and

7= o) o P e O e
U= (Tep) =€ 1" S € Ty = Ry, (36)
= (zep)™ = e = v ju = e Ry g

Using the isomorphimsm R,, ~ Lp(l,,) = F(m), m = dimg(,,) (when
R, is simple, cf. & 2.3) we identify the elements of the minimal left ideals of R,
with the column matrices of F(m). Then. if v € I,, has a representation as a
column matrix of F(m) then v and v have representations as row matrices of
F{m). and we get that ¥ and ¥ are elements of F.

We identify the scalars of the vector structure of I, with multiples of

10
0 0 -
0 0

(57)

i.e., as matrices in F(m) multiples of the matrix in eq.(57). Sometimes it may
be convenient to choose the 1 in e,, in another line [see eq. (81)]. Through
isomorphisms of R, , (multiplication by a convenient invertible element u € R, )
we can transport ¢ or ¥ to the position (1,1) in the matrix representation of
these operations. We then conclude that the natural scalar products in I,  are

BTy % = F =12 (58)

Bie,p) = w'¥p and Ba(¥,p) = up, Ye,p € I, and u, v’ € R, are conve-
nient invertible elements.

Lounesto'® obtains the scalar products in eq.(38) using similar arguments
and immediately proceeds to the classification of the group of automorphisms
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of these scalar products, i.e.. the homomorphisms of right F-modules, I,;, —
Igw ¥ — sv, s € IR,, which preserve the products in eq.(58). Observe that
from 3,(s¥.s¢) = By(¥,p) we get s's = 1 and from Ba(s¢,sp) = Balv. ) we
get s =1 (v,p € I,,). Lounestocalls G, = {s € R, :s’s =1}, G, = {s¢
B k= 1}

So in Lounesto’s paper there does not appear clearly any relationship between
the graups Spin(p.¢) and the groups G, and G; with the consequence that we do
not have a clear basis to mimic within the Clifford algebras R, , (for appropriate
p and g) the results described in (i), (ii), (iii) and (iv) of § 1. We can mimic
these results within some Clifford algebras by introducing the concept of spinorial
metric. .

Observe that since Spin(p.q) C IR, it seems interesting to define a scalar
product in an ideal [, = IR} e,. The reason is that such a scalar product is now
unique, since if s € IR; . then s° = 5. This unique scalar product will be called in

P’
what follows the spinorial metric

Pl i, = F (59)
define by B(1,) = utp. We see that G = {s € R} [ss = 1} is the group of
automorphisms of the spinorial metric just defined and G © G,, G C G;.

We now recall Theorem (48) of § 3 which says that for p+ ¢ < 5

Spin.(p,g) = {u€ R iu=v'u=1}

With the result we get a new interpretation of the groups Spin.(p,q) for
p+ ¢ < 5, namely, these are the groups that leave the Spinorial metric of eq.(59)
invariant. But even more important is the fact that now we know the way to mimic
within appropriate Cliflord algebras (i), (ii), (iii) and (iv) of § 1 and thus we can
make a representation within Clifford algebras of the Pauli c-spinors. undotted
and dotted bidimensional ¢-spinors and Dirac c-spinors. This is done in § 4, and
in IL

4. Representation of Pauli ¢-Spinors, Undotted and Dotted Two-
Dimensional Spinors and Dirac c¢Spinors by Appropriated
Algebraic Spinors

4.1. Pauli e-spinors and the Group SU(2)

The algebra R;; (Pauli-algebra) is isomorphic to C(2) (see Table I). Ry is
generated by 1 and o;,1 = 1,2,3 subject to the condition 0,0, + 00, = 26,,6;; =
diag(+1,+1,+1). It is trivial to verify that ey, = 1/2(1 + o03) is a primitive
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idempotent of Ryp. Now, consider z € Ryp.
T = ag+ G;0) + 8203 + @30y + 040,03 + G50103 + 850205 + @10,0203  (60)

R T =000

The elements ¢ € Isg = I, = Rypess = Rjges (Pauli a-spinors) are of the
for{n 3

v = |lag — @:) - (ag + a7)0y0203]es = [(@) + as) — (az + ag)oy0:205.01e50  (61)
It is then immediate that esMR3ges0 >~ C has basis {1,0,0,03}e3 and the

spinorial basis is @ = {ess,01€3%}. We now show that the elements of I, are the
representatives of Pauli e-spinors [(i ) of § 1.

it
Using the isomorphism Rsp =~ Le(],) (§ 2.3), flz)d = zd,u € Rsp.w € I,
we obtain the representation of z € IR3p in the a-basis through the following
algorithm: * Put
ex=11>, oeso=12>; <1|l=¢e3, <2/ =(o1e:) = e300 (62)
1=d R clii=02 <> =igem

z=2Y hi> <iinsi>=) 2> tu =<jlali>

w3 3] e[ 2]

S B R Haed IS

We also have the following matrix representations for r,7°,1° and 7 € Rsp.

.cm”:[: "l : z"=1 i 'f] ;

(63)

2z -5 5
el Lk e e 2

‘Hze R;_.l. we use the same letter for f(z) £ C[2) = Lc(1,). This causes no confusion.
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From eq.(64) we see that the main antiautomorphism ° corresponds in the
Pauli-algebra to the operation * in matrix algebra.
We now define the spinorial metric

B:L,x 1, —C;B(e,0) =AW pl=v¢ +o¢ (65)

where ( )y means the scalar part of the Pauli-number.
The representation of 3 in the a-basis is then

L
pl=s 7] - (66)

Also B(¥,p) = Blud,up) <= w'u =1 < u € U(2).
Now, if 2 € Rj, =~ Rg3 ~ IH, we have the following representation for z in

the a-basis = e
::=[z ht] and izz'z{ g w] (67)
w z —-w z

Then NP(z) = 2z = det -1 => NP(z) = 1 <= det z = 1. So. the elements
u € Ry, such that B(uy,up) = 3(v,¢),¥,p € I, satisfy #u = 1 and def u = 1,
which means that u € SU(2) ~ Spin.(3.0). Our statement that Pauli c-spinors
are represented by the elements of I, = IR;,es, (Pauli a-spinors) is then proved.

4.2. Representative of Weyl c-Spinors and Dirac ¢-Spinors within R,
and SL(2,C)
The algebra IR, 3 is generated by 1.and the vectors ¢, such that
euty + €8, = 2Ny N = diag(+1,-1,-1,-1); p.r=10,1,2,3.
!
Consider the isomorphism 3, ~ IR, s, where [ is the linear extension of
floi) = eieg and 0; € R®*® as in § 4.1. Since esy = 1/2(1 + 03) is a primitive

idempotent of Rsp, f(esa) = 1/2(1 + eseq) is a primitive idempotent of R;,. Also,
since Ry 3 ~ IH(2),e1s = f(eso) = e is also a primitive idempotent of IR, » since

dimg Ryse = 2°/2 and dimy R, se = 2

Ip = IR, se is a bidimensional quaternionic space and ¥p € [p is a representation
of the Dirac spinors as we shall prove. Let a € R, se

s+ (age + aye; + azes + azes)

(aoreces + anzeoer + agseoes + arzeres + anseres + anezes)  (68)
(amze0eres + agiaeoeres + agzseoezes + ayzserezes)

Peper€zey

+ + +
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Then ¥p € IR, e is such that
¥p = |2o + 116y + Tzex + Tsereafe + (W ~ ey + mer + meres)eroe (69)
where eIR; se ~ H has basis {1.¢;.€2.;e3}e.

Contravariant Undotted e-Spinors

Consider the minimal left ideal ] = IR} ;e. Then n € J can be written as

5 n = izp + zsile + [y + wsileoe (70)

where ¢fR; 4¢ ~ C has basis {1.i}e. where

i=epeje2es : Ip.rag.ms€ R
We write
1 2 1 2 n o], )
n=n'e-n'ereoe = '8 + '8y = w0 "ECe , i=12 (71)

Covariant undotted e-spinors

Consider the space ] = (IR} s¢)~

Fo ko el =3 3 ( oo) (o o)
on=en —eegpn = - 1 1=
-n n T M

We can identify the covariant undotted spinors as the elements

A 2 — g 1
nN= eyegn = (l]l¢+ ﬂz“;euksdg 4 ( "0 : ) = ( ;I :)h ) = r,'c

oy =exep , Oy =e1ep , C =030, (72)
Note that we can define the spinorial metric as
B:IxT—C;Bm6=2(01€)=2(n"CE (73)
Contravariant dotted spinors
Consider the ideal 1 =* | = el ey
130 = eolen' - eeresn)en
i"
0

)

L}
—

(=2 |

) (74)

o3
o3

= fﬁ’"‘“ﬂnﬁ"-"(
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Covariant dottet spinors

Consider the ideal 1= —eoleo

137 = -7le+ nlejeot

otz

»
We can identify the covariant dotted spinors as the elements
& v B e S
h=hoy = -n030; = —(7'¢+ 7 €1e08)030 (75)

030, (7' e + T eeren) = 0304 (7' e + i’ erece)

2 1
it T i, |
Cn_(o D)

The spinorial metric in this case is defined by

1]

A
f:ixi—0C ; Bli.&) = 27030, = 2(n E)o (76)

In the spinorial basis a = {e,éeqe} of I we have the following representation
for o; = ejeg, 3=1.2,3

a=(38) s a=(23)  ==(s.2)

Observe now that we can write from egs.(68, 70, 75) that

(77)

A
Up =@+ eoX 78)

Now, let z € ]y Then we have that if z € C(2) is the representative of
2 n Z, -2 -1

= % = 79

z (zsz.)#"?‘““ (_i’ 2l) (=7) (79)

From egs. (78) and (79) we have that for u € Spin. (1,3) that ¥p — ¥p = u¥p

and

a S A &

up = up + ueo X= up — eof(u”) ™' x| = ¥’ + €0 X (80)

Eq. (80) shows that Ip is the carrier space of the representation Do) g

DV of Spin,(1,3) ~ SL(2,C) as defined in (iii) of § 1.
Observe also that from eq. (69) we can write

tp = Vieoe + Yaeye + e + yeoere (81)

27



with ¥, € elR, 3¢ = C with basis {1.1}eqe;.
A complex spinorial basis for Ip is then ap = {ece, )¢, ¢, €081}
Consider now the injection

7: Ry — Le(lp)r
\ z —(z):lp—1Ip

¥p — u¥p

We get the following representation for e,, 4 = 0,1,2,3 in the ap-basis

‘7(=o)=‘7n=(l(: lf,) ‘}(ei)='1.-=(“: ”6‘) , i=1,23  (82)

We can also mimic the spinorial metric in € (4) [(iii) of § 1] defining
3p:lpxIp—C . Bp(¥,p) = 2(¢ eser)o (83)
4.3. Representations of Weyl and Dirac ¢-Spinors in R,

Rs; =~ IR(4) (see Table I). the Majorana algebra is generated by 1 and the
vectors ¢, such that ,¢, ~ &8, = -2nu ; N = dieg(+1,-1,-1,-1),u,v =
0.1.2.3. We can easily verifv that ¢ = 1/2(1 + & ) is a primitive idempotent of
R;, =~ Rsyo ~ R;;. Then each ¢ € I = IR;,& can be written as

© = P1E + Pr€ 808 (84)

where ¢y, 2 € €fR;,& = C has basis {l,i}E, where 1 = —&; £,€283 = —0,0205 ,
0= gy 0 =il .23
It follows that the siructure of the Weyl spinors is equal in the IR, algebra.
What we want now is to represent the Dirac spinors inside [R3,. Observe that
unlike the case of Ry 3. & =1/2(1 + &3€y) is not a primitive idempotent of Ry ;.
However. for each r € IR;, we can write

Rydz=s+tg® ; s*9" Ry (85)
Also if u € R, and if u € C(2) is the representative of u in the canonical
spinorial basis then

.

_[» = R e = _(y*)"?
u ( S ) = guép ( 3 -3 ) (u*) (86)
It follows that the objects of the non-minimal ideal Ip = IR, 3z,

a
¥p = © + & x transforms under the action of u € Spin.(3,1) = Spin_(1,3) =
SL(2,C) as

< o a a
Up — utp = up + weg x= up + g(v’)”' x| (87)
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with p+ ¢ = §. Thevolumeeieml. is E; = EoE\E5ESE, and wg‘d E}=-1
for ¢ = 1,3,5. Now define :
¢, = E,Eq -(90)

and impose that c; is an orthonormal basis for R!?, i.e.,
»
G=-EEl=+1, gq=-EE{=-1_, k=123 (91)

(91) is satisfied when p = 4,¢ = 1. ie., E] = E} = -E} = 1 and we
conclnde that the real Clifford algebra associated with spu:e-tmn (R"‘) and iso-
morphic to €(4) is Ry,

Eq. (91) shows that R, 3 R}, where g is the finear extension of g(e,) =
E,E,, p-=0,1.2,3. We already saw in § 4.2 that f(ey) is a primitive idempo-
tent of IR, 3 and we have that ¢(/(ex)) s a primitive idempotent of R;,. Then
Ip = R},9(/(ex)) s a minimal ideal R;, which is a 4-dimensional vector-space
over the complex field and its elements, the Dirac a-spinors, are representations
in Ry, of Dirac e-spinors.

4.5. Representation of the Standard Dirac o-Spinors within the Ru
Algebra

It is obvious that = 1/2(1 + ¢) is a primitive idempotent of R,s. Also we'
cmeu'lymlfythuf-‘uyzeR|,ther!m'ER,mhthnz¢_,¢ It
follows that ]p: R{,tllmdut:dedd'lu. The elements t‘:,élpm
be written in the form :

b4 v v
V= 0 € +nene; € +vyey ¢ +ge € (92)

% E: R, e~ € with basis {1.!,!.} s

The ' & are the representative of standard Dirac c-spinors, which are the
kind of ¢-spinors that appear in the usval form of the Dirac equation'”.  The
isomorphism

7: Ris — Lelin)
: —e):do—ip
v

gives through the technique already introduced in § 4.1 the following representation
for ¢y, # = 0,1,2,3 and & = eoee7e; in Bp= {l.cm beyé,e 3}, a complex
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spinorial basis for ]p.
Putting 7(ép) = {11 >,12>,/13>,4 >} and (e,) = %,.7(es) = m.

i=l8ai = [:’ ?_h :] i = [:. o"] B [?“ ;"]
(93)
where [6;,) is the 4 x 4 matrix with one in the i-line of the first column, all other
elements being zero. Also1 = /=1. The set of v-matrices in (93) is usvally known
as the standard representation of Dirac-matrices''",
Observe now that the idempotents e= 1/2(1 + e) and ¢ = 1/2(1 + eyeo) are
related by
: e=uew! ; w=(1+e) (94)
Since u = (1 + e3) € I'(1.3), the ideals Ip and p are not equivalent (module)
representations of Ry, although from the point of view of group theory both
ideals are carrier spaces of the representation D{!/39) @ DI3/2 of SL(2.C). This
point is important for paper number Il of this series. There we will need also the
following results which are trivially established

N>= 1 > 111 >= 2yl > 2>= —mm1> B>=n1> 4>=x1>
: (95)
5. Conclusions

Hestenes'*! said about the theory of spinors: “I have not met anyone who was
not dissatisfied with his first reading on the swbject”.
Well. the reasons for such statement are in our view due to three main facts,

{A) The usual representation of e-spinors such as introduced in (i), (ii). (iii) and
(iv) of § 1 does not emphasize the geometrical meaning of these objects.

(B) There are not ciear connection between the abstract concepts of e-spinor and
the more abstract concepts of a-spinors, e-spinors and e-spinors as element
of particular Clifford aigebras.

(C) The represenation of a-spinor (or e-spinor) fields as sections of some Clifford
bundles (over space-time) and the problem of the “iransformation law” of
spinors.

As 10 (A) we think that the sitvation has been partially clarified with the pre-
- sentation by Hestenes of the geometrical meaning of Pauli-spinors and of Dirac-
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spinors' ™" and also by Penrose and Rindler’? of the quasi geometrical represen-
tation of the undotted and dotted two components spinors.

As to (B) we think that the present paper shows in a clear way how to obtain
relations between all e-spinors used by physicists and a-spinors and e-spinors. The
problem of o-spinors as already said in the introduction will be treated in another
publication (111)*.

From our approach, § 3.5 and § 4 it is clear that 4-spinors and e-spinors can
be though as elements of the exterior algebra of the vector space V = R?. K
follows that the usval claim that spinors are more fundamental then tensors is
non-sequitur.

I is very important to emphasize that all our e-spinors or (e-spinors) are ele-
ments of real Clifford algebras. Other approaches to the subject of algebraic spinors
like, e.g.. Crumeyrolle " Bugajska "' and Salingrados and Wene' ™ complexific
R,s or Ry, the complexification being isomorphic 1o Ry, ~ C(4) introducing
unnecessary complications. The reason for such a complexification is the need to
use a de Witt '°!" basis for the spinor-space, since these authors at the time of
their writtings did not seen aware of the idempotent method used in this paper.

Another “need” for complexification comes according to the view of Salin-
grados and Wene *® from the fact that R,; has only two idempotents and the
formulation of quantum electrodynamics. as is well known needs four idempotents
(there called projection operators). This “difficulty” can be easily solved following
Hestenes *' simply by introducing a single operator that belongs to the dual space
of R, (here considered as a vector space over R).

We must say that we cannot properly discuss here on some distinctive features
of the differemt representations of Dirac e-spinor (or e-spinor) fields and related
Dirac’s like equations over Lorentzian manifolds. The interested reader is invited
1o see our publications, Il and IIL
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