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Abstract: Real Clifford algebras for arbitrary numbers of space and time dimensions as well as
their representations in terms of spinors are reviewed and discussed. The Clifford algebras are
classified in terms of isomorphic matrix algebras of real, complex or quaternionic type. Spinors
are defined as elements of minimal or quasi-minimal left ideals within the Clifford algebra and
as representations of the pin and spin groups. Two types of Dirac adjoint spinors are introduced
carefully. The relationship between mathematical structures and applications to describe relativistic
fermions is emphasized throughout.
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1. Introduction

Clifford algebra plays an important role for understanding physical theories of rela-
tivistic fermions. In the physics literature they are typically discussed for a given number of

ﬁf;eﬁt?sf dimensions in terms of a concrete matrix realization [1-11]. In this formulation, spinors are

in general complex although additional “reality constraints” are sometimes imposed, e.g.,

Citation: Floerchinger, . Real to describe Majorana fermions in d = 1 4 3 dimensions. One also must specify additional
Clifford Algebras and Their Spinors  relationships for time and space reversal transformations as well as different conjugations
for Relativistic Fermions. Universe in spinor space such as charge conjugation. Although this approach is well suited for many
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applications, it is not as systematic as one may wish. A matrix representation must be
10.3390/universe7060168

developed for every combination of space and time dimensions and finding the right real-
ization of discrete symmetries is a kind of art. Other expositions focus more on geometry,
but are also restricted to four dimensions [12].

On the other side, in the mathematical literature, a more systematic approach to
Clifford algebras has been developed, see e.g., refs. [13-24]. This allows an understanding
and classification of real Clifford algebras for r time and d — r space dimensions in rather
general terms. Moreover, the spin group, which is so important to physics, also representa-
tions of the larger “pin” group are being discussed. Because the latter is a double cover
of the full indefinite orthogonal group O(r,d — r,R), it also includes reflections of single
coordinates and therefore time and space reversal.

With the present article we aim at bridging between the mathematical literature and lit-
erature about applications in physics, specifically for relativistic fermions. We will develop
the theory of real Clifford algebras with indefinite but non-degenerate symmetric metric in
a systematic but concise way and provide the material to describe spinor representations
for relativistic fermions. The present paper concentrates entirely on real Clifford algebras,
i.e,, the algebra that arises if only the original generators, their various products and linear
superpositions thereof with real coefficients are allowed. The complexified version of this
(with complex linear superpositions allowed) is actually of a somewhat simpler structure
conditions of the Creative Commons  and more often discussed in the physics literature. Restrictions can then be imposed in
Attribution (CC BY) license (https:// ~ addition, specifically in the form of real or quaternionic structures on a complex vector
creativecommons.org/ licenses /by / space, to describe (variations of) Majorana fermions. We plan to address complex Clifford
40/). algebras in a future study but find it natural to start with the more restricted real case.
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For more clarity, in the present work we will follow the mathematical tradition to
separate the Clifford algebra somewhat from its concrete matrix representation. There
is, however, in any case a rather close connection, because matrix algebras serve not
only as representations but can also be used to classify Clifford algebras. We will also
make the effort so discuss spinors somewhat independent of the matrix representation.
Algebraically, spinor spaces can in fact be introduced as (minimal or quasi-minimal) left
and right ideals within the Clifford algebra [25]. Even though it will be some effort to
introduce the necessary algebraic notions, this is an effort that pays off eventually because
it leads to more clarity on the classification of spinor spaces. Specifically, one finds spinor
spaces as real vector spaces, as complex vector spaces, or as quaternionic vector spaces. In
particular, the quaternionic spaces come somewhat as a surprise from a physicist’s point of
view but arise unavoidably for certain combinations of d and r, as will become clear.

For a consistent description of spinor spaces for arbitrary numbers of time and space
dimensions, a rather important role is played by the so-called Clifford structure map ¢. For
even number of dimensions d, this structure map is just an element of the Clifford algebra
itself and can be taken to be the product of all time-like and space-like generators. For
odd number of dimensions d, the situations is more complex and the structure map is not
an element of the Clifford algebra itself. As we will point out, the structure map plays
an important role in defining a consistent action of the pin group on arbitrary elements
of the Clifford algebra and in particular on spinor representations as left and right ideals.
Although the present paper is to a large extend of review character, it is mainly in this
context that some discussions given here go beyond the previously available literature.

2. Real, Indefinite Orthogonal Groups

We concentrate on real coordinates x* and consider d spacetime dimensions divided
into r time and (d — ) space dimensions. Technically, we mean by this that there is a real,
indefinite but non-degenerate metric, which by a convenient choice of coordinates can
be brought to the form 7, = diag(—1,...,—1,+1,...,41). The first r entries are —1 for
time-like coordinates followed by (d — r) entries +1 for space coordinates. We label the
indices y of coordinates x# and the metric such that y =1 —r,...,0 are time indices and
#=1,...,d—rare spatial indices.!

The spacetime symmetry group (including rotations, boosts and reflections but with-
out translations) is then the one of the indefinite orthogonal group O(r,d — r,R). The group
elements of O(r,d — r,R) are real d X d matrices AV v, defined through the relationship

AP 0o ATy = iy, or ATyA =1 1)

In other words, these transformations are such that the metric is left invariant.

Rotation Group O(d, R). Let us first discuss the simplest and definite case r = 0
(or, essentially equivalent, d = r). In this case, there are two disconnected components
of the group O(d, R) with det(A) = 1. The elements close to the unit element A = 1
have det(A) = 1 and form the group SO(d, R). They can be combined with reflections
to construct other elements of the group O(d,R). For d odd one has a full reflection

A = —1 with det(A) = —1. This transformation commutes with all other elements. One
has therefore the structure O(d, R) = Z, x SO(d, R). For d even this is not possible, and
reflections with det(A) = —1 do not commute with all elements of SO(d). In any case, the

topology of O(d, R) has two disconnected parts with det(A) = +£1.

Generalized Lorentz group O(r,d — r,R). Now we assume r > 0 and (d —r) > 0.
Again, there are two disconnected parts with det(A) = +1. The elements that are con-
nected to A = 1 have det(A) = 1. Reflections along the coordinate axis can be written as
A = diag(P, Q) and can have det(P) = +1, det(Q) = %1 with det(A) = det(P) det(Q).
Accordingly, there are now four disconnected components of the group O(r,d — r,R). For
d odd one can write again O(r,d — r,R) = Z; x SO(r,d — r, R) where the latter has only
two disconnected components. Depending on whether the number of time dimensions r
or the number of space dimensions (d — r) is odd, these two topologically disconnected
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components are connected by time reflections or space reflections, respectively. For d even,
the group is not of a simple product structure but still has four disconnected components
in the real case. We denote the component topologically connected to the unit transforma-
tion by SO'(r,d — r,R). Table 1 illustrates the topological structure of O(r,d — r,IR) and
decomposes it into four sectors I, II, III and IV.

Please note that two subsequent transformations out of a single sector always leads
to I. The structure is the one of the finite group Z, x Z;. In other words, O(r,d —
r,R) /SO (r,d —r,R) = Zy X Z,.

Table 1. Topologically disconnected components I, II, III, and IV of the indefinite orthogonal
group O(r,d — r,R). The other sectors can be written as elements of I combined with reflections
A = diag(P, Q), as described in the text. In the complexified group O(r,d — r, C) region I and IV are
connected, as well as IT and III, but the two sectors with det(A) = %1 remain disconnected from each

other.
det(Q) = +1 det(Q) = —1
det(P) = +1 I 11
et(P) =+ det(A) = +1 det(A) = —1
111 I\Y%
det(P) = -1 det(A) = —1 det(A) = +1

Space and time reflections. For d — r even, space reversion (i.e., the reflection along all
time-like coordinate axis) P does not connect different topologically disconnected elements
of the group but for d — r odd this is the case. Similarly, when r is even, simple time
reversal 7 does not connect different components?, but for  odd, they do. Combined
transformations P77 = —1 connect different components for d odd or for d even with r
and d — r odd. In Table 2 we show the action of P and 7 in different dimensions.

Table 2. Action of space reflections P and simple time reflections 7 for different dimensions and
signatures of the generalized Lorentz group O(r,d —r,R).

(d —r) even (d —r) odd
- even d even d odd
Pel, Tel PTel Pell, Tel PTel
dd d odd d even
ro Pecl, Tell, PTcll Pecll, Telll, PT eIV

Cartan-Dieudonné theorem. By virtue of the Cartan-Dieudonné theorem one can
compose all finite orthogonal transformations or elements of O(r,d — r,R) by a number
(actually smaller or equal to d) of reflections along certain directions. We do not prove
this interesting statement here, but just state it for later use. A proof can be found e.g., in
refs. [13,18].

Lie Algebra. The connected subgroup SO'(r,d —r,R) may be discussed in terms of
the Lie algebra. Infinitesimal transformations are of the form

AV, = 6", + 6t ()
For éwyy = nypéwp v the condition (1) implies anti-symmetry
dwyy = —dwyy. 3)

Representations of the Lorentz group with can be written in infinitesimal form as

U(A) =1+ %&UWMW, @)
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and finite transformations as corresponding exponentiation. The generators are antisym-
metric, M#Y = — MV, and their Lie bracket is

[M;w, Mpa] — i(in)MVU _ W;lanp _ vaM;uT + UVU'M}IP)' (5)
The fundamental representation (2) has the generators

(ME")* g = —i(n"*05 — " 3p). ©6)

3. Real Clifford Algebras

Let us now introduce a real Clifford algebra CI(r,d — r,IR) by the following characteri-
zation. We take 7# to be the generators of an associative algebra® over R satisfying

Py + 'yt =291, 7)

where 1 is the unit element in the algebra and #*V = diag(—1,...,—1,+1,...,+1) is the
(inverse) metric as introduced above. The algebra CI(r,d — r,R) is then formed by arbitrary
products of the generators y# and real linear combinations thereof.

Please note that the generators y# are introduced here independent of a specific
representation. We will later construct specific representations in terms of matrices. As a
side remark let us state here that the operators 6% + yH* % acting on a Grassmann algebra
would form one such representation.

Sorted products and vector space. The elements of CI(r,d — r,IR) form a real vector
space spanned by the unit element 1 and the sorted products

r)/VlPQ'”VP — r)/Vlr)/}‘Z L. r)/ypl (8)

with g < pp < ... < pp. More generally, we take the symbol #1#2”## to be antisymmetric
under the permutation of any pair of neighboring indices and to vanish accordingly when
two indices are equal.

Dimension of Clifford algebra. Each generator can be present or absent in a sorted
product, so the dimension of the Clifford algebra as a real vector space is 2¢. (It could in
principle be smaller if not all these elements are linearly independent. This case, which
can specifically arise for d odd and r — (d — r) = 3 mod 4 is usually excluded as a “non-
universal” Clifford algebra. Universal Clifford algebras have then dimension 2%.)

Covectors. The Clifford algebra contains in particular a copy of the dual vector space,
or space of one-forms, with elements of the form

v =v,Y". )

2-Covectors and p-covectors. One also has a copy of the space of two-forms, or
2-covectors, with elements of the form

1
w=) swu(y' =) = ) wurt. (10)
wv u<v
Please note that one has here wy, = —wy,. In a similar way, also p-forms or p-
covectors
w= Y ey a1
H1<--<pp

with uy, .., fully antisymmetric, are embedded in the algebra. The entire exterior algebra
is incorporated in this way, in terms of combinations of generators in different directions.
In fact, there is an isomorphism with the identification

P 22 daft Adxf2 AL A datr. (12)
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However, note that y#o# = y#* while dx* A dx* = 0. We will use this notation
to write 1
S (M =) = A Ayt = (13)
Modified summation convention. In expressions involving /1" '#r or the wedge
product such as y* A ¢V we use a modified summation convention where a restriction is
imposed as above, such thate.g.,

Wy =) Wy = wu ! AV =) ww A, (14)
H<v u<v
and
”;41~-'ptp'7mm#p — Z uyl___yp,-},]«llu.yp‘ (15)
Pr<--<Hp

Decomposition into p-covectors. We use the notation (v), for the p-covector part of
a Clifford algebra element v. An arbitrary element of the algebra can be written as

v =0(0) 1+ 0" + V¥ O gy T

(16)
=(©)o + (V)1 + (V)2 + ...+ (v)a-

Indeed, this correspondsto1+d +d(d —1)/2+...+d +1 = 2% linearly independent
terms (for universal Clifford algebras).

Clifford product. The Clifford product of two (covector) elements u = u,y" and
v = v,V is given by

1 1
uv = E(uv —ou) + E(uv +ou) = uyoyY" + ot =uNv+u-o. (17)

This can be easily generalized to more general elements of the algebra, see e.g.,
refs. [22,24].

Clifford parity, grade involution and even subalgebra. One can define an internal parity G
in the Clifford algebra CI(r,d — r,R) such that G(y") = —# and G((v) ) = (—1)P(v) . It splits
the vector space CI(r,d — r,IR) into two vector spaces, Cl;(r,d —r,R) and Cl_(r,d — r,R),
containing even and odd elements, respectively. One of them, namely CI (r,d — r,IR) containing
only even elements is in fact a subalgebra.

Acting on an element of the algebra, Clifford parity is also known as grade involution
and one has

G(v) = (v)g — (0)1 + (V)2 — ... + (=1)%(0),. (18)
Grade involution is an automorphism is the sense that
G(uv) = G(u)G(v). (19)

Product of all generators. One element of CI(r,d — r,R) plays a distinguished role,
the product of all generators (sometimes called “volume element”)

§ = ,)/(171')(271’)...0..‘(1171’) _ ,Ylfr,)/Zfr . _,YO,)/l . ,),dfr' (20)
One can also write this as an expression where the order of generators is reversed,

/)\/ — (_1)d(d71)/27d77 . ,Yl,)/o . ,)/171" (21)
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Please note that to go from Equation (20) to (21) one needs to permute the first gamma
matrix d — 1 times and so on, and the last two matrices once. This makes

@d-—1)+@d-2)+...+41=d(d—-1)/2 (22)
permutations and corresponding signs. Moreover, one can write
dd—1)/2mod2 = (d+4)(d+4—1)/2mod 2 = [d/2] mod 2,

where [d/2] is the integer part of d/2.
One finds thus
4% = (=1)ld/2-rg = (—pld=r)-n/2y (23)

Please note that this depends only on the difference between the number of space and
time directions (d — r) — r mod 4. Specifically, one has 4> = 1 for r — (d —r) = 0,3 mod 4
and 42 = —1forr — (d —r) = 1,2 mod 4.

The d-dimensional analogue of 5 can be defined by

¥ = (—)l=n=/2lg, (24)

such that 92 = 1. For d = 4 and r = 1 this agrees with the standard definition. Please
note that 4 is an element of the real Clifford algebra over R while this is the case for ¥ only
whenr — (d —r) = 0 mod 4.

If d is even, 4 anti-commutes with the generators ¢* and therefore with the elements
of Cl_(r,d — r,R) while it commutes with the elements of Cl; (r,d — r, R). Instead, if d is
odd, 4 commutes with all the generators and therefore all elements of the Clifford algebra
Cl(r,d —r,R).

Center of the algebra. The center of the algebra, i.e., the set of elements which
commutes with all other elements of CI(r,d — r,IR) contains only real multiples of the unit
element 1 for d even. Instead, if 4 is odd, the center is spanned by 1 and 4.

Reversion. In addition to grade involution G there is another natural involution R
where one reverses the order of all generators, for example R(y#9") = ¥y = —HyY
for u # v etc. For a p-covector one has R((v),) = (—1)”(?’1)/2(0),, and for an arbitrary
element of the Clifford algebra

R(0) = (0)0 + (o)1 — (0)2 +... + (~1)" V2 (0),. (25)
Reversion is an anti-automorphism in the sense that
R(uv) = R(v)R(u). (26)

This is an immediate consequence of changing the order of generators.
Clifford conjugation. Clifford conjugation C is the combination of grade involution
G and reversion R,
C(v) = R(G(v)) = G(R(v)). (27)

Specifically, for some element of the Clifford algebra,
C(v) = (0)g — (V)1 — (V)2 +... + (1)@ D 23y, (28)
Again, this is an anti-automorphism such that
C(uv) = C(v)C(u). (29)

Grade involution, reversion and Clifford conjugation will be useful to define dif-
ferent involutions not only in the Clifford algebra and its representations, but also for
associated spinors.
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The structure map in the Clifford algebra. One may ask whether grade involution

can be realized as an R-linear map ¢ on the Clifford algebra such that fora € CI(r,d — r,R)
one has

G(a) =cag .. (30)

Specifically, this needs ¢y#¢~! = —*. Please note that G(G(a)) = a and one can
rescale ¢ such that ¢ = +1. One cannot demand ¢? = 1 in all cases, see below. In any case,
this structure map ¢ is unique only up to a sign within a real Clifford algebra.

For d even, 4 as defined in (20) anti-commutes with all generators v* and one can
set ¢ = 4 or ¢ = —4. The structure map ¢ is here actually itself part of the Clifford
algebra, ¢ € Cl(r,d — r,IR). Please note that ¢> = 42 = 1 for r — (d — r) = 0,4 mod 8 but
¢2=4?>=—lforr—(d—r)=2,6mod8.

For d odd, § commutes with all generators and is part of CI_(r,d —r,R). In fact,
every element of Cl_ (r,d — r,IR) can be written in the form of a product of an even element
with 4 and one has CI(r,d —r,R) = Cl;(r,d —r,R) & Cl(r,d — r,R)§. The structure
map ¢ corresponds to the map § — —4. In this case, g is not itself an element of the

Clifford algebra.
Let us now distinguish two cases. In the first case one has r — (d —r) = 1,5 mod 8
and 42 = —1. Here 4 defines a complex structure, typically 4 = +il. One must take

the structure map ¢ to be complex conjugation with respect to this complex structure. In
addition, one may add an overall sign.

In the other case 7 — (d — r) = 3,7 mod 8 and 4% = 1. The Clifford algebra is now
reducible. Usually 4 acts on a direct sum of two algebras A @ B as (1, —1). The structure
map interchanges the elements of the two summands, a &b — b ® a. Alternatively,
a®b— —b® aworks, as well.

In summary, depending on the dimension d and the signature r, the grade involution
G can be realized as a linear map which may (up to a sign) either be given by the product of
all generators 4 (for d even), complex conjugation, or the interchange of the two summands
when the Clifford algebra has the structure of a direct sum (for d odd).

4. Pin and Spin Groups

There is a very close relationship between the orthogonal group O(r,d —r,R) and
the so-called pin group Pin(r,d — r,R) as well as between the special orthogonal group
SO(r,d —r,R) and the spin group Spin(r,d — r,IR) on the other side. We will now discuss
this correspondence. Please note that Clifford algebra elements are in general not invertible.
To define groups, one must concentrate on those elements a for which a~! exists.

Reflections along a vector. We start by considering reflections along a specific covector

uyu’
H
. and the

direction 1. One may define a projector orthogonal to this direction as §," —

v
uLI:-L:l . A transformation that reflects along the

projector in the direction of 1 is obviously
direction uy, is accordingly given by
uyu”

R} =0, -2
iz iz 4 u

(31)
When acting on some vector v, and after contracting with Clifford algebra generators
one finds

2u-v ou + uv
U=0v-—
u-u u-u

Ro =R "oy =0 — u=—uvu ! = G(u)ou?, (32)
where 1 and v are covector elements of the Clifford algebra. We also used ul=u/ (u -
u) and the grade involution G(u) = —u for a covector. We have thus constructed a
representation of reflections along some axis in the Clifford algebra. By virtue of the
Cartan-Dieudonné theorem one can actually compose all orthogonal transformations by
several reflections, so this is all we need.
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Please note that for a pure covector v = v,7" one has R(v)v = —C(v)v = v-v €
R. Additionally, for products of several pure covectors v = v; - - - vy one has R(v)v =
+C(v)v € R. Reflections along space-like directions can moreover be normalized to

R(v)v = —C(v)v = v-v = +1 and reflections along time-like directions to R(v)v =
—C(v)v = v-v = —1. Products of several normalized reflections v = vy - - - vy satisfy then
R(v)v = £1 and C(v)v = £1.

Clifford-Lipschitz group. We first consider the so-called Clifford-Lipschitz group
I'(r,d —r,R) defined by

I'(r,d—rR)= {a € Cl(r,d—r,R) | G(a)va~! € V*, forall v = oYt € V*} (33)

We use here the grade involution G(a) and the above corresponds to the so-called
twisted adjoint representation. Because this is a linear transformation one must be able to
write G(a)y*a~1 = M" 4" with some matrices M",. Moreover, taking the grade involution
of this expression gives ay#G(a)~! = M",7". We show now that M", is orthogonal,

MF MP o2y = MF MP o (79 +97") = ant'Ga~ta)yPa™! + ayPGa~la)yta ! = 2. (34)

As a consequence of the Cartan-Dieudonné theorem, all orthogonal transformations
are actually in T'(r,d — r,IR). This shows that there is a very close connection to the
orthogonal group. Please note that the correspondence in the above form works for any
element of O(r,d —r,R).

Moreover, if one restricts to even elements,

Iy(r,d—r,R)=T(r,d—r,R)NCly(r,d —7,R), (35)

one obtains a subgroup that contains all elements of the special orthogonal group SO(r,d — r, R).
To define this restricted group, one does not need the twisted adjoint representation as
above but could equivalently use the adjoint representation ava~!.

Note, however, that the Clifford-Lipschitz group is in a certain sense larger than the
orthogonal group, because group elements a and a’ = Aa that differ by a factor 0 # A € R
correspond to the same transformation M",. This can be remedied by working with a
normalized set of group elements.

Pin group. The so-called pin group is defined as
Pin(r,d —r) ={a €T(r,d —r,R) | R(a)a = £1,C(a)a = £1}. (36)

It contains the elements of the Clifford-Lipschitz group, but they are now normalized.
Please note that single reflections along a vector, and therefore products of such reflections,
can be normalized in this way. By virtue of the Cartan-Dieudonné theorem this covers
all orthogonal transformations or elements of O(r,d — r,IR). The degeneracy is now
finite in the sense that only two elements +a and —a correspond to the same orthogonal
transformation. One says that the pin group Pin(r,d — r,R) is the double coverage of the
orthogonal group O(r,d — 1, R).

Please note that all elements of the pin group have a definite Clifford parity, G(a) = *a.
It is convenient to introduce the Clifford grade parity g(a) through

_J0 forG(a) = +a,
gla) = {1 for G(a) = —a. (37)

One can then write G(a) = (—1)&(@a for any a € Pin(r,d — r,R). With this notation,
the action of an element of the pin group on a covector v € V* can now be written
alternatively as

v — G(a)va~ ' = a(—1)8@opa~1, (38)
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Interestingly, this can now be easily generalized to an arbitrary product of generators.
A product of an odd number of generators receives a sign, while a product of an even
number of generators does not. For an arbitrary element of the Clifford algebra b €
Cl(r,d — r,R) one can write the transformation behavior under the pin group as

b—aGEW(b)a ! =a 8@ p(c 1)@ g1, (39)

We use here G" = G for n odd and G" = 1 for n even. In the last equation we have
used the structure map (30). Equation (39) will be particularly useful also in the context
of spinors.

Restricted pin groups. One can define a subgroups of the pin group by

Pin'(r,d —r,R) = {a € T(r,d — r,R) | R(a)a = +1}. (40)

This corresponds to the subgroup of the orthogonal transformations that do not change
the orientation among the temporal coordinates because single reflections along time-like
directions are excluded. Similarly,

Pin®(r,d —r,R) = {a € T(r,d —r,R) | C(a)a = +1}, (41)

corresponds to the subgroup that does not change orientation among the spatial coordinates [24].
The action of these restricted pin groups on arbitrary elements of the Clifford algebra is of
the form (39).

Spin group. The spin group is obtained by restricting to even elements of the
Clifford algebra,

Spin(r,d —r) ={a € T4 (r,d —r,R) | R(a)a = C(a)a = £1}. (42)
This group is the double coverage of SO(r,d — r,R). One can further restrict to
Spin'(r,d —r) = {a € T4 (r,d —r,R) | R(a)a = C(a)a = +1}, (43)

which is now the double coverage of SO'(r,d — r,R).

Please note that the elements of the spin group have obviously all even Clifford parity.
In this sense the transformation law for an arbitrary element of the Clifford algebra is now
also simpler than (39) and corresponds to the adjoint representation

b—abal. (44)

Lie algebra. The subgroup Spin' (r,d — r) connected to the unit transformation can be
discussed in terms of its Lie algebra. Infinitesimal orthogonal transformations are specified
in (2), the corresponding commutation relationships are given in (5) and the fundamental
representation is given in (6). The commutation relationships (5) are also satisfied by the
following generators in the Clifford algebra

i
Mg" = =20, (45)
Exponentiation leads to a finite group element
i
L =exp [zwwmgq ) (46)
Please note that rotations by 27t correspond to L = —1. This shows that the spin

group and SO'(r,d — r,IR) are not isomorphic. One says that Spin'(r,d — r,R) is the
double cover of SO'(r,d — r,R). Please note that [§, M§'] = 0. For d even where 4 is
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non-trivial, one can therefore decompose the spin algebra generators Mgv into left-handed
and right-handed parts.

Interestingly, one can understand the Pin group (36) as consisting of transformations
that are unitary or anti-unitary in the sense of R(a)a = +1 and C(a)a = £1. This becomes
stepwise restricted to the restricted spin group (43) which contains only transformations
that are unitary in both senses.

Non-orthogonal transformations. One may ask whether also non-orthogonal trans-
formations of spacetime can be realized as transformations in the Clifford algebra. Specif-
ically, transformations of the type (2) correspond to orthogonal transformations for an-
tisymmetric éwyy = —déwyy,, while a symmetric part dwy, = dwyy, would describe a
non-orthogonal transformation that also modifies the metric. One can convince oneself that
such transformations can not be easily implemented in the Clifford algebra in the sense that
one would find a transformation behavior for the generators which then becomes general-
ized to other elements of the Clifford algebra by expressing them in terms of the generators.
What one could do is to decompose the elements of the Clifford algebra into p-covectors as
in Equation (16) and then to transform each element individually as a p-form.

In practice one circumvents this problem. Fermions are either described in flat carte-
sian coordinates (Minkowski space), or when this is not possible, for example in curved
space one works with the tetrad (or vielbein) formalism and the spin connection, see e.g.,
refs. [12,17].

5. Space and Time Reversal

Now that we have found a direct correspondence between the orthogonal group
O(r,d —r,R) and the Clifford group Pin(r,d — r,R), let us construct in particular space
and time reversal transformations. The time reversal transformation we consider here is
the so-called simple time reversal, in contrast to Wigner’s time reversal which is realized as
an anti-unitary transformation.

Time reversal 7. Simple time reversal is the reflection of all time-like coordinates and
can be implemented by the product of all time-like generators

B=7"" 9" (47)

Please note that 82 = +1 depending on the number of time dimensions r. With these
definitions one has the time reversal transformation in the twisted adjoint representation

—qt for (y#)? = —1 (p time-like)

48
+9# for (y#)? = +1 (u space-like) (48)

G()7"p ™" = {

Please note that as transformation on the real Clifford algebra, § is unique up to a sign.
Note also that one has G(B) = B for r even but G(p) = —p for r odd.

For products of generators, the twisted adjoint presentation employed here has the
consequence that elements of the odd and even sub algebra transform differently. More
specific, for ay € Cl, (r,d — r,R) one has the time reversal

Barp, (49)
while fora_ € Cl_(r,d — r,R) one has the time reversal
G(B)a—p . (50)

For r even this difference disappears because G(f) = B but for r odd there is an
additional minus sign in (50) compared to (49).

Using the representation of the pin group in Equation (39) one can summarize these
transformation laws for time reversal for any a € CI(r,d — r,R) as

a— T(a) =BG (a)p~" = pal¢™") B, (51)
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where G" = G for r odd and G = 1 for r even. One may check that 7 (7 (a)) = a such that
T is an involution. Note, however, that (B¢")? = £1.
Space reversal P. Space reversal can be realized similarly by the product of all
space-like generators
=l (52)

Please note that #?> = +1, depending on the number of space dimensions d — . Space
reversal of generators is realized as

+9F for (y#)? = —1 (p time-like)

53
—qt for (y#)? = +1 (u space-like). 53)

Gla)y'a=t! = {

Again, as a transformation in the real Clifford algebra, a is unique up to a sign. One
has G(«) = « for (d — r) even while G(«) = —a for (d — r) odd.

Again, there is more generally a difference between even and odd elements of the
Clifford algebra, and one finds for a € CI(r,d — r,R) the space reversal transformation

a—Pa) =aG" " (@)a™ = ac?Ta(cM) 4 a ", (54)

where G~ = G ford — r odd and G?~" = 1 for d — r even. One may check that P(P(a)) =
a such that P is an involution and (ag?")? = £1.

Let us note here that a combination of time reversal and space reversal corresponds
to a reflection of all generators y* — —~#. This is in fact precisely the grade involution
G = T'P. One can also see this from the explicit realizations (51) and (54) with the side
information that fa = 4 and that ¢ = £4 for d even and that § commutes with all
generators when d is odd. In short

T(P(a)) = P(T (a)) = gag™". (55)

6. More Involutions

We have already discussed three important involutions on the real Clifford algebra,
namely grade involution G, reversion R and Clifford conjugation C. In addition to this,
we have the discrete transformations of (simple) time reversal 7 and space reversal P. In
the present section we discuss further involution operations that are useful for physics
applications in practice.

6.1. Hermitian Conjugation

One may define another involution on the Clifford algebra. In the matrix represen-
tations we will consider below this corresponds to Hermitian conjugate, so we use the
notation H here.

Let us define the “Hermitian conjugate” of a generator such that

H(y") = {Hy P (56)
—# for (y#)? = —1.

Please note that generators in time-like directions are anti-Hermitian in this sense,
while those of space-like directions are Hermitian. One may now extend this in a natural
way to products of generators by requesting

H(AB) = H(B)H(A). (57)

In this sense, H is an anti-automorphism.
One has then for products of generators similar to for the generators themselves

J’_f)/ﬂl'”yp for (,),I/ll"']/lp)z = +]]_,

_ryl'il”"’lp for (f)/yl'“yp)z = —1. (58)

H(y" ) = {
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One could also write this as H(y) = +°.

Moreover, the definition (56) has the interesting consequence H(y*)y" = 1 and
therefore the generators and any sequence of generators

A= r)/]/ll e /)/H”/ (59)

are unitary in the sense H(A)A = 1.

Hermitian conjugate of structure map. In the following we will also need the Her-
mitian conjugate of the structure map ¢ defined in (30). For d even, this is easily found,
because ¢ = % is itself part of the Clifford algebra. Moreover, as a product of generators
we have H(§)¥ = 1 and therefore

H(¢) =¢ " (60)

For d odd this is more involved because ¢ is not an element of the Clifford algebra.
However, one can consistently extend the definitions such that (60) holds also there. The
consistency of this setting can be checked in concrete matrix representations of the odd-
dimensional Clifford algebras.

Relation of Hermitian conjugation H to other involutions. Let us relate the involu-
tion H to the involutions discussed previously. In particular, for a single generator, it can be
directly related to time reversal and space reversal,

H(7") = G(B)R(7")B™! = G(&)C(7")a . (61)

We have employed here the reverse R and Clifford conjugate C which are also anti-
automorphisms. One can then extend this to arbitrary elements of the Clifford algebra
aeCl(r,d—rR)as

H(a) = B¢"'Cla) (¢ ™)1 = B¢'R(a) (¢ )BT~

(62)
— agdfrc(a)(gfl)dfrafl _ agdfrJrlR<a)(gfl)dfr+llel’

where we have used the structure map (30).

6.2. Dirac Adjoints

We define now two more involutions on the Clifford algebra which are in fact rather
useful for applications to relativistic fermions. They are not independent of the involutions
introduced previously, though.

First Dirac adjoint. We define the first Dirac adjoint for a € CI(r,d —r,R) as the
combination of Hermitian conjugation and space reversal,

Di(a) = P (H(a)) = (¢ 1) "a ' H(a) ag®". (63)

Please note that this is an anti-automorphism in the sense that D1(ab) = D1(b)D1(a).
Generators transform like D1 (y#) = —v*. This, or inspection of (62) shows that the first
Dirac adjoint agrees in fact with the Clifford conjugate,

D1(a) = C(a). (64)

Please note that in Minkowski space whered = 4 and r = 1 one has ¢ = £4 = £«
and

Di(a) = B~ 'H(a)B = (7°) "H(a)7". (65)

Second Dirac adjoint. Similarly, a second Dirac adjoint for an element of the Clifford
algebra a € Cl(r,d — r,R) as the combination of Hermitian conjugation and a space
reversal,

D2(a) = 7 (H(a)) = (¢~1)"B " H(a) Bs"- (66)
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Again, this is an anti-automorphism. Generators transform now as D1 (7*) = y# which
shows that the second Dirac adjoint is in fact the reverse,

D1(a) = R(a). (67)

7. Matrix Representations and Classification

Here we will construct and discuss concrete representations for the Clifford alge-
bra CI(r,d — r,IR) as a matrix algebra over R. This will naturally lead to real, complex
and quaternionic structures that can be used to construct spinors for Majorana fermions
and generalizations.

The representation discussed in the present section is particularly useful to make
real, complex and quaternionic structures explicit. In addition to discussing the Clifford
algebras CI(r,d — r,IR), we will also discuss the possibilities for idempotents, which are
elements p € CI(r,d —r,R) such that p2 = p. This will be beneficial for our later discussion
of spinors as elements of (minimal) left ideals. To prepare this discussion we first review
the concept of idempotents.

7.1. Idempotents

Idempotent or projector. A non-zero element of a Clifford algebra p € Cl is called an
idempotent or a projector if p? = p. Obviously, this implies also pN = p.

There is always the trivial idempotent p = 1. If the algebra C! is isomorphic to a division
algebra, such as R, C or H, then the unique idempotent is the identity 1. However, this is
oftentimes not the case.

Orthogonal or annihilating idempotents. Two projectors or idempotents are called
orthogonal or annihilating if p1p, = pap1 = 0.

Primitive or minimal idempotents. A projector or idempotent p is said to be primitive
or minimal if it cannot be written as the sum of two orthogonal idempotents p # p1 + p2
where p? = p1, p3 = pp and p1p2 = pap1 = 0. For a matrix algebra, the projector to a
single coordinate (p;);x = 6;;0x; would be an example for a primitive idempotent.

Quasi-minimal idempotent. We will also introduce the notion of a quasi-minimal
idempotent. It occurs for spaces that are in fact a direct sum denoted by A @ B with elements
a @ b or simply (a,b), where the structure map ¢ interchanges these two summands,
(a,b) — (b,a) (up to a possible overall sign). A minimal idempotent py, is necessarily
non-zero only in one of these two summands and therefore not mapped to itself by the
structure map ¢. From such a minimal idempotent one can obtain a quasi-minimal idempotent
Pq = Pm + ¢pm Which is then by construction mapped to itself by the Clifford structure
map ¢. It is arguably a minimal idempotent with this property.

Division ring from primitive idempotent. For a primitive projector or idempotent p,
the subset of the Clifford algebra p CI p is in fact a division ring and it is isomorphic to IR,
C or H, see e.g., ref. [24] for a proof.

7.2. Real Clifford Algebra Representations Up to Two Dimensions

We now construct matrix representations for the real Clifford algebras CI(r,d — r,IR).
We start from the low-dimensional cases which we discuss explicitly. This will also form a
basis for an inductive construction of higher-dimensional cases in terms of tensor products.

One dimension d = 1+ 0. The Clifford algebra CI(1,0,R) has one single generator
with (7°)2 = —1. The elements of the algebra are of the form a1 + by with a,b € R. One
may define a complex structure (a kind of complex conjugation) as 7* — —+. This shows
that there is an isomorphism CI(1,0) = C. In fact, one could simply take /* = i. Grade
involution G and Clifford conjugation C correspond to complex conjugation 7 — —10 or
i — —i, while reversion R has no effect here.

Because it must fulfill p> = p, there is only the trivial idempotent in the algebra
CI(1,0,R), namely the unit element p = 1.
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One dimension d = 0 + 1. The Clifford algebra CI(0,1,IR) has one generator 7! with
(7')? = 1. The elements are of the form al + by!'. One might represent the algebra by
two-dimensional diagonal matrices

a+b 0 ) (68)

a]l+b'yl—< 0 a—-b)

This shows that there is an isomorphism to the algebra of diagonal two-by-two
matrices, CI(0,1,R) = R & R. One may also write the elements as

al + byt =a(1,1) +b(1,-1) = (a+b,a —b). (69)

This representation is reducible. There are smaller, irreducible representations, or
“non-universal” algebras, where 4 = 1 or 4 = —1 and they are isomorphic to R. Grade
involution G and Clifford conjugation C interchange the two copies of R in the sense
(a+b,a—b)— (a—Db,a+Db), while reversion R has no effect.

The algebra CI(0,1,R) has the non-trivial idempotents (1 +!)/2 and (1 —!)/2
corresponding to (1,0) and (0, 1) respectively. These two are minimal idempotents, while
the trivial idempotent 1 = (1, 1) is non-minimal (but in fact quasi-minimal according to
the definition in Section 7.1).

We note in particular that the algebras CI(1,0,R) and CI(0, 1, R) are not isomorphic.
In both cases, the subalgebra of even elements Cl is generated by 1 only, and simply given
by R. On the even subalgebra, grade involution G, Clifford conjugation C and reversion R
all have no effect.

Two dimensions d = 1+ 1. We now move to two dimensions and start with
CI(1,1,R). We need two anti-commuting generators 7* and 7! with —(7%)? = (¢1)? = 1.
A possible choice in terms of real matrices is

. 0 -1 0 1
0 _ _ _ 1 _ _
Besides these and 1, the fourth linearly independent element of the algebra is given by
-1 0
6 001
Y=r7 =0 (0 1)- (71)

Please note that these matrices form a basis for the real vector space, and associative
algebra, of real two-by-two matrices Mat(2, R). In other words, there is an isomorphism
Cl(1,1,R) = Mat(2,R).

This Clifford algebra has a rather large class of non-trivial idempotents. In fact, any
p = (14 a9’ + by! + c§)/2 with —a? + b + ¢ = 1 fulfills the requirements and is also
minimal. Particularly simple choices are the canonical idempotents (1 + §) /2.

The subalgebra of even elements Cl (1,1, R) is generated by the diagonal matrices 1
and 4 where 42 = 1. One has therefore CI, (1,1, R) = Cl(0,1,R) 2R R.

Two dimensions d = 0 4 2. Now let us consider the Euclidean case CI(0,2,R). We
can take the generators

1 {01 > (1 0
The fourth linearly independent element is
. . 0 -1
§=1'" =~y = (1 0 ) (73)

Please note that again these matrices form a basis for the real two-by-two matrices
and thus there is an isomorphism CI(0,2,R) = Mat(2, R).
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Again, there is a rather large set of non-trivial idempotents. Any combination p =
(1 + ayl + by? + ) with a? 4+ b* — ¢> = 1 fulfills p> = p and they are also minimal.
Particularly simple are the canonical choices (1 4 7?)/2.

The subalgebra of even elements Cl (0,2, R) is now generated by ¥4 = —io» which
squares to (§)?> = —1. It constitutes a complex structure and one has the isomorphism
between algebras C1, (0,2, R) = CI(1,0,R) = C.

Two dimensions d = 2+ 0. Finally, we consider CI(2,0,R). We need now two
generators that square to minus one, (7~ !)? = (7°)2 = —1, so that they both constitute
complex structures, and they should anti-commute. This is not possible within the real
two-by-two matrices anymore. A possible choice is

0 (0 —i o . (0 -1

The fourth linearly independent element is

G179 =im= () 9). 75)

Please note that it also squares to minus one, (§)? = —1. In this case, there is now an iso-
morphism to the quaternion algebra H with the identification (1, 1,j, k) = (1, —icy, —ion, —io3)
(1, 71,49, 4). In other words, C1(2,0,R) = H. Clifford conjugation C corresponds here to
the quaternion conjugate (1,1,j,k) — (1, —i, —j, —k) or Hermitian conjugation A — A’ in
the above matrix realization.

One may check directly that there is no non-trivial idempotent within the real Clifford
algebra C1(2,0,IR). This follows also from the isometry with H which is a division algebra.
(Please note that if complex coefficients were allowed, this statement would change and
(1 +£i9)/2 would be examples for non-trivial and minimal idempotents.)

The even elements are generated by 4 with 4% = —1, which is also a complex structure
such that C14(2,0,R) 2 CI(1,0,R) = C.

o~

7.3. Inductive Construction of Real Algebra Representations for d > 2

Based on the Clifford algebras for d < 2 we construct now the higher-dimensional
cases in terms of an iterative tensor product construction.

Inductive construction. From the one- and two-dimensional Clifford algebras one
can construct all other cases by the following relationships

(i)  Cl(d,0,R)®CI(0,2,R) = CI(0,d +2,R)
(i) CI(0,d,R) ®CI(2,0,R) = CI(d +2,0,R) (76)
(i) Cl(r,d—r,R)®CI(1,1,R) 2 Cl(r+1,d —r+1,R)

To see this, assume that the generators 'y? 4,0) of CI(d,0,R) and 7?’0 2) of C1(0,2,R) are
given. One can then set (recall that for the tensor product of algebras (a1 ® by)(a; ® bp) =

ayax @ biby)
.u*d 1 2
" _ Ta,0) @ ’7(0,2[1)7(0,2) for 1<u<d -
(0,d4+2) L(g0) ® 'y’(lojz) for d+1<u<d+2.

In a similar way;, if one takes 7?0, d) and 7?2,0) as given, one can set
u+d+2 -1 .0 g B
T {Wo,d) © Va0 for —d-lsps-2 78)

T(d+2,0) l(o,d) ® 71(42,0) for —1<u<o.
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Finally, if the generators ')/?r d—r) and 7?1 ) are given one can set

pt1
Viar) @VanTay for —r<p<-1
1 ® 99 for u=0
u _ (rd—r) Y 1,1 "
Yr+1,d—r+1) = ,Yli o (79)

(r,d— )®7(()11)’y%1/1) for 1<u<d—r
1
(rd

r )®7(11) for py=d—r+1.

Starting from CI(1,0,R), CI(0,1,R), C1(2,0,R) and CI(0,2,R) one can use relation-
ships (i) and (ii) in (76) to construct the purely time-like and purely space-like Clifford
algebras CI(d,0,R) and CI(0,d, R). Using then also relationship (iii) one can obtain the
mixed cases.

It is sometimes convenient to change the order of the tensor product to construct a
concrete matrix representation. We will do so deliberately.

Please note that the representation above is not at all unique. One could change
the order of the gamma matrices and one can start from different representations of the
low-dimensional algebras. We will not use this construction for a concrete realization but
for a qualitative classification of Clifford algebras.

To find (minimal) idempotents from the iterative construction (76) one can choose
such idempotents in each of the tensor product factors.

Classification of Clifford algebras. From (76) one sees that a step of the type (iii)
which goes up in r and d — r simultaneously, and therefore does not change r — (d — r),
makes the dimension of the representation a factor 2 larger but does not change the
qualitative structure.

In particular if one takes CI(1,1,R) = Mat(2,R) as a starting point, one finds that
the Clifford algebras CI(p, p, R) are isomorphic to the real matrices of dimension N = 2.
Similarly, taking CI(1,0,R) = C as a starting point shows that the Clifford algebras
CI(1+ p, p,R) are isomorphic to Mat(27, C). In this way, one can continue, and one finds
the following classification.

(80)

These relationships can be extended using the mod 8 periodicity in signature r — (d —r)
but keeping the dimension d fixed, for example

Cl(p,4+p,R) = CI(4+ p,p,R) = Mat(2/ 1, H) (81)

or
Cl(p,5+p,R) =CIB3+1+p,1+p R)=Mat(2", H) ® Mat(2P 1, H).  (82)

In this sense, the above classification is actually complete. Table 3 summarizes the
classification of real Clifford algebras.
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Table 3. Classification of real Clifford algebras CI(r,d — r,IR) in terms of isomorphic real, complex or
quaternionic matrix algebras.

r— (d—r) mod 8 Isomorphic Matrix Algebra Dimension
0,6 Mat(N, R) N — 2d/2

2,4 Mat(N, H) N = 2(d=2)/2

L5 Mat(N, C) N = 20d-1)/2

3 Mat(N/2,H) & Mat(N /2, H) N = 2(d-1)/2

7 Mat(N/2,R) © Mat(N/2,R) N = 2(d+1)/2

Even Clifford sub algebra. It is also interesting to investigate the structure of the
even subalgebra Cl (r,d — r,IR). Let us first establish an isomorphism to the full Clifford
algebra of lower dimension,

Cly(r,d—r,R)=Cl(r—1,d—r,R) forr > 1, ®3)
Cly(r,d—r,R)=Cl(d—r—1,5R) ford —r > 1.
To see this, consider first ¥ > 1and take y' " - - - 'yd ~" tobe the generators of CI(r,d — r,R).
One may take '~ 79# with 2 —r < u < d — r as generators for the even subalgebra
Cly(r,d —r,R). At the same time, they are generators of CI(r —1,d — r,R). In a similar
way also the second line in (83) can be understood. From Table 3 one obtains immediately
a similar classification of even subalgebras in Table 4.
Please note that it follows from (83) that one has for the even subalgebras

Cly(r,d—r,R)=Cly(d—rr1R). (84)

In fact, from (83) this follows only for r,d — r > 1 but holds in fact also beyond
this restriction.

The even subalgebra Cl (r,d — r,IR) has one generator less and its generators are
different from the ones of the full algebra. Accordingly, also the matrices § defined in (20)
as well as B and a defined in (47) and (52) are different. Nevertheless, these objects are still
well defined and can be used for a classification of Cl (r,d — r,R), very similar to for the
original algebra. Because the generators of the even subalgebra can be taken as products of
one particular generator ! =" with all others, one can take the structure map in the even
subalgebra geven to be the reversal of the one particular direction 'yl_r — —ql,

Even Clifford subalgebra for d = 1 4 3. Because of the importance for applications
in physics, it is appropriate to discuss the reduction to the even subalgebra in more detail
on the example of Minkowski space d = 1 + 3. For the full Clifford algebra CI(1,3,R) of
Minkowski space one has 8 = 7%, & = y19429% and 4 = 7%9192+3. For the even subalgebra
Cl+(1,3,R) = CI(0,3,R) = Mat(2, C) one has three “space-like” generators 7'y!, 7072
and 7%9% and accordingly Beven = 1, ¥even = Feven = ¥ = 72919243, The structure map
is given by ¢ = £+ in the full algebra, and § commutes with all elements of the even
subalgebra and squares to minus one, 4> = —1. It provides a complex structure for the
even subalgebra. The structure map in the even subalgebra geven corresponds (possibly up
to an overall sign) to complex conjugation with respect to this complex structure. It is also
implemented by the reversal 70 — —10.

Even Clifford subalgebra for d = 0 + 4. Let us also discuss the reduction to the even
subalgebra for Euclidean space d = 0 + 4. For the full Clifford algebra CI(0,4, R) one has
B =1anda = 4 = y'9293y%. For the even subalgebra Cl, (0,4, R) = CI(3,0,R) 2 Hp H
one has three “time-like” generators 1192, 9193 and y19* and accordingly Beven = Jeven =
—% and aeven = 1. The structure map is given by ¢ = £% in the full algebra, and 4
commutes with all elements of the even subalgebra and squares to one, 4> = 1. The
subalgebra has now the form of a direct sum a © b with 4 = £1 on the two summands.
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The structure map in the even subalgebra Geven corresponds (possibly up to an overall sign)
to the interchange of the two direct summands a @ b — +b @ 4. It can be implemented as
the reversal 4! — —9l.

Table 4. Classification of even subalgebras of real Clifford algebras Cl4(r,d —r,R) in terms of

isomorphic real, complex or quaternionic matrix algebras.

r— (d—r) mod8 Isomorphic Matrix Algebra Dimension
1,7 Mat(N,R) N =20@-1)/2
3,5 Mat(N, H) N = 2(d-3)/2
2,6 Mat(N, ©) N = 2(@-2)/2
4 Mat(N/2,H) © Mat(N /2, H) N =2(@-2)/2
0 Mat(N/2,R) @ Mat(N/2,R) N =24/2

7.4. Canonical Idempotents

The inductive construction in the previous subsection has shown that the real Clif-
ford algebras CI(r,d — r,R) can be constructed as different tensor products of the basis
elements C1(0,2,R) = CI(1,1,R) = Mat(2,R), CI(0,1,R) 2 R® R, CI(1,0,R) = C and
Cl(2,0,R) = H.

One can construct canonical idempotents by choosing in each tensor product factor
Mat(2,R) one out of p+ = (1 & 03)/2 and for each tensor product factor R & R one out
of p+ = (1,0) and p— = (0,1). For the remaining factors C and H one needs to choose
the trivial idempotent 1. In this way, one obtains a canonical set of commuting and non-
annihilating idempotents. Please note that all these idempotents are Hermitian in the sense
of the definitions (56) and (57).

We note that while this construction has been made with a view on the particular
representation of the generators as a tensor product, it is not bound to this presentation.
Because they correspond to a certain combination of generators, the above idempotents can
be constructed in any representation and will also be automatically Hermitian, H(p) = p.

Set of commuting and non-annihilating idempotents. For a Clifford algebra with
isomorphic R, C or H matrix representation of dimension N = 2K one has K non-trivial
idempotents py, ..., px that are mutually commuting and non-annihilating. In the con-
struction of the isomorphic matrix algebra as a tensor product (in Equation (76)), they
correspond to canonical idempotents p+ = (1 £ 03)/2 on the different levels of the tensor
product construction. For a Clifford algebra that is isomorphic to a direct sum A @ B of
such matrix algebras, there is also an additional idempotent p; = (1,0) or p— = (0,1) that
is commuting and non-annihilating with all other idempotents.

Canonical minimal idempotent. We can pick one canonical idempotent for each
matrix product factor, e.g., (1 + 03)/2 for each tensor product factor Mat(2, R) and either
(1,0) or (0,1) for a factor R @ R. This leads us to a canonical minimal idempotent p. In
the canonical matrix representation as a tensor product it corresponds to a projector to a
single coordinate direction. The canonical minimal idempotent is in particular Hermitian
in the sense that p = H(p). Such a Hermitian minimal idempotent will be useful for the
construction of spinor spaces further below.

Complete set of canonical idempotents and matrix representation. By taking all
kind of combinations of p(i]) in the different tensor product factors, we obtain a set of canoni-
cal minimal idempotents py, ..., py in the Clifford algebra that are orthogonal /annihilating
and sum up to the unit element, p; + ...+ py = 1. Such a set corresponds to a set of pro-
jectors to the different coordinates in the space of the tensor product matrix representation.
A matrix element M € R, €, H corresponding to an element a of the Clifford algebra
would be essentially given by M, = pjapy, see ref. [24] for a more detailed discussion.
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7.5. Some Examples Up to Five Dimensions

To gain some experience and intuition we will now discuss low-dimensional real
Clifford algebras in more explicit terms.

Three dimensions d = 0 + 3. For three spatial dimensions one has according to the
construction above

C1(0,3,R) = CI(1,0,R) ® C1(0,2,R) = € ® Mat(2, R) = Mat(2, C). (85)

The generators are given by

1_ .. (0 =1\ 2 0 1\ 3 1 0\
0% —1®<1 0 ) =0 T=1® 1 0)=v Y =1® 0 _1) =0 (86)

The product of all generators is given by 4 = y!927% = —il.

Minimal idempotents are given by 1 in the tensor product factor CI(1,0,R) = C times
a convenient minimal idempotent in CI(0,2, R) = Mat(2, R). For example, (1 +3)/2 are
simple choices.

Three dimensions d = 3 + 0. In contrast, for three temporal dimensions one finds

CI(3,0,R) = CI(0,1,R) ®CI(2,0,R) = (R®R) ® H = He H. (87)

Now the construction leads to

_ —i 0 )

o O

—i

0 —1 .
7° =L ® (1 0 > = —i(1,1) ® 02.

’)/71 :1(0,1) ® ( BZ> = —1(1,1) ® 01, (88)

The product of all three generators is now
F=r2r"" =1y = (L) ® 1L (89)

In this case, one can choose minimal idempotents in the factor C/(0,1,R) = R& R
as either (1,0) or (0,1) while the only possibility in the factor CI(2,0,R) = H is the trivial
idempotent 1. In summary, the minimal idempotents are (1,0) ® 1 and (0,1) ® 1 while
(1,1) ® 1 is a non-minimal idempotent.

Four dimensions d = 0 +4 and d = 4 + 0. For the case of four space dimensions
one finds

Cl(0,4,R) = CI(2,0,R) ® CI(0,2,R) = H ® Mat(2,R) = Mat(2, H). (90)
The result is similar for four time directions,
Cl(4,0,R) =CI(0,2,R) ®CI(2,0,R) = Mat(2, R) ® H = Mat(2, H). (91)
This is actually an example of a more general relationship, there is a periodicity mod 8
in the signature r — (d — r).

As an important case for physics applications, let us discuss the Euclidean algebra
CI1(0,4,R) in more detail. A matrix representation of generators can be chosen as

e A T A AR A R (O
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where the entries are H valued. Indeed, all these matrices square to unity and they anti-
commute. The product of generators is given by

A K
=7 = <_k ) (93)

Idempotents can be chosen freely in the tensor product factor CI(0,2,R) = Mat(2,R),
for example (1 + 03)/2, while for CI(2,0,R) = H one has only the trivial idempotent 1.
There is in particular the primitive idempotent

arz=(" ). (94)

Four dimensions d = 1 4 3. From the general classification given above one finds
CI(1,3,R) =CI(1,1,R) ® CI(0,2,R) = Mat(2,R) ® Mat(2, R) = Mat(4,R). (95)

Because this is the most important case for applications in physics (Minkowski space)
we also discuss a concrete matrix representation. One may take as generators for example
the set

-1 -1 -1 1

T =1 ;Y= 1l r= 1 A - 090
In this representation one has

N -1
4 = 0123 — 1 0,102,3 _ e 97)

1

Idempotents can be chosen freely for both tensor product factors C/(1,1,R) = Mat(2, R)
and CI(0,2,R) = Mat(2,R). Some examples are

1 1 1
(98)

|
—
=
|
2
(=)
.
[68)
SN—
Il
o
N =
—
—_
|
2
N
SN—
Il
o
N =
—
=
|
2
(=)
2
(%]
N—
|
—
—_
|
2
N
SN—
Il
o

The last idempotent is primitive.

Four dimensions d = 3 + 1. This is a space with three time directions and one space di-
rection or Minkowski space with an alternative choice of metric. Let us emphasize here that
CI(1,3,R) and CI(3,1,R) are in fact not equivalent. Now the general construction gives

CI(3,1,R) = CI(1,1,R) ® CI(2,0,R) = Mat(2, R) ® H = Mat(2, H). (99)

Here one can work for example with the representation of generators

o [—i 1 (- B -1 B 1
S NSRS A AR AL

where the entries are H valued. The product of generators gives

NPT —k
=927 = ( k)- (101)
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The tensor product factor CI(1,1,R) = Mat(2, R) has non-trivial idempotents, for
example (1 4 03)/2. In contrast for CI(2,0,R) = H one has only the trivial choice 1. A
primitive idempotent for CI(3,1, R) is for example

(1—9"") /2= (1 0>. (102)

Four dimensions d = 2 + 2. Finally, for two time and two space dimensions, the
general classification given above yields

Cl(2,2,R) = CI(1,1,R) ® CI(1,1,R) = Mat(2, R) ® Mat(2, R) = Mat(4,R).  (103)

Idempotents can now again be freely chosen in both tensor product factors.
Five dimensions. We also mention briefly the isomorphisms in five dimensions.
One has

C1(0,5,R) = C1(0,1,R) ® C1(2,0,R) ® CI(0,2, R) = Mat(2, H) & Mat(2, H),
CI(1,4,R) = CI(1,0,R) ® CI(0,2,R) ® CI(1,1,R) = Mat(4, C),

Cl1(2,3,R) = CI(0,1,R) ® CI(1,1,R) ® CI(1,1,R) = Mat(4, R) & Mat(4, R), 104)
CI(3,2,R) = CI(1,0,R) ® CI(1,1,R) ® CI(1,1,R) = Mat(4, C),

Cl(4,1,R) = C1(0,1,R) ® CI(2,0,R) ® CI(1,1,R) = Mat(2, H) & Mat(2, H),
CI(5,0,R) = CI(1,0,R) ® CI(0,2,R) ® CI(2,0,R) = Mat(4, C).

It should now be clear how (minimal) idempotents for these cases can be constructed.

8. Spinors

Spinors are traditionally defined as quantities that transform with the spin group (or
the larger pin group) in some matrix representation. There exists a more algebraic charac-
terization in terms of left and right ideals of a Clifford algebra or one of the groups [22,24]
which is then actually formally independent of a particular matrix representation. This
construction will be reviewed here after some algebraic preliminaries. The connection to
the matrix representation will also become clear.

8.1. Spinor Spaces as Minimal or Quasi-Minimal Ideals

For the following, the relevant Clifford algebra could be the full real algebra CI(r,d — r,R)
or the even subalgebra Cl (r,d — r,IR). The construction could also be based on a complex
Clifford algebra. In the following we will keep this somewhat open and just refer to some
Clifford algebra ClI.

Ideals. A subset £ of the Clifford algebra CI is called left ideal of Cl if for all a € Cl and
Y € L one has

ap € L. (105)

In an analogous way, a subset R is called right ideal of Cl if foralla € Cland xy € R
one has
xa €R. (106)

Finally, a subset Z of the Clifford algebra C! is called bilateral ideal or simply ideal of CI
ifforalla,b € Cland ¥ € 7 one has

a¥b e T. (107)

All these ideals are vector spaces.
For a matrix algebra, an example of a left ideal are matrices with only one or several

columns non-vanishing, e.g.,
A 0
M= (az 0). (108)
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The subset of matrices of this form is mapped to itself under matrix multiplication. In
a similar way, a matrix with only one non-vanishing row is an example of a right ideal.

Minimal ideal. A minimal ideal is an ideal that does not contain any non-trivial
subideals, i.e., the only subideals are the zero element and the ideal itself. The matrix set in
(108) is an example for a minimal left ideal.

In passing we note that minimal ideals are also useful for a decomposition of repre-
sentations of Clifford algebra into irreducibles:

Regular representation of Clifford algebra. The Clifford algebra CI has a representa-
tion in terms of maps (endomorphisms) on itself. To every element a € CI one can associate
the map L(a) such that for X € CI one has

L(a)X = aX. (109)

Obviously L(ab) = L(a)L(b). This is called the regular representation. One may also
define R(a) such that
R(a)X = Xa. (110)

In this case, R(ab) = R(b)R(a), so this is a representation of the reversed or opposed algebra.

Decomposition into irreducibles. One can decompose any representation of a Clifford
algebra into sums of irreducible representations which are then by definition minimal ideals.

The definition of spinors we will use further below is based on minimal left or right
ideals. There is a particularly convenient method to construct such minimal ideals in terms
of idempotents.

Ideal from projector or idempotent. Given a projector or idempotent p one can define
a left ideal £ of the Clifford algebra CI as the set of elements ap with a € CI. In other
words, £ = Cl p. In a similar way, a right ideal is given by R = p CI. If the projector or
idempotent is primitive, the resulting ideal is a minimal ideal. This is arguably the simplest
way to construct a minimal ideal.

We now define spinor spaces in terms of ideal. It is sometimes convenient to work
with spinors as featuring irreducible representations of the algebra, in which case the
corresponding spinor space is a minimal ideal, but it is also sometimes convenient to relax
this and to work in reducible spinor spaces corresponding to non-minimal ideals.

Space of column spinors as (minimal) left ideal. One may define the space r of
column spinors (with the name referring to the matrix representation) of the Clifford
algebra Cl as a (minimal) left ideal CI p where p is a (primitive) canonical idempotent. By
taking a canonical idempotent we make sure that p is Hermitian, p = H(p). It is clear that
the space r constitutes a representation of the Clifford algebra Cl. Moreover, one can multiply
these spinors from the right by elements of the division ring p CI p without leaving the
spinor space 7.

Space of row spinors as a (minimal) right ideal. In a very similar way one can define
the space of row spinors as corresponding to a (minimal) right ideal p’Cl where p’ is again
a (primitive) idempotent. Such row spinors can be multiplied from the left by elements of
the division ring p’ Cl p’. Moreover, for canonical idempotent p we can take p’ = H(p) = p,
such that the division rings p’ Cl p’ and p CI p actually agree.

Transformations in spinor space: adjoint (naive) implementation. In our formula-
tion, spinors are themselves part of the Clifford algebra and could therefore also transform
under various maps within the Clifford algebra such as e.g., grade involution. Some care is
needed here, however, as will be discussed below. We first discuss a naive implementation
and subsequently a more proper one.

To a given spinor i out of a (minimal) left ideal r = CI p one may define various
involutions or other transformations as for any element of the Clifford algebra. For example,
the grade involution of ¢ could be defined by G(¢) = ¢ipc~!. It would be part of the left
ideal CI G(p) featuring a regular representation of the Clifford algebra CI. It is important
to note, however, that in general G(p) = ¢pg~! # p such that the left ideals C/ G(p) and
Cl p do not agree. In other words, this leads to the problem that a spinor i and its grade
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involution G(¢) are not in the same spinor space. The problem appears also for other
transformations, such as the action of the pin group. In the following we discuss how this
problem can be solved so that spinors and transformed spinors are elements of the same
left ideal.

Transformations in spinor space: regular (proper) implementation. To circumvent
the problem described above, one must work with a different implementation of transfor-
mations for spinors. As an exemplary and rather important map in the Clifford algebra
let us consider again the grade involution G. In terms of the structure map (30), one can
decompose grade involution into a left and a right action, G(a) = gag~!. If one takes only
the left action to transform the spinor 1 it has a chance to be part of the same left ideal.
Specifically, for a given spinor ¢ € S = Cl p, we use instead of grade involution the left
action of the structure map and set

G(¥) = cy. (111)

For a spinor ¢ = ap with a € Cl and primitive idempotent p we have now

¢ = gag 'gp = G(a)cp (112)

This shows that in the cases where the structure map is itself part of the Clifford
algebra, ¢ € CI or when gp = p, the spinor spaces or left ideals Clp and ¢Clp actually agree.

Let us recall here that ¢ as defined through Equation (30) and 2 =+1is unique
only up to a sign. Accordingly, also the transformation on a spinor (111) is only unique
up to a sign. However, no ambiguity arises for expressions that involve an even number
of spinors.

One might be tempted to demand a transformation behavior similar to (111) also for
row spinors x € pCl. If they would transform under the right action of the structure map
like G(x) = x¢~! we would find that a product of a row and a column spinor is invariant
G(x¢) = x¢. In other words, such products would always be part of the even subalgebra.
It turns out that this is in general too restrictive. We will later connect row spinors through
certain conjugation relationships with column spinors. They inherit their transformation
behavior under the structure map or other transformations in a natural way through these
relationships.

Minimal spinor spaces. For d even, the structure map ¢ = =% is itself part of the
Clifford algebra so that gCI p = Cl p is guaranteed. In other words, a spinor i and its grade
involution gip are indeed in the same space.

For d odd, the situation is slightly more complicated. As discussed below (30), for
r—(d—r) =1,5mod 8, the structure map is a complex conjugation. Because p?> = p, an
idempotent must be real and is therefore unchanged by this complex conjugation. In other
words, gp = p and therefore ¢CI p = CI p so that again a spinor and its grade involution
live in the same space.

In contrast, for r — (d — r) = 3,7 mod 8, the algebra has the structure of a direct sum
A @ B; it is reducible. The structure map interchanges the two summands. If now p is
a minimal or primitive idempotent which generates a minimal left ideal, it can only be
non-zero in one of these two summands. In other words, a primitive idempotent would
contain a tensor product factor (1,0) or (0,1). In this case, ¢p # p and a spinor ¢ € Cl p
and its grade involute ¢y € Cl ¢ p are not in the same space. One could also formulate
this as the statement that for r — (d — ) = 3,7 mod 8 a minimal left ideal is annihilated by
grade involution G or the structure map .

Quasi-minimal spinor spaces. However, p can also be reducible and contain a tensor
product factor (1,1). In that case ¢gp = p and spinors and their grade involutes live
indeed in the same space, Cl p = Cl¢ p. Such non-minimal spinor spaces are reducible
in the sense of standard representation theory of Clifford algebras. However, they are
nevertheless minimal in the sense that they are the smallest possible spinor space that
features a non-trivial representation of the entire Clifford algebra and is not annihilated by
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grade involution G. We will call such representations quasi-minimal. They are generated by
quasi-minimal idempotents as they have been defined in Section 7.1.

Time-reversed and space-reversed spinors. A similar construction works also for the
time reversal and space reversal. We define, based on (51) for a given spinor ¢ € CI p the
time-reversed spinor

T () = BS'y. (113)

Please note that for a real Clifford algebra § (similar to g) is defined uniquely only up
to a sign. In a similar way we define based on (54) the space-reversed spinor as

P(y) = ag? "y (114)

Again, this is unique up to a sign for a real Clifford algebra.

We note here that for d odd, one of the transformations (113) or (114) includes a
structure map ¢. To be not annihilated by time or space reversal transformations when
r — (d —r) = 3,7 mod 8 one needs the primitive idempotent p that generates the spinor
space as a left ideal to contain a tensor product factor (1,1) and to be accordingly non-
minimal. However, it can be quasi-minimal in the sense defined above. On the other side,
spinors as part of a minimal left ideal are necessarily annihilated by either time reversal or
space reversal, i.e., they are not invariant under one of these discrete symmetries.

Action of pin group on spinors. Let us recall that the action of the pin group on a
general element of the Clifford algebra can be written as in Equation (39). One may now
ask how one can define the action of pin group elements on spinors such that spinor spaces
are invariant. A subtlety arises here from the fact that even after normalization, pin group
elements are actually only unique up to a sign. Indeed, the transformation (39) is the same
when a — —a. If the pin group element a can be continuously deformed to the unit element
1 one can fix its sign, but more generally, there is no possibility to do this.

Related to this is the following problem. Based on Equation (39) one may define the
action of the pin group on a spinor as

P — a8y, (115)
Performing two such transformations gives
i — beB)ac8@y = (—1)8@)&0) (pg) 80y, (116)

This shows that (115) is in fact only a representation of the pin group up to the overall
sign. In other words, it is a proper representation when 1 and —¢ are identified. In
practice, the sign ambiguity is not very severe. Physical observables are actually spinor
bilinears of some type and if both spinors are transformed consistently, the overall sign
drops out again.

Action of spin group on spinors. The action of the spin group on a column spinor is
obtained by specializing Equation (115) to even elements a € Spin(r,d —r,R) = Pin(r,d —
r,R)NCly(r,d —7,R),

P — ap. (117)

Please note that in contrast to the pin group, no sign ambiguity appears here.

Remark on quaternionic spinors. The fact that quaternion-valued spinors are neces-
sary in certain dimensions if one works in the framework of a real Clifford algebra may
come as a surprise. Let us discuss the simplest incarnation of such spinors for the algebra
Cl(2,0,R) in more detail here. A matrix representation has been given in (74) and (75) and
in that representation every element of the Clifford algebra can be written as

(118)

al +by 1+ ey +dg = (a—zd, —zb—c)

—ib+c, a-+id
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One observes that these are complex two-by-two matrices. In the traditional approach
one would work with spinors as column vectors with two complex entries. However, one
can write every such column vector as

a—1id a—id, —ib—c\ /(1
(cib) = (ib+c, a+id ) (o) (119)

In other words, one has here not only a map from the Clifford algebra to its spinor
representation but also a map from the spinor back to the entire Clifford algebra element.
This shows in which sense the spinors can here actually be understood as elements of the
Clifford algebra CI(2,0,R) = H itself and do not form a non-trivial ideal.

Quaternionic structure and symplectic Majorana spinors. Seen as a complex vector
space, the spinors ¢ in (119) have a quaternionic structure. This is an anti-linear map |
such that

J(AY) = A*] (), for AeC, (120)

and with J(J(¢)) = —¢. Concretely, this map ] is here given for example by complex
conjugation together with multiplication by the antisymmetric, real matrix 7 in (74).

If one can now somehow define another map K on the space of spinors (typically
using additional structure such as a flavor index or possibly employing the reversal of a
coordinate [26]) with the property KK* = —1 one can define symplectic Majorana spinors by
the condition

KJp = 4. (121)

This is consistent in the sense that KJK] = KK*J?> = (—1)? = 1. With the condition
(121) the number of real dimensions is typically reduced by a factor 2. We emphasize again
that additional structure is needed for this construction.

8.2. Conjugate Spinors

Conjugate or adjoint spinors. To a given space of column spinors C! p generated by
the (minimal or primitive) canonical idempotent p one can relate a spaces of row spinors
or conjugate spinors in several ways. In fact, p Cl, C(p) Cl and R(p) C! would be examples
for such row spinor spaces. The question arises here of what is the most useful starting
point for this construction, or in other words, what is the most convenient way to associate
a row spinor to a given column spinor as elements of the Clifford algebra. We note here in
particular that a notion of transpose is not directly available in the Clifford algebra. We
do have the notion of the Hermitian conjugate, Equation (62) available within the Clifford
algebra, and this provides indeed the most useful starting point.

Let us associate to a given spinor space S = Clp generated by the (minimal or
primitive) canonical idempotent p the space of conjugate spinors H(S) = H(p)CI = pCl.
We have used here that a canonical idempotent is Hermitian, H(p) = p. This is now a
(minimal) right ideal, generated by the idempotent H(p) = p. Moreover, one can in fact
associate to every spinor = ap its Hermitian conjugate spinor

p' = H(y) = pH(a). (122)

The conjugate spinor space H(S) is also invariant under multiplication from the left
by elements of the division algebra pClp which is isomorphic to IR, C or H.

Dirac adjoint spinors. On this basis we define now various other row spinors. The
first Dirac adjoint can be defined as

D1(y) = H(p)ag"™" = ag"C(p). (123)

In a similar way, the second Dirac adjoint is given by

Da(y) = H(¥)Bs" = BS'R(¥). (124)
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D1 (P (¢
D2 (P(

)) = D2’ ) = (=1)"“ID2() (¢ ) R(w) = (=1 ID2(y) (¢ ) T

We have employed here only the right action part of the transformations (63) and (66),
respectively. This makes sure that H(), D1 (¢) and D () are indeed part of the same row
spinor space or right ideal H(S).

Please note that one can relate the first and second Dirac adjoint as

Da(3) = D1 (p)g~ @ a 1B (125)

In particular, for d odd this relationship includes a power of the structure map ¢. For
the complex Clifford algebras that occur when r — (d — r) = 1,5 mod 8, the structure map
¢ contains a complex conjugation and the two Dirac adjoints are in this sense complex
conjugates of each other. For r — (d — r) = 3,7 mod 8 the structure map interchanges the
two summands in the reducible tensor product factor of the Clifford algebra. In contrast to
this, when d is even, the first and second Dirac adjoint differ simply by a factor within the
Clifford algebra, namely £4. (In fact, this agrees with the structure map when d is even.)
We see here that one of the two “Dirac adjoint spinors” could in fact have been called a
“Majorana adjoint spinor”.

As an example, in d = 4 dimensions one has in Minkowski space withr = land ¢ = §
that D; () = ™99 (the standard Dirac adjoint in Minkowski space) and D, (1) = —9T7%4.
In contrast, for the Euclidean case r = 0 one finds D1 (¢) = ¢4 and Dy () = ¢t. We
have used here the transformations in the full algebra CI(1,3,R). In this sense ¢ is a
representation of the pin group or a pinor. There is a similar definition of Dirac adjoints
in the even subalgebra Cl14(1,3,R) = CI(3,0,R). In that case ¢ is a representation of the
spin group or a proper spinor. In that case, D1(¢) and D, (¢) would differ essentially by a
complex conjugation, see the discussion at the end of Section 7.3.

Action of pin group on Dirac adjoint spinors. Using the transformation law (115)
in the definitions (123) and (124) one finds the transformation behavior of the two Dirac
adjoints under the pin group a € Pin(r,d —r,R),

D1(y) — Di(ag®Wy) = (—1)" e Dy (y) (¢~)E" C(a),

126
Da(y) — D2(ag®Wy) = (~1)"8 Dy(y) (¢ )& R(a). 1

This rather general transformation behavior can now be specialized, for example to
even elements of the spin group a with g(a) = 0. The transformation behavior becomes for
a € Spin(r,d — r,R) simply

(127)

Please note that for the even elements in the spin group one has C(a) = R(a). One can
also specialize to the discrete transformations of time and space reversal.

Time and space reversals of Dirac adjoint spinors. One can work out how the first
and second Dirac adjoint spinors (123) and (124) transform under time and space reversal
by taking the corresponding Dirac adjoints of the time and space-reversed spinors in egs.
(113) and (114). One can in fact consider this as a special case of (126). One finds for
time reversal

Di(T(9)) = D1(B'y) = (=1)“""D1 () (¢ 1) C(B) = (=) "Da(y) (s )BT,

(128)
D2(T(9)) = Da(Be’y) = (~1)Da(p)( V'R(B) = Da(y)(c )6,
and similar for space reversal,
)= Dlag’™p) = (1D (p)e ) Cw) = Da() e e 19
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Spinor inner product. For a given column spinor ¢ € S = Cl p and row spinors
X € H(S) = pCl we can consider the product

xp € pClp. (130)

As stated in Section 7.1, the subset p Cl p is in fact a division ring and isomorphic to
R, € or H when p is an idempotent. Whichever of these three cases appears is of course
directly linked to the matrix algebra isomorphic to CI.

First and second inner product of column spinors. On this basis, we can define two
inner products of column spinors ¢, ¢ € S = Cl p. They are given by

D1(@)p = H(@)ag” "¢ = ac®"C(p)y, (131)

and
D2(@) = H(@)Bs"v = Bc"R(@)y, (132)

respectively, and are both part of p Cl p. Let us emphasize again that these inner products
of spinors in a real Clifford algebra are not necessarily real but in general either an element
of the real numbers IR, the complex numbers C, or the quaternions H.

It is immediately clear that the two inner products (131) and (132) are invariant under
the action (117) of the restricted spin group (43). In fact, for ¢ — ay and ¢ — a@ we have

Cl)y — Clo)Cla)ay = Co)y, R(¢)p = R()R(a)ap =R(p)yp,  (133)
as a consequence of Equation (43).

8.3. Pinors

We discuss now spinor spaces that feature non-trivial representations of the entire (i.e.,
not only even) real Clifford algebra CI(r,d — r,IR). Because they feature a representation of
the pin group Pin(r,d — r,R), such spinors are sometimes called pinors.

We take the spinor space S to be a minimal or quasi-minimal left ideal CI(r,d —r,R)p
where p is a minimal or quasi-minimal idempotent. As we have remarked above, a minimal
left ideal is necessarily annihilated by the structure map ¢ whenr — (d —r) = 3,7 mod 8
and in that case it is sometimes useful to work with a quasi-minimal left ideal instead.

In the following we go through the different cases where the real Clifford algebra
is isomorphic to different matrix algebras. For this discussion it is useful to keep the
classification in Table 3 in mind. To have a complete characterization for future reference
we accept that the discussion in this and the subsequent subsection is partly repetitive.

8.3.1. Cases withr — (d —r) = 0,6 mod 8

Examples in up to six dimensionsared = 0+2,d = 1+1,d = 1+ 3 (Minkowski
space),d =2+4+2,d=2+4+4,d=3+4+3,d=6+0.

Here the real Clifford algebra CI(r,d — r,R) is isomorphic to a real matrix algebra
Mat(N, R) with N = 2%/2 dimensions. Accordingly, column pinors are isomorphic to a
column vector with 24/2 real entries.

The Clifford structure map is given by ¢ = =4 where the “volume element” ¥4 as
defined in (20) and the elements for time reversal § (defined in (47)) and space reversal
« (defined in (52)) can all be represented by real matrices. Both the time-reversed pinor
defined in (113) and the space-reversed pinor defined in (113) are part of the original pinor
space S.

The two Dirac adjoints of a column pinor as defined in (123) and (124) are now isomor-
phic to real row vectors with 24/2 entries. They differ essentially by a factor 4.

Column and row pinors can be multiplied with real numbers to yield another such
pinor. The spinor inner products defined in (131) and (132) yield both real numbers.

Relativistic fermions described by these pinors correspond to Majorana fermions.



Universe 2021, 7, 168

28 of 34

8.3.2. Cases withr — (d —r) =2,4mod 8

Examples in up to six dimensions are d = 2 + 0, d = 0 + 4 (Euclidean space), d = 3 +1
(Minkowski space with “mainly minus” metric),d =4+0,d =0+4+6,d =1+4+5,d =442,
d=5+1.

Here the real Clifford algebra CI(r,d — r,IR) is isomorphic to a quaternionic matrix
algebra Mat(N, H) with N = 2(?-2)/2 dimensions. Accordingly, column pinors are iso-
morphic to a column vector with 2(4=2)/2 quaternionic entries. Please note that this cor-
responds to a real dimension 2(@+2)/2 which is a factor 2 more than for the real case
r— (d —r) = 0,6 mod 8 with the same dimension d.

The Clifford structure map is given by ¢ = £§ where the “volume element” § as
defined in (20) and the elements for time reversal  (defined in (47)) and space reversal
« (defined in (52)) can all be represented by quaternionic valued matrices. Both the time-
reversed pinor defined in (113) and the space-reversed pinor defined in (113) are part of
the original pinor space S.

The two Dirac adjoints of a column pinor as defined in (123) and (124) are now iso-
morphic to quaternionic row vectors with 2(?=2)/2 entries. They differ essentially by a
factor 7.

Column and row pinors can be multiplied with quaternions (column pinors from the
right, row pinors from the left) to yield another such pinor. The spinor inner products
defined in (131) and (132) yield an element of the quaternions H.

Relativistic fermions described by these pinors correspond to quaternionic fermions and
allow the definition of symplectic Majorana fermions with some additional structure (see
Equation (121)).

8.3.3. Cases withr — (d —r) = 1,5mod 8

Examples in up to five dimensionsared =1+0,d =0+3,d =2+1,d =1+4,
d=3+2,d=5+0.

Here the real Clifford algebra C! (r,d—r,R)is isomorphic to a complex matrix algebra
Mat(N, ©) with N = 2(4=1)/2 dimensions. Accordingly, column pinors are isomorphic to a
column vector with 2(#=1)/2 complex entries.

The Clifford structure map ¢ is given (up to an overall sign) by complex conjugation.
The “volume element” 4 as defined in (20) and the elements for time reversal § (defined
in (47)) and space reversal « (defined in (52)) can all be represented by complex matrices.
However, either time or space reversal also encompasses a complex conjugation ¢. Both
the time-reversed pinor defined in (113) and the space-reversed pinor defined in (113) are
part of the original pinor space S.

The two Dirac adjoints of a column pinor as defined in (123) and (124) are now
isomorphic to complex row vectors with 2(4=1)/2 entries. They differ essentially by a
complex conjugation.

Column and row pinors can be multiplied with complex numbers to yield another such
pinor. The spinor inner products defined in (131) and (132) yield both complex numbers.

Relativistic fermions described by these pinors correspond to complex Dirac fermions.

8.3.4. Cases withr — (d —*) =3 mod 8

Examples in up to five dimensionsared =3+0,d =0+5,d =4+ 1.

Here the real Clifford algebra CI(r,d — r,R) is isomorphic to a direct sum of quaternionic
matrix algebras Mat(N /2, H) & Mat(N/2,H) with N = 2(d=1/2 Column pinors can be
either part of a minimal ideal, in which case they are isomorphic to a column vector that is
non-zero in only one of the direct summands. In that case they have 2(4~3)/2 guaternionic
entries corresponding to 2(+1)/2 real dimensions. Alternatively, they can be part of a quasi-
minimal ideal and are then isomorphic to a direct sum of two column vectors which has
entries in both direct summands. In that case they together comprise 2(4~1)/2 guaternionic
entries corresponding to 2(4+3)/2 real dimensions.
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The Clifford structure map ¢ is given (up to an overall sign) by the interchange to the
two direct summands. The “volume element” 4 as defined in (20) and the elements for time
reversal B (defined in (47)) and space reversal « (defined in (52)) can all be represented by
quaternionic matrices in the direct sum of algebras. However, either time or space reversal
also encompass an interchange of the two direct summands ¢. Accordingly, when the
pinor space S is a minimum ideal, the corresponding pinors are taken out of this space by
either time reversal or space reversal and therefore break these symmetries in this sense. In
contrast, when the pinor space is quasi-minimal, the time and space-reversed pinors are
part of the original pinor space.

The two Dirac adjoints of a column pinor as defined in (123) and (124) are in the
minimal case isomorphic to quaternionic row vectors with 2(?-3)/2 entries. Because they
differ by a power of the structure map ¢, they are in fact part of the two different direct
summands. In the quasi-minimal case, the two Dirac adjoints are isomorphic to quaternionic
row vectors with 2(4=1)/2 entries.

Column and row pinors can be multiplied with quaternions (column pinors from the
right, row pinors from the left) to yield another such pinor. The spinor inner products
defined in (131) and (132) yield an element of the quaternions H.

Relativistic fermions described by these pinors correspond to minimal or quasi-minimal
quaternionic fermions and allow the definition of minimal or quasi-minimal symplectic Majorana
fermions with some additional structure (see Equation (121)).

8.3.5. Cases withr — (d — ) = 7mod 8

Examples in up to five dimensionsared =0+1,d =1+2,d =24 3.

Here the real Clifford algebra CI(r,d — r,R) is isomorphic to a direct sum of real matrix
algebras Mat(N/2,R) ® Mat(N /2, R) with N = 2(@+1)/2_ Column pinors can be either
part of a minimal ideal, in which case they are isomorphic to a column vector that is
non-zero in only one of the direct summands. In that case they have 2(*~1)/2 reg] entries.
Alternatively, they can be part of a quasi-minimal ideal and are then isomorphic to a direct
sum of two column vectors which has entries in both direct summands. In that case they
together comprise 2(d41)/2 ] entries.

The Clifford structure map ¢ is given (up to an overall sign) by the interchange to the
two direct summands. The “volume element” 4 as defined in (20) and the elements for
time reversal B (defined in (47)) and space reversal « (defined in (52)) can all be represented
by real matrices in the direct sum of algebras. However, either time or space reversal also
encompass an interchange of the two direct summands ¢. Accordingly, when the pinor
space S is a minimum ideal, the corresponding pinors are taken out of this space by either
time reversal or space reversal and therefore break these symmetries in this sense. In
contrast, when the pinor space is quasi-minimal, the time and space-reversed pinors are
part of the original pinor space.

The two Dirac adjoints of a column pinor as defined in (123) and (124) are in the
minimal case isomorphic to real row vectors with 2(4~1)/2 entries. Because they differ by a
power of the structure map ¢, they are in fact part of the two different direct summands.
In the quasi-minimal case, the two Dirac adjoints are isomorphic to real row vectors with
2(@+1)/2 entries.

Column and row pinors can be multiplied with real numbers to yield another such
pinor. The spinor inner products defined in (131) and (132) yield a real number.

Relativistic fermions described by these pinors correspond to minimal or quasi-minimal
Majorana fermions.

8.4. Proper Spinors

Let us now also discuss spinor spaces that feature non-trivial representations of the
even real Clifford subalgebra Cl (r,d — r,IR). These spaces feature only a representation of
the spin group Spin(r,d — r,R) (but not of the pin group), such that its elements are called
proper spinors.
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We take the spinor space S to be a minimal or quasi-minimal left ideal Cl (r,d —r,R)p
where p is a minimal or quasi-minimal idempotent (of the even subalgebra), see the discussion
in Section 7.

In the following we go through the different cases where the real Clifford algebra
is isomorphic to different matrix algebras. For this discussion it is useful to keep the
classification of even subalgebras in Table 4 in mind.

8.4.1. Cases withr — (d —r) = 2,6 mod 8

Examples in up to six dimensionsared = 0+2,d = 2+ 0,d = 1+ 3 (Minkowski
space),d =3+1,d=0+6d=2+4d=4+2,d=6+0.

Here the real, even Clifford subalgebra Cl, (r,d — r,R) is isomorphic to a real, full
Clifford algebra CI(¥',d’ —+',R) withd’ = d—1and ' — (d' —+') = 1,5mod 8. The
latter is isomorphic to a complex matrix algebra Mat(N, C) with N = 2(?-2)/2_ Accordingly,
column spinors as representations of the even subalgebra are isomorphic to a column vector
with 2(4-2)/2 complex entries corresponding to 29/2 real dimensions. Interestingly, this real
dimension is for r — (d — r) = 6 mod 8 as large as the corresponding pinor real dimension
(see Section 8.3.1) and for ¥ — (d — r) = 2 mod 8 a factor 2 smaller (see Section 8.3.2).

Please note that the structure map in the full Clifford algebra ¢ = =4 commutes with
all elements of the even subalgebra Cl (r,d — r,R) and that 42 = —1. For irreducible rep-
resentations it must be proportional to the unit matrix. One can understand 4 as a complex
structure and in fact there are two in-equivalent, complex conjugate representations where
4 = +il and 4 = —il. The Clifford structure map ¢ of the even subalgebra Cl (r,d — r,R)
is a complex conjugation with respect to this complex structure.

The two Dirac adjoints of a column spinor as defined in (123) and (124) are now
isomorphic to complex row vectors with 2(4=2)/2 entries. They differ essentially by a power
of the structure map ¢, which is a complex conjugation.

Column and row spinors can be multiplied with complex numbers to yield an-
other such spinor. The spinor inner products defined in (131) and (132) yield both
complex numbers.

Relativistic fermions described by these spinors correspond to complex Weyl fermions.

8.4.2. Caseswithr — (d —r) =4 mod 8

Examples in up to six dimensions are d = 0 + 4 (Euclidean space),d =4 +0,d =1+5,
d=5+1.

Here the real, even Clifford subalgebra Cl (r,d — r,R) is isomorphic to a real, full
Clifford algebra CI(r',d' — ', R) withd’ =d —1and v’ — (d’ — ') = 3 mod 8. The latter is
isomorphic to a quaternionic direct sum matrix algebra Mat(N /2, H) ¢ Mat(N /2, H) with
N = 2(-2)/2 Accordingly, column spinors as representations of the even subalgebra are
isomorphic to a direct sum of two column vectors with together 2(~2)/2 guaternionic entries
corresponding to 2(+2)/2 real dimensions. This real dimension is as large as the one of the
corresponding pinor representation (see Section 8.3.2). On the other side, an irreducible
spinor as part of a minimal ideal is non-zero in only one of these summands and has only
2(4=4)/2 quaternionic entries corresponding to 24/ real dimensions. This is then a factor 2
smaller than the corresponding pinor representation.

Please note that the structure map in the full Clifford algebra ¢ = +4§ commutes
with all elements of the even subalgebra Cl (r,d — r,IR) and that '?2 = 1. For irreducible
representations it must be proportional to the unit matrix. There are two in-equivalent
representations where 4 = 41 and 4 = —1 corresponding to the two direct summands of
the even subalgebra Cl (r,d — r,R). The Clifford structure map ¢ of the even subalgebra
Cly(r,d —r,R) interchanges these two summands, a &b — +£b & a.

The two Dirac adjoints of a column spinor as defined in (123) and (124) are now
isomorphic to quaternionic row vectors (in the irreducible case) or direct sums thereof.
They differ essentially by a power of the structure map ¢, which interchanges the two
direct summands.
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Column and row spinors can be multiplied with quaternions (column spinors from
the right, row spinors from the left) to yield another such spinor. The spinor inner products
defined in (131) and (132) yield both an element of the quaternions H.

Relativistic fermions described by these spinors might be called to quaternionic Weyl
fermions and one may define symplectic Majorana-Weyl fermions with some additional struc-
ture (see Equation (121)).

8.4.3. Cases withr — (d —r) = 0mod 8

Examples in up to six dimensionsared =1+1,d =2+4+2,d =3+ 3.

Here the real, even Clifford subalgebra Cl, (r,d — r,R) is isomorphic to a real, full
Clifford algebra CI(r',d' — ', R) withd’ = d—1and v — (d' — ') = 7mod 8. The lat-
ter is isomorphic to a real direct sum matrix algebra Mat(N/2,R) @ Mat(N/2,R) with
N = 20@+1)/2 " Accordingly, column spinors as representations of the even subalgebra
are isomorphic to a direct sum of two column vectors with together 29/2 real entries.
This real dimension is as large as the one of the corresponding pinor representation (see
Section 8.3.1). On the other side, an irreducible spinor as part of a minimal ideal is non-zero
in only one of these summands and has only 2(¢=2)/2 req] entries. This is then a factor 2
smaller than the corresponding pinor representation.

Please note that the structure map in the full Clifford algebra ¢ = +4 commutes
with all elements of the even subalgebra Cl (r,d — r,IR) and that '?2 = 1. For irreducible
representations it must be proportional to the unit matrix. There are two in-equivalent
representations where 4 = +1 and 4 = —1 corresponding to the two direct summands of
the even subalgebra Cl (r,d — r,R). The Clifford structure map ¢ of the even subalgebra
Cly(r,d — r,R) interchanges these two summands, a &b — +b & a.

The two Dirac adjoints of a column spinor as defined in (123) and (124) are now
isomorphic to real row vectors (in the irreducible case) or direct sums thereof. They differ
essentially by a power of the structure map g, which interchanges the two direct summands.

Column and row spinors can be multiplied with real numbers to yield another such
spinor. The spinor inner products defined in (131) and (132) yield both a real number.

Relativistic fermions described by these spinors are Majorana-Weyl fermions.

8.4.4. Caseswithr — (d —r) = 1,7 mod 8

Examples in up to five dimensions ared =1+0,d =0+1,d =1+2,d =241,
d=2+3,d=3+2.

Here the real, even Clifford subalgebra Cl (r,d — r,R) is isomorphic to a real, full
Clifford algebra CI(r',d' — ', R) withd’ = d—1and ' — (d' —+') = 0,6 mod 8. The
latter is isomorphic to a real matrix algebra Mat(N, R) with N = 2(@=1)/2 Accordingly,
column spinors as representations of the even subalgebra are isomorphic to column vectors
with 2(@=1)/2 req] entries. This real dimension is a factor 2 smaller than the one of the
corresponding pinor representation (see Section 8.3.3) for r — (d — r) = 1 mod 8 and as
large as an irreducible pinor representation for r — (d — ) = 7 mod 8. The transition from
the pinor to the spinor representation reduces for r — (d — r) = 1 mod 8 a complex to a real
representation and for r — (d — r) = 7 mod 8 a direct sum of two real representations to an
irreducible real representation.

The Clifford structure map ¢ of the even subalgebra Cl (r,d — r,R) is now given by
the product of all generators and is actually an element of the even Clifford algebra itself.
The two Dirac adjoints of a column spinor as defined in (123) and (124) are now isomorphic
to real row vectors. They differ essentially by a power of the structure map.

Column and row spinors can be multiplied with real numbers to yield another such
spinor. The spinor inner products defined in (131) and (132) yield both a real number.

In odd dimensions there is now chiral symmetry and therefore no Weyl fermions.
Relativistic fermions described by these spinors may be called Majorana fermions.
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8.4.5. Cases withr — (d —r) = 3,5 mod 8

Examples in up to five dimensions ared = 0+3,d =340, d =0+5,d =144,
d=4+1,d=5+0.

Here the real, even Clifford subalgebra Cl (r,d — r,IR) is isomorphic to a real, full
Clifford algebra CI(+',d’ —r/,R) withd’ =d —1and v’ — (d' — t') = 2,4 mod 8. The latter
is isomorphic to a quaternionic matrix algebra Mat(N, R) with N = 2(@=3)/2,

Accordingly, column spinors as representations of the even subalgebra are isomor-
phic to column vectors with 2(#=3)/2 guaternionic entries corresponding to 2(4+1)/2 real
dimensions. This real dimension is as large as the one of the corresponding pinor repre-
sentations (see Sections 8.3.3 and 8.3.4). In other words, in this case there if no reduction
in the number of real degrees of freedom occurring in the transition from the pinor to the
spinor representation.

The Clifford structure map ¢ of the even subalgebra Cl (r,d — r,R) is now given by
the product of all generators and is actually an element of the even Clifford algebra itself.
The two Dirac adjoints of a column spinor as defined in (123) and (124) are now isomorphic
to quaternionic row vectors. They differ essentially by a power of the structure map.

Column and row spinors can be multiplied with quaternions (column spinors from
the right, row spinors from the left) to yield another such spinor. The spinor inner products
defined in (131) and (132) yield both an element of the quaternions H.

In odd dimensions there is now chiral symmetry and therefore no Weyl fermions.
Relativistic fermions described by these spinors may be called quaternionic fermions and
allow the construction of symplectic Majorana fermions with some additional structure (see
Equation (121)).

9. Conclusions

We have discussed here real Clifford algebras as well as their representations in
terms of pinors and proper spinors from an algebraic perspective with the goal to put the
description of relativistic fermions in various dimensions on a common basis. Independent
of a concrete matrix representation, pinor spaces have been introduced as minimal or quasi-
minimal left and right ideals within the full Clifford algebra CI(r,d — r,IR). They feature in
particular a non-trivial representation of the pin group which is a double coverage of the
indefinite orthogonal group O(r,d — r,IR). Besides generalized Lorentz transformations
that can be obtained continuously from the unit element, this group features also discrete
transformations such as time and space reversal. In a similar way, proper spinor spaces
have been introduced as minimal or quasi-minimal left and right ideals within the even
subalgebra Cl (r,d — r,IR). They feature naturally a representation of the spin group as a
double coverage of SO(r,d —r,R).

An advantage of the present approach is that it provides a unified treatment of
Clifford algebras and corresponding spinors in all combinations of time dimensions r
and space dimensions d — r. An important role is played by the Clifford structure map
¢ as defined in Equation (30). For example, the action of the pin group on an arbitrary
element of the Clifford algebra has been formulated in Equation (39) in terms of powers
of the structure map. This form was in fact crucial to define the action of the pin group
on pinors, Equation (115) such that the transformed pinor stays within the corresponding
quasi-minimal left ideal. This concerns in a similar form also different versions of conjugate
spinors and our treatment is here refining and extending the available literature.

Another important ingredient of our construction was the definition of an “Hermitian
conjugation” as an involution within the Clifford algebra, see (56). This allowed to define
column spinors and row spinors based on the same minimal (or quasi-minimal) canonical
idempotent p and to define two Dirac adjoints in Equations (123) and (124) in a rather
general way. The latter differ essentially by a power of the structure map and depending on
d and 7, one of these “Dirac adjoints” is traditionally known as the “Majorana adjoint”. It is
also nice to see how the Clifford conjugate C(a) and the reverse R(a) of a pin group element
a appear naturally in the general transformation behavior of the Dirac adjoints under the
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pin group, Equation (126). Together with the analysis of the pin group in Section 4, one
can now easily determine how spinors and their inner products transform under various
discrete spacetime symmetries.

An interesting general lesson from studying real Clifford algebras is that spinors spaces
are either real, complex or quaternionic vector spaces and that also inner products between
spinors yield either real, complex or quaternionic numbers. This is interesting because such
products directly enter the Lagrangian or action that defines the physical theory as well as
effective actions, correlation functions and so on. Of course, another important ingredient
to construct possible theories in the form of actions is the anti-commuting Grassmann
nature of fermionic fields, which has not been discussed here.

In the future it might be interesting to build up on the discussion presented here in
various ways. An important step will be to investigate the analytic continuation between
spaces with equal number of dimensions d but different signature r — (d — r) [26-30]. In
fact, this needs as a first step a complexification of the entire Clifford algebra. It is very
interesting from a physics point of view to connect spaces with different signature because
Clifford algebras and spinors change their properties. For example, many analytical and
numerical investigations of quantum field theories are done in Euclidean space with four
space-like dimensions, which should be seen as an analytic continuation of Minkowski
space with one time-like and three space-like dimensions. There is also the possibility
to use a similar analytic continuation to a space with two time-like and two space-like
dimensions. From the discussion in Section 8.4.3 it follows that this space features real
Majorana-Weyl spinors, in contrast to the d = 0 + 4-dimensional Euclidean space discussed
in Section 8.4.2 where spinors are quaternionic. The real spinors may have advantages for
numerical and some analytical investigations. The d = 2 4 2-dimensional space has also
the feature that the invariant momentum combination p? can be negative and positive, so
that real time properties can be studied.

Similar considerations can be done also in higher or lower-dimensional spaces based
on the information given in Section 8. An interesting problem where this can find applica-
tions is the notoriously difficult regularization of chiral gauge theories (like the electroweak
standard model) and the investigation of gauge anomalies. It has been suggested that this
problem could be solved by first working in spaces with higher dimension and then using
compactification, see [31] and references therein.

The characterization of Clifford algebras and spinor spaces independent of a concrete
matrix representation might also directly be useful for calculations with relativistic fermions
on a formal level. It is possible to work directly with algebraic rules, which may have
advantages for example in schemes based on computer algebra.

Another interesting goal for the future would be the extension of the spinor helicity
formalism (for reviews see refs. [32-34], for a recent extension to massive theories and arbi-
trary spin ref. [35]) to other dimensions and signatures. Again, the information presented
here should be very useful to that end.
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Notes

1.

We are using here conventions such that the Minkowski space metric has signature (—, +, +, +). One may alternatively
use conventions where time coordinates have positive and space coordinates negative entries in the metric.

2 By a simple time reflection we mean a discrete transformation that reverses the direction of all time coordinates but
does not include a complex conjugation of all complex numbers i — —i as it would be the case for Wigner’s anti-unitary
time reversal in quantum mechanics.

3 An associative algebra is an algebraic structure with compatible operations of addition, multiplication (assumed to
be associative), and a scalar multiplication by elements in some field, here R.

References

1. Zinn-Justin, . Quantum field theory and critical phenomena. Int. Ser. Monogr. Phys. 1989, 77, 1.

2. Weinberg, S. The Quantum Theory of Fields; Cambridge University Press: Cambridge, UK, 1995.

3. Wetterich, C. Massless Spinors in More Than Four-dimensions. Nucl. Phys. B 1983, 211, 177. [CrossRef]

4. Wetterich, C. Dimensional Reduction of Weyl, Majorana and Majorana-weyl Spinors. Nucl. Phys. B 1983, 222, 20. [CrossRef]

5. Kugo, T.; Townsend, PK. Supersymmetry and the Division Algebras. Nucl. Phys. B 1983, 221, 357. [CrossRef]

6.  Okubo, S. Real representations of finite Clifford algebras. 1. Classification. J. Math. Phys. 1991, 32, 1657. [CrossRef]

7. Okubo, S. Real representations of Clifford algebras. 2. Explicit construction and pseudo-octonion. J. Math. Phys. 1991, 32, 1669.
[CrossRef]

8. Van Proeyen, A. Tools for supersymmetry. Ann. U. Craiova Phys. 1999, 9, 1.

9.  Carrion, H.L.; M. Rojas, M.; Toppan, F. Quaternionic and octonionic spinors: A Classification. JHEP 2003, 0304, 040. [CrossRef]

10. Toppan, F. Hermitian versus holomorphic complex and quaternionic generalized supersymmetries of the M-theory: A Classifica-
tion. JHEP 2004, 0409, 016. [CrossRef]

11.  Todorov, I. Clifford Algebras and Spinors. arXiv 2011, arXiv:1106.3197.

12.  Penrose, R.; Rindler, W. Spinors and Space-Time, Volumes 1 and 2; Cambridge University Press: Cambridge, UK, 1984.

13. Cartan, E. “Lecons sur la Théorie des Spineurs,” (Hermann, Paris, 1938). Translated as “The Theory of Spinors,” (Hermann, Paris,
1966).

14. Chevalley, C. “The Algebraic Theory of Spinors,” (Columbia University Press, New York, 1954). Reprinted as “The Algebraic
Theory of Spinors and Clifford Algebras,” (Springer, Berlin, 1997).

15. Rashevskii, P. The Theory of Spinors. Uspekhi Mat. Nauk. 1955, 10, 3; Amer. Math. Soc., Translations, Ser. 2, v. 6, 1 (1957). Available
online: http://www.mathnet.ru/php/archive.phtml?wshow=paperé&jrnid=rmé&paperid=7977&option_lang=rus (accessed on 22
April 2021).

16. Atiyah, M.E; Bott, R.; Shapiro, A. Clifford modules. Topology 1964, 3, S3. [CrossRef]

17.  Lawson, H.B.; Michelsohn, M.L. Spin Geometry; Princeton University Press: Princeton, NJ, USA, 1989.

18. Harvey, ER. Spinors and Calibrations; Academic Press: San Diego, CA, USA, 1990.

19. Plymen, R.J.; Robinson, P.L. Spinors in Hilbert Space; Cambridge University Press: Cambridge, UK, 1994.

20. Porteous, LR. Clifford Algebras and the Classical Groups; Cambridge University Press: Cambridge, UK, 1995.

21. Gilbert, E.J.; Murray, M.A.M. Clifford Algebras and Dirac Operators in Harmonic Analysis; Cambridge University Press: Cambridge,
UK, 1991.

22.  Lounesto, P. Clifford algebras and spinors. Lond. Math. Soc. Lect. Note Ser. 2001, 286, 1.

23. Garling, D.J.H. Clifford Algebras: An Introduction; Cambridge University Press: Cambridge, UK, 2011.

24. Vaz,].,Jr; da Rocha, R. An Introduction to Clifford Algebras and Spinors; Oxford University Press: Oxford, UK, 2016.

25. Lounesto, P; Wene, G.P. Idempotent structure of Clifford algebras. Acta Appl. Math. 1987, 9, 165. [CrossRef]

26. Wetterich, C. Spinors in euclidean field theory, complex structures and discrete symmetries. Nucl. Phys. B 2011, 852, 174.
[CrossRef]

27. Frohlich, J.; Osterwalder, K. Is There a Euclidean Field Theory for Fermions. Helv. Phys. Acta 1975, 47, 781.

28. Mehta, M.R. Euclidean Continuation of the Dirac Fermion. Phys. Rev. Lett. 1991, 66, 522. [CrossRef]

29. van Nieuwenhuizen, P.; Waldron, A. On Euclidean spinors and Wick rotations. Phys. Lett. B 1996, 389, 29. [CrossRef]

30. Belitsky, A.V.; Vandoren, S.; van Nieuwenhuizen, P. Instantons, Euclidean supersymmetry and Wick rotations. Phys. Lett. B 2000,
477, 335. [CrossRef]

31. Luscher, M. Chiral gauge theories revisited. Subnucl. Ser. 2002, 38, 41-89. [CrossRef]

32.  Dixon, L.J. Calculating scattering amplitudes efficiently. arXiv 1996, arXiv:hep-ph/9601359.

33. Elvang, H.; Huang, Y.T. Scattering Amplitudes. arXiv 2013, arXiv:1308.1697.

34. Henn, J.M,; Plefka, J.C. Scattering Amplitudes in Gauge Theories. Lect. Notes Phys. 2014, 883, 1. [CrossRef]

35. Arkani-Hamed, N.; Huang, T.C.; Huang, Y.T. Scattering Amplitudes For All Masses and Spins. arXiv 2017, arXiv:1709.04891.


http://doi.org/10.1016/0550-3213(83)90191-8
http://dx.doi.org/10.1016/0550-3213(83)90607-7
http://dx.doi.org/10.1016/0550-3213(83)90584-9
http://dx.doi.org/10.1063/1.529277
http://dx.doi.org/10.1063/1.529278
http://dx.doi.org/10.1088/1126-6708/2003/04/040
http://dx.doi.org/10.1088/1126-6708/2004/09/016
http://www.mathnet.ru/php/archive.phtml?wshow=paper&jrnid=rm&paperid=7977&option_lang=rus
http://dx.doi.org/10.1016/0040-9383(64)90003-5
http://dx.doi.org/10.1007/BF00047537
http://dx.doi.org/10.1016/j.nuclphysb.2011.06.013
http://dx.doi.org/10.1103/PhysRevLett.66.522.2
http://dx.doi.org/10.1016/S0370-2693(96)01251-8
http://dx.doi.org/10.1016/S0370-2693(00)00183-0
http://dx.doi.org/10.1142/9789812778253_0002
http://dx.doi.org/10.1007/978-3-642-54022-6

	Introduction
	Real, Indefinite Orthogonal Groups
	Real Clifford Algebras
	Pin and Spin Groups
	Space and Time Reversal
	More Involutions
	Hermitian Conjugation
	Dirac Adjoints

	Matrix Representations and Classification
	Idempotents
	Real Clifford Algebra Representations Up to Two Dimensions
	Inductive Construction of Real Algebra Representations for d>2
	Canonical Idempotents
	Some Examples Up to Five Dimensions

	Spinors
	Spinor Spaces as Minimal or Quasi-Minimal Ideals
	Conjugate Spinors
	Pinors
	Cases with r-(d-r)=0,6  mod 8
	Cases with r-(d-r)=2,4  mod 8
	Cases with r-(d-r)=1,5  mod 8
	Cases with r-(d-r)=3  mod 8
	Cases with r-(d-r)=7  mod 8

	Proper Spinors
	Cases with r-(d-r)=2,6  mod  8
	Cases with r-(d-r)=4  mod  8
	Cases with r-(d-r)=0  mod  8
	Cases with r-(d-r)=1,7  mod  8
	Cases with r-(d-r)=3,5  mod  8


	Conclusions
	References

