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REAL PINOR BUNDLES AND REAL LIPSCHITZ STRUCTURES*

C. I. LAZAROIUT AND C. S. SHAHBAZI*

Abstract. Let (M, g) be a pseudo-Riemannian manifold of arbitrary dimension and signature.
We prove that there exist mutually quasi-inverse equivalences between the groupoid of weakly faithful
real pinor bundles on (M, g) and the groupoid of weakly faithful real Lipschitz structures on (M, g),
from which follows that every bundle of weakly faithful real Clifford modules is associated to a real
Lipschitz structure. The latter gives a generalization of spin structures based on certain groups
which we call real Lipschitz groups. In the irreducible case, we classify real Lipschitz groups in all
dimensions and signatures. Using this classification and the previous correspondence we obtain the
topological obstruction to existence of a bundle of irreducible real Clifford modules over a pseudo-
Riemannian manifold (M, g) of arbitrary dimension and signature. As a direct application of the
previous results, we show that the supersymmetry generator of eleven-dimensional supergravity in
“mostly plus” signature can be interpreted as a global section of a bundle of irreducible Clifford
modules if and only if the underlying eleven-manifold is orientable and spin.

Key words. Spinor bundles, pseudo-Riemannian manifolds, Clifford algebras, Lipschitz struc-
tures.
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Introduction. The classical approach to spin geometry [1, 2, 3, 4] assumes exis-
tence of a spin structure ) on a pseudo-Riemannian manifold (M, g). Given a linear
representation of the corresponding spin group, ) induces a spinor bundle S through
the associated vector bundle construction. One then shows that S carries a globally-
defined “internal” Clifford multiplication TM ® S — S, which turns S into a bundle of
modules over the Clifford bundle C1(M, g). This allows one to lift a metric connection
on (M, g) to a connection on S and to define a corresponding Dirac operator. This
construction generalizes to Spin® and Spin? structures [5], which can also be used
to construct “spinor bundles” with globally-defined internal Clifford multiplication.
Thus, existence of such a spinorial structure implies existence of a bundle of Clifford
modules over (M, g), but the converse is not always true.!

For various applications, it is important to develop spin geometry starting from
the assumption that (M,g) admits a bundle of Clifford modules S, without first
choosing by hand a particular spinor structure to which S is associated. The condition
that S be a bundle of Clifford modules is equivalent to the requirement that S be
endowed with a globally-defined “internal” Clifford multiplication TM ® S — S. In
general, this condition is weaker than existence of a spin structure, as illustrated by
the theory of Spin© and Spin? structures. However, a systematic study of the necessary
and sufficient conditions under which a bundle S of Clifford modules exists on (M, g)
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LA well-known variant [1, 6] starts with a Pin structure, leading to a bundle S which need not
admit an “internal” Clifford multiplication, but rather a map that takes TM ® S into a bundle S’
which (depending on dimension and signature) may be non-isomorphic with S. In that case, one
can sometimes define a “modified” version of the Dirac operator (see, for example, [7, 8, 9]). We
stress that in this paper we are interested only in vector bundles S which admit an internal Clifford
multiplication TM ® S — S. A brief discussion of external and internal Clifford multiplications can
be found in Appendix B.
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does not appear to have been carried out for the case of real Clifford representations.
The purpose of the present paper is to perform such a study.

Our approach relies on an equivalence of categories (which we establish in Section
7) between the groupoid of bundles of real Clifford modules obeying a certain “weak
faithfulness” condition and the groupoid of so-called real Lipschitz structures, a notion
which generalizes that of complex Lipschitz structure which was introduced in [10].
This result allows us to extract the necessary and sufficient conditions under which
(M, g) admits a bundle of real Clifford modules with given fiberwise representation
type.

A real Lipschitz structure is a generalization of a spin structure where the spin
group is replaced by a so-called real Lipschitz group. The latter is the group of all
implementers of pseudo-orthogonal transformations through operators acting in the
representation space of a weakly faithful real Clifford representation ~ and arises
naturally as the automorphism group of v in a certain category of real Clifford rep-
resentations and unbased morphisms. The character of the Lipschitz group depends
on v and on the signature (p, q) of g. When ~ is irreducible, then it is automatically
weakly faithful and the character of its Lipschitz group depends on the mod 8 re-
duction of p — q. We identify all such elementary Lipschitz groups as well as certain
homotopy-equivalent reduced forms thereof, the latter being summarized in Table 0.1.
The Spin®(V, k) structures arising when p—¢q =g 3,7 (and whose real Lipschitz groups
are discussed in Subsection 2.3) appear to be new and are studied in detail in the com-
panion paper [11].

rﬁ (;1(]8 Reduced Lipschitz group
0,2 Pin(V, h)
3,7 Spin®(V, h)
4,6 Pin?(V, h)
1 Spin(V, h)
5 Spin?(V, h)

TaBLE 0.1
The reduced elementary Lipschitz group of a pseudo-Riemannian manifold (M, g) of dimension
d = p+ q and signature (p,q).

We also study certain representations of Lipschitz groups, which turn out to play
an important role for further developments of the theory. Using these results, we
extract the topological obstructions to existence of bundles of irreducible real Clifford
modules on (M, g) in any dimension and signature. This allow us to identify the
minimal requirements for developing a version of real spin geometry based on such
bundles.

Our study is motivated, in particular, by physical theories such as supergravity
and string theory, where it is important to understand the weakest assumptions under
which certain models can be defined globally. As we shall show in later papers, this
leads to new questions and problems which do not appear to have been systematically
considered before and which are of mathematical and physical interest.

The results of this paper lead to various questions which may be of interest for
further study. For example, one can ask what modifications may arise in the index
theorem for Dirac operators defined on pinor bundles which are associated to real
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Lipschitz structures in various dimensions and signatures. Our results afford a sys-
tematic study of Killing spinors and generalized Killing spinors on the most general
pseudo-Riemannian manifolds admitting bundles of irreducible real Clifford modules.
For example, they could be used to extend Wang’s results [12] from spin manifolds
to manifolds of arbitrary signature which admit bundles of irreducible real Clifford
modules. Killing spinors [13] and generalized Killing spinors [14] were studied in the
literature on manifolds admitting Spin, Spin® and Spin? structures [15, 16]; more
general spinorial structures (whose associated vector bundles need not be bundles
of irreducible Clifford modules) are studied in references [17, 18]. However, Killing
spinors on Spin° manifolds do not seem to have been studied systematically. In ad-
dition, and especially for applications to supergravity and string theory, it would be
very interesting to perform an analysis similar to the one presented in this work for the
case of bundles of irreducible as well as faithful Clifford modules over the even bundle
of Clifford algebras of the underlying manifold. Work in this direction is already in
progress.

The paper is organized as follows. Section 1 summarizes some facts on real Clifford
algebras and associated groups, with the purpose of fixing terminology and notation;
it also proves some results which will be needed later on, some of which are not read-
ily available in the literature. Section 2 summarizes certain enlargements of the Spin
group which will turn out to provide models for the reduced Lipschitz group of irre-
ducible real Clifford representations in various dimensions and signatures. The same
section considers certain representations of these groups. Section 3 considers a cer-
tain category of real Clifford representations and unbased morphisms and discusses
certain subspaces associated to such representations as well as the notion of weak
faithfulness. Section 4 defines real Lipschitz groups and discusses some properties of
their elementary representations in a general setting. Section 5 considers the case of
irreducible real Clifford representations, which always turn out to be weakly faithful.
In that section, we classify the Lipschitz groups of such representations and establish
isomorphisms between their reduced versions and various enlarged spinor groups intro-
duced in Section 2. We also describe the elementary representations of such Lipschitz
groups and connect them to those of the enlarged spinor groups. Section 6 discusses
bundles of weakly faithful real Clifford modules as well as real Lipschitz structures,
establishing a general equivalence between the corresponding groupoids. Section 7
discusses certain enlarged spinorial structures which are relevant later on. Section 8
considers the case of bundles of irreducible real Clifford modules and the correspond-
ing Lipschitz structures, which we call elementary. Using the results of the previous
sections, we determines the topological obstructions to existence of such bundles in
every dimension and signature. Section 9 discusses a direct application of our results
to the global formulation of M-theory on an eleven-dimensional Lorentzian manifold.
Section 10 outlines the relation of our work with certain results in the literature. The
appendices contain technical material.

0.1. Notations, conventions and terminology. In this paper, a quadratic
vector space means a pair (V, h), where V is a finite-dimensional R-vector space and
h:V xV — R is a non-degenerate symmetric bilinear form. Throughout the paper,
we assume V' #£ 0. The Clifford algebra CI(V,h) is considered only over R. We use
the plus convention for Clifford algebras, so C1(V, h) is the unital associative algebra
generated by V over R with the relations:

v2 =h(v,v) YoeV .
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A Clifford representation is a finite-dimensional unital representation ~ : C1(V,h) —
Endg(S) through endomorphisms of a real finite-dimensional vector space S — we
never use the complexification of C1(V, h) or the complexification of S. An irreducible
Clifford representation is always assumed to be realized in a space S of positive di-
mension (i.e. S # 0).

Given two groups A, B such that A x B contains a given central Zy subgroup C,
we use the notation A - B for the quotient A x B/C'. Let G, ~ Z,, denote the group
of complex roots of unity of order m € Ny and Dy ~ Zs X Zs denote the dihedral
group of order 4.

For S € {R, C,H} any of the three finite-dimensional associative division algebras
over R, let | |: S — Ry denote the canonical norm and U(S) denote the group of unit
norm elements:

Go S=R
Uls)={ Ul) Ss=cC
Sp(l) S=H

For the algebras R,C and H, we define M : S — R through M(s) def- |s|%. For
the algebra D of hyperbolic (a.k.a. split complex) numbers, let M : D — R denote
the hyperbolic modulus and U(D) denote the group of unit hyperbolic numbers (see
Appendix A).

Let Alg denote the category of finite-dimensional associative and unital R-
algebras, Gp denote the category of groups and Set denote the category of sets. For
any ring R, let R* denote its group of invertible elements. For any category C, let
C* denote its unit groupoid (the groupoid obtained from C by keeping as morphisms
only the isomorphisms of C). The symbol ~¢ indicates existence of an isomorphism
between two objects of C. For notational uniformity, we define:

[ O(V,R)  ifd—ev
OV.n) = { SO(V,h) if d = odd

for any finite-dimensional quadratic vector space (V,h) over R.

All manifolds M considered in the paper are connected, Hausdorff and paracom-
pact (hence also second countable). All fiber bundles considered are smooth. We
assume dim M > 0 throughout.

1. Real Clifford algebras and extended Clifford groups. This section sum-
marizes various facts about Clifford algebras and associated spinor groups, with the
purpose of fixing notations and terminology; some statements which are well-known
or easily established are given without proof. We draw the reader’s attention to our
discussion of extended Clifford groups, extended Clifford norms and extended Pin
groups as well as to the delicate distinction between twisted and untwisted vector
representations. The extended (sometimes called “untwisted”) Clifford group G¢(V, h)
consists of those elements of the multiplicative subgroup of C1(V, h) whose untwisted
adjoint action fixes V. It differs from the ordinary (or “twisted”) Clifford group G(V, h)
by elements belonging to the center of CI(V,h). Unlike the ordinary Clifford group,
the extended Clifford group need not be Zs-graded, since it may contain inhomoge-
neous elements from the center of the Clifford algebra. The extended Clifford group
and its untwisted vector representation (adjoint representation restricted to V') are
classical, but have seen decreased use after the work of [1], which promoted the use of
the ordinary Clifford group and of its twisted vector representation — none of which
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are, however, natural for our purpose. In this paper, the extended Clifford group and
its vector representation will play a central role since, as we shall see in later sec-
tions, these objects relate most directly to the Lipschitz group of irreducible Clifford
representations and to the natural representation of that Lipschitz group on V. The
distinction between the twisted and untwisted vector representations of pin groups will
also be essential when discussing topological obstructions to existence of elementary
real Lipschitz structures. As is well-known, that distinction also plays an important
role in the theory of Pin structures and associated Dirac operators [7, 8, 9, 6].

1.1. The category of real quadratic spaces. A real quadratic space is a pair
(V,h), where V' # 0 is a finite-dimensional R-vector space and h : V x V — R is
a non-degenerate symmetric bilinear pairing on V. A morphism of quadratic spaces
from (V, h) to (V’, h') (also known as an isometry) is an R-linear map ¢ : V' — V’ such
that h'(¢(v1), p(v2)) = h(vy,ve) for all v1, v, € V. Quadratic spaces over R and their
morphisms form a category Quad whose unit groupoid Quad™ we call the groupoid of
real quadratic spaces; its objects coincide with those of Quad while its morphisms are
the invertible isometries. When h is positive-definite, an isometry ¢ : (V. h) — (V', 1)
is necessarily injective.

1.2. Non-degenerate vectors and reflections. Let (V) h) be a real quadratic
space.

DEFINITION 1.1. The signature €(v) € {—1,0,1} of a vector v € V is the signa-
ture of the real number h(v,v). The vector v is called non-degenerate if h(v,v) # 0.
It is called a unit vector if |h(v,v)| = 1.

The reflection determined by a non-degenerate vector v € V' is the linear map R, €
O(V, h) given by:

_.T/'—CUMU
=2 (L)

which describes the h-orthogonal reflection of V' with respect to the hyperplane v+ =
{y € V|h(y,v) = 0} C V orthogonal to v. We have R, = Ry, for any A € R*.

1.3. The category of real Clifford algebras. The Clifford algebra construc-
tion gives a functor Cl : Quad — Alg, where Alg denotes the category of unital
associative R-algebras and unital algebra morphisms. For each object (V, k) of Quad,
CL(V, h) is the Clifford algebra of the quadratic space (V,h) while for each isometry
v (V,h) = (V',1), Cl(p) : CI(V,h) — CI(V',}') denotes the unique unital mor-
phism of algebras which satisfies the condition Cl(¢)|y = ¢. The image of the functor
Cl is a non-full sub-category of Alg which we denote by Cl and whose unit groupoid
we denote by C1*. Namely:

DEFINITION 1.2. A morphism of Clifford algebras is a morphism o : CL(V, h) —
CUHV' ") in the category Cl, i.e. a morphism of unital algebras which satisfies
a(V) C V' and hence is necessarily of the form a = Cl(p) for a (uniquely-determined)

isometry ¢ : (V,h) — (V', 1), given by ¢ def- aly.
By definition, isomorphisms of Clifford algebras are the morphisms of C1*. These
are those isomorphisms of unital algebras a : Cl(V,h) — Cl(V', k') which satisfy

a(V) =V’ and hence are of the form « = Cl(y) for a uniquely-determined invertible
isometry ¢ : (V,h) — (V',h') (given by ¢ = afy). The corestriction of the functor Cl
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to its image gives an isomorphism of categories Quad ~ C, which in turn restricts to
an isomorphism Quad™ ~ C1*. Note that two Clifford algebras may be isomorphic as
unital associative algebras without being isomorphic as Clifford algebras (i.e. without
being isomorphic in the category Cl ~ Quad).

The category Quad admits a skeleton whose objects are the standard quadratic
spaces RP+4 def. (RP*4, hy, o), where hy, , : RPTY x RPTY — R is the standard symmetric
bilinear form of signature (p,q):

D p+q
def.
hp.q(,y) = E TiYi — E zy; Va,y € RPTL
=1 j=p+1

The objects of this skeleton form a countable set indexed by the pairs (p,q) € N x N.
Accordingly, the category Cl admits a skeleton whose objects are the standard real

Clifford algebras Cl, 4 aef- Cl(RP9).

1.4. Parity, reversion and twisted reversion. The Clifford algebra Cl(V, h)

admits three canonical involutive (anti-)automorphisms:

1. The parity involution of Cl(V,h) is the unique unital R-algebra automorphism
7 € Autae(CL(V, h)) such that w(v) = —v for all v € V.

2. The reversion is the unique unital anti-automorphism 7 of C1(V, h) such that 7(v) =
v for all v € V.

3. The twisted reversion is the unique unital anti-automorphism 7 of Cl(V,h) such
that 7(v) = —v.

We have:

7T2:7'2:7~'2:id01(v7h) , T=Tom=moT

and the group {idcyv,x), 7, 7,7} is isomorphic with Dy.

REMARK 1.1. The underlying vector space of C1(V,h) is canonically isomorphic
with AV through the Chevalley-Riesz-Crumeyrolle isomorphism [19] (which depends
on h). This gives a decomposition CI(V,h) = @&¢_,Cl(V,h), where Cl(V,h) is the
subspace corresponding to AFV (this decomposition does not give a Z-grading of the
associative algebra C1(V, h)). We have:

. k(k—1)
Tlenvin = (=D¥ideyviny > Tlenwvn = (1) 7 idey,vm

1.5. The canonical Zs-grading. The algebra Cl(V,h) admits the canonical
Zo-grading:

CI(V,h) = CLy(V,h) & CL.(V,h) , Clu(V.h) < ker(r F idaivny) -

Namely, Cly(V,h) is the subalgebra generated by all Clifford monomials vy ... v
(vj € V) with even k and C1_(V, h) is the subspace generated by all Clifford monomials
with odd k.

1.6. The group of Clifford units and its adjoint and twisted adjoint
actions. The group of Clifford units is the group Cl(V,h)* formed by all invertible

elements of the algebra C1(V, h). Let CL3(V,h) def. Cl(V,h)* N ClL(V,h). Then:

1

hom

(V,h) S CLL(V, h) U CLX(V, )
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is a subgroup of Cl(V,h)* called the group of homogeneous units. This group is
Zo-graded by the disjoint union decomposition given above.
The adjoint action of C1(V,h)* is the group morphism Ad®' : CI(V,h)* —
Aut g (CL(V, h)) given by:
AdY(a)(z) < aza™! Va e CUV,h)* Vo e CUV,h) |
which gives a representation of C1(V; h)* through unital R-algebra automorphisms of
CL(V, h).

—cl
The twisted adjoint action of C1(V, h)* is the group morphism Ad : CI(V, h)* —
Autg (C1(V, h)) given by:

Ad% (@) (@) L w(a)za! Va € CUV,R)X Yz € CUV,R) .

This gives a representation of the group of units through automorphisms of the under-
lying vector space of C1(V, h), which (unlike the adjoint action) need not be R-algebra
automorphisms. We have:

—~Cl1 al
Ad |Cli(V,h) =+Ad |Cli(v,h) :
Notice that 7(Cl5(V,h)) = CI(V, h) as well as the relations:

—~ 1
(V,h) — Ad g

hom

—~ Cl
Ad O’/T‘Clx

hom

el _ AgC!
AdT ooy vy = AdT g

hom (V2R) 7 (V,h) -

1.7. Clifford volume elements. Any orientation of V' determines a Clifford
volume element v = ey ...eq € CI(V,h)*, where (ey,...eq) is any oriented orthonor-
mal basis of (V, h). This element is independent of the choice of oriented orthonormal
basis; it depends only on h and on the chosen orientation of V. Moreover, the Clifford
volume element determined by the opposite orientation of V' equals —v. The Clifford
volume element has the following properties, which will be used intensively later on:

2 def. +[4] _ (-1)%=" if d = even _{ +1 ifp—g=40,1
= = (=1)7"l2] = p—g—1 = . 1.2
v = = (1) { (—1)* 4+ ifd = odd 1 ifp-g=2,3 P
ptaq
_opyfeen e [ Av ifd=40,1 _ ) (=1)7 v ifd=ecven
) =( =01 ”_{ —v ifd=12,3 ~ | (-1)"¥y ifd=odd

(v) = (=D ifp—q=s3,7 2 _ -1 ifp—qg=s3,7
TS | () ifp-g=s15 0 TN 4 ifpog =15
Notice that 7(v) = (—1)9v 1.

1.8. The volume grading. We have:

s if d = even

Ad () = 791 = { IS (1.3)

In particular, 7 is an inner automorphism of Cl(V,h) when d is even. The involutive
R-algebra automorphism Ad“'(v) € Auta(CI(V, h)) induces a Zy-grading called the
volume grading of C1(V,h):

e UV, h)|AdT (V) (2) = +a},

(2 e UV, A (v)(z) = —a} . (1.4)

C1°(V, h)
C1Y(V, h)
Relation (1.3) implies:
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1. For odd d, we have C1°(V,h) = CI(V,h) and CI*(V,h) = 0 and hence the volume
grading is concentrated in degree zero.

2. For even d, we have C1°(V,h) = Cl(V,h) and C1*(V,h) = Cl_(V,h) and hence
the volume grading coincides with the canonical Z,-grading.

1.9. The Clifford center and pseudocenter.

DEFINITION 1.3. An element x € CI(V, h) is called:
1. Central, if it commutes with all elements of CL(V, h):

xy =yx Yy € CI(V,h)
2. Twisted central if it satisfies the condition:
xy =7(y)x Yy € CYV,h)

3. Pseudocentral, if it is central or twisted central.

Let Z(V,h), A(V,h) and T'(V,h) denote the subspaces of CI(V,h) consisting of all
central, twisted central and pseudocentral elements, respectively. Then Z(V,h) is
the center of the Clifford algebra, while T'(V,h) is called its pseudocenter. Clearly
both Z(V,h) and T(V,h) are unital subalgebras of C1(V, k), while A(V,h) is only a
subspace. Since Cl(V, h) is generated by V (over R), we have:

Z(V,h) ={z € C(V,h)|zv =vz Yv eV}
A(V,h) ={x € C(V,h)|zv = —vx Yv eV} .

Moreover, it is easy to see that Z(V,h) N A(V,h) = 0 and that T(V,h) has the
decomposition:

T(V,h) =Z(V,h) & A(V,h) ,

def.

which gives a Zs-grading of the algebra T'(V, h) with components T°(V, h) ‘=" Z(V, h)

and TY(V, h) <" A(V, h).

ProrosiTiON 1.1. We have:

T(VL) =R Ry = R/ = o) =me { @ SPTIZH00

where D is the R-algebra of hyperbolic (a.k.a. split complex, or double) numbers (see
Appendix A) and v corresponds to the hyperbolic unit j € D or to the imaginary unit
1 € C. Moreover:

1. When d is even, we have v € ClL(V,h), Z(V,h) =R and A(V,h) = Rv.

2. When d is odd, we have v € C1_(V,h), A(V,h) =0 and:

- D ifp—qg=s1,5
Z(V,h) =T(V,h) ~aig { C ifp—q=s3.7
Proof. The statements regarding Z(V, h) are well-known (for example, see [20]).
For the statements regarding A(V, h), distinguish the cases:
1. d is even. Then clearly v belongs to A(V,h). For any = € A(V,h), we thus have
zv € Z(V,h) = R, which implies z € Rv since v* = 0, ,. Thus A(V,h) = Rv in
this case.
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2. d is odd. Then v is central in CI(V, k) and belongs to Cl_(V,h). These two facts
imply that any x € A(V, h) satisfies both zv = vz and zv = —vz, which implies
2v = 0 and hence @ = 0 since v is invertible in CI(V, k). Thus A(V,h) = 0.

The statements regarding 7'(V, h) now follow immediately. O

When d is odd, the above gives isomorphisms of groups:

DX ~Reo x UD) ifp—gq=s1,5

X~
Z(‘/, h) —d=odd { CX ~ ]R>O X U(l) lfp —(q =8 3,7 (15)

REMARK 1.2. Notice that T(V,h) does not coincide with the super-center
Zsuper(V, h) of CI(V,h), when the latter is viewed as a Zs-graded associative alge-
bra. By definition of the super-center, we have:

Zewper (Vo) = Z(V,h) N CL (V. h) & A(V. ) A CL (V. ) = R

In particular Zguper(V, ) is a sub-superalgebra of CI(V, h), while T'(V, h) is not.

1.10. Normal, simple and quaternionic cases. It is useful to distinguish
various cases according to whether Cl(V,h) is a simple R-algebra and according to
the isomorphism type of the centralizer (a.k.a. Schur algebra) S of the irreps of
CI(V, h). This gives the following classification controlled by the value of p—¢ mod 8
(see Table 1.1):

A. Simple cases:

1 The normal simple case, when p — ¢ =5 0,2

2 The complex case, when p — q =g 3,7

3 The quaternionic simple case, when p — q =g 4,6
B. Non-simple cases:

1 The normal non-simple case, when p — ¢ =g 1

2 The quaternionic non-simple case, when p — q =g 5

Iﬁ O_dqs S type simplicity | Z(V,h) | A(V,h) | T(V,h) | »?
0,2 R normal simple R Rv D,C 1,-1
3,7 C complex simple C 0 C -1
4,6 H | quaternionic simple R Rv D,C 1,-1

1 R normal non-simple D 0 D +1
5 H | quaternionic | non-simple D 0 D +1

TaBLE 1.1
Classification of Clifford algebras. Here, v is the Clifford volume element with respect to an
orientation of V while Z(V,h) and T'(V,h) are the center and pseudocenter of C1(V,h). Moreover,
A(V,h) denotes the subspace of twisted-central elements. Finally, S C Endg(S) the Schur algebra
(centralizer) of any irreducible representation of CI(V, h) (see Section 3).

1.11. Clifford norm and twisted Clifford norm. The Clifford norm is the
map N : CI(V,h) — CI(V, h) defined through:
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The twisted Clifford norm is the map N : C1(V, h) — CI(V,h) defined through:

These maps are R-quadratic, in particular we have N(\z) = A2N(z) for any = €
Cl(V,h) and a similar relation for N. We also have:

N1)=N(1) =

N(v) = —-N(v) = h(v v) for veV .

Notice the relation:

Nloi,(viny = £Nci, (vn)

1.12. The ordinary Clifford group. The ordinary Clifford group?® is the fol-
lowing subgroup of the group of homogeneous units:

G(V,h) < {a € CL, L (V, h)[ A (@) (V) = V} € CL L (Vo).

It admits the Z,-grading inherited from CL (V, k), which has components:

) def.

G (V,h {a € CLL(V,h)|Ad® (a)(V) =V} € CLX(V, h).

This Z,-grading is induced by the signature morphism b G(V,h) = Go:

(1.6)

< 41 ifaeGy(V,h)
5(“)_{ —1 ifaeG_(V,h)

The subgroup G (V, h) is called the special Clifford group. Since G(V, h) is generated
by non-degenerate vectors, the restriction of the Clifford norm to the ordinary Clifford

group takes values in R* and hence gives a group morphism NG " Nlaw,n

G(V,h) — R*. Composing this with the absolute value epimorphism R* L) R<g

gives a surjective group morphism |N¢| def- | | o N¢ : G(V,h) = Ry called absolute
Clifford norm. We also have N(G(V,h)) C R* and the twisted Clifford norm gives a

group morphism Ng ot N|G(V,h) : G(V,h) — R*. We have N‘Gi(V,h) ==*N|a,(v,n)
and hence |Ng| = |Ng|, where |Ng| def. | | o Ng.

1.13. Vector representations of the ordinary Clifford group.

DEFINITION 1.4. The untwisted vector representation of G(V,h) is the group
morphism AdS" : G(V,h) — O(V, h) given by:

Ad§'(a) € Ad“(a)ly Va € G(V,h)
—cl

The twisted vector representation of G(V, h) is the group morphism Ad, : G(V,h) —
O(V,h) given by:

Ady (a) L K47 (a)|v Va e G(V,h)

2Sometimes called the twisted Clifford group (“groupe de Clifford tordu” in reference [20]).
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We have Ad§'(v) = —R, and Ario(v) = +R, for any non-degenerate vector v € V.
This implies the following well-known results (see, for example, [20]):

PROPOSITION 1.2.  The ordinary Clifford group G(V,h) is generated by non-
degenerate vectors v € V' and we have:

detoAdy =35 (1.7)

PRrOPOSITION 1.3. The twisted vector representation of the ordinary Clifford
Ye)!
group satisfies Ad, (G(V,h)) = O(V,h) and gives a short exact sequence:

— Cl

A
1 R* < G(V,h) 2% ov,n) — 1, (1.8)
which restricts to a short exact sequence:

— Cl
Ady lay (vin=AdG e, (vn)
—

1— R — Gy (V,h) SO(V,h) — 1 . (1.9)

Let:

(1.10)

~ def. [ O(V,h) if d =even
O(V:h) = { SO(V,h) if d = odd

PROPOSITION 1.4. The untwisted vector representation of the ordinary Clifford
group satisfies AdS (G(V,h)) = O(V, h) and gives a short ezact sequence:
AdC! .
1 RX < GV, h) 2% OV, h) — 1 | (1.11)
which restricts to (1.9).

Consider the morphism of groups f : O(V,h) — O(V, h) given by f(R) def. (det R)R.

—cl
PROPOSITION 1.5. We have AdS' = foAd, on G(V,h). Moreover:
1. When d is even, [ is an automorphism of O(V, h).
2. When d is odd, f induces an isomorphism O(V,h)/{—idy,idy} ~ SO(V,h). In
this case, the map ¢ def- f xdet : O(V,h) = SO(V,h) x Gy given by p(R) =
(f(R),det R) is an isomorphism of groups and we have:

- —cl
AdS" x 6 =poAd, .
Proof. The relation det f(R) = (det R)4*? gives:
[ O(V,h) ifd=even [ {idv} if d = even
FO(V, b)) = { SO(V,h) ifd—odd ~* */= { {—idy,idy} ifd=odd
The remaining statements are obvious. O

REMARK 1.3. In general, the group O(p, ¢) has non-trivial outer automorphisms.
Determining the full outer automorphism group of O(p, ¢) for general p, ¢ turns out
to be a surprisingly subtle problem.

REMARK 1.4. It is well-known that the ordinary Clifford group can also be
described as:

GV, 1) = {a € CUV,h)*|Ad" (a)(V) =V} .
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1.14. The pin and spin groups and their vector representations.

DEFINITION 1.5. The pin group Pin(V,h) is the subgroup of G(V,h) gener-

ated by the vectors v € V satisfying |h(v,v)| = 1. The spin group is the subgroup

Spin(V, h) “<" Pin(V, k) N CL(V, h).

The decomposition Pin(V,h) = Piny(V,h) U Pin_(V,h), where Pin,(V,h) def-

Spin(V, h) and Pin_(V,h) def. Pin(V,h) N C1_(V,h) gives a Zs-grading of the pin

group. We have ker |[Ng| = Pin(V, k) and an exact sequence:

1 Pin(V,h) = GV, h) YRy —5 1, (1.12)
which restricts to an exact sequence:
[Ne, |
1 — Spin(V,h) = G (V,h) —F Rog—1 , (1.13)

where Ng def. Nlc, (v,n)- In particular, G(V,h) ~ R-¢ x Pin(V, h) is homotopy-
equivalent with Pin(V, h) while G (V, h) ~ Rs x Spin(V, k) is homotopy-equivalent
with Spin(V, h).

DEFINITION 1.6. The untwisted vector representation of Pin(V,h) is the restric-
tion of Ad§" to Pin(V,h). The twisted vector representation of Pin(V,h) is the re-
striction of Eigl to Pin(V, h). The vector representation of Spin(V, h) is the common
restriction of Ad§' or X&fl to Spin(V, h).

The twisted vector representation gives an exact sequence:

—~— Cl
1 Gy s Pin(V,h) 2% O(V,h) — 1 (1.14)

which restricts to an exact sequence:

— a1 ol
Adgy spin(v,n)=Adg |spin(V,h)
) p P

1 — Gy < Spin(V, h SO(V,h) — 1 . (1.15)

The situation is summarized in the following commutative diagram with exact rows
and columns, where sq(z) = 22 for z € R*:

1 1 (1.16)
A‘aCl
1 Gy — Pin(V,h) —%O(V,h) —=1
1 —— RX G(V,h) > O(V,h) —=1
sq [Ng|
Ry == Ruo
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The untwisted vector representation gives an exact sequence:

ar
1 — Gy < Pin(V,h) 2% O(V,h) — 1 (1.17)

which restricts to (1.15) and we have a commutative diagram similar to (1.16).

1.15. Relation between the twisted and untwisted vector representa-
tions of G(V,h) and Pin(V, h) for even d. The following result relates the groups
G(V,h) and G(V, -0, h) when d is even (cf. [8]):

PROPOSITION 1.6. When d is even, there exists an isomorphism of groups ¢ :

-~ —cl
CG(V,h) = G(V, =0, 4h) such that AdS" o = Ad, . This restricts to an isomorphism
from Pin(V, h) to Pin(V, —o,, 4h) having the same property. Thus:
1. When p—q =g 0,4, there exists an isomorphism of groups ¢ : G(V,h) = G(V, —h)
—~cl
such that AdS" o o = Ad, . This restricts to an isomorphism from Pin(V,h) to
Pin(V, —h) having the same property.
2. When p—q =g 2,6, there exists a group automorphism o : G(V,h) = G(V, h) such
—al
that AdS" o ¢ = Ad, . This restricts to an automorphism of Pin(V,h) having the
same property.

Proof. Since d is even, we have:

=t =yt = { L pmazens

=D = -1 ifp—qg=s2,6

Moreover, v anticommutes with v for all v € V and hence (vv)? = —0,, ,0?. Therefore,

the map Vov —vv eV’ T Cl(V, h) extends (upon identifying the vector

space V’/ with V') to a unital isomorphism of R-algebras ¢q : C1(V, h) = CL(V, —0, 4h),
which restricts to an isomorphism ¢ : G(V,h) = G(V,—0,,h). For any non-
degenerate vectors vy,...v, € V, we have:

AdS (@(vy ... vp)) = AdS (o) o ... 0 AdS (vu) =
—~Cl
AdS' (v) 0 AdS (1) o ... 0 AdS' (v) 0 AdS (vg) = Ady (vy...vk)

—cl
where we noticed that AdS'(v) = —idy since d is even. Thus AdS'(p(g)) = Ad, (g)
for all g € G(V,h). O

1.16. Connected components of the pin and pseudo-orthogonal groups.
When pg # 0, the group Spin(V, h) has two connected components given by:

def.

Spin™(V, ) = {a € Spin(V, h)|N(a) = +1} ,

where Spin™(V,h) is the connected component of the identity. The decomposition
Spin(V, h) = Spin™ (V, h) U Spin~ (V, h) is the Zy-grading induced by the group mor-
phism Nlgpin(v,n) : Spin(V; h) — Ga. Accordingly, Pin(V, h) has four connected com-
ponents given by:

Pin!(V,h) = {a € Pin(V, h)|5(a) =¢, N(a)=n} , (e,ne{-1,1}) ,

where Pin(V,h) = Spin®(V,h) is the connected component of the identity. The
decomposition Pin(V,h) = U, yeq—1,413Pin!(V, h) is the Dy-grading induced by the
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group morphism (5|pin(vﬁh)) X (Nlpin(v,n)) = G2 x Ga. In particular, the component
group mo(Pin(V, h)) = Pin(V, h)/Spin(V, h) is isomorphic with D4. Since N(—1) =
N(1) = 1, the Clifford norm descends through the 2-fold covering map of (1.14) to
a group morphism Ny : O(V,h) — G,. Similarly, we have §(—1) = §(1) = 1 and §
descends to the determinant morphism det : O(V, h) — Go. These two morphisms give
a Dy-grading O(V, h) = U peg—1,41;O07(V, h) which coincides with the decomposition
of O(V, h) into connected components:

O7(V,h) ={a € O(V,h)|deta =€, Nyo(a) =n} .

The group OI(V, h) is the connected component of the identity and the component
group mo(O(V, h)) = O(V, h)/SO(V, h) is isomorphic with D4. Accordingly, the group
SO(V,h) = {a € O(V,h)|deta = +1} has two connected components distinguished
by the morphism Ny, which gives a Zs-grading of SO(V, h):

SO*(V,h) = {a € SO(V, h)|No(a) = 1} ,

where SO*(V, h) = OF(V, h) is the connected component of the identity. The groups
O(V,h), SO(V, h) and SO (V,h) are homotopy equivalent with their maximal com-
pact forms O(p) x O(q), S[O(p) x O(q)] and SO(p) x SO(q) respectively. When p =0
and ¢ # 0, we have O(V, h) ~ O(q) while for p # 0 and ¢ = 0 we have O(V, h) ~ O(p),
hence in these cases SO(V, h) is connected and O(V, h) has two connected components
distinguished by the determinant; similar remarks apply to Spin(V, k) and Pin(V, h).

1.17. Presentation of the pin group in terms of the spin group. For any
d, we have v € Pin(V, h) and:

—ql
AdS (w) = (1) Ndy , Ady (v) = —idy .
Thus:
—~ Cl —~— Cl1 Ye)| 1
Ad, (va) = Ady (v)Ady (a) = —Ad, (a) for a € Pin(V,h) .

a)
When d is even, we have v € Spin(V, k) and AdS'(v) = —idy € SO(V, h). When d is

—~ Cl
odd, we have v € Pin_(V, h), Ad§'(v) = idy € SO(V,h), Ad, (v) = —idy € O_(V, h)
and every element of Pin_ (V| h) can be written as va for a uniquely-determined a €
Spin(V, h). Thus:

Pin_(V,h) =4=0aa Spin(V, h)v

and:

Spin(V,h) x G if p—qg=g1,5

Spin(V,h) -Gy ifp—q=s3,7 (1.18)

Pin(V, h) =4—oda Spin(V, h){v) ~ {

In this presentation, the twisted adjoint representation of Pin(V, h) for odd d is given
as follows:
1. If p—q =5 1,5, then:

Ady(a, g) = gAdy(a) Va € Spin(V,h) and g € G,
2. If p—q=g3,7, then:

;A\(/io([a,g}) = g2Ad0(a) Va € Spin(V,h) and g € Gy
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Notice that Adg(—a) = Adg(a) and Adg(—a) = Adg(a) for all a € Pin(V, k).

REMARK 1.5. Notice the equivalences:
Pp—q=83<=q—p=sd , p—q=xT<=q—p=sgl , (1.19)

which interchange the complex case in signature (p,q) with the non-simple case in
signature (¢,p). In fact, the interchange p <> ¢ corresponds to h <> —h. Since
d (which is assumed odd) is invariant under this transformation, the volume forms
vp = Vpg and v_j = 1, (taken with respect to some fixed orientation of V') are
central in C1(V, h) and C1(V, —h), respectively and we have:

2, =2
Since Spin(V, —h) ~ Spin(V, h), we have:
. _J Spin(V;h)-Gy ifp—qg=g1,5
Pin(V, —h) ~ { Spin(V,h) x Gy if p—q=g3,7

The group Pin(V, —h) is sometimes denoted Pin™ (V, h) and is used in the theory of
Pin~ structures [6].

1.18. The extended Clifford group.

DEFINITION 1.7. The extended Clifford group® G¢(V,h) is the subgroup of
CI(V,h)* defined through.:

Ge(V, h) <

{z € CUV, h)*|Ad" () (V) = V}
The ordinary Clifford group G(V,h) coincides with the subgroup formed by those

elements of G¢(V, h) which are homogeneous with respect to the canonical Zs-grading
of CI(V, h). We have:

GE(V,h) N Cle (Vo h) = G (V,h) , GE(V,h) N CI,

hom

(Vih) = G(V;h)

PROPOSITION 1.7. We have:

G*(V,h) = Z(V,h)*G(V,h)

Z(G(V,h)) = Z(V,h)*

Z(G(V,h)) =G(V,h) N Z(V,h)*
and G¢(V,h) ~ [G(V,h) x Z(V,h)*]/Z(G(V,h)). Namely:

h)
A. When d is even, we have G¢(V, h) = G(V, h).
B. When d is odd, we have:

R>0><D4 ifp—qu 1,5

_ X X ~ _ _ ~
Z(G(V,h)) = R*"UR™ v ~gp Rsox{1,v,—1, V}_Gp{ Roo x Gs  if p—q=s3.7

and:

e - Rso x G(V, h) ifp—q=s1,5
GWh {[U><°1>xe<v,h>1/@ Ip—q=u3T

3Sometimes called the untwisted Clifford group or simply the “Clifford group” in older literature
such as [20].
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Furthermore:

20V, )X Z(G(V,h) =y { T

and there exists a short exact sequence:

1— G(V,h) — G(V,h) — Z(V,h)*/Z(G(V,h)) — 1 . (1.20)

Proof. The extended Clifford group is generated by the Clifford group and
by the elements of Z(V,h)* (see [20]), thus G*(V,h) = Z(V,h)*G(V,h). Let
e1...eq be an orthonormal basis of (V,h). Since ¢; € G(V,h) C G¢(V,h), any
a € Z(G(V,h)) satisfies ae; = e;a for all @ = 1...d, which implies av = va for
all v € V. Thus a € Z(V,h)*. This shows that Z(G¢(V,h)) C Z(V,h)* and
also that Z(G(V,h)) € Z(V,h)*. Since the inverse to the first inclusion is ob-
vious, we conclude that Z(G¢(V,h)) = Z(V,h)*. Since Z(G(V,h)) C Z(V,h)*,
we have Z(G(V,h)) € G(V,h) N Z(V,h)*. The inverse of this inclusion is ob-
vious, so we have Z(G(V.h)) = G(V,h) N Z(V,h)*. The surjective morphism
of groups given by G(V,h) x Z(V,h)* 3 (a,a) — aa € G°(V,h) has kernel
equal to {(a™ ! a)la € Z(G(V,h))} ~ Z(G(V,h)), which shows that G¢(V,h) =~
[G(V,h) x Z(V,h)*]/Z(G(V,h)). Proposition 1.1 implies statements A. and B.,
where in the case p — ¢ =g 1,5 we used the isomorphisms D* ~ Ry x U(D) and
U(D) ~ Ut (D) x Dy ~ R+ x Dy (see Appendix A). O

PRrROPOSITION 1.8. The following statements hold:
A. When d is even, we have G°(V,h) = G(V,h) ~qp Rso x Pin(V, h).
B. When d is odd, we have:

[D* x Pin(V,h)] /Dy ifp—q=s1,5

G(V. ) 2ap Z(V. )" Pin(V: h) =y { [C* x Pin(V,h)] /Gs if p—q =5 3,7

and:

D* - Spin(V,h) ifp—q=s1,5

G*(V: h) =ap Z(V,h)"Spin(V, b) =y { C* - Spin(V,h) if p— g =5 3,7

Proof. Follows from relations (1.18) and Proposition 1.7. 0
1.19. The vector representation of the extended Clifford group.
DEFINITION 1.8. The vector representation of Ge(V, h) is the group morphism
Adg : G5(V,h) — O(V, h) given by:
AdS(a) < A% )|y (a € GX(V,h)) .
Its restriction to G(V, h) coincides with the untwisted vector representation of G(V, h).

When d is even, the vector representation of the extended Clifford group gives
the exact sequence (1.11):

Adg=Ad§"
—

1— Z(V,h)* =R* < G(V, h) = G(V, h) ° O(V,h) — 1

while when d is odd it gives an exact sequence (cf. [20, Proposition (1.1.8)]):
1 Z(V,h)" < GS(V,h) 2R sowv, ) — 1 |
where Z(V,h)* was given in (1.5).
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1.20. Volume grading of the extended Clifford group. The volume grad-
ing of C1(V,h) induces a grading of G¢(V,h). From the properties of the volume
grading of C1(V, h) we obtain the following proposition.

PROPOSITION 1.9. The following statements hold:

A. When d is even, the volume grading of G¢(V,h) coincides with the canonical Zs-
grading of G(V, h).

B. When d is odd, the volume grading of G¢(V, h) is concentrated in degree zero:

G4V, h)" =G(V,h) , G(V,h)' =0 .

1.21. The improved reversion and improved Clifford norm. Since
T(Z(V,h)) C Z(V,h), we have N(Z(V,h)) C Z(V,h), which implies N(G¢(V,h)) C
Z(V,h)*. Since Z(V,h)* is an Abelian group, it follows that the restriction of N
gives a group morphism from G¢(V,h) to Z(V,h)*. In general, N(G¢(V, h)) is larger
than R*. Let:

g]:{—l ifd=40,1 (1.21)

+1 ifd=42,3

DEFINITION 1.9. The improved reversion is the unique unital anti-automorphism
Te of CUV, h) which satisfies Te(v) = equ for all v € V, namely:

def. l-eq T=1o7m ifd=40,1
re(@) = rom :{ 7 ifd=42,3

With this definition, we have:

| v fd=i123
W= 4w ifd=40

In particular, 7.(v) = —v when d is odd (d =4 1,3). Thus 7. acts as conjugation of
Z(V,h) ~ C in the complex case p — ¢ =s 3,7 and as conjugation of Z(V,h) ~ D
in the normal non-simple and quaternionic non-simple cases p — q¢ =g 1,5, i.e. in all
cases when Z(V, h) is not reduced to R.

DEFINITION 1.10. The improved Clifford norm is the map N, : Cl(V,h) —
CI(V,h) defined through:

Ne(z) < 7, (2)z = { %&g ZZ; - g:l,) @eCUV.R) . (1.22)

Notice that N.(x) = 22 for all z € R.
PROPOSITION 1.10. The improved Clifford norm satisfies N.(Z(V,h)) C R and
Nelzwvpy =M

namely:
1. When d is even, Ne|zcv,n) coincides with the squared absolute value (and hence
with the squaring function) on Z(V,h) =R
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2. Whenp—q =g 3,7, Ne|z(v,n) coincides with the squared absolute value on Z(V,h) ~
C

3. Whenp—q=1,5, Ne|Z(V’h) coincides with the hyperbolic modulus on Z(V,h) ~ D.

Proof. The case of even d is obvious (since Z(V,h) = R in that case). For odd d
and «, 8 € R, we have:

o | +1 ifp—qg=3,7
Ne(v) = —v { 1 ifp—qg=g1,5

and:

_[ o2+ =  ifp-q=s37
Ne(a-i-ﬁV)—{azBQM(z) ifp—g=s1,5

where:

a+ipeC ifp—q=3,7
a+jpebD ifp—qg=s1,5

O
PROPOSITION 1.11. N, induces a group morphism Ne|gev,p) @ GE(V,h) — R*.
Proof. Since N(G(V,h)) € R* and N(G(V,h)) C RX, it is clear that
N.(G(V,Rh)) C R*. The conclusion follows from the previous proposition using the
fact that G¢(V, h) = Z(V,h)*G(V,h). O

Composing N|ge(v,s) with the absolute value morphism | | : R* — R+ gives a group
morphism |N.| : G¢(V, h) — Rso:

|Ne|(z) = |Ne(z)| Yz € GY(V,h) .
For any v € V', we have:

[ =N(v) ifd=40,1
Ne(v) _{ +N(v) ifd=,23

and hence:
INelav,ny = INllavn) - (1.23)

1.22. The extended pin group.

DEFINITION 1.11. The extended pin group is defined through:
Pin(V, h) “<" ker (|Ne| : GX(V, h) — Rsy) (1.24)

We have a short exact sequence:

||

1 — Pin®(V,h) — G*(V,h) —> Rso — 1 (1.25)
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and a commutative diagram with exact rows and columns:

1 1 (1.26)

1 — = UZ(V,h) — Pin(V,h) "2 ¢ .

| — = ZV,h)* —— Go(V,h) 22 O, h) ——1
M| V.|

IK>0 E— IK>0

where |M]| def- | | oM and:

def.

U(Z(V,h)) =" {z € Z(V,h)|[Ne(2)| = 1} = {z € Z(V, h)[[M(z)| = 1}
Go p—q=50,2,4,6
= U(l) p—q=s3,7 . (1.27)
UD) p-g=sL5
In all cases, we have Z(V,h)* = {z € Z(V,h)|M(z2) # 0} and any element

z € Z(V,h)* can be written as z = uy/|M(z)|, where v € U(Z(V,h)) is uniquely
determined by z. Thus:

G®(V,h) = RooPin®(V, h) ~ Roq x Pin®(V, h) . (1.28)

In particular, G¢(V, h) is homotopy equivalent with Pin®(V, h).

DEFINITION 1.12. Define:

Spin®(V, k) "="Spin(V, ) - U(1)
Spin”(V, h) =" Spin(V, k) - U(D) . (1.29)

PROPOSITION 1.12. We have Pin®(V, h) = U(Z(V, h))Pin(V, k), namely:
1. In the simple normal and simple quaternionic cases (p —q =g 0,2,4,6), we have
Pin®(V, h) = Pin(V, h).
2. In the complex case (p — q =g 3,7), we have Pin®(V,h) = Spin(V,h)U(1) =~
Spin“(V, h).
3. In the non-simple cases (p — q =3 1,5), we have Pin®(V, h) = Spin(V, h)U(D) ~
Spin™(V, h).

Proof.
1. Follows from the fact that d is even and hence Z(V,h) = R and G¢(V, h) = G(V, h)

in the simple normal and simple quaternionic cases.
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2. and 3. In the complex and non-simple cases, d is odd and any = € G¢(V,h) can
be written as x = za for some z € Z(V,h)* and a € Spin(V,h). Since |N.(a)| =
|N(a)| =1, we have |N.(z)| = |Ne(z)| = [M(2)|, which equals 1 iff z € U(Z(V,h)). In
both cases we have U(Z(V, h)) N Spin(V, h) = {—1, 1}, which gives the conclusion. 0

Proposition 1.7 implies Z(Pin®(V,h)) = U(Z(V,h)). The situation is summarized in
Table 1.2.

o type Z(V,h) | U(Z(V,h)) | Pin®(V,h)
0,2 normal simple R Go Pin(V, h)
3,7 complex simple C U(1) Spin“(V, h)
4,6 quat. simple R Go Pin(V, h)

1 normal non-simple D U(D) Spin™(V, h)
5 quat. non-simple D U(D) Spin™(V, h)

TABLE 1.2
Ezxtended pin groups.

Table 1.3 summarizes the relation of some low-dimensional Clifford algebras with
certain classical algebras and our notation for the latter®. Table 1.4 describes the
corresponding Spin, Pin and Pin® groups.

Cl(V, h) name of numbers notation | Z(V,h) lsom.orp.hlc
descriptions
Clo,1 complex C C C
Clio double/split /hyperbolic D D ROR
Clo,2 quaternions H R H
Clz,0 ~ Cly,1 | para/split/co-quaternions P R Mat(2,R)
Clo,s split biquaternions Dy D HrD~HeH
Cls0 biquaternions Cu C H ®r C = Mat(2, C)
TaBLE 1.3

Some classical Clifford algebras and their isomorphic descriptions.

2. Enlarged spinor groups and their elementary representations. In this
section, we discuss certain enlargements of Spin(V,h) which, together with the spin
and pin groups, will arise later as canonical models of the reduced Lipschitz group £
of irreducible real representations of Cl(V,h) for various dimensions and signatures.
Depending on the value of p — ¢ mod 8, £ turns out to be isomorphic with one
of the groups Spin(V, k), Pin(V, h), Spin?(V, h), Pin?(V,h) or Sping (V,h) discussed
below, while certain natural representations of £ are isomorphic with the elementary
representations discussed in this section. The groups Spin?(V, h) and their elementary
representations were studied in [5] for the case p = d, ¢ = 0. To our knowledge, the
groups Sping (V, h) and their elementary representations were not considered before
in this context; they are studied in detail in [11], to which we refer the reader for more
information.

4Notice that other references, such as [20], use a convention in which p and ¢ are interchanged.
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CI(V, h) ﬁl N dq8 type Spin(V, h) | Pin(V, h) Pin®(V, h)
Clo1 7 complex G2 Ga Sping ;=U(1)
Clio 1 normal non-simple Go Dy Spini‘ o=U(D)
Clo,2 6 quat. simple U(1) Ping 2 Ping 2
Cla o 2 normal simple U(1) Pins o Ping o
Clo 3 5 quat. non-simple Sp(1) Ping 3 Spin} ,=Sp(1)-U(D)
Cls0 3 complex Sp(1) Pins o Sping ,=Sp(1)-U(1)

TABLE 1.4

The groups Spin(V, h), Pin(V, h) and Pin®(V, h) for some classical Clifford algebras.

2.1. The group Pin?(V,h) and its elementary representations.

DEFINITION 2.1. Define:

Pin?(V, h) “<" Pin(V, ) - Sp(1) = [Pin(V, k) x Sp(1)]/{~1,1} . (2.1)

Let Ad, : Sp(1) = U(H) — SO(ImH) = SO(3,R) be the adjoint representation® of
U(H) = Sp(1):

Ade(q)(u) = qug™ Vg e U(H) , Yu e ImH |,
where ImH = R? is endowed with the canonical scalar product. We have:
Ade(q) = Adn(q)imm Vg € U(H) = Sp(1) ,

where Ady : U(H) — Autaig(H) is the morphism of groups given by:

Adi(q)(q) € q¢'q™" Vg e U(H) =Sp(1) V¢ € H .

The latter gives a four-dimensional representation over R which decomposes as a
direct sum of the trivial representation (whose underlying subspace is Rly) and the
representation Ade (which is supported on ImH).

DEFINITION 2.2. The vector representation of Pin?(V, h) is the group morphism
A Pin?(V, h) — O(V, h) given by:

A[a, q]) “L Ado(a) Via,q] € Pin?(V, h)

The twisted vector representation of Pin?(V h) is the group morphism \
Pin?(V, h) — O(V, h) given by:

Aa, q]) L Ady(a) Via,q] € Pin?(V, h)

The characteristic representation of Pin?(V, h) is the group morphism p : Pin?(V, h) —
SO(3,R) given by:
def. .
(la,q]) ="Ade(q) Vla,q] € Pn?(V,h)

5This coincides with the vector representation of Spin(3) ~ Sp(1) ~ SU(2), Ade being the double
covering morphism Spin(3) — SO(3,R).
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The basic representation of Pin?(V,h) is the group morphism p def )\ x I
Pin?(V,h) — O(V,h) x SO(3,R):

p(la,q)) < (Ado(a), Ada(q)) - (2.2)

The twisted basic representation of Pin?(V,h) is the group morphism p def- X x W

Pin?(V,h) — O(V,h) x SO(3,R):

Ala.q) ¢ (Adg(a), Adu(q)) (2:3)
We have exact sequences:
1 — Zy = Pin?(V,h) 2 O(V,h) x SO(3,R) — 1 , (2.4)
and:
1 — Zo < Pin?(V, h) -2 O(V, h) x SO(3,R) — 1 , (2.5)
where Zy = {[~1,1] = [1, —1],[1,1] = [-1, —1]}.

PROPOSITION 2.1. Let d be even and ¢ : Pin(V,h) = Pin(V, -0, ,h) be the

isomorphism of Proposition 1.6. Then the isomorphism of groups 6 : Pin?(V,h) =
Pin?(V, —o, 4h) defined through:

0(la.q]) < [p(a),q] Va €Pin(V,h) and g€ U(H) ,

satisfies po 0 = p.
Proof. Follows from Proposition 1.6. O

2.2. The group Spin?(V,h) and its elementary representations. Define:
Spin?(V,h) <" Spin(V, k) - Sp(1) = [Spin(V. k) x Sp(1)]/{~1,1} . (2.6)

In the case p = d, ¢ = 0, this group was studied in [5].

DEFINITION 2.3. The vector representation A : Spin?(V,h) — SO(V,h) is the
restriction of any of the vector representations of Pin?(V, h). The characteristic rep-
resentation p : Spin?(V,h) — SO(3,R) is the restriction of the characteristic rep-
resentation of Pin?(V,h). The basic representation p def )\ x w o Spin?(V,h) —
SO(V, h) x SO(3,R) is the restriction of any of the basic representations of Pin?(V, h).

The sequences (2.4) and (2.5) restrict to the same exact sequence:
1 — Zy < Spin?(V, h) 25 SO(V, h) x SO(3,R) — 1 . (2.7)

2.3. The group Spin{, (V,h) and its elementary representations. In this
subsection, we assume that d = p+ ¢ is odd. Let oo € {—1,1} be a sign factor and
define:

. def. PiIl270 ifoao=+1
Piny(a) = { Ping, ifo=—1
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DEFINITION 2.4. Define:

Spin (V, h) = Spin(V; h) - Piny(a) “<" [Spin(V, ) x Ping(a)]/{~1,1} .

— (2
Let Ad(()z) : Ping(a) — O(2,R) and Ad(() ) : Ping(a) — O(2,R) be the untwisted and
twisted vector representations of Pins(cr). In signatures (2,0) and (0, 2), Proposition

1.6 gives an automorphism of Pins(«) which exchanges the two representations Ad((Jz)

— (2
and Ad". Notice that Spin(2) ~ SO(2,R) ~ U(1) and that U(1)/{—1,1} ~ U(1).
DEFINITION 2.5.
1. The vector representation of Spin? (V. h) is the group morphism X : Spin2 (V, h) —
O(V, h) defined through:
A(la,u]) = det(Adg” (u))Ado(a) Vla,u] € Sping, (V. h)

2. The characteristic representation of Sping(V,h) is the group morphism p
Sping, (V, h) — O(2,R) defined through:

p(la,u]) L AP (u) Va,u] € Spin%(V, h)

3. The basic representation is the group morphism p def )\ w2 Spind (V,h) —
S[O(V,h) x O(2,R)]:

p(la,u]) = (det(AdSY () Adg(a), A (u))

We have a short exact sequence:
1 — Spin(V, h) — Spin? (V,h) 45 O(2,R) — 1 .
Since d is odd, we also have short exact sequences:
1— U(1) — Spin®(V, h) =5 O(V,h) —> 1
(where U(1) = Spin(2) C Ping(«) C Sping, (V, h)) and:
1 — Zy — Spin’(V, h) £+ S[O(V,h) x O(2,R)] — 1 ,

where Zy = {[1,1] = [-1,-1],[1,-1] = [-1,1]} C Spiny(V,h). One can identify
Pins (o) with the abstract group Oz () defined below.

DEFINITION 2.6. Let Og () be the compact non-Abelian Lie group with underlying
set U(1) X Zo and composition given by:

(21,6)(22,0) = (zle,f)), (21,0)(22, i) = (2129, i),
Zl,i

( )(ZQ’O) = (2122, i) ;o (2, 1)(227 i) = (a2 22, 0) ) (2.8)

where Zy = {f), i} The unit in Og(c) is given by 1 = (1,0).

The group U(1) embeds into Og(a) as the non-central subgroup U(1) x {0}. The

clement ¢ "< (1,1) € Oy(a) satisfies ¢ = (a,0) = al and ¢ = (a,1) = ac.

Thus ¢ has order two when o« = 1 and order four when o« = —1. This element
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generates a subgroup I'. of Og(a) which is isomorphic with Zs when o = +1 and
with G4 when o = —1. Together with ¢, the subgroup U(1) generates Oy(«). In fact,
Oq(a) = {z]z € U(1)} U {zc|z € U(1)} is the group generated by U(1) and ¢ with the
relations ¢? = al and cz = zc. We have:

Ad(e)(z) = K(z), Vze0y(a),
where K : Oz(a)) = Oz(«) is the conjugation automorphism, given by:
K(z,k)=(z,k), Yze€U(), kK€Zs.

Notice that K(z) = z for z € U(1), K(c) = ¢ and K? = idp,(a). The group Oz(a)
admits a Zs-grading with homogeneous components:

O2(a)" = {(2,0)]z € U(1)} > U(1), Os(a)” ={(2,1)]z € U(1)} = U(1)e.

These coincide with the connected components of Oz(a). We have Z(Oz(r)) =
{-1,1} = Ga.

DEFINITION 2.7. The abstract determinant is the grading morphism n,
02(01) — GQ Of 02(01).‘

Na () def. (_1)pr2(1) ’

where pry(z, K) oy for any (z,k) € Og(a).

We have n,(z) = 1, n,(c) = —1 and a short exact sequence:
1—U() — Oy(a) 25 Gy — 1 . (2.9)
Moreover:

1. For a = +1, the sequence (2.9) splits (a splitting morphism 6 : Go — Oz(«)
being given by (1) = 1 and 6(—1) = ¢) and we have® O2(+) ~a, O(2,R) by an
isomorphism which identifies U(1) with SO(2,R) and ¢ with reflection of R? with
respect to some axis.

2. For a = —1, the sequence (2.9) presents Os(—) as a non-split extension of Zy by
U(1). In particular, we have Os(—) % O(2,R).

DEFINITION 2.8. The squaring morphism is the surjective group morphism o, :
Oz(a) = O2(+) given by:

0a(z6) E (2 5) | V(zkK) € Oz(a)

We have a short exact sequence:
1 — {~1,1} = Og(a) 2% Og(+) — 1 .

In particular, O2(+4) =~ Ping o and Oz(—) ~ Ping » are inequivalent central extensions
of O(2,R) by Zy. The reflection:

Co = { - } €0_(2,R) (2.10)

6This is the well-known isomorphism between Pina o ~ O2(+) and the orthogonal group O(2,R).
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of R? with respect to the horizontal axis (=real axis of C = R?) gives isomorphisms
of groups q)éi) : 02(+) = O(2,R) through the formula:

o) (e, 0) = R(£0), (1) = R(£0)Cy, (2.11)

where 6§ € R and:

_ | cos(f) —sin(0)
R(0) = [ sin(0)  cos(9) € SO(2,R) . (2.12)
Let e1,es be the canonical basis of R? and v5(a) = ejes be the Clifford volume

1 if o =+1 . . .
def. { Clhyo o=+ with respect to the standard orientation

element of Cly(«r) = Clys ifa=-—1
of R?. The following result is proved in [11]:
PROPOSITION 2.2.  There exists an isomorphism of Zo-graded groups v, :
O2(a) = Ping(a) which satisfies:
Po(i) =12 = erex and Yu(c) =e;

Moreover, the untwisted vector representation of Ping(a) agrees with the squaring

morphism o, through the isomorphisms 1, and <I>(()_O‘) :

AdP oy =0 00, . (2.13)
and the abstract determinant agrees with the grading morphism det OAd(()z) of Ping(a):

det oAdY 0 Yy =10 (2.14)

2.4. Adapted Spin° groups.

DEFINITION 2.9. Let (V,h) be a quadratic vector space belonging to the complex
case, i.e. such that the signature (p,q) of (V,h) satisfies p —q =5 3,7 (in particular,
d=p+gqisodd). Let oy, def. (71)1)72+1 . Then the adapted Spin® group of (V. h) is
defined through:

o def. o . o Spin® (V,h) ifp—q=g3
spin (V) sping, (Vi) = { S G 7R

2.5. The canonical spinor group and its elementary representations.
It is convenient to introduce a group depending on p — ¢ mod 8 which, as we shall
see later on, provides a canonical presentation of the reduced Lipschitz group of real
Clifford irreps.

DEFINITION 2.10. The canonical spinor group A(V,h) of (V,h) is defined as
follows:
def.

1. In the normal simple case, we set A(V,h) = Pin(V,h).

2. In the complex case, we set A(V, h) def. Spin®(V, h).
3. In the quaternionic simple case, we set A(V,h) aet- Pin?(V, h).

4. In the normal non-simple case, we set A(V, h) def. Spin(V, h).
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def.

5. In the quaternionic non-simple case, we set A(V,h) =" Spin?(V, h).

The situation is summarized in Table 2.1.

P type A(V, )
0,2 normal simple Pin(V, h)
3,7 complex Spin®(V, h)
4,6 quaternionic simple Pin?(V, h)

1 normal non-simple Spin(V, h)
5 quaternionic non-simple | Spin?(V,h)

TABLE 2.1
Canonical spinor groups

DEFINITION 2.11. The vector representation A of A(V,h) is defined as follows:

1. In the normal simple case, A aef- AdS" : Pin(V,h) — O(V,h) is the untwisted
vector representation of Pin(V, h).

2. In the complex case, A : Spin®(V,h) — O(V,h) is the vector representation of
Sping,, (V. h).

3. In the quaternionic simple case, A : Pin?(V, h) — O(V,h) is the untwisted vector
representation of Pin?(V, h).

4. In the mormal non-simple case, \ def. Adgjl : Spin(V, h) — SO(V, h) is the vector
representation of Spin(V, h).

5. In the quaternionic non-simple case, A : Spin?(V,h) — SO(V,h) is the vector
representation of Spin?(V, h).
DEFINITION 2.12. The characteristic representation u of A(V,h) is defined as

follows:

1. In the normal simple case, p : Pin(V, h) — 1 is the trivial one-dimensional repre-
sentation.

2. In the complex case, j1: Spin®(V,h) — O(2,R) is the characteristic representation
of Sping, (V. h).

3. In the quaternionic simple case, p : Pin?(V,h) — SO(3,R) is the characteristic
representation of Pin?(V, h).

4. In the normal non-simple case, p : Spin(V,h) — 1 is the trivial one-dimensional
representation.

5. In the quaternionic non-simple case, p : Spin?(V, h) — SO(3,R) is the character-

istic representation of Spin?(V, h).

DEFINITION 2.13. The basic representation of A(V,h) is the representation p =

A X p, namely:

1.

2.

In the normal simple case, p = A : Pin(V,h) — O(V,h) is the untwisted vector
representation of Pin(V, h).

In the complex case, p : Spin®(V,h) — S[O(V,h) x O(2,R)] is the basic represen-
tation of Sping, | (V. h).

In the quaternionic simple case, p : Pin?(V,h) — O(V,h) x SO(3,R) is the un-
twisted basic representation of Pin?(V, h).
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4. In the normal non-simple case, p: Spin(V, h) — SO(V, h) is the vector representa-
tion of Spin(V, h).

5. In the quaternionic non-simple case, p : Spin?(V, h) — SO(V, h) x SO(3,R) is the
basic representation of Spin?(V, h).

3. Clifford representations over R. In this section, we discuss finite-
dimensional real Clifford representations, the notion of weak faithfulness for such
representations as well as certain natural subspaces associated to them. Real Lips-
chitz groups (to be introduced in the next section) arise most naturally as the auto-
morphism groups of weakly faithful real Clifford representations in a certain category
which has more morphisms than the usual category of representations. Therefore, we
start by introducing that category.

3.1. The unbased category of Clifford representations over R. DEFI-
NITION 3.1. A Clifford representation over R is a morphism of unital algebras
~: CI(V,h) — Endg(S), where S is a finite-dimensional R-vector space.

Let v : CI(V, h) — Endg(S) and v/ : CI(V’, ') — Endg(S’) be two Clifford represen-
tations.

DEFINITION 3.2. A morphism from v to v is a pair (fo, f) such that:

1. fo:V = V' is an isometry from (V,h) to (V' 1)

2. f:8 — S is an R-linear map

3. Y (Cl(fo)(x)) o f = for(x) for all z € C(V, h).
A based morphism is a morphism (fo, f) such that fo = idy. A (not necessarily
based) isomorphism from v to itself is called an automorphism.

In our language, a morphism of representations in the traditional sense corre-
sponds to a based morphism. Since Cl(V,h) is generated by V while CI(V', /') is
generated by V', condition (3) is equivalent with the weaker requirement:

Y(fow))of=fory) YveV ,
and can also be written as (see the diagram in Figure 3.1):
Ryoy'ofo=Lgoqly or Rpoq oCl(fo) =Lsoy ,
where Ly : Endg(S) — Homg(S,S’) and Ry : Endg(S’) — Homg(S,S’) are defined
through:

Li(p) D fop , Rp(b)=1pof , Vo€ Endg(S) and ¥ € Endg(5) .

Cl(V', 1) i Endg(5") (3.1)
|
Cl(fo) Homg (S, S")
d
CI(V, h) —————— Endg(S)

Fiac. 3.1. Commutativity of the diagram is the condition that (fo, f) gives an unbased morphism
of Clifford representations.
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With this definition, Clifford representations form a category denoted ClRep, were

compatible morphisms (fo, f) and (f, f’) compose pairwise, i.e. (f§, f') o (fo, f) def.

(f5 o fo, f o f). The forgetful functor IT : ClIRep — C1 which takes « into CI(V, h)
and (fo, f) into Cl(fp) is a fibration whose fiber above CI(V, k) is the usual category
Rep(Cl(V, b)) of representations of Cl(V,h) (whose morphisms are the based mor-
phisms of representations). Isomorphisms in Rep(Cl(V, h)) are the usual equivalences
of representations. Hence equivalences of representations of Clifford algebras coincide
with based isomorphisms of CIRep; in particular, any isomorphism class of Clifford
representations in the category ClRep decomposes as a disjoint union of equivalence
classes. The surjective functor F = C17* oIl : CIRep — Quad sends C1(V, ) to (V, k)
and (fo, f) to fo. A morphism (fy, f) is an isomorphism in ClRep iff both fy and f
are bijective.

PROPOSITION 3.1. Let (fo, f) : ¥ = 7 be an isomorphism of Clifford represen-
tations. Then Ad(f)(v(V)) = +' (V') and v o fo = Ad(f) o v|v, where the unital
isomorphism of algebras Ad(f) : Endr(S) — Endg(S’) is defined through:

ef. _
Ad(f)(9) € fopo !
for all ¢ € Endg(S).
Proof. Follows immediately from the fact that Cl(fo)|yv = fo. O

When (fo, f) is an isomorphism, condition 3. in Definition 3.2 becomes:

7 0 Cl(fo) = Ad(f) oy , (3-2)

being equivalent with the condition v’ o fo = Ad(f) o 7|y, which states that f imple-
ments the isometry fo : (V;h) — (V' h') at the level of the representation spaces.
3.2. Clifford image, vector image and Schur algebra.

DEFINITION 3.3. The Clifford image of v is the unital subalgebra C(7) def-

~v(CLV, h)) C Endgr(S). The vector image is the subspace W () aef- ~(V) C C(y).

Notice that the Clifford image coincides with the unital subalgebra of Endg(S)
generated by the vector image and hence C(7y) is uniquely determined by W (~). Every
element w € W (~y) can be written as w = (v) for some v € V, but this presentation
need not be unique’.

DEFINITION 3.4. The Schur algebra S(v) is the centralizer algebra of C(y) in-
side the algebra (Endg(S),0). It consists of all R-linear endomorphisms of S which
commute with every element of C(7).

Since C(7) is generated by W (~), we have:
S(v) = {a € Endg(5)|aw = wa Yw € W(y)}
= {a € Endgr(9)|ay(v) = v(v)a Yo € V}. (3.3)
Since S := S(7) is a unital subalgebra of Endg(S), we can view S as a left S-module
upon defining the left multiplication with scalars through:

s€ ¥ s¢) vses , €8,

"It is unique when + is weakly faithful, see below.
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where s(£) denotes the result of applying the operator s to . Also notice that Endg(.59)
is an S-bimodule (with external multiplications given by composition from the left
and from the right with operators belonging to S). To simplify notation, we will often
denote composition of operators by juxtaposition. Let:

Endg(S) def. {a € Endg(S)|a(s) = sa(§) V€ S and s €S}
= {a € Endg(S)|as = sa Vs € S}, (3.4)

denote the unital algebra of S-linear maps (endomorphisms of S as an S-module) and
Autg(S) denote the group of invertible S-linear maps (S-module automorphisms). By
the definition of C'(7), we have:

C(’Y) C EndS(S) .

REMARK 3.1. Recall that Cl(V,h) is a semisimple R-algebra. This implies that
any finite-dimensional C1(V, h)-module (i.e. any Clifford representation v : CI(V, h) —
Endg(S)) decomposes as a direct sum of inequivalent irreps +; : C1(V, h) — Endg(.S;)
(1 = 1...n) with multiplicities m;, namely S = @I ,S; ®g U; with U; = R™ and
v(z) = ®1vi(x) ®r idy,. Schur’s lemma implies the decomposition:

S(v) = Endcigv,n)(S) = ©7{=1S(vi) @r Endr(U;) (3.5)

where S(v;) are division algebras over R, hence each S(v;) is isomorphic with one of
the R-algebras R, C or H.

3.3. Pseudocentralizer, anticommutant subspace and Schur pairing.

DEFINITION 3.5. The anticommutant subspace of the Clifford representation
v : CUV, h) — Endg(S) is the following subspace of Endg(S):

A(v) def. {a € Endg(S)|aw = —wa Yw € W ()}
= {a € Endg(9)|ay(v) = —y(v)a Vv € V}
= {a € Endg(S)|ay(z) = v(7(z))a Vz € CY(V,h)}. (3.6)

Let A := A(y). We have SA C A and AS C A, so A is an S-bimodule (a
submodule of the S-bimodule Endg(5)). For any a1, as € A, we have ajas € S, so the
composition of Endg(S) induces an R-bilinear map:

miAxA—=S . (3.7)

In particular, a € A implies a? € S, so A consists of square roots of elements of S
(taken in Endg(S)). These observations imply that the subspace S + A is a unital

subalgebra of Endg(S).
DEFINITION 3.6. The pseudocentralizer of v is the unital subalgebra T(7) def.
S(7) + A(7) of Endg(S).

DEFINITION 3.7. The Schur pairing of v is the symmetric R-bilinear pairing
Py A(y) X A(y) = S(y) obtained by symmetrizing the composition map (3.7):

def. 1
pv(al,ag) = §(a1a2+a2a1) , Vaq,as EA(’y)
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Notice that S* N A = () if W (~) # 0. Hence:
SNACS\S* if W(y)#0

In particular, we have SN A = {0} when W(y) # 0 and S is a division algebra (for
example, when ~ is an irreducible representation with S # 0).

REMARK 3.2. Let (fo, f) : 7 =/ be an isomorphism of Clifford representations.
Then Ad(f)(W(y)) = W(+'). Since Ad(f) is a unital R-algebra isomorphism from
Endg(S) to Endg(S’), this implies Ad(f)(C(y)) = C(v') and:

Ad(f)(S()) =S(v) » Ad(f)(A() = A(Y) , Ad(f)(T(y)) =T() .

Hence restriction gives bijective maps:

Ady(f) € Ad(f)lsey) = SO — S(v)

Ada(f) € Ad(f)|agy) = Aly) = A(y) (3.8)
Adr(f) € Ad(f) ey : T() = T(Y) -

Notice that Ads(f) and Adp(f) are unital isomorphisms of R-algebras while
(Ads(f),Ada(f)) is a twisted isomorphism of left modules (see Appendix C) from
the S(y)-module A(v) to the S(y')-module A(v'). Since these maps behave well un-
der composition, this gives functors S : ClRep™ — Alg™, A : ClRep™ — TwMod*
(where TwMod is the category of left modules over unital associative R-algebras
and twisted morphisms between such) and T : ClRep* — Alg* which respec-
tively associate to 7 the objects S(v), A(y) and T(y) and to f the morphisms
S(f) = Adu(f), A(f) = (Ady(f), Ada(f)) and T(f) = Adg(f). When 7' = 7 and
(fo, f) € Aut(y), we have Ad,(f) € Autag(S(y)), Ada(f) € AutS(7 (A(y)) and
Adr(f) € Autag(T(v)). The fact that Adr(f) is an algebra automorphism implies

Py o (Ada(f) ®r Ada(f)) = Ads(f) o p, and hence Ada(f) € Autsy,)(A(7),py) (see
Appendix C for notation).

3.4. The pinor volume element and the volume grading of Endg(5). Let
us fix an orientation of V' and let v denote the corresponding Clifford volume element.

DEFINITION 3.8. The element w def. ~v(v) € C(vy) C Endgr(S) is called the pinor
volume element of v determined by the chosen orientation of V.

The pinor volume element w := w., satisfies:

d(d—1)
2

w? = (=1)7" idg , ww=(-1)"tww YweWw . (3.9

Thus w € S for odd d and w € A for even d. The first relation implies that Ad(w) is
an involutive automorphism of the algebra Endg(S):

Ad(w)2 = idEndR(S)
and hence induces a Zy-grading Endg (S) = End(S)@Endg () of this algebra, where:

End}(5) " ker(Ad(w) — idgnay(s)) = {a € Endg(S)|aw = wa}

End}(S) < ker(Ad(w) + idgnd.(s)) = {a € Endg(S)|aw = —wa} .
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In particular, End$(S) is a unital subalgebra of Endg(S). Since w = y(v), we have:
Ad(w) oy =v0Ad(v) ,
which gives:
PROPOSITION 3.2. The morphism of R-algebras v : Cl(V,h) — Endg(S) is

homogeneous of degree zero with respect to the Zs-gradings induced by v on CL(V,h)
and by w on Endg(S):

v(CI*(V,h)) C Endg(S) Vk € Zy

When d is even, we have C1'(V,h) = Cl(V,h) and CI'(V,h) = Cl_(V,h) and the

proposition gives C(7) def- v(Cly(V,h)) C Endy(S) and C_(v) def- Y(Cl_(V, h)) C

Endg(S). In this case, we have C(y) = C4(y) @ C_(v) and C(v) is a homogeneous
subalgebra of Endgr(S) with respect to the Zs-grading introduced above. When d is
odd, we have C1(V, h) = C1°(V, h) and the proposition gives C(y) C End}(S).

3.5. Weakly faithful and rigid Clifford representations.
DEFINITION 3.9. A Clifford representation v : Cl(V,h) — Endgr(S) is called

weakly faithful if the restriction o def. Yy : V — Endgr(S) is an injective map. It is
called rigid if vy = idy .

When « is weakly faithful, we can use the injection 7|y to identify V' with the
subspace W (vy) C Endg(S). Let ClRep,, (respectively ClRep,) denote the full sub-
categories of CIRep whose objects are the weakly faithful (respectively rigid) Clifford
representations and ClRep,; (respectively ClRep,’) denote the corresponding unit
groupoids (which are full sub-groupoids of CIRep™). Notice that any faithful or rigid
Clifford representation is weakly faithful. When v and +' are weakly faithful and
(fo, f) : v — 7 is an isomorphism of Clifford representations, Proposition 3.1 shows
that we have Ad(f)(v(V)) = +/ (V') and that fy is uniquely determined by f through
the relation:

fo=(lv) " o Ad(f) onlv - (3.10)
It is easy to see that the converse also holds, so we have:

PROPOSITION 3.3. Assume that v and v are weakly faithful. Then any isomor-
phism (fo, f) : v — ' is determined by the linear isomorphism f : S — S’. Namely,
we have Ad(f)(v(V)) = v (V') and fy is given by relation (3.10). Conversely, any
linear isomorphism f : S — S" which satisfies Ad(f)(v(V)) = v (V') determines an
isomorphism of quadratic spaces fo : (V,h) — (V' h') through relation (3.10) and we
have (fo, f) € Homegepx (7,7')-

In view of this, we denote isomorphisms of weakly faithful Clifford representations
only by f (since f determines fy in this case) and we identify Homgrepx (v,v") with
a subset of the set Isomg(S,S") of linear isomorphisms from S to S”:

Homggepx (7,7) = {f € Isomg (S, S")|[Ad(f)(v(V)) =~'(V')}
for v,~" € Ob(ClRep,,) - (3.11)

REMARK 3.3. One can show that the full inclusion functor ClRep," < ClRep.;
is an equivalence of categories. This equivalence of categories can be used to show
equivalence of our approach with the real version of the formalism of “spin spaces”
which was used in [10] for the case of complex Clifford representations.
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4. Real Lipschitz groups and their elementary representations. In this
section, we introduce the real Lipschitz group of a weakly faithful real Clifford repre-
sentation, which coincides with the automorphism group of the latter in the category
ClRep introduced in the previous section. We also study certain elementary repre-
sentations of real Lipschitz groups. The results of this section apply to any weakly
faithful real Clifford representation -y, which need not be irreducible.

4.1. The Lipschitz group of a weakly faithful real Clifford representa-
tion. When « : CI(V, h) — Endg(S) is a weakly faithful real Clifford representation,
restriction gives a linear isomorphism:

vV SW(y)

which can be used to transport h to a symmetric and non-degenerate bilinear form
gy W) x W(y) = R:

def. _ _
gy (w1, w2) = h((4v) " Hwh), (9]v) TH(wz)) Ywr,we € W(A)
Thus (W(7),g,) is a quadratic space and 7|y : (V,h) = (W(v),g,) is an invertible
isometry.

DEFINITION 4.1. Let vy be a weakly faithful real Clifford representation. The group

L(v) ot {a € Autg(S)|Ad(a)(W(v)) C W(y)} is called the real Lipschitz group of .

For simplicity, we will often denote W () by W, g, by g, L(vy) by L etc.

4.2. The vector representation of the Lipschitz group. For any a € L
and any w € W, we have Ad(a)(w) € W and Ad(a)(w)? = Ad(a)(w?). Since
w? = g(w,w)idg and Ad(a)(w)? = g(Ad(a)(w), Ad(a)(w))idg, this implies Ad(a)|w €
O(W, g).

DEFINITION 4.2. The group morphism Adg : L(y) — O(W(¥), gy) given by:

def.

Ad3(a) <" Ad(a)lw

is called the vector representation of L(7).

It is easy to see that the group S(v)* of units of S(v) coincides with the kernel of
Adg:

ker(Ad]) =S(y)* CcL . (4.1)
PRrROPOSITION 4.1. Let v be a weakly faithful real Clifford representation.
Then the Lipschitz group L(~y) is naturally isomorphic with the automorphism group

Autcirep, () of v in the category ClRep,,. Therefore, the isomorphism class of L()
depends only on the isomorphism class of v in the category ClRep,,.

Proof. Any a € L induces an invertible isometry ag € O(V,h) through relation
(3.10), namely:

a0 = (v|v) "t o Adj(a) o (vlv) € O(V,h) (4.2)
which implies:

v o Cl(ag) = Ad(a) o~y . (4.3)
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Thus (ag,a) is the unique automorphism of v in the category ClRep whose second
component equals a. Conversely, we have a € L(v) for any (ag,a) € Autcirep, (7) =
Autcirep () (see Proposition 3.1) and ag is determined by a through relation (4.2)
(see Proposition 3.3). Hence the map F : Autcirep(y) — L(7y) given by Fi(ag,a) = a
is an isomorphism of groups which allows us to identify L(y) with Autcirep(7y). O

For what follows, we fix a weakly faithful Clifford representation v : CI(V,h) —
Endg(S) and set L := L(y), C := C(vy), W := W(v), g :== g4, S:=S(v), A := A(v)
and Ady := Ad]. Fixing an orientation on V, we orient W such that v|y : V Sw
is orientation-preserving and let v and w = 7(v) denote the corresponding Clifford
volume and pinor volume element. Since the quadratic spaces (V,h) and (W, g) are
isometric, we will sometimes identify them using the isometry 7|y, in which case we
view the vector representation of L as a group morphism Adg : L — O(V, h).

REMARK 4.1. An element w € W is invertible in Endg(5) iff it is nondegenerate

in the quadratic space (W, g). In this case, its inverse w—! = mw also belongs to
1

W. If w € W is a unit vector, then so is w™

4.3. Volume grading of the Lipschitz group. Let det : O(W,g) — G be
the determinant morphism and L = L° L' be the Zsy-grading of L induced by the
group morphism det oAdy : L — Ga:

L° " {4 € L| det(Ado(a)) = +1} = Ad; 1 (SO(W, g)) ,
L' < {a € L|det(Ady(a)) = —1} = Ad; ' (O_(W, g)) .

DEFINITION 4.3. The subgroup L° C L is called the special Lipschitz group.

PROPOSITION 4.2. We have:
Ad(w)(a) = det(Adg(a))a , Ya€eL (4.4)
and:

L° =LNEnd}(S) , L'=LNEndg(S) . (4.5)

Proof. If e ... ey is an oriented orthonormal basis of (W, g), then:

e E () e, e Z (vlv) " Hea)

is an oriented orthonormal basis of (V,h). Thus v = €;...€¢; and hence w = y(v) =
ey ...eq. For any a € L, we have:

W L Ad(a)(w) = Adg(a)(e1) ... Ado(a)(eq) = €, ... €}

where e;c def. Ady(a)(ex) € W form an orthonormal basis of (W, g) (because Adg(a) €

( ,g)). Thus €] def. ('y|v) Leh), ... €, def- (vlv)~*(e};) is an orthonormal basis

of (V,h) which satisfies €}, = ao(ex), where ag € O(V,h) is given by (4.2). Hence
v dEf €} ..., = det(ap)eq ... eq = det(ap)r, which implies ' = v(v') = det(ap)w.

Relation (4.2) gives det Adg(a) = det(ag) € {—1,1} and hence w’ = det(Ady(a))w.
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Thus Ad(a)(w) = det(Ady(a))w, which is equivalent with (4.4) upon using the relation
Adg(a) = Adg(a')Va € L. Hence:

Ad(w)(a) = (-1)% Ya €LY (o €Zsy) . (4.6)

and hence L* C End§(S) for all a € Zy. Since L = L°UL" and Endg(S) NEndg(S) =
{0} while 0 ¢ L, this implies (4.5). O

REMARK 4.2. Notice that w € L since Ad(w)(w) = (—=1)% 1w € W forallw € W.
Since Ad(w)(w) = 4w, we have w € End%(S) and relations (4.5) imply w € L°.

PROPOSITION 4.3. Let w € W be a non-degenerate vector. Then w € L and
Adg(w) equals minus the orthogonal reflection of (W, g) in the hyperplane orthogonal
to w:

AdO(w) - _Rw (47)

1 =

Proof. Follows by direct computation using the relations w™ w and

1
g(w,w)
wx + zw = 2g(x,w) for x € W as well as relation (1.1). O

REMARK 4.3. Let w € W be non-degenerate. Since Ad(w)(w) = (1) 1w,
relations (4.5) give:
1. When d is even, then w € L!
2. When d is odd, then w € L°.

4.4. Image subgroups of the Lipschitz group.

PROPOSITION 4.4. We have v(G¢(V,h)) C L, where G°(V,h) is the extended
Clifford group.

Proof. Since v is a unital morphism of R-algebras, we have (C1(V,h)*) C C* C
Autg(S). Moreover, we have:
Ad(y(2))(1(y)) = 7(Ad“(2)(y)) Vo€ CUV,h)* and y € CUV,h) ,  (4.8)
which also reads:

R,YOAdosz,YOAdCl .

Since 7|y : V = W is a bijection, any element w € W can be written as w = (v)
with v =y~ 1(w) € V. Applying (4.8) to y = v gives:

Ad(y(2))(w) = 1(Ad” (@)(v)) Var € CI(V, h)*

When z € G¢(V,h), we have Ad°(z)(v) € V and the relation above gives
Ad(y(z))(w) € v(V) = W, which implies y(z) € L. O

DEFINITION 4.4. The image extended Clifford group of v is the subgroup
v(G¢(V,h)) € L. The image Clifford group of v is the subgroup v(G(V,h)) C
v(G¢(V,h)). The image pin group of v is the subgroup v(Pin(V,h)) C ~v(G(V,h)).
The image spin group of 7 is the subgroup v(Spin(V, h)) C v(Pin(V, h)).

Recall that G(V,h) is generated by the non-degenerate vectors of (V,h) while

Pin(V, ) is generated by the unit vectors of (V, h). Since v|y is an invertible isometry
from (V, h) to (W, g), we have:
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PROPOSITION 4.5. The image Clifford group v(G(V,h)) coincides with the sub-
group of Autr(S) generated by all non-degenerate vectors of (W, g), while the image
pin group v(Pin(V, h)) coincides with the subgroup of Autr(S) generated by all unit
vectors of (W, g)

The Zs-grading of L induces Zs-gradings on all image subgroups defined above. For
example, we have v(G¢(V, h))" = ~(G¢(V, h)) NL*, v(Pin(V, h))* = v(Pin(V, h)) NL"
for k € Zs. Relation (4.5) implies:

Y(GH(V,h))" =~(G(V,h)) NEndg(S) ,
Y(G(V,h)" =~(G(V,h)) N Endg(S) ,
v(Pin(V, h))" = v(Pin(V, h)) N Endg(S) .

When d is even, the gradings of v(G(V,h)) and v(Pin(V,h)) coincide with those
induced by the canonical Zs-grading of Cl(V h). When d is odd, we have:

NGV, 1) =v(G(V,h)° C L, y(Pin(V, h)) =~(Pin(V, h))" C L .

REMARK 4.4. In general, L' can be non-empty even when d is odd (since L need
not be generated by invertible elements from W). We will see later that this indeed
happens for certain irreducible Clifford representations. On the other hand, G¢(V, h)
is generated by Z(V,h)* and G(V,h) and we have v(Z(V,h)*) c §* C L% This
implies 7(G¢(V, h)) C L® when d is odd. When d is even, we have G¢(V, h) = G(V, h)
and (G (V, h)) = 1(G(V, h)).

5. Twisting elements and twisted image pin groups.

DEFINITION 4.5. We say that v admits twisting elements if the intersection A(y)N
Autgr(S) is non-empty. In this case, a twisting element of v is an invertible element
of the anticommutant subspace A(7), i.e. an element of the set A(y) N Autg(S). A
twisting element p € A(y) N Autg(S) is called nondegenerate if the endomorphism
ids + p € Endg(S) is invertible and special if u? = —idg.

PROPOSITION 4.6. Any special twisting element is non-degenerate.

Proof. If 1 is a special twisting element, then % (ids — ) (ids + p) = idg and hence
idg + p is invertible with inverse £ (idg — ,u). 0

For any twisting element p and any w € W, we have Ad(u)(w) = —w. Thus twisting
elements form a subset of L. This set is invariant under multiplication with elements
of R*. The subset of special twisting elements is invariant under changes of sign

(1= —p).
DEFINITION 4.6. Let i be a twisting element. The p-twisted image pin group of

v is the sub-group Pin,(y) C Autr(S) generated by the elements pw, where w runs
over the unit vectors of (W, g).

Any element of Pin,(y) can be brought to the form (—1) k(szl),ukwl ... wy, where
w1, ..., wg are unit vectors of (W, g), but this presentation need not be unique.

PROPOSITION 4.7. Let i be a special twisting element. Then the p-twisted image
pin group is isomorphic with the image pin group, namely:

Ad(ids + p) (v(Pin(V, h))) = Pin,(7) (4.9)
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and we have:
Ad(a)(W)=W V ae€Pin,(y) . (4.10)

Moreover, the isomorphism of groups ¢, def. Ad(ids + )|y Pin(v,ny) : Y(Pin(V, h)) =
Pin, () satisfies:
Adw o vy 0 Y|pinv,p) = Ad(y]v) o Ady (4.11)

where the group morphism Adw : Pin,(y) — O(W,g) is defined through Adw (a) =
Ad(a)lw for all @ € Pin,(y) and Ady Pin(V,h) — O(V,h) is the twisted vector
representation of Pin(V, h). Hence the representation Adw 0@, 0v|pin(v,n) of Pin(V, h)
is equivalent with the twisted vector representation.

REMARK 4.5. In the proposition, 7|y is viewed as an invertible isometry from
(Vih) to (W,g), so Ad(y|y) is a unital isomorphism of algebras from Endg(V) to
Endg (W) which restricts to an isomorphism of groups from O(V, h) to O(W, g).

Proof. Let p be a special twisting element. Then the map V 3 v — uy(v) €
Endg(S) satisfies (uy(v))? = v(v)? = h(v,v)idg and hence induces a unital morphism
of algebras 7, : CI(V,h) — Endgr(S) such that v,(v) = py(v) for all v € V. The
identity uy(v) = (ids + p)y(v)(ids + #)~* = Ad(ids + p)(y(v)) implies that this
representation is equivalent with ~, namely:

Y = Ad(ids + p) oy . (4.12)

Since 7, (Pin(V, h)) = Pin,(y), relation (4.12) implies (4.9). For every w € W and

any unit vector u of (W, g), we have:
Ad(pu)(w) = puw(pu) ™ = puwu ™ p~t = —uwut = R, . (4.13)

This implies Ad(pu)(W) C W and shows that (4.10) holds. Taking u = v(v) and
w = y(v') with v = (y|yv)"!(u) € V a unit vector of (V,h) and v' = (y|y) " (w) € V
in (4.13) gives:
(Ad 0 g, 07)(v)(w) = Ad(uy(0)) (1(2')) = ¥lv (Ado(v) (v'))
which gives (4.11). O
4.6. Surjectivity conditions for the vector representation.

PROPOSITION 4.8. Let 1 be any twisting element and w € W be a non-degenerate
vector. Then pw € L and Ado(pw) equals the g-orthogonal reflection of W in the
hyperplane orthogonal to w:

Ado(pw) = +Ry,
In particular, we have Pin,(y) C L.

Proof. It suffices to consider the case when w is a unit vector, so we can assume
g(w,w) = € € {—1,1}. Then w? = g(w,w)ids = €idg, so w is invertible and w=! =
ew. For any x € W, we compute:

Ad(pw)(z) = Ad(p)(wrw ™) = eAd(p)(wrw) = —ewzw = —Ad(w)(z) = + Ry
where we used (4.7). O
THEOREM 4.9. The following statements hold:
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1. The image of the vector representation of L equals the special orthogonal group of
(W, g), so we have a short exact sequence:

1—S* L0 2N oW, g) — 1 . (4.14)

2. Suppose that d is even or that vy admits a twisting element. Then the vector repre-
sentation of L is surjective and we have a short exact sequence:

1—S* L2 omw,g) —1 . (4.15)

Proof. Since L contains all non-degenerate vectors of (W, g), Proposition 4.3
shows that the group Adg(L) contains all minus reflections Adg(w) = —R, of
O(W,g). By the definition of the grading of L, we have Ady(L°%) ¢ SO(W,g) and
Ady(LY) € O_(W,g), where O_ (W, g) C O(W, g) denotes the set of improper orthog-
onal transformations. Thus Adg(L%) and Adg(L!) are disjoint. We distinguish the
cases:

1. When d is even, the minus reflections have determinant —1 and they generate

O(W, g), thus Ado(L) = O(W, g), which establishes part of the second statement.
2. When d is odd, minus reflections have determinant +1 and generate SO(W,g),

thus SO(W, g) C Adg(L). Since Ady(L°) € SO(W, g) and Ady(L') € O_(W, g) are

disjoint, we must have SO(W, g) = Ado(L°), which establishes the first statement.
Suppose now that d is arbitrary but that v admits a twisting element p. Then the
previous proposition shows that L contains Pin,(vy) and that Ady(L) contains all
reflections Ad(uw) = Ry, of (W, g), which generate O(W, g) by the Cartan-Dieudonne
theorem. This completes the proof of the second statement. O

4.7. The Schur representation.

PROPOSITION-DEFINITION 4.10. For any a € L, we have Ad(a)(S) = S. Thus
Ad induces a Schur representation:

Ady L — Auta(S) , Ady(a) < Ad(a)ls (a €L)

through unital algebra automorphisms of S. Furthermore, we have:

ker Ady, = L N Ends(.S) (4.16)

Proof. Given a € L, any vector w € W can be written as w = Ad(a)(w’) for some
w' € W, namely w’ = Ad(a=!)(w). For any s € S, we have:

Ad(a)(s)w = Ad(a)(s)Ad(a)(w’) = Ad(a)(sw') = Ad(a)(w's)
= Ad(a)(w')Ad(a)(s) = wAd(a)(s), (4.17)

where we used the fact that s € S commutes with w’ € W. This shows that Ad(a)(s)
commutes with any w € W and hence that Ad(a)(s) belongs to S. Thus Ad(a)(S) C S.
Since Ad(a) is R-linear and bijective while S is finite-dimensional over R, we in fact
have Ad(a)(S) = S. The fact that Ads(a) is a unital morphism of algebras is obvious,
as is the remaining statement. O
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4.8. The anticommutant representation.

PROPOSITION 4.11. The anticommutant subspace is invariant under the vector
representation of L:

Ad(a)(A)=A , Vael

and hence Ad induces a linear representation Ads : L — Autg(A), Ada(a) def-
Ad(a)|a in the space A. Moreover, Ad is a representation of L through Ads-twisted
S-module automorphisms which are twisted-orthogonal with respect to the Schur pair-

ing p, so the following relations hold for all a € L:
Ada(a)(sx) = Adg(a)(s)Ada(a)(x) Vs€S and x€ A (4.18)
and:

p(Ada(a)(z1),Ada(a)(x2)) = Ads(a)(p(x1,22)) , Vaj,ze € A . (4.19)

We refer the reader to Appendix C for the notion of twisted module automorphism
and for the notation used in the proposition.
Proof. For any a € L, x € A and w € W, we have:

Ad(a)(z)w = axAd(a ) (w)a ™t = —aAd(a ') (w)za ™t = —wAd(a)(x) , (4.20)

where in the middle equality we used the fact that a=! € L (since L is a group), which
implies that Ad(a=!)(w) belongs to W and hence that it anticommutes with = € A
(by the definition of A). Relation (4.20) shows that Ad(a)(z) anticommutes with w
for any w € W and hence Ad(a)(x) belongs to A for any = € A, thus Ad(a)(4) = 4
for any a € L. Relation (4.18) is obvious. For any x1,z2 € A, we have:

p(Ad(a)(z1), Ad(a)(22)) = % [Ad(a)(z172) + Ad(a)(z221)] = Ad(a)(p(21,22))

which gives (4.19) since p(x1,22) €S. O

DEFINITION 4.7. The group morphism:
Ada L — Aut" (A, p)
is called the anticommutant representation of L.

4.9. Adapted pairings and Lipschitz norms.

DEFINITION 4.8. A non-degenerate R-bilinear pairing # : S x S — R is called
adapted to «y if it has the following properties:
(a) B is symmetric or skew-symmetric, that is:

BE.8) =0xB(E,6) V€S,

where o € {—1,1} is called the symmetry of A.
(b) wt = egw for allw € W, where * : Endg(S) — Endg(S) denotes the B-transpose
and e € {—1,1} is called the type of A.
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REMARK 4.6. Since an adapted pairing is either symmetric or skew-symmetric,
the Z-transpose is an involutive unital R-algebra anti-automorphism of Endg(S).
Notice that an admissible bilinear pairing (in the sense of [21, 22]) of an irreducible
Clifford representation is adapted; in fact, an admissible pairing is an adapted pairing
which has a definite “isotropy” (see op. cit.).

DEFINITION 4.9. We define O(S, B) to be the automorphism group of (S, B),
namely:

O(S, %) = {a € Endg(S) | #(ax,ay) = B(x,y)} , (4.21)

for all x;y € S. It consists of all B-orthogonal invertible linear operators acting in

S:
O(S,2) = {a € Endg(9) |a’' 0ca =idg} .

Let & be an adapted pairing on S.

DEFINITION 4.10. The Lipschitz norm determined by % is the map Ng :
Endg(S) — Endg(S) defined through:

Naz(a) L a'oa (a € Endg(S))

Notice that Nz(a)! = Nz(a), so the image of the Lipschitz norm consists of %-
symmetric linear operators. We have Ng(w) = egw? = egg(w,w)idg for all w € W.
Notice that an operator a € Endg(S) is #-orthogonal if and only if Ng(a) = idg; in
particular, the intersection:

W N O(S, 8) = {w € Wg(w, w) = e}
coincides with the set of unit vectors of signature equal to e and we have:

LNO(S,B) = {acL| Ngla) =ids} . (4.22)

However, the restriction Ng|r, does not generally give a group morphism, because the
elements of Ng(L) need not commute with those of L or L!. As we shall see below,
the situation is somewhat better for the image extended Clifford group v(G¢(V, h)).

DEFINITION 4.11. The modified reversion determined by % is the unital anti-
automorphism of CL(V, h) given by:

. 175@_ T Zf&@:+1
(@) =Tom = _{7:—7077 ifeg = —1

The modified Clifford norm determined by % is the map Ng : C(V,h) — R defined
through:

Na) L ratele={ § FA7H @eavn
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Notice that 72(v) = egv for all v € V. For any = € CI(V, h), we have:
1(@) =7(rs(@))
which implies:
Ngoy=~v0Ng . (4.23)

In particular, we have Nz(C(v)) C C(v).
PROPOSITION 4.12. We have Ng(v(G(V,h))) C R*ids and:

(
Na(v(G*(V,h))) € v(Nx(G(V,h))) C Z(S)NS™ = Z(S)* . (4.24)

In particular, we have Ng(v(G¢(V,h)) C R*idg if Ng coincides with the improved
Clifford norm.

Proof. Since N(G(V,h)) € R* and N(G(V,h)) € R*, we have Ng(G(V,h)) C
R* and (4.23) gives Nz(v(G(V,h))) € R*idg. The first inclusion in (4.24) also
follows from (4.23). Since N(G¢(V,h)) C Z(V,h)* and N(G¢(V,h)) C Z(V,h)*,
we have Ng(G¢(V,h)) C Z(V,h)*. Since v(Z(V,h)) C Z(S), we obtain the second
inclusion of (4.24). O

Since N and N are equal on Spin(V, h), we have N = N on Spin(V, ) and (4.23)
gives:

[ +ids if a € Spin™(V,h)
Na(v(a)) = { ~ids if a € Spin~ (V, h)

In particular, we have v(Spin™ (V, h)) € O(S, %) and hence any adapted pairing is in-
variant under the action of the subgroup (Spin™(V,h)) C L. Notice that an adapted
pairing need not be invariant under the vy-action of the full spin group Spin(V,h).
Also notice that the full subgroup LNO(S, #) consisting of those elements of L which
preserve an adapted pairing % can be strictly larger than v(Spin™(V, h)), even when
2 is an admissible pairing of an irreducible Clifford representation.

REMARK 4.7. In general, the set Nz (L) is larger that Z(S)*. The decomposition
(3.5) implies:

Z(S) = &1 Z(Si)idy, ~a1g €71 2(Si) , Z(S)" ~ap i1 Z(S)"

where S; 2 S(y;) are the Schur algebras of the inequivalent irreducible components
of v. We have:

RX 3 Sz ZAlg R
Z(Sl)x ~ C* s Sz ~Alg C
R* , Si~a H

5. Lipschitz groups of irreducible real Clifford representations. In this
section, we study the Lipschitz groups of irreducible real Clifford representations (all
of which turn out to be weakly faithful and to form a single unbased isomorphism
class in every signature) as well as their elementary representations. In particular,
we show that the reduced Lipschitz groups of such representations (which we call
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elementary reduced Lipschitz groups) are isomorphic with the canonical spinor groups
introduced in Section 2.5 and that their elementary representations agree with those of
the canonical spinor groups. This shows, in particular, that the canonical spinor group
of (V,h) arises naturally as the Lipschitz group of the unique unbased isomorphism
class of the irreps of (V, h), which is always weakly faithful. Notice that this provides
a unifying perspective on various extended spinor groups arising in spin geometry,
while also including the groups Spin®(V,h), new in the literature, and identifying
the precise spinor group which is relevant when considering irreducible real Clifford
representations in every dimension and signature. One should compare this with
the traditional approach, where a spinor group is chosen apriori, without worrying
about irreducibility of the corresponding Clifford representation. In our approach,
irreducibility of the Clifford representation is the central feature of interest.

5.1. Basics.

DEFINITION 5.1. A real pin representation is an irreducible finite-dimensional
real Clifford representation v : CI(V,h) — Endg(S), where V- # 0 and S # 0.

A real pin representation v : CI(V,h) — Endg(95) is faithful iff C1(V,h) is simple as
an associative R-algebra, which happens when p — g #£g 1,5 (the simple case). The
pinor volume element w = ~y(v) is proportional to idg iff we are in the non-simple case
p—q =g 1,5. In the simple case, all pin representations of Cl(V,h) are equivalent.
In the non-simple case, C1(V, h) admits two inequivalent irreducible representations,
which can be realized in the same space S. In each of these irreps, the Clifford volume
element v € Cl(V, h) defined by a given orientation of V' satisfies:

w & Y(v) = €yidg
where e, € {—1,1} is a sign factor called the signature of the irrep . The two irreps

are distinguished by the value of e, and we denote them by 7 : CI(V, h) — Endg(S)
(where e,, = +1). We have:

Yy =7_om , (5.1)

where 7 : CI(V, h) — CI(V, h) is the parity automorphism, which satisfies 7(v) = —v
since d = dimV = p + ¢ is odd in the non-simple case. Though inequivalent,
these two irreps are isomorphic in the category ClRep through the isomorphism
(fo, f) = (=idy,idg), where —idy € O_(V,h). Indeed, we have 7|y, = —idy hence
Cl(—idy) = 7 and (5.1) reads Adigg 0y = y—oCl(—idy) (cf. (3.2)), which shows that
(fo, f) : v+ — - is an isomorphism in CIRep. Notice that (fo, f) o (fo, f) =id,,, so
(fo, £)~' = (fo, f). The kernel of ~, is given by:

kerv. = {x € CI(V, h)|av = —ex} . (5.2)

and we have® dim(kery,) = dim(imv,) = 1 dim CI(V, h) = 2971,

PROPOSITION 5.1. Let (V, h) be a quadratic space. Then all real irreducible repre-
sentations of CL(V, h) are weakly faithful. Moreover, there exists a single isomorphism
class of such representations in the category ClRep, which is uniquely determined
by the isomorphism class of (V,h) and hence by the signature of h. In the simple

8In the non-simple case, we have v2 = +1 and multiplication with v gives a non-unital involutive
algebra endomorphism of CI(V, h).
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cases, this isomorphism class is also an equivalence class of representations. In the
non-simple cases, this isomorphism class decomposes into two equivalence classes of
representations, each of which is determined by the signature of h.

Proof. Injectivity of 7|y can fail only when  is not faithful and V Nker~ # {0},
which by relation (5.2) can happen only when dim V' = 2 since right multiplication
with v maps V into the subspace of C1(V,h) which corresponds to A~V through
the Riesz-Chevalley-Crumeyrolle isomorphism. However, v is always faithful when
dimV = 2, since in this case p — ¢ € {—2,0,2} and hence p — ¢ =5 0,2,6, which
corresponds to the simple case. The remaining statements follow from the discussion
above. O

PROPOSITION 5.2. In the simple case, v gives a bijection between CL(V,h) and
the Clifford image C' = im~y. In the non-simple case, we have C = CL = C_ and ~
restricts to linear bijections between Cly (V,h) and C. In this case, the restriction of
v to Cly(V,h) is a unital isomorphism of algebras from Cl(V,h) to C.

Proof. In the simple case, 7 is faithful and hence induces a bijection between

Cl(V,h) and C def. ~v(CL(V, h)). In the non-simple case, we have w = v(v) = eidg,

where ¢ “< €. Recall that Cy def- ~¥(ClL(V, h)) and hence C' = y(Cl(V, h)) = C; +
C_. The dimension of V is odd and the right multiplication R, : C1(V,h) — C1(V, h)
with the Clifford volume element v maps Cly (V, h) into Cl¢(V, k). This implies that
the right multiplication R,, : Endgr(S) — Endg(S) with w satisfies R, (C+) = Cx.
Since w = eidg, we have R,(Cy) = Ci and we conclude that C = C, = C_
since Cy are subspaces of Endg(S). Since v?> = 1 in the simple cases, we have
(R,)? = idciv,n)- Hence the linear map R, : Cly(V,h) — CI_(V,h) is bijective
and thus dimg Cl; (V, k) = dimg C1_(V, k) = £ dimg CI(V, k) = dim(imy) = dim C,
which implies that ~ restricts to bijections between Cly(V,h) and C. Since Cy =
v(CLy(V, h)) and Cl(V, h) is a unital subalgebra of C1(V,h), the unital morphism of
algebras  restricts to a unital isomorphism of algebras from Cl; (V,h) to C,. O

5.2. The Schur algebra.

DEFINITION 5.2. Let U be an oriented three-dimensional Euclidean vector space.
The quaternion algebra of U is the normed unital associative R-algebra Hy whose
underlying set equals R & U and whose multiplication is defined through:

def.
(g0 +a)(gh+4d) = qogy — (a.d') + qd +gpa+axd Vg,q €R, q,d €U ,

where (1, ) and x denote scalar and vector products of U. The norm of ¢ := qo+q €
Hy is defined through:

def.
lallv =" Vev(a)a = /a3 +lall?
where || || is the norm of U and cy : Hy — Hy is the conjugation of Hy, i.e. the

unital anti-automorphism given by:

cu(qo+d)=¢q —q .

The standard algebra H of quaternions is the quaternion algebra of R3, when the latter
is endowed with its canonical scalar product and orientation. Any quaternion algebra
Hy; is of course isomorphic with H as a unital associative normed algebra through
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some (non-unique) isomorphism which takes ImH = R? into U. The following result
characterizes the Schur algebra of pin representations (see, for example, [23]):

PROPOSITION 5.3. The Schur algebra of pin representations is as follows:

1. In the normal (simple or non-simple) case, we have S = Rid, which we identify
with R through the isomorphism R 3 x — zidg € S. In this case, we set ¢ = idg
and endow S with the norm induced from R.

2. In the complex case, we have S = Ridg ® Rw, which we identify with C through
the isomorphism C > z = x + iy — x +yw € S (in this case, we have v = —1

and hence w? = —idg). Accordingly, we let J At denote the imaginary unit

of S. In particular, S is a normed R-algebra whose norm and conjugation ¢ do
not depend on the choice of orientation of V' (and hence are invariant under the

change w — —w). The subspace ImS Ry is also independent of the choice of
ortentation of V.

3. In the quaternionic (simple or non-simple) case, we have a direct sum decompo-
sition S = Ridg ® U of the underlying R-vector space of S (where U = U(v) is
an oriented Euclidean vector space determined by ) and S is isomorphic with the
quaternion algebra of U through the map Hy > (go,q) — (goids,q) € S. In par-
ticular, S has a natural structure of normed R-algebra, hence there exists a (non-
unique) unital isomorphism of normed algebras f : H = S such that f(ImH) = U.
The conjugation ¢ = cy of S is uniquely determined by ~.

In the quaternionic case, we set ImS U, The isomorphisms of the proposition

map the groups of unit norm elements U(R), U(C) and U(H) to the corresponding
subgroup of S, which we denote by U(S). In the complex case, the isomorphism
C ~ S of Proposition 5.3 depends on the choice of orientation of V; changing that
orientation amounts to postcomposing that isomorphism with the conjugation ¢ of S
or to precomposing it with the conjugation of C. The following proposition clarifies
the role of the isomorphism f in the quaternionic case.

PROPOSITION 5.4. Let S be a unital R-algebra such that S ~a1, H and let m :

SxS =S, m(q,qe) def. q1q92 denote the multiplication map of S. Then there exists a

surjective map ® : Isomaig(H,S) — B(S), where:

(a) Isomaig(H, S) is the set of unital isomorphisms of R-algebras f:H =S

(b) B(S) is the set of R-subspaces U C S such that S = Rlg @ U, endowed with a
Euclidean scalar product (, ) and orientation such that the following condition is
satisfied:
(C) The restriction m|yxy : U x U — S of the multiplication map has the form:

my(s,s’) = —(s,s') +sxs" |

where X : U x U — U is the vector product of U.

Namely, we have ®(f) def. f(ImH) and the scalar product and orientation of ®(f) are

induced by f from those of ImH. For any U € B(S), the preimage ®~*(U) is a torsor
for the right action of Autae(H):

f=foe , ¢eAuta(H) ~qp SO(3,R)

and hence we have a bijection B(S) ~get Isomaig(H,S)/SO(3,R). For any f €
O~ Y(U) and any q € H we have f(q) = cu(f(q)), where cyy : S — S is the invo-
lutive unital anti-automorphism of the algebra S given by cy = idry, ® (—idy).
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Proof.  Surjectivity of & follows by picking an oriented orthonormal basis
(e1,e2,e3) of U and noticing that U = f(ImH) for the unique R linear map f : H — S
which satisfies f(1lg) = 1s and f(e;) = e;, where €1, €9, €3 is a canonically-oriented
orthonormal basis of R3. It is easy to see that this map is a unital isomorphism of
R-algebras. That ®~1(U) is an SO(3,R)-torsor is obvious. O

REMARK 5.1. Notice that m is completely determined by the Euclidean scalar
product of U and by its orientation through the formula:

def.
m(so +s, sy +8) = sosy — (s,8") + 508" +sps+sxys Vsg,sp €ER Vs, s’ €U .

Conversely, m determines both the scalar product and orientation of U though con-
dition (C).

5.3. The anticommutant subspace. For the remainder of this section, we fix
a real pin representation v : CI(V,h) — Endgr(S). Let o, 4 € {—1,1} be defined as
follows:
1. For the normal simple case:

def. p—a +1 ifp—qg=s0
Qpg = Opgq=(=1)7 :{ 1 ifp—g=g2

2. For the complex case:

def. pmgrt [ —1 ifp—qg=sg3
g = (=1) _{Jrl ifp—q=sg7

3. For the quaternionic simple case:

def. o p=a | +1 ifp—qg=g4
Qpg = Opg=(-1)7 —{ 1 ifp—q=g6

PROPOSITION 5.5. The following statements hold:
1. In the non-simple cases, we have A = 0.
1. In the simple cases, A is a rank one free S-module. Namely, there exists an
element u € A such that:
(a) u is a basis of A over S
(b) u satisfies u* = ay, 4ids (in particular, u is invertible)
(c) u satisfies:

ids  for the normal simple case
Ads(u)=<¢ ¢ for the complex case
ids  for the quaternionic simple case

In the normal simple and quaternionic simple cases, there exist only two elements
u € A with these properties, namely w = tw. In the complex case, any two
elements u € A which have these properties are related by u' = su where s =
e?’idg € U(S) (6 € R) corresponds to a complex number of unit modulus under
the isomorphism S ~a15 C of Proposition 5.5.

Proof. Consider first the non-simple cases. Then z € A must satisfy zvy(v) =
—v(v)z for all v € V, which implies zy(v) = —v(v)z since d is odd. On the other
hand, in these cases we have w = y(v) = eidg (with ¢ € {—1,1}), so the relation
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rw = —wz becomes 2ex = 0, which implies z = 0. We conclude that A = 0 in the
non-simple cases.
Consider now the simple cases. It was shown in [23] that the element:

ot w  for the normal simple case
u="{ D for the complex case (5.3)
w  for the quaternionic simple case

(where D was defined in [23]) satisfies conditions (a),(b) and (c). Let u’ € A be
another element satisfying these three conditions. Then v’ = su for some s € S$*
and hence (u/)? = (su)? = susu = sAds(u)(s)u®. Since u? = (v')? = q 4idg, this
gives sAds(u)(s) = idg. In the normal simple and normal quaternionic cases, we have
Ad(u) = ids, so the previous relation gives s?> = idg and hence s € {—idg,idg} since
the only square roots of unity in the algebras C and H are —1 and +1 (because R and
H are associative division algebras). It is clear that —u satisfies (a), (b) and (¢). In the
complex case, we have Adg(u) = ¢, so the relation above becomes sc(s) = idg. This
shows that s corresponds to a complex number of unit modulus under the isomorphism
S ~a1g C of Proposition 5.3. In this case, it is obvious that e?/u satisfies the three
conditions for any # € R. O

COROLLARY 5.6. In the simple cases, any element u satisfying conditions (a),
(b), (c) of Proposition 5.5 is a twisting element for ~y. Moreover:
1. In the normal simple case, u = w is a special twisting element iff p — q =g 2.
2. In the complex case, w = D is a special twisted element iff p — q =g 3.
8. In the quaternionic simple case, u = w is a special twisting element iff p — q =5 6.
When p — q =s 4, the element p = Jw € A is a special twisting element for any
J € ImSNU(S) (we have J? = —idg ).

Proof. Follows immediately from Proposition 5.5. O

5.4. The Schur pairing in the simple case. Assume that (V,h) belongs to
the simple case and let u € A be an element having the properties given in Proposition
5.5. Then the Schur pairing p : A x A — S can be identified with a symmetric R-
bilinear map p, : S X S = S given by:

Puls1,52) “E p(su, spu) = % [(s11)(s0u) + (s2u)(s1)] .

(see Appendix C). Identifying S with R, C or H as in Proposition 5.3, we find:

PROPOSITION 5.7. In the simple cases, the Schur pairing can be identified with
one of the following:
1. In the normal simple case p — q =g 0,2, the Schur pairing can be identified with
the map p, : R x R — R given by:

P—aq

pu(z1,22) = apgT172 , Where ay =0y, =(-1)7

2. In the complex case p — q =g 3,7, the Schur pairing can be identified with the map
Py : C x C — C given by:
pu(z1, 22) = ap gRe(Z122) e RC C , where 4= (71)1)7:11+1
3. In the quaternionic simple case p — q =s 4,6, the Schur pairing can be identified
with the map p, : H x H — H given by:

1 P—q
pu(qi,q2) = ap7q§(Q1Q2 +q2q1) , where Qpq =0pq=(-1)7
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5.5. Pseudocentralizers of pin representations.

PROPOSITION 5.8. For any real pin representation, we have SNA = 0. Hence the
pseudocentralizer T of v is a Za-graded algebra with homogeneous subspaces T° = S
and T' = A. In the simple cases, we have A = Su (where u is as in Proposition 5.5),
which gives the following unital isomorphisms of R-algebras:

1. In the normal simple case:

T ~ Clio~agD ifp—q=s0
“Algz | Cloy ~a € ifp—q=s2

2. In the complex case:

T~ Clp,2 ~a1g H ifp—q=s3
—Ang2 CIQ,O ~ C1171 :Alg P pr —(q =8 7 ’

3. In the quaternionic simple case:

T ~ Clos ~a1e Dy ifp—qg=s4
Az, 1 Clg ~AgCn ifp—q=g6

)

In the non-simple cases, we have T =T = S.

Proof. Let v € SN A. Then zw = —wx = wx for all w € W = ~(V), which
implies wxr = 0. Since W ~ V £ 0 by our general assumption, there exists a non-
degenerate vector wy in (W, g). Since wp is invertible in the algebra Endg(S), the
relation wox = 0 implies z = 0. Thus SN A =0. Since T =S+ A, we have T=S® A,
which is a Zs-grading of the algebra T by the discussion of Subsection 3.3. The
remaining statements follow from Proposition 5.5. O

The situation is summarized in Table 5.1

pP—q 2
mod 8 type S| wu u Adg(u) T
0 normal simple R w +1 idg Clio~D
2 normal simple R | w -1 idg Clpy ~C
3 complex simple C| D -1 c Clpo ~ H
7 complex simple C| D +1 c Cloo~P
4 quaternionic simple H| w +1 idg Clp,3 ~ Dy
6 quaternionic simple H| w -1 idg Cls o ~ Cy
1 normal non-simple R|— | — —— Clpo ~R
5 quaternionic non-simple | H | —— | —— —— Clpo ~ H
TABLE 5.1
Pseudocentralizers of pin representations
5.6. The Schur representation.
DEFINITION 5.3. Let:
L, def. v(Ge(V,h)  if p—q #s 1,5 (the simple case) (5.4)
Tl WG (V,Rh)) ifp—q=s 1,5 (the non simple case) ’
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PROPOSITION 5.9. For any real pin representation, the Clifford image is given
by C = Ends(S) and the kernel of the Schur representation of L equals L. :

kerAds =L, =LNC=LNC* . (5.5)

Furthermore:
1. In the simple case, v restricts to an isomorphism of groups between G¢(V,h) and
L,.
gl
2. In the non-simple case, we have L = L° and v restricts to an isomorphism of
groups between G4 (V,h) and L.

Proof. The fact that C' = Endg(S) is well-known (see, for example, [23]). Thus
(4.16) gives ker Ads = LN C. Let:

c* L faeCPbeC:ab=ba=ids}

denote the group of invertible elements of the subalgebra C of Endg(S). Since C' =
Ends(S), we have? C'N Autg(S) = C*, i.e. an element of C is invertible in Endg(95)
iff it is invertible in C. Since L C Autg(5), this implies LN C C C* and hence
LNC =LnNC*. To show that LN C* = L,, we distinguish the cases:

1. In the simple case, v restricts to unital isomorphism of algebras between Cl(V, h)

and C and between V and W ‘< v(V) c C. In particular, we have C* =
~v(CI(V, h)*). Using the definitions of L and G¢(V, h), this implies:

LNC* = {a € C¥|Ad(a)(W) = W} =
=7({z € CUV, h)*|Ad(z)(V) = V}) =+(G*(V,h)) ,

showing that ker Adg = LN C = LN C* equals L,. It is clear that v restricts to
an isomorphism of groups between G¢(V,h) and ker Ad, = L, = v(G°(V, h)).

2. In the non-simple case, « restricts to a unital isomorphism of algebras from
Cli(V,h) to C = Endg(S) (see Proposition 5.2) and to an isomorphism of vec-
tor spaces from V to W = ~(V). In particular, we have C* = ~(Cl.(V,h)™).
Using the definitions of L and G (V, h), this implies:

LNC* ={ae€ C*Ad(a)(W) =W} =
= y({z € CL.(V,h)*|Ad(z)(V) = V}) = 4(G4(V,R))

showing that ker Ad; = L,. We have w = 7(v) = ¢,idg, hence Ad(w) = idgng.(s)
and the volume grading of Endg(S) (see Subsection 3.4) is given by End3(S) =
Endg(S) and Endg(S) = 0. Thus the volume grading of the Lipschitz group (see
Subsection 4.3) is given by L° = L N Endj(S) = L and L' = L N Endg(S) = 0.
Since G4 (V,h) C C1(V, h), it follows that « restricts to an isomorphism of groups
between G (V,h) and ker Ady = L, = v(G4(V, h)).

a

We have:
{ids} S
AutAlg (S) = {idg, C} S
U(S)/{—ids,ids} S

1R

R
c
H

9f a € C N Autg(S) = Endg(S) N Autg(S), then the relation as = sa with s € S implies
a~!s = sa™! and hence a=! € Endg(S) = C, where a~! is the inverse of a in Endg(S). Thus
C N Autg(S) C C*. The opposite inclusion is obvious.



796 C. 1. LAZAROIU AND C. S. SHAHBAZI

For the third entry, recall that H is central simple as an R-algebra, so all of its R-
algebra automorphisms are inner by the Noether-Skolem theorem. We have an exact
sequence:

1 — RX o H* A4 Autpg(H) — 1

which restricts to an exact sequence:
1— {—1,1} = UH) 2% Autp,(H) — 1

and hence induces isomorphisms Autajg(H) ~ H*/R* ~ U(H)/{—-1,1}. We have
U(H) = Sp(1) ~ Spin(3) and hence Autai(H) ~ Spin(3)/{—1,1} ~ SO(3,R). The
isomorphism Autaje(H) ~ SO(3,R) takes o € Auta,(H) into a|imm € SO(ImH).

THEOREM 5.10. For any pin representation, we have a short exact sequence:

1— L, > L2% Auta,(S) — 1 . (5.6)

Moreover:
1. In the normal simple case, we have Autalg(S) = Autalg(R) ~gp 1 and:

L =L, =~(G(V,h)) ~cp G(V, h)
LY = 5(G4(V, b)) ~gp G4(V, h)
L' =4(G_(V,h)) ~set G_(V,h) .
2. In the complex case, we have Autalg(S) ~ Autal,(C) = {ids, ¢} ~ap Zo and:
L, = L% = v(G*(V, h)) ~ap G¢(V, h) = G(V, h)U(1)
L' = ul® = LOu ~ge L°
(where u € A is as in Proposition 5.5) and:

. . O
Ady(a) :{ o ZZ o (5.7)

3. In the quaternionic simple case, we have Autas(S) ~ Autag(H) ~qp SO(3,R)
and:

(G(V. h)) ~ap G(V, h)

(G(V, ))U( ) ~ap Y(G(V,h)) - U(S) ~ap G(V, h) - Sp(1)

(G (V. h)U(S) ~ap 7(G4+(V,h)) - U(S) ~ap G4(V, h) - Sp(1)

(G=(V.h)U(S) ~set Y(G-(V, h)) x U(S) 2get G- (V, h) x Sp(1)

4. In the normal non-simple case, we have Autaiy(S) = Autag(R) ~ap 1 and:

y
Y
v
Y

L=L,=L%=~(Gy(V,h)) ~gp G+ (V, h) .

5. In the quaternionic non-simple case, we have Autag(S) = Auta(H) ~qp

SO(3,R):

Y(G(V,h)) =Gp G4 (V,h)
L =L% = (G (V,)U(S) ~ap ¥(G+(V, h)) - U(S) ~gp G1(V, h) - Sp(1) .
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Proof. The sequence (5.6) follows from (5.5) if we show that Ady is surjective.

For this, we distinguish the cases:

A. The normal simple case. We have Autas(R) = {idr} ~gp, 1 so surjectivity
is automatic. Proposition 1.7 shows that G¢(V,h) = G(V,h) (since d is even
in the normal simple case) while Proposition 5.9 gives L, = (G%(V,h)) =
Y(G(V,h)) ~acp G(V, h). Since Autaig(R) ~gp 1, we have L, = ker Ad, = L and
hence L = L, = y(G(V, h)). In this case, 7 is a unital isomorphism of algebras
from CI(V,h) to Endgr(S), which implies (since w = y(v) and d is even) that we
have Endf(S) = (Cl; (V, h)) and Endg(S) = v(Cl_(V,h)) (cf. Subsection 1.8).
Thus L = LN Endg(S) = 7(G(V, k) N CL(V, h)) = (G4 (V, k) ~cp G4 (V,h)
and L' = LN Endg(S) = v(G(V, h)) N CL-(V, h)) = 7(G-(V, h)) ~set G- (V; h).

B. The complex case. In this case, we have Ads(u) = ¢ and Auta(S) = {ids, c}.
Since u € L, it follows that Ady is surjective and (5.6) holds. Recalling that
J = w = v(v) (see Proposition 5.3), we have L = L N ker(Ad(w) — idg) =
LNker(Ad(J) —ids) = LNEnds(S) =LNC =ker Ady =L, = v(G*(V, h)) ~ap
G¢(V,h), where we used Proposition 5.9. The relation Ads(ua) = Ads(u) o
Adg(a) = co Ads(a) (a € L) together with the sequence (5.6) and the fact that
¢* = idg implies uL® = L' and also gives relation (5.7). Similarly, the relation
Adg(au) = Adg(a) o Adg(u) = Adg(a) o ¢ for a € L implies L% = L'. Thus
L' = uLY = L% and (5.7) holds.

C. The normal non-simple case. That L = LY and L, = v(G4(V,h)) ~ap G4(V,h)
follows from Proposition 5.9. In this case, we have Autai(R) = {idg} and hence
L, =kerAd, = L.

D. The quaternionic (simple or non-simple) case. In this case, every ¢ € Autaig(S)
has the form ¢ = Ad(s) for some s € U(S) (because all automorphisms of S ~ H
are inner). Since U(S) C S* C L, we have ¢ € Ads(L), which proves that Ady is
surjective and hence (5.6) holds. We have SNC = SNEnds(S) = Z(S) = Ridg since
S ~H and Z(H) = R. This implies S* NC = R*idg and U(S)NC = {—idg,idgs}.
The map f : L, x U(S) — L given by:

f(ag, s) def. sag = aps

is a morphism of groups since every element of S commutes with every element of
L, C C. Given a € L, we can write Ads(a) € Autais(S) as Ads(a) = Ad,(s) for
some s € U(S) C L. Then Ad,(s 'a) = ids and hence s~'a € ker Ady = L., (see
Proposition 5.9), thus a = sag = f(ao, s) for some ag € L,. This shows that f is
surjective and hence L = U(S)L, = L,U(S). On the other hand, f(s,a¢) = idg
implies ag = s7! € U(S)NL, C US)NC = {—ids,ids}, which gives ker f =
{(-1,—idg), (1,idg)} upon noticing that f(—ag,—s) = f(ag,s). Thus f induces
an isomorphism L ~ L., - U(S) and we have L = L, U(S) = U(S)L, ~ L, - U(S).

In the quaternionic simple case, Propositions 5.9 gives L, = ~(G¢(V,h)) =~
G¢(V, h) while Proposition 1.7 gives G¢(V,h) = G(V, h) since d is even. In this
case, we have w = y(v) € L. Since ~y restricts to a bijection between G(V, h) and
L, while U(S) C End2(S), we have L* = L N End}(S) = (L, N Endg(S))U(S)
for all k € Zy, which gives LY = ~v(G4(V,h))U(S) ~agp 7(G+(V,h)) - U(S) and
L' = 4(G_(V,R))U(S) ~get (G- (V,h)) x U(S) since {—1,1} € G4(V,h). We
thus obtain the statements at point 3. In the quaternionic non-simple case, Propo-
sition 5.9 gives L, = v(G4(V,h)) ~ G4(V,h) and L = LY, so we obtain the
statements at point 5. O
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For a € {—1,1}, let:

G (a) _ GQ,O =Gp R>Q X P1n2(+) ~Gp R>0 X 02<—|—) ifa=+1

2 G072 ng R>0 X PiHQ(—) :Gp R>o X OQ(_) lf o = —1 ’
where Og(a) is the isomorphic model of Ping(«) discussed in Section 2.3 and G, 4
denotes the ordinary Clifford group of R?:?.

PRrROPOSITION 5.11. In the complex case, we have an isomorphism of groups:
L ~gp [G+ (V. h) x Go(ap,g)]/{(ALAT1)|A € R} ~ap R x Spin”(V,h) , (5.8)

_ p—gqtl -1 ifp—QESS . o def. -0
where o, ¢ = (—1)" 4 —{ 1 ifp—q=s7 and Spin®(V, h) = Splnap,q(vah)

is the adapted Spin® group of (V,h) defined in Subsection 2.J.

Proof. In the complex case, «y is faithful and hence induces a unital isomorphism
of R-algebras from C1(V, h) to C', which restricts to a unital isomorphism of R-algebras
between Z(V,h) = R® Rr and S = R @ Rw (this isomorphism takes v into w = J).
Let s : C 5 S be the unital isomorphism of R-algebras which takes 1 into idg and
i into J. Since d is odd, we have G_(V,h) = vG4(V,h) and hence G¢(V,h) =
Z(V,h)*G(V,h) = Z(V,h)*G4(V,h). Thus v(G¢(V,h)) = S*~v(G4(V,h)). We have
Z(V,h)* N G (V,h) = R*. Theorem 5.10 implies that any b € L is of the form
s(z)v(a) or s(z)y(a)u for some z € C* and some a € G4 (V,h). Hence the map
v :G(V,h) x C* x Zy — L given by:

pla,2,0) = s(z)v(a) , wla,z1) = s(z)y(a)u

is surjective. We have:

(s(21)7v(a1))(s(22)7(az)) = s(z122)7(a1a2) ,
(s(21)v(a1))(s(22)v(az2)u) = s(z122)v(a1a2)u,
(s(z1)v(ar)u)(s(z2)v(az)) = s(z122)v(a1a2)u,

(s(z1)v(a1)u)(s(z2)v(az)u) = apqs(z122)7(araz) (5.9)

and ¢(1,1,0) = idg, which shows that ¢ is a morphism of groups from G (V,h) x
Ga(aypq) to L (notice that Go(+) ~ger C* x Zy). We have kerp = {(a,2,0) €
G4 (V,h) x C* x Zyly(a) = s(z"1)} = {(A\,A71,0) = (AMla, (vin A ey (a, )X €
R*}, since (G4 (V,h)) NS* = 4(G4(V,h) N Z(V,h)*) = R*idg and 7 and s are
injective. This gives the first isomorphism in (5.8). The second isomorphism follows
from G (V,h) ~gp= R x Spin(V, k) and Ga(£) ~gp Ry x Ping(+£). O

PROPOSITION 5.12. Assume that we are in the complex case with p—q =g 7. Then
the sequence (5.6) splits and we have L ~g, G¢(V, h) X, Zs ~ap R x (Spin(V, h) %
Z3), where ¢ : Ly — Autap(G°(V, h)) is the group morphism given by:

¢(0) =idgevny » p(1) =7

Ge(V,h)
and 7 is the parity automorphism of CI(V, h).

Proof. In this case, we have u? = +idg and the map 1 : Auta,(S) = {ids,c} = L
given by 1(idg) = idg and ¢ (¢) = u is a group morphism which splits the sequence
(5.6). Thus L ~ ~(G*(V,h)) xg {ids, c}, where ¢ : {idg,c} = Auta,(v(G(V,h)))
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is the morphism of groups given by ¢(ids) = idge(v,p) and @(c) = Ad(u)|y(ce(v,n))-
Since Ad(u)(w) = —w for all w € W = (V) and ~ is injective, we have Ad(u) oy =
v o m, which shows that L ~ G¢(V,h) %, Zy. The second isomorphism given in the
statement follows from Proposition 1.8. O

REMARK 5.2. The isomorphism L ~g, Ry x (Spin“(V, h) x Z3) also follows
from Proposition 5.11 and from the fact that Spin®(V, h) ~q, Spin“(V, h) X Zy when

p—q=s7 (see [11]).

5.7. The canonical pairing. Let v : C1(V,h) — Endg(S) be a pin represen-
tation. Recall that a y-admissible pairing on S is a y-adapted pairing (in the sense
of Subsection 4.9) which has a definite “isotropy”. See [21, 22| and [23] for details on
admissible pairings. Recall that ¢ : S — S is the R-linear map which corresponds to
conjugation when S ~,), C,H, while ¢ = idg when S ~4j, R.

PROPOSITION-DEFINITION 5.13. Up to rescaling by a non-zero real number,
there exists a single y-admissible pairing B, (called canonical pairing) which has the
following properties, where €, is the type of B. and e : Endg(S) — Endg(S) denotes
HBe-transposition:

(a) We have:

] in the simple cases

Nl Nl

__ | rea=—(-1l
‘ —€q = —|—(—1)[ ] in the non — simple cases
where eq was defined in (1.21).
(b) st =c(s) Vs €S (which amounts to U(S) C O(S, %.)).
(¢c) In the complex case, we have utc = u=', i.e. u € O(S,%A.), where u is as in
Proposition 5.5.

Proof. We distinguish the cases:

1. Normal simple case (p — g =g 0,2). In this case, d is even and there exist two ad-
missible pairings %1 (each determined up to rescaling by a non-zero real number)
which are distinguished by their type e = £1 (see [21, 22, 23]). Hence we must
have B, = ﬂ( )1+[%]' In this case, S = Ridg and ¢ = idg, thus condition (b) is

-1
trivially satisfied.

2. Normal non-simple case (p — q =g 1). In this case, d is odd and there exists a
single (up to scale) admissible pairing %, whose type is given by € = (—1)[%] (see
[21, 22, 23]). Hence B. = A satisfies condition (a). It obviously also satisfies
condition (b).

3. Complex case (p — ¢ =g 3,7). Up to scale, there exist four admissible pairings %,
(k =0...3) whose types equal €, = (—1)1+[%] (see [21, 22, 23]). Hence we must
have B, = By, for some k. € {0,1,2,3}. Condition (a) requires:

=[5

where we used the fact that d is odd. On the other hand, relations [23, (3.16)| give:

wle =

(—1)rH Ry gt = (—nyslHIEl g (5.11)
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where J = w = v(v) and ' denotes Z,-transpose. Thus condition (c) requires

Ke =2 #. This is equivalent with k. = 2 [%] +t, where ¢ ot # mod 2 =

1 ifp—qg=g3 . )
{ 0 ifp—q=s7 " Thus (5.10) gives (recall that d > 0):
d mod4 if p—qg=s3

ke =d+t—1 m0d4={ d—1 mod4 if p—q=g7

Let B, = A,.,, where k. is given by this choice. Then conditions (a) and (c) are
satisfied. On the other hand, relation (5.10) and the second relation in (5.11) give
J~te = J, which (since J? = —idg) amounts to J' = —J, hence condition (b) is
also satisfied.

4. Quaternionic simple case (p — q =g 4,6). In this case, d is even and there exist (up
to scale) eight admissible pairings %j, (where € € {—1,1} and « € {0,1,2,3}), of
which only the two so-called fundamental pairings (see [23, Subsection 3.4]) %
and %, satisfy condition (b). Indeed, let Jy, .J2, J3 € S be the elements of S which
correspond to the quaternion units through the isomorphism of Proposition 5.3.
Then it was shown in Subsection 3.4.3 of op. cit. that Jy (k = 1,2,3) are 4%’8:—
orthogonal and hence satisfy condition (b). Together with relation [23, (3.38)],
this implies that the %} -transpose of J; equals JiJ;Ji, which implies that only the
fundamental pairings satisfy condition (b). The fundamental pairings have type

142
€t = +1, so condition (a) requires %A, = @671) +[2].

5. Quaternionic non-simple case (p — ¢ =g 5). In this case d is odd and there exist
four admissible pairings and a similar argument using the results of [23, Subsection
3.4] shows that only the basic pairing A, satisfies condition (b). Hence we must
take B, = PBy. The type of the basic pairing is ¢g = (—1)[%}7 so condition (a) is
satisfied.

|

REMARK 5.3. Since 7(v) = (_1)[%]% we have w'e = eg(—l)[%]w and condition
(a) implies:

(_1)[%]‘*] pP—q=s Oa274;6
+w p—q=s1,5

: _ —1 . . .
Since w = op qw ™", this gives:

def (_1)17 P—q=sg 07274a6
wte — ﬁp’qw_l , where ﬁp,q < —0Opq pP—q =g 3,7 . (513)
+opq P—q=s15

5.8. The canonical Lipschitz norm.

DEFINITION 5.4. The canonical Lipschitz norm N, is the Lipschitz norm deter-
mined by the canonical pairing AB..

REMARK 5.4. In the simple cases, we have 74, = 7. and hence Ng, = N.. In
the non-simple cases, we have 7, = 7. o m. Together with the results of Subsection
1.21 and with the fact that U(S) C O(S, %, ), this implies:
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1. In the simple cases, we have A, oy =y o N,.
2. In the non-simple cases, we have N o v[c1, (v,n) =7 © Nlci, (v
3. In all cases, we have N_|s = M, where M is the square of the norm of S.

PROPOSITION 5.14. For any pin representation, we have N.(L) C R*, hence the
restriction of N gives a group morphism:

N, : L — R¥idg ~ RX

The restriction of N. to L., is determined as follows:

1. In the simple cases, we have N o Ylgev,ny = Nelgev,n)-

2. In the non-simple cases, we have N, o Ylarviny = Nla, v

Moreover, in the complex case we have N.(u) = idg while in the quaternionic cases
we have Ng|s = M, where u is as in Proposition 5.5.

Proof. We consider each case in turn.

1. Normal simple case. In this case, L = v(G(V,h)) (see Theorem 5.10) and the
conclusion follows because N.(G(V,h)) C R* (see Proposition 1.10) using Remark
5.4.

2. Normal non-simple case. In this case, L = 7(G4(V,h)) by Theorem 5.10 and the
conclusion follows from N (G4 (V,h)) C R* using Remark 5.4.

3. Complex case. By Remark 5.4 and Proposition 1.10, we have N (v(G¢(V,h)) C
V(N (G¢(V,h)) C R*idg. On the other hand, we have N,(u) = u'u = idg. For
any a € v(G¢(V, h)), we thus have N, (a) € R*idg and:

N.(au) = u'a’*au = n(a)'*7(a) = m(a**a) = 7(N.(a)) = N.(a) € R¥idg .

This implies MV (L) € R*idg by Theorem 5.10.

4. Quaternionic (simple or non-simple) case. In this case, we have N, (s) = slcs =
c(s)s = |s|? for all s € S, where | | is the norm on S which corresponds to the
quaternionic norm through the isomorphism of Proposition 5.3. Thus N_.(S) C
R>¢. By Theorem 5.10, we have L = U(S)L,. Consider the subcases:

(a) In the quaternionic simple case, d is even and L, = v(G(V, h)). Thus N (L) C
Ne(S)¥(N(G(V, h))) € R*, where we used Remark 5.4.
(b) In the quaternionic non-simple case, we have L, = ~(G4(V,h)). Since
N(G4(V,h)) C R*, we again conclude N, (L) C R* using Remark 5.4.
The remaining statements follow from Remark 5.4 and from relation (5.4). O

The composition of N[, with the absolute value morphism | | : R* — R+ gives a
morphism of groups |[N|: L — Rsg.

5.9. The reduced Lipschitz group.

DEFINITION 5.5. The reduced Lipschitz group L is the kernel of the group mor-
phism |Ng| : L — Rso.

We have a short exact sequence:

1—>£—>LMR>0—>1. (5.14)

Every a € L can be written as a = /| N, (a)|aop for some uniquely determined ag € L.
Thus:

L= R>0£ ~ R>Q x L. (515)



802 C. 1. LAZAROIU AND C. S. SHAHBAZI

The morphism of groups my : L — £ given by projection on the second factor:
1

mo(a) = ag = Wu

will be called the normalization morphism. The adjoint representation Ad : L —
Autg (Endg(S)) of the Lipschitz group factors through this morphism:

(5.16)

Ad(a) = Ad(mp(a)) VaeL . (5.17)

The volume grading of L induces a Zy-grading £ = £° U £, where £ = LNLF =
{a € L¥||N.(a)| = 1} for all k € Zs.

COROLLARY 5.15. L is homotopy equivalent with L.
Proof. Follows from (5.15). O

5.10. The canonical presentation of the reduced Lipschitz group. The
following result describes the reduced Lipschitz groups of all real pin representations,
and hence their automorphism group in the category ClRep.

THEOREM 5.16. The following maps ¢ : A(V,h) — L are well-defined and give
isomorphisms of groups from the canonical spinor group A(V,h) of Section 2 to the
reduced Lipschitz group L of the pin representation v : CL(V, h) — Endg(S5):

1. In the normal simple case, we have A(V,h) = Pin(V,h) and:

o(x) =~(z) Yoz e A(V,h) =Pin(V,h)
2. In the complex case, we have A(V,h) = Spin®(V, h) and:
ouu(lz, VYal(e? K)]) = y(2)e?*u* Vo e Spin(V,h) , YOER |, Yk E€Zy

where J, = v(v), v is the Clifford volume element of (V,h) determined by an
orientation of V and u € A is as in Proposition 5.5. Here, we have (e, k) € Oa(a)

and 1y : Oz(a) = Ping(a) is the isomorphism of Proposition 2.2, where o def. Qp.g-
3. In the quaternionic simple case, we have A(V,h) = Pin?(V,h) and:

es([z,q]) =v(x)f(q) Vo €Pin(V,h) , Vqge UMH)=Sp(l) ,

where f : H = S is a unital isomorphism of normed R-algebras (thus f(ImH) =
U(v)) as in Proposition 5.5.
4. In the normal non-simple case, we have A(V,h) = Spin(V, h) and:

¢(x) =y(z) Vo € Spin(V,h)
5. In the quaternionic non-simple case, we have A(V,h) = Spin?(V,h) and:
er([z,q]) =~(2)f(q) Vx €Spin(V,h) , Vg€ UH) =Sp(1) ,

where f : H = S is a unital isomorphism of normed R-algebras (thus f(ImH) =
U(y)) as in Proposition 5.3.

Proof. We consider each case in turn.
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1. Normal simple case. Theorem 5.10 gives L = v(G(V, h)). By Proposition 5.14,
we have: |N.|(v(z)) = [Ne(v(2))] = |[Ne(x)| = |N|(z) for all x € G(V,h).
Since v is an isomorphism from G(V,h) to L, this gives £ = ker(J\.|L]) =
v(ker(|Ng|)) = v(Pin(V, h)) and the statement follows.

2. Complex case. Theorem 5.10 gives L° = v(G¢(V, h)) and L' = L%. Since
u'eu = idg, Proposition 5.14 gives: N.(au) = N,(a) for all a = y(z) € L°
(with z € G*(V,h)) and Proposition 5.14 gives |N.|(au) = |Nc|(a), which
implies £° = ~(Spin®(V, h)) and L' = ~(Spin®(V, h))u since v is injective.
This gives the desired statement.

3. Quaternionic simple case. Theorem 5.10 gives L = ~v(G(V,h))U(S) while
Proposition 5.14 gives |N.|(y(x)) = |Ng|(z) for « € G(V,h), where we
used the fact that U(S) C O(S,%.). Since 7 is injective, this gives
L = ~vy(ker |Ng|) = v(Pin(V, h)) and the statement follows.

4. Normal non-simple case. Theorem 5.10 gives L = (G (V, h)) while Propo-
sition 5.14 gives |N¢|(y(z)) = |N|(z) for z € G (V,h). Since v|q, (v, is
injective, this gives £ = y(ker |[N|q_ (v,n)) = 7(Spin(V, h)) and the statement
follows.

5. Quaternionic non-simple case. Theorem 5.10 gives L = ~(G4(V,h)U(S))
while Proposition 5.14 gives [N.|(v(z)s) = |N|(z) for x € G(V,h) and
s € U(S), where we used the fact that U(S) C O(S, %.). Since v|q, (v,n) is
injective, this gives £ = vy(ker |[N|q, (v,»))U(S) = v(Spin(V, h))U(S) and the
statement follows.

0

DEFINITION 5.6. Any of the group isomorphisms given in the previous proposition
is called an admissible isomorphism from the enlarged spinor group A(V, h) to L.

REMARK 5.5. In the normal (simple or non-simple case), the unique admissible
isomorphism is given by the restriction of v and hence it is canonically determined
by ~. In the complex case, the admissible isomorphisms are determined by -, by a
choice of orientation of V' and by a choice of element u € A as in Proposition 5.5. In
the quaternionic (simple or non-simple case), there exists an infinite set of admissible
isomorphisms, each of which is determined by v and by a choice of unital isomorphism
f € Isomas(H, S) satisfying f(ImH) = U(y) (recall that the set of such f forms an
SO(3, R)-torsor).

5.11. The pairing induced by %. on Endg(S). The canonical pairing %,
induces an R-bilinear, symmetric and non-degenerate pairing ( , ). : Endgr(S) x
Endgr(S) — R defined through:

def.

(T, T). = tr(T{Ty) , VT1, T € Endg(S) . (5.18)

dimR S

Symmetry of (, ). follows from involutivity of ‘e and from the property tr(7%) =
tr(T) for all T' € Endg(95).

PROPOSITION 5.17. For any a € £ and T € Endg(S), we have:
Ad(a)(T) = Ad(a)(T*)
Moreover, the adjoint representation of L preserves the pairing (5.18):

(Ad(a)(Tl),Ad(a)(T2))e = (Tl,TQ)e Va € L s VTl,TQ S El’ld]R(S)
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Proof. For all a € L, we have N.(a) = +idg, hence a’c = +a~! and Ad(a)(T) =
aTa=! = +aTat. Thus Ad(a)(T)'s = +aT'a's = aT'a™' = Ad(a)(T'). This
gives:

(Ad(a)(T1), Ad(a)(T2))e = diniRStr(Ad(a)(Tlte)Ad(a)(Tz)) -
- diniR tr(Ad(a)(TyT2)) = diHTRStf(TfeTz) = (11, Ty)e (5.19)

where we used the cyclic property of the trace. O

Let (, )s and (, )a denote the restrictions of ( , ). to the subspaces S and A
of Endgr(S). Since (, ). is invariant under the adjoint representation of L, these
restricted pairings are invariant respectively under the Schur and anticommutant rep-
resentations of £. In the complex and quaternionic cases, let ( , )ins denote the
restriction of (, ) to ImS.

PROPOSITION 5.18. The pairing ( , )s coincides with the canonical Euclidean
scalar product on'S (the scalar product which induces the norm of S). Moreover, the
Schur representation of the reduced Lipschitz group L preserves ( , )s.

Proof. The fact that Adg preserves ( , )s follows from Proposition 5.17. Since

ste = ¢(s) for all s € S (see Proposition 5.13), we have:

1
(81,82)s = dimRStr(C(sl)82) Vsi,52 €S . (5.20)

Thus:

1. In the normal simple or non-simple case, we have s; = «;idg with «; € R and
(s1,82)s = g, which is the Euclidean scalar product on S ~ R. In this case, we
have Adg(a) = idg for all a € L.

2. In the complex case, we have s; = a;idg + §;J with «;, 8; € R, which gives:

c(s1)s2 = (a1 + P1fo)ids + (1 fe — anfr)J .

Since Jt = ¢(J) = —J , we have tr(J) = 0. Thus (s1, s2)s = ajaz + 3182, which
is the canonical scalar product on S ~ C (that scalar product which induces the
canonically normalized norm of the normed algebra S). In this case, Theorem 5.10
gives:

ids ifaeLd
Ads(a):{ CS ifae gt

3. In the quaternionic case, let .J; be an orthonormal and oriented basis of ImS = U ().
We have s; = o;idg + Zzzl Bka with a;, ﬂf € R, which gives:

3 3 3
c(s1)s2 = (arag + Y BEAY)ids + Y (1B — aaff) Tk — Y erimBBhIm -
k=1 k=1 k,l,m=1

Since J,° = ¢(J) = —Jj, we have tr(J;) = 0. Thus (s1,s2)s = oqozg—i-zz:l Br 3%,
which is the canonical scalar product of the normed algebra S. O
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REMARK 5.6. Relation (5.20) implies that ( , )s satisfies the following identities
for all s1,s9 € S:

(0(51>7C(S2))S = (51782)5 = (82,51)3 ) (5.21)

which shows that ¢ : S — S is (, )s-orthogonal (and hence also ( , )s-symmetric,
since ¢? = idg).

PROPOSITION 5.19. In the simple cases, the pairing (, )a on A = Su agrees up
to sign with the pairing ( , )s:
1. In the normal and quaternionic simple cases, we have:

(s1w, saw)a = (—1)P(s1, 82)s Vs1,82 €S

where B, 4 = (—1)P (see (5.13)).
2. In the complex case, we have:

(s1u, sou) 4 = (81,82)s Vs1,80 € S~C

Moreover, the anticommutant representation of L preserves the pairing (1, )a.

Proof. The last statement follows from the fact that the adjoint representation of
L preserves ( , ).. Statement 1. follows immediately from Proposition 5.5 using the
fact that w commutes with the elements of S while w'*w = 3, ,idg (see relation (5.13)),
where 8,, = (—1)? for p — ¢ =5 0,2,4,6. Statement 2 follows from Proposition 5.5
using the fact that Ads(u) = ¢ while ueu = idg. O

5.12. The vector representations of L and L. The following result shows
that the vector representation of L exhausts the full pseudo-orthogonal group in the
simple cases; this is a consequence of the fact that pin representations admit twisting
elements in the simple case (see Corollary 5.6). In the non-simple case, the vector
representation of L = LO exhausts the special pseudo-orthogonal group. We identify
O(W, g) with O(V, h) using the invertible isometry ~|y : V' = W, thus viewing the
vector representation of the Lipschitz group as a morphism from L to O(V, h).

THEOREM 5.20. In the simple case, there exists a short exact sequence:
1—S* — L2 oW, —1 , (5.22)
which restricts to a short exact sequence:
1—S* — L0298 50V, h) — 1 . (5.23)
In the non-simple case, we have L = L0 and there exists a short ezact sequence:

1—S* L2 80w, n) —1 . (5.24)

Proof. The simple case follows from Theorem 4.9 and Corollary 5.6. In the non-
simple case, we have L = LY by Theorem 5.10. Hence the exact sequence (4.14) of
Theorem 4.9 becomes (5.24). O

Since the adjoint representation of L factors through the normalization morphism
(5.16) while the restriction of N, to S equals the square norm morphism M : S — R,
we obtain:
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COROLLARY 5.21. In the simple case, there exists a short exact sequence:
1—U®S) — L2800, h) — 1 , (5.25)
which restricts to a short exact sequence:
1—U(S) — £9 29 50V, h) — 1 . (5.26)
In the non-simple case, we have £ = L% and there exists a short exact sequence:

1—US) = £29830(V,h) — 1 . (5.27)

We have a commutative diagram with exact rows and columns:

1 1 (5.28)
1 u(s) L2 own ——=1
1 §* L2 ow,h) — =1
M Ne
RX —— RX
1 1

REMARK 5.7. Recall the sign factor ¢ which was defined in (1.21) and notice
that LN O(S, B.) = {a € L|N.(a) = +ids} C L. Also recall that N, (u) = +idg in
the complex case. Relation (1.22) gives:

Nelspin(vih) = Nlspin(vin) 5 Nelpin_(vin) = €aN|pin_(v,n)
which implies:
ker(N, : Pin(V, h) — R*) = Spin™(V, h) LU Pin“*(V, h) .

When pq # 0, these observations together with Proposition 5.14 show that the con-

nected components of the reduced Lipschitz group L are as follows:

1. In the normal simple case, £ ~ Pin(V, h) has four connected components, which
are distinguished by the Z, grading inherited from Cl(V,h) and by the value
of the canonical Lipschitz norm N,. We have £ N O(S,%.) = ~v(Spin™ (V,h) U
Pin“(V, h)) ~gp Spin™ (V, k) L Pin®(V, h), which has two connected components.

2. In the complex case, £ ~ Spin{ (V, h) (where « def. ap,q) has four connected com-

ponents, which are distinguished by the volume grading £ = £° U £! (where
L0 ~g, Spin®(V, h) and £ = uL) and by the value of No.. We have LNO(S, Z.) =
y(Spin™t (V, k) - U(1)) U~(Spin™ (V, h) - U(1))u ~gp Spin™ (V, k) - Og(a), which has

two connected components.
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3. In the quaternionic simple case, £ ~ Pin?(V,h) has four connected components,
which are distinguished by the Zs grading inherited from CI(V,h) and by the
value of NV,. We have £ N O(S,%.) = v(Spin™(V,h) U Pin“(V,h)) - Sp(1) ~
[Spin™ (V, k) LU Pin®(V, h)] - Sp(1), which has two connected components.

4. In the normal non-simple case, £ ~ Spin(V,h) has two connected components,
which are distinguished by the value of NV,. We have £LNO(S, %.) = ~(Spin™ (V, h)),
which is connected.

5. In the quaternionic non-simple case, £ ~ Spin?(V,h) has two connected com-
ponents, which are distinguished by the value of N,. We have £ N O(S, %B,) =
v(Spin™ (V, h)) - Sp(1) ~ Spin™*(V, h) - Sp(1), which is connected.

5.13. The anticommutant representation of L. in the simple case. As-
sume that we are in the simple case. Recall that A C Endg(S) denotes the an-
ticommutant subspace of v : CI(V,h) — Endg(S), which is a left S-module of
rank one (see Proposition (5.5)). Also recall the anticommutant representation
Ady : L — Aut{"(A,p) of the Lipschitz group (introduced in Subsection 4.8), where
Autf”(A,p) denotes the group of those twisted automorphisms of the S-module A
which are twisted-orthogonal with respect to the Schur pairing p (see Appendix C).

PROPOSITION 5.22. The following statements hold in the simple case:

1. In the normal simple case, we have Aut§" (A) = Autg(A) = R¥idy ~ R* and
Autd (A, p) = {—ida,ida} =~ Z,.

2. In the complex case, we have Autl” (A) ~ C* ¢ Zy ~ GL(2,R) and Aut" (A, p) ~
U(1) Xg Z2 >~ O(2,R), where ® : Zy — Autgp(C*) is the group morphism given
by ®(0)(2) = z and ®(1)(z) = Z (z € C*).

3. In the quaternionic simple case, we have Auts” (A) ~ (H*)°P xg SO(3,R), where
® : SO(3,R) — Autgp(H™) is the group morphism given by ®([q]) = Ad(q)|gx for
all [q) € U(H)/{-1,1} = SO(3,R). We also have AutE" (A, p) ~ {—ida,ida} x
Autaig(S) ~ Zy x SO(3,R).

Proof.

1. Normal simple case. In this case, we have S ~ R and A = Rw. Since Autaiz(R) =
{idg}, Proposition C.2 of Appendix C gives Autf"(A4) = Autg(A) = R¥idy ~
R* ~ GL(1,R). Proposition 5.7 shows that the Schur pairing coincides up to
sign with the usual scalar product on R. Since Aut{"(A) = Autg(A), the p-
orthogonality condition (C.2) gives Autf" (A, p) ~ O(1,R) ~ Z,.

2. In the complex case, we have Autaig(S) = {ids, ¢} ~ Z, and the element v = D
of Proposition 5.5 is a basis of A over S ~ C. Hence the splitting morphism
G : Autag(S) — Autf"(A) in the proof of Proposition C.2 takes ¢ into the twisted
morphism ¢ € Aut&" (A) given by ¢(sD) = ¢(s)D for all s € S. Since ¢ corresponds
to complex conjugation, Proposition C.2 gives Auti" (A) ~ C* xg Zo ~ O(2,R) if
we identify S with C as in Proposition 5.3. With this identification, Proposition 5.7
shows that the Schur pairing coincides (up to sign) with the Euclidean scalar prod-
uct on C = R?, which is R-valued. Hence the Schur pairing satisfies c(p(z1, 22)) =
p(x1,29) and condition (C.2) gives Autl" (A, p) ~ U(1) xg Zy ~ O(2,R).

3. In the quaternionic simple case, we have Autai(S) ~ U(S)/{—idg,ids} ~ SO(3,R)
and the element u = w generates A over S. The splitting morphism G, :
Autalg(S) — Autg” (A) in the proof of Proposition C.2 takes [g] € U(S)/{—idg, ids}
into the twisted morphism ¢, € Autf"(A) given by ¢,(sw) = Ad(q)(s)w for
all s € S. Identifying S with H as in Proposition 5.3, Proposition C.2 gives
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Autf¥(A) =~ (HX)P xRes Autalg(H) ~ (H*) x5 SO(3,R). Any twisted auto-
morphism (¢p, ) of A = Sw satisfies p(w) = ow for some o € S and has the
form:

Yo = AdS(SO)
p(sw) = po(s)ow

for some sg € U(S). Since s and w commute, it is easy to see that (¢, ) satisfies
condition (C.2) with the Schur pairing given in Proposition 5.7 iff:

(v0(8)0)* = @o(s®) V s€S . (5.29)

For s = idg, this gives 0? = idg, which amounts to o € {—idg,ids} (because S is a
division algebra); both of these solutions satisfy (5.29). Thus ¢(sw) = £Ad(so)(s)w
and Autg" (4, p) ~ {—idg,ids} x Autai(S).

0

THEOREM 5.23. The following statements hold in the simple case:
1. In the normal simple case, the anticommutant representation gives a short exvact
sequence:

1— L0 LA (dy ida) ~Zy — 1, (5.30)
where LY = v(G(V,h)) =~ G4 (V,h) and L' = ~(G_(V,h)) =~ G_(V,h). We have:

+ida ifa € LO =~4(G4(V,h))

Adafa) = { “idy ifacLl=~(G_(V,h)) (5.31)

2. In the complex case, the anticommutant representation of L gives a short exact
sequence:

1 — (G4 (V,h)) < L 244 Autt™ (A, p) ~ O(2,R) — 1 (5.32)
which restricts to a short exact sequence:
1 — y(G4(V,h)) = LO = 4(G4(V, h)) Ad4 Auts(A4,p) ~SO(2,R) — 1 (5.33)
and for all a € G4(V,h) and all 0 € R we have:
Ada(y(ae™))(u) = Ada(y(ae™)u)(u) = u . (5.34)

3. In the quaternionic simple case, we have L = ~(G(V,h))U(S) with L° =
U(S)y(G4(V,h))U(S) and L' = v(G_(V,h))U(S). The anticommutant represen-
tation of L gives a short exact sequence:

1 — (G4 (V,h)) < L 284 Autt™ (A, p) ~ Zy x SO(3,R) — 1 (5.35)
which restricts to a short exact sequence:
1 — v(G4(V,h)) = L° — SO(3,R) — 1 (5.36)

and for all s € S we have:

Ada(a)(sw) =

{ +Ad,(a)(s)w ifa €L (5.37)

—Ad,(a)(s)w ifa€l!
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Proof.

1. The normal simple case. We have A = Rw and Aut{"(A,p) = {ida, —ida}. Re-
lation (5.31) follows from the fact that a € L commutes with w iff @ € L° and
anticommutes with w iff @ € L!. Thus ker Ady = L° The map ~ induces an
isomorphism from G(V,h) to L and (since d is even) we have LO = ~(G(V,h))
and L' = v(G_(V,h)). The set L' = (G_(V,h)) is non-empty since V # 0; this
shows that Ad, is surjective.

2. The complex case. In this case, we have A = Su for u as in Proposition 5.5
and Autf"(A,p) ~ O(2,R). For a € L = v(G*(V,h)), we have Ad(a) = ids,
hence Ad(a) is S-linear and Ad(a) corresponds to an element of SO(2,R). For
a € L' = uL®, we have Ads(a) = ¢ (see Theorem 5.10), hence Ad(a) is S-antilinear
and Ady(a) corresponds to an element of O_(2,R). Thus Ady(a) = idy iff a =
v(z) € L° for some x € G¢(V,h) which satisfies Ad(u)(v(z)) = v(z). Since 7 is
injective and Ad(u) o v = 7 o7, this amounts to w(z) = x i.e. © € G4(V,h).
This shows that ker Adg = v(G4(V,h)). We have Z(V,h) = R@® Rv ~,j; C and
v € Z(V,h). For any x,y € R, we have "% € Z(V,h)* C G¢(V,h) (recall that
v? = —1 in the complex case). Since y(v) = w = J, we have y(Z(V,h)*) =S C L
and v(e?) = e’ € 4(G¢(V, h)) = L°. This implies (5.34) upon using the fact that
u and J anticommute. In particular, Ada(U(S)) corresponds to SO(2,R) ~ U(1)
and Ad(U(S)u) corresponds to O_(2,R). Thus Ad, is surjective, the sequence
(5.32) holds and it restricts to (5.33).

3. The quaternionic simple case. In this case, we have A = Sw. Clearly a € ker Ad 4
implies Ads(a) = ids and hence a € Ly, = (G(V, h)) by Proposition 5.9. Since d
is even, we have Ad(a)(w) = ew for a € v(Ge(V,h)) (where € € {—1,1}) and we
conclude that ker Ady = v(G4(V,h)). Since L = U(S)y(G(V,h)), any a € L can
be written as a = sqag for some s, € U(S) and some ag € v(G(V,h)). Since s,
commutes with ap and w, we have Ad(a)(w) = Ad(ap)(w) and hence:

Ady(a)(w) = ew for ag € Y(Ge(V,R)) . (5.38)
This gives:
Ada(a)(sw) = Ads(a)(s)Ada(a)(w) = €Ads(a)(s)w for ag € v(Ge(V,h)) .
Thus (5.37) holds. Since Ads(ag) = ids, we have Ads(a) = Ads(so)Ads(ag) =
Ad;(sg), which together by (5.37) implies that the sequences (5.35) and (5.36) are

exact.

0

5.14. Relation between the elementary representations of £ and those
of A(V,h).

DEFINITION 5.7. The characteristic representation p, of the reduced Lipschitz
group L is defined as follows:
1. In the normal simple or non-simple case, it is the Schur representation of L, i.e.

the trivial one-dimenstonal representation i, def. Ads: £ — 1.

2. In the complex case, it is the anticommutant representation L, def. Adg : L —
O(A,(, )a) ~O(2,R).

3. In the quaternionic simple or non-simple case, ur : L — SO(ImS, ( , )s|ims) =
SO(3,R) is the Schur representation restricted to ImS:

pic(a) L Ady(a)ms Ya el .
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DEFINITION 5.8. The basic representation of L is the representation py = Adgy X
K-

Notice that pz = Adp in the normal (simple and non-simple) cases.

To state the next result precisely, we need certain identifications which we discuss
in turn.
1. Recall that 7|y : V.5 W = ~(V) is an invertible isometry between the

quadratic spaces (V,h) and (W,g). This induces an isomorphism of groups
Ad(y|y) : O(V,h) = O(W, g) given by:

ef. _
Ad(Y|v)(R) € (7|v) o Ro (7]v) "' € O(W,g) VR € O(V,g)
and we have:
Ado o ¥|ge(v,p) = Ad(y|v) 0 Adg (5.39)

where Adj : G¢(V,h) — O(V,h) is the untwisted vector representation of the
extended Clifford group while Adg : L — O(W, g) is the vector representation of
the Lipschitz group.

2. In the complex case, any choice of orientation of V and of an element u € A as in
Proposition 5.5 gives an R-linear isomorphism g, ,, : R? = A given by:

gou(x,y) = —apey)uc A Yo,y eR |

where J, = v(v) and v is the Clifford volume element of V' with respect to the
given orientation. This isomorphism transports both (, )4 and the Schur pairing p
to scalar products on R? which coincide up to sign with the canonical scalar prod-
uct. It follows that the unital isomorphism of R-algebras Ad(g,.,) : Endg(R?) =
Endg(A) restricts to an isomorphism of groups Ad(g,.) : O(2,R) = O(A, (, )a).

3. In the quaternionic (simple and non-simple) cases, any unital isomorphism of R-
algebras f : H = S induces a unital isomorphism of R-algebras Ad(f) : Endg (H) —
Endg(S) given by:

Ad(f)(g) Y fogof™' , Vg€ Endp(H) .
Consider the morphism of groups Ads : U(S) — Autaig(S) defined through:

Ads(s)(s') L ss's™! ¥seUS) Vs' €S .
Then:

When viewed as a linear representation of U(S) over R, Ads decomposes as a
direct sum of the trivial representation supported on the subspace Ridg and the
representation Adg : U(S) — SO(ImS, (, )s|ms) given by Adg(s) aef- Ads(8)|ms
for all s € U(S). We have f(ImH) = ImS and f|mmm is a linear isomorphism from
ImH to ImS, which induces an isomorphism of groups Ad(f|imm) : SO(ImH) =
SO(ImS, (, )s|ims)- Relation (5.40) implies:

Adé © (.f|U(H)) = Ad(flImH) o Ado 5 (541)

where Ad, : U(H) — SO(ImH) = SO(3,R) is the adjoint representation of U(H) =
Sp(1) (see Section 2).
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Recall that A, 4 and p are the vector, characteristic and basic representations of the
extended spinor group A(V, k). The following result shows that the elementary repre-
sentations Adg, 1z and p, of the reduced Lipschitz group £ of a pin representation
agree with the elementary representations A, 4 and p of the enlarged spinorial group
A(V, h) studied in Section 2.

THEOREM 5.24. Let ¢ : A(V,h) 5 L be any of the admissible isomorphisms
giwen in Theorem 5.16. Then:
1. In the normal (simple and non-simple) cases, we have ¢ = y|x(v,n) and the follow-
ing relations hold:

Ad(ylv)oA=Adooy ,
W= lcop (5.42)
Ad(ylv)op=pcop .

2. In the complex case, ¢ = @, 4, is determined by an orientation of (V,h) and by a
choice of element u € A as in Proposition 5.5 and the following relations hold:

Ad(vlv)oA=Adoop,u ,
Ad(gu,u) O =HLOPru (543)
[Ad(/ﬂ\/) X Ad(gl/,u)] OP=pPLOPru

3. In the quaternionic (simple and non-simple) cases, ¢ = @5 is determined by v

and by a unital isomorphism of normed R-algebras f : H = S and the following
relations hold:

Ad(yly) oA =Adgoypy
Ad(flmm) opp=peopyr (5.44)
[Ad(y]v) x Ad(flimm)] 0 p = pc o @y

This result gives the intrinsic meaning of the elementary representations of the en-
larged spinor groups considered in Section 2. It also shows that one can use the
model A(V, k) of the reduced Lipschitz group £ (which is homotopy equivalent with
the full Lipschitz group L) when developing the theory of Lipschitz structures for the
Lipschitz groups of pin representations.

Proof.

1. Normal simple case. In this case, we have ¢ = Y|pimv,p) @ Pin(V,h) = L.
Since Pin(V,h) is a subgroup of G¢(V,h), relation (5.39) gives Adg o ¢ =
Ad(’}/|v)(Adgl|Pin(v7h)) = Ad(y|v) o A, which is the first equation in (5.42). The
second relation holds since p and p, are the trivial representations, while the last
relation in (5.42) holds because p = A and py = Ady|..

2. Normal non-simple case. In this case, we have ¢ = |spin(v,n) : Spin(V, h) 5L,
with ps and p trivial and p = A = AdOCI|Spin(V7h), pr = Adp|z. Relations (5.42)
hold by an argument similar to that for the normal simple case.

3. Complex case. Let a := «, 4 and ¢ := 1), be the isomorphism of Proposition
2.2. We have A(V,h) = Spin®(V,h) and ¢([a,v (', k)]) = ~v(a)e?’»u" for all
a € Spin(V, h), with (', k) € Oz(a), where 6 € R, k € Zy. Thus:

(Ado 0 ¢)([a,¥(e, k)]) = (Adg 0 7)(a)Adg(e?”*)Ado(u") = (—1)"(Adp 0 7)(a) ,
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where we used the fact that Adg(e?’v) = idy (since e//» € $*) and Ady(u) =
—idyy. This can also be written as:

(Adg 0 @) ([a, (e, 5)]) = n(e”, k)(Adg 0 7)(a) = (e, k) Ad(7]y) 0 Adg'(a)

where 7 := 1, : Oz(a) — G2 is the abstract determinant introduced in Subsection

2.3 and in the last equality we used relations (5.39). Since n = det oAd(()Q) o1 (see
Proposition 2.2), the relation above becomes:

(Ady 0 @) ([a, (e, 5)]) = det(Ady” (e, 5))Ad(1]v) 0 Adg(a) =
= Ad(’Y|V) © )\([CL, 1/](6107 H)]) ’

where in the last line we used Definition 2.5. This shows that the first relation of
(5.43) holds. Since py = Ada, Theorem 5.23 gives:

(e 0 0)([a, (e, K)])(u) = Ada(y(a)e?” u) (u) = e2Tvu |

—2io¢0) 20J

Setting ¢ := g4, we have g(1) = u and g(e = ¢*Y/4 and the relation above

gives:

(uc o @)(Ja, (", K)]) = Ad(g)(R(~2a0)CF) =
= (Ad(g) 0 @5 0 0a)(€", k) = (Ad(g) 0 AdT)(W(e", K)) |

where we identified R? = C and used Proposition 2.2 in the last line. Here, o, is
the squaring representation of O («) discussed in Subsection 2.3. This shows that
the second relation in (5.43) holds. The last relation in (5.43) now follows because
pr=Az X e and p =X\ X pu.

4. Quaternionic simple case. In this case, we have A(V,h) = Pin(V,h) - Sp(1) and
©(la,q]) = v(a)f(q) € L for all a € Pin(V,h) and ¢ € Sp(1) = U(H), where

~

f+H — S is any unital isomorphism of normed R-algebras. Thus:

(Ad © ¢)([a, g]) = Ado(v(a))Ado(f(q)) = Ado((a)) ,

where we used the fact that Ady(s) = idw for all s € U(S) (since W =~(V) C C).
Using relation (5.39), the equation above gives Adg o ¢ = Ad(y]y) o A (where A is
the vector representation of Pin?(V, k) introduced in Section 2), showing that the
first relation in (5.44) holds. For the Schur representation of £, we have:

(Ads 0 ¢)([a, ¢]) = Ads(v(a))Ad(f(9))ls = Ads(f(q))

where we used the fact that Ads(y(a)) = ids. Restricting this to the subspace ImS
and using relation (5.41) gives the second relation in (5.44). The third relation
also holds, because ps = Az X g and p = A X p.

5. Quaternionic non-simple case. The argument is almost identical to that for the

quaternionic simple case.
|

6. Real pinor bundles and real Lipschitz structures. In this section, we
discuss real Lipschitz structures and bundles of Clifford modules over a pseudo-
Riemannian manifold (M, g), establishing an equivalence between the corresponding
groupoids. This shows that the classification of the former agrees with that of the
latter. For the case of bundles of irreducible Clifford modules, the relevant Lipschitz
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structures are called elementary and can be described using the enlarged spinor groups
of Section 2. Combining this with the results of Section 7 will allow us, in the next
section, to extract the topological obstructions to existence of elementary Lipschitz
structures and hence to existence of bundles of irreducible Clifford modules in each
dimension and signature.

Let (M, g) be a connected second countable smooth pseudo-Riemannian manifold
of dimension greater than zero and let g* denote the metric induced on T* M. For rea-
sons having to do with various applications (to be discussed in other papers), we choose
to work with the Clifford bundle of the pseudo-Euclidean vector bundle (T*M, g*),
rather than with the Clifford bundle of (T'M, g) (as is more customary). Since the
pseudo-Euclidean vector bundles (T'M,g) and (T*M, g*) are isometric through the
musical isomorphism, this is of course equivalent with the more traditional approach.

6.1. Real pinor bundles.

DEFINITION 6.1. A real pinor bundle is a smooth bundle S # 0 of finite-
dimensional modules over the Clifford bundle CI(T*M, g*), i.e. a pair (S,v) where S
is a real vector bundle over M and v : Cl(T*M,g*) — End(S) is a smooth mor-
phism of wvector bundles (called the structure morphism) such that the fiber map
Ym + CUTE,gr) — Endr(Sy) is a unital morphism of associative R-algebras for
each m € M.

Hence any fiber S, is a real representation of the Clifford algebra CI(T; M, gk, ) ~
CUT,, M, g,,). For any based smooth morphism f € Hom(S, S”) of real vector bundles,
we let Ly : End(S) — Hom(S, S’) and Ry : End(S’) — Hom(S, S’) denote the vector
bundle morphisms defined through:

Li) Y fop, Rp¢) L @' of, ¢cEnde(S), ¢ €Endp(5).

DEFINITION 6.2. A based morphism of real pinor bundles f : (S,v) — (S',7') is
a smooth based morphism [ : S — S" of real vector bundles such that:

Lioy=Rjon |

i.e. such that the fiber fp, : S — Sh, at any point m € M is a based morphism of Clif-
ford representations from 7y, : CUT M, g*,) — Endr(Sy) to ., : CUT:M,gk) —
Endg(S7,).

Since M is connected, all quadratic spaces (705, ¢k, ) are mutually isomorphic and
hence isomorphic to some model quadratic space (V,h). Similarly, all fibers of S are
isomorphic as R-vector spaces and hence isomorphic with some model vector space
So. Using a common trivializing cover of TM and .S, this implies that the real Clifford
representations v, : T,y M — Endg(S,,) (m € M) are mutually isomorphic in the
category ClRep and hence isomorphic with some model representation v : CI(V, h) —
Endgr(Sp). The isomorphism class of vy in ClRep is invariant under isomorphism of

real pinor bundles.

DEFINITION 6.3. The type 1 of a real pinor bundle (S, ~) is the isomorphism class
of its fiberwise Clifford representation v, : (T, M, gr,) — Autr(Sy,) in the category
ClRep.

DEFINITION 6.4. A real pinor bundle (S,v) is called weakly faithful if |p«ps is
a monomorphism of vector bundles from T*M to End(S), i.e. if the map vpm|7: 0
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T M — Endgr(Sy,) is injective (and thus a weakly faithful Clifford representation)
for each m € M.

Let CIB(M, g) denote the category of real pinor bundles over (M, g) and based pinor
bundle morphisms and CIB,, (M, g) denote the full sub-category whose objects are the
weakly faithful real pinor bundles. Clearly (5,~) is weakly faithful iff its type is. If
n: C(V, h) — Endg(S) is a weakly faithful Clifford representation, we let C1B} (M, g)
denote the full sub-category of C1B,, (M, g) consisting of all real pinor bundles of type
equal to the isomorphism class of 7 and CIB! (M, g)* denote the corresponding unit
groupoid.

6.2. The pseudo-orthogonal coframe bundle. Let (p,q) denote the signa-
ture of (M, g) and d = p+q denote the dimension of M. Let (V, h) be a quadratic space
isomorphic with any (and hence all) fibers of the pseudo-Euclidean bundle (T M, g*).

DEFINITION 6.5.  The pseudo-orthogonal coframe bundle Pov,)(M,g) of
(M, g) relative to (V,h) is the principal bundle with structure group O(V,h) =
Autquaqx (V, h), total space:

def. * *
PO(V.,h) (M7 g) = umeMHOHlQuaLd>< ((V7 h)7 (TmM7 gm))

and right O(V, h)-action given by right composition of v € Pov,n)(M, g)m with ele-
ments R € O(V,h):

def.
rR=roR .

Notice that the group O(T};, M, g;,) acts from the left on each fiber Pov,n)(M, g)m
by left composition:

Rpr L Ryor  Vr € Homguaax (V, 1), (T5M, g5)) and Ry, € O(T5 M, gi,) -

The pseudo-orthogonal coframe bundle of (M, g) relative to RP+? is denoted P, ,(M, g)
and is called the canonical pseudo-orthogonal coframe bundle of (M,g). Its fiber at
m € M is the set of all invertible isometries f : RP9 — (7% M, g, ), which can be
identified with the set of all pseudo-orthogonal frames of (7% M, g%,) through the map:

f_>(f(€1)a"-7f(6d)) )

where (e1,...,€q) is the canonical basis of RPT4. The pseudo-orthogonal coframe
bundle of (M, g) relative to any model (V,h) of the fiber of (T*M, g*) is isomorphic
with the canonical pseudo-orthogonal coframe bundle.

REMARK 6.1. Let (Vj, ho) be an isometric model of the tangent spaces (T, M, gpm,)

of (M,g). The bundle Py, n,)(M,g) of pseudo-orthogonal frames of (M, g) rel-

ative to (Vo, ho) is the principal O(Vo, ho)-bundle with fibers Po(v;,n0) (M, 9)m def.

Homguaax ((Vo, ho), (T M, gm)). Taking Vo = V* = Homg(V,R) and canonically
identifying Vj* = (V*)* with V, the musical ismorphism gives an invertible isometry
¢:(V,h) = (W, ho) defined through:

C(@)(y) E h(z,y) VYo,yeVy .
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This induces an isomorphism of groups Ad(¢) : O(V, h) = O(Vg, hg) which identifies
the tautological representation of O(Vj,hg) with the dual (a.k.a. contragradient)
representation of O(V, h):

Ad(Q)(R)(n) =no R~ YneVo=V* YR e O(V,h)

This implies that Po(v,,n,)(M,g) is naturally isomorphic with Poey,py(M,g) and
that T'M is associated to Po(y,x)(M,h) through the contragradient representation
of O(V, h).

6.3. Real Lipschitz structures. Let ¢ : H — G be a morphism of groups and
P be a principal G-bundle over M. We say that P admits a p-reduction to H if there
exists a principal H-bundle @ over M and a ¢-equivariant bundle map 7 : Q — P,
where @-equivariance means that we have'® 7(gh) = 7(q)p(h) for all ¢ € Q and
h € H. In this case, the pair (Q, 1) is called a p-reduction of P to H. Notice that we
do not require that ¢ be injective or surjective. Given two ¢-reductions (@, 7) and
(Q',7") of P to H, an isomorphism of p-reductions from (Q,7) to (Q’,7') is a based
isomorphism of principal H-bundles f : @ — Q' such that 7/ o f = 7. Notice that
p-reductions of P to H form a groupoid whose morphisms are given by isomorphisms
of reductions.

REMARK 6.2. Suppose that ¢ is not surjective and let I(ip) def- ©(H), which

is a normal subgroup of G. Let j : I(¢) — G be the inclusion morphism and ¢y :
H — I(p) be the corestriction of ¢. Then P admits a p-reduction to H iff P admits
a j-reduction (P’,7’) to I(y) and (P’,7') admits a go-reduction to H. Of course, a
j-reduction of P to I(y) is the same as an ordinary reduction of structure group.

The principal bundle P admits a p-reduction to H iff [P] € H'(M, G) lies in the image
of the induced map ¢, : H*(M, H) — H*(M,G). In this case, we have . ([Q]) = [P]
for any ¢-reduction (Q, 7). Let n : CI(V, h) — Endg(So) be a weakly faithful Clifford
representation, L(n) def- Autcirep(n) be its Lipschitz group and Adg : L(n) — O(V, h)
be the vector representation of L(n).

DEFINITION 6.6. Let P be a principal O(V, h)-bundle over M. A real Lipschitz
structure on P relative to n € ClRep is an Adg-reduction (Q,T) of P to L(n). A real
Lipschitz structure on (M, g) relative to 7 is a real Lipschitz structure on Poy,p) (M, g)
relative to 1.

Adp-equivariance for a real Lipschitz structure (Q,7) on (M,g) means that the
following relation is satisfied by the map 7, : Qn — Pown(M,9)m =
Homgyaax ((V, 1), (T7;,M, g;,,)) for all m € M, q € Q,, and a € L(n):

Tm(qa) = T (q) o Ado(a) . (6.1)

DEFINITION 6.7. Let (Q,7) and (Q',7") be two real Lipschitz structures on (M, g)
relative to 1. An isomorphism of Lipschitz structures from (Q,7) to (Q',7') is an
isomorphism of Adg-reductions of Pov,n)(M, g) to L(n).

Let L, (M, g) be the groupoid of real Lipschitz structures of (M, g) relative to 7.

10The element g € Q should not be confused with the number appearing in the signature (p, q) of
g.
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6.4. Relation between weakly faithful real pinor bundles and real Lip-

schitz structures. Let n : CI(V,h) — Endgr(Sy) be a weakly faithful real Clifford

representation, where (V,h) is a model of the fiber of (T*M, g*) and let L aet- L(n)

be the Lipschitz group of 7. Let [n] be the isomorphism class of 7 in the cate-
gory ClRep. Recall the surjective functor F' : ClRep — Quad of Subsection 3.1.
This sends every object ' : C1(V', h') — Endg(S])) of ClRep to the quadratic space
(V',h). Given two objects ; : C1(V;, h;) — Endgr(So;) (i = 1,2) of ClRep, the func-
tor F' sends any morphism (fy, f) € Homcirep (71, 72) (where f € Homg(So1, Sp2) and
fo € Homquaa((V1, h1), (Va, ha))) to the morphism of quadratic spaces F'(fo, f) = fo.
When ~; and - are weakly faithful and f is bijective, Proposition 3.3 shows that
fo is also bijective and that it is uniquely determined by f (namely, we have
Ad(f) (11 (V1)) = 72(V2) and fo = (2]v,) ™" 0 Ad(f)l5, (1) © (11]v4)). Moreover, mor-
phisms (fo, f) € Homcygepx (71,72) of the groupoid ClRep,; can be identified with
those linear isomorphisms f : Sp; — Sp2 which satisfy Ad(f)(y1(V1)) = v2(Va) (see
(3.11)). We will use this identification throughout this subsection.

PROPOSITION-DEFINITION 6.1. There exists a correspondence between real pinor

bundles and real Lipschitz structures given as follows.

A. Let (S,v) be a weakly faithful real pinor bundle of type n on (M,g). Let Q def.

Qy(S,7) be the principal bundle with structure group L = L(n) = Autcirep,, (1),
total space:

def.
Q= umEMHomCIRer (77,%1)7

projection given by m(q) = m for q € Qu, = Homggepx (1, Ym) and right L-action

) def. def.
given by qa = qoa fora € L. Let T = 7 (S,7): @y(S,7) = Pocv,ny(M,g) be

the map defined through:

™m(q) = F(q) = g0 € Homgaqx ((V; 1), (T3, M, 97,)) = Fov.my (M, g)m - (6.2)

Then (Q,T) is a Lipschitz structure on (M,g) relative to n, called the Lip-
schitz structure defined by (S,7v). A based isomorphism of weakly faithful
real pinor bundles f : (S,v) — (S',7') of type n induces an isomorphism
Qn(f) « (Qn(S,7),m(S,7)) = (Qu(S",7), 7, (S".7)) of Lipschitz structures rel-
ative to n, which is defined through (notice that f, € Homggepx (Ym,Vy,) and
(fm)O = F(fm) = idT;;LM)"

Qu(£)(@) L (drear, fm) 0 Vg € Qu(S,7)m = Homegep (11, 7m) - (6.3)

B. Let (Q,T) be a Lipschitz structure on (M, g) relative to n. Then the vector bundle

S = 5,(Q,7) def. Q X, So associated to Q) through the tautological representation

pn i L — Autr(So) of L becomes a weakly faithful real pinor bundle of type n when
endowed with the structure morphism v = v(Q,7) : Cl(T*M,g*) — Endgr(95)
given by:

Y ()([g 8]) = g, n(CUTm (@) ™) (@))(5)] , Va € CUT;, M, g,) (6.4)

for all ¢ € Qn and s € Sy. The pair S,(Q,7) = (S,7v) thus constructed
is called the real pinor bundle defined by the Lipschitz structure (Q,7) (in
particular, it is weakly faithful). An isomorphism of Lipschitz structures f :
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(@,
Su(f)

7) = (Q',7) relative to n induces a based isomorphism of real pinor bundles

(S (Q:7), (@, 7)) = (Sn(Q's ), 1 (Q's 7)) given by:
Sn(Hm(la, s]) = [fm(a);s] , Vg€ Qm VseSo . (6.5)

Furthermore, the correspondences defined above give functors @, : CIB] (M, g)*
L,(M,g) and S, : L,(M,g) — CIB] (M, g)*

At point B. of the proposition, notice that 7,,(q) € Homgqu.qx((V;h), (T, 9m.)),
is an invertible isometry which induces the unital isomorphism of R-algebras
Cl(tim(q)) : CUV,h) = CUT},g%,), whose inverse appears in relation (6.4). Thus
no [CUTm(g)]™t = no Clitm(q)~h) : CUTE, g%,) — Endr(Sp) is a representation of
the Clifford algebra C1(T, g;,) in the vector space Sp. This representation is isomor-
phic with 7 in the category ClRep.

REMARK 6.3. Notice that the definition of @, (S,v) is similar to that of the
pseudo-orthogonal coframe bundle Po(v,p) (M, g), where the groupoid of quadratic
spaces is replaced by the groupoid ClRep,, while the quadratic spaces (V,h) and
(T,’;M ,g5.) are replaced by the Clifford representations n : C1(V, h) — Endg(Sp) and

: CUT e M, gr,) — Endr(Sy,) (the former being a model of the latter in the cate-
gory ClRep,,). In particular, the Lipschitz group L = L(n) is a model for the groups
Autcirep,, (vm) of automorphisms of the fibers of S, when the latter is considered as
a bundle of Clifford representations. It is crucial that these automorphisms are con-
sidered in the category ClRep (thus they need not be based) and not in the ordinary
category of representations of unital algebras. This is because 1 and +,, can only
be identified if one picks an invertible isometry between (V,h) and (T, M, g%,); this
forces one to use the structure group L = Homggepx (n) in order to make @ into a
principal bundle.

Proof. The fact that (6.2) is Adg-equivariant follows from the relation (g o a)y =
qoao = qo © Adg(a) (which holds because F is a functor which restricts to Adg on
L = Homggepx (1), in particular we have ag = Adg(a)). This implies that (6.1) holds
and hence (Q, 7) is a Lipschitz structure of type 7. To show that (6.4) is well-defined,
notice that relation (3.2) gives Ad(a)on = noCl(Adg(a)) for any a € L, which implies
(using [Cl(7,n(q))] "t = Cl(1m(g)™!) and Adg(a™t) = Adg(a)™t):

Ad(a" Y onoCl(tm(q)™!) = noCl(Adg(a™) om(q) 1) = no[Cl(Ty () 0 Adg(a))] ™t .
Using relation (6.1), this gives:

Ad(a™) 0no Cl(1(q) ") =10 Cl(t(qa)™) YaecL . (6.6)
Thus:

[aa™", n(CUTm(qa™")"")(@))(as)] = [g,a™ ' n(ClTim(ga™") )(2))(as)] =
[a: (Ad(a™") 0 o Cl(rn(qa™")"))(@)(s)] = g, n(CUrm(g) ") (@))(s)],  (6.7)

where in the last equality we used (6.6). This shows that (6.4) is well-defined. The fact
that v, defined in (6.4) is a Clifford representation is obvious, as are the remaining
statements. O

THEOREM 6.2. There exist invertible natural transformations:

]: S o QTI —> ldClBﬂ,( g)% and gn : idL,,,(M,g) :> QW o) 577
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Hence the functors @), and S, are mutually quasi-inverse equivalences between the
groupoids CIB (M, g)* and L,(M,g).

REMARK 6.4. Theorem 6.2 shows, in particular, that the classification of weakly
faithful real pinor bundles of type [n] over (M, g) (up to based isomorphism of real
pinor bundles) is equivalent with that of real Lipschitz structures relative to [n] (up
to isomorphism of Lipschitz structures). The first classification problem asks one to
determine the set of isomorphism classes of objects in the category CIB! (M, g), while
the latter asks for the set of isomorphism classes of objects in the category L,(M, g).
The theorem implies that there exists a canonically-defined bijection between these

two sets.

Proof. Fixing 7, we denote F,, by F and G, by G for ease of notation.

I. Construction of F. Let (S,7) be an object of C1B] (M, g), (Q, T) def. Qn(S,7)

and (S7,7) def- Sy(Q,7). For any m € M, we have Q,, = Homggepx (7, 7m) and

Srn = Qm X, So = Qm x So/ ~, where ~ is the following equivalence relation on
pairs (g, s) € Qum X So:

(q,8) ~ (¢',s") if Ja €L =Autcrep(n):¢ =qoa and s’ =a"'(s) .

The smooth map F : Q x Sy — S given by:

fm(‘]as) = q(s) € Sm v(%s) S Qm x Sy

satisfies F(qa,a'(s)) = (goa)(a"'(s)) = q(s) and hence descends to a based mor-
phism of vector bundles F := Fg, : §" — S. Since ¢ is an R-linear bijection from
So to Sy, the condition (g, s) = 0 is equivalent with s = 0, which implies that F,,
is injective for all m € M. Since S has type 7, we have rkS’ = dimg Sy = rkS and
hence dimg S/, = dimg S,,,. Thus F,, is bijective for all m and hence F is a based
isomorphism of vector bundles. The bundle S’ is endowed with the Clifford module
structure given by:

T (@)([g,5]) = (@, n(CU(7(q)~")(2))(s)] , Vo€ CUT,;M,g5) , (q€ Qm,s €S ,

where 7(q) = qo :€ Homqu.qx((V;h),(T;M,gy,)) for any ¢ € Q. Since
¢! € Homggepx (Ym,7n) is an isomorphism of Clifford representations, we have
noCl(1(q)™") = noCl(gy ") = Ad(q ') o (see relation (3.2)). Thus n(Cl(T(q)~')(x))
=q ! oym(z) 0o ¢ € Endr(Sp) and:

(Finovm (@) ([, 8]) = Finla, ¢~ (ym () (()))]) = v () (a(3)) = (v (2) 0 F ) ([q, 5)),

which shows that F,, o v/, (z) = vm(z) o Fpy, for all m € M. Hence F = Fg, is
a based isomorphism of pinor bundles, i.e. Fs. € Homcigas,g) = ((S',7), (S,7)) =
Homeup(ar,g)x ((Sy 0 Qy)(S,7), (S,7)). To show that Fs ., is a natural transformation,
let (S1,71) and (S2,72) be two isomorphic weakly faithful pinor bundles of type 7
and f € Homeig(az,g) ((S1,71), (S2,72)) be a based isomorphism of pinor bundles.

Then f,, € Homggepx (V1,m,7V2,m) is an isomorphism of Clifford representations for

every m € M. Let (Q;,7) = Qn(Si,7vi) and (S},~) oot Sy(Qi,7i). Let F; et

Fsymi t (S50 = (Si,7i) be the based isomorphisms of pinor bundles constructed as
above. Finally, let g def. Qy(f) : (Q1,71) = (Q2,72) be the isomorphism of Lipschitz
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structures induced by f and f’ def- Sp(g) = Sy(Qy(f)) : (S1,71) = (S5,75) be the
isomorphism of pinor bundles induced by g. For any [q1,s] € S1,, = Qim X,,

So = Homgrepx (1, Y1,m) Xp, So, we have f.([q1,5]) = [9(q1), 8] = [fm © q1, ] (see
Proposition 6.1). Thus:

(Fao fmlar,s]) = (fm o q1)(s) = fim(q1(s)) = (f o Fi)m([q1, 8])

which shows that Foo f/ = foFq, i.e. Fao(S,0Q,)(f) = foFi. Hence the diagram
in Figure 6.8 commutes. Thus F : S, 0 Q, = idoip? (ar,9)« 18 an invertible natural
transformation.

Fi
(S, %) ——= (S1,m) (6.8)
(Snan)(f)l lf

Fa
(83,75) —— (S2,72)

II. Construction of G. Let (Q, 7) be an object of L,,(M, g) and (S, v) = S, (Q, 7).

Let (Q',7') = Qy(S.7). We have @}, = Homcipeps (0, m) and 7,(¢') = qp for any
q' € Qy,. On the other hand, we have S,, = Q. X, So and v, is given by (6.4). For

any q € Qum, let G, (q) : So — S, be the linear map defined through:

Gm(q)(s) = [g,8] (s € So) -

Then G,,(¢) is a linear isomorphism from Sy to Sy, and for all @ € L and s € Sy we
have G, (ga)(s) = [ga, 5] = [q,a(s)] = Gm(g)(a(s)), i

Gm(qa) = Gm(q) o py(a) = Gm(q)oa (a€L) . (6.9)

For any = € CI(T5, M, g;,) and any s € Sy, relation (6.4) gives:

(Ym (%) © G (@) (5) = Y () ([a, 5]) = [a,n(CU7(q) ") (x))(s)]
= (Gm(q) o n(CL7(q)~")(x)))(s) (6.10)

i.e. ym() 0 Gm(q) = Gm(q) 0 n(CU(7(q)~")(x)). Recall that 7(q) € Po(v.n) (M, g)m =
Homgaax ((V, ), (T}, M, g5,,)), so Cl(7(q)) is a unital isomorphism of R-algebras from

Cl(V,h) to CUT; M,g},). Replacing = with Cl(7(q))(y) where y € CI(V,h), the
relation above gives:

Ad(Gm(q)) o =vm o Cl(7(q)) .

Using relation (3.2), this shows that G,,(q) € Q;,, = Homggepx (1, Ym) and that we
have:

7(Gm () = (Gm(2))o = 7(q) € Homquaqx (V, 1), (T;;, M, g7)) - (6.11)
Relation (6.9) reads:
Gm(qa) = Gm(q)a ,

where in the right hand side we use the right L-action on the bundle @’. Thus
(Gm)mem define a morphism of principal L-bundles G = Gg » : @ — Q' (which is
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automatically an isomorphism). Relation (6.11) gives 7" o G = 7, showing that we

have G € Homp, (n,4)(Q,Q’)-

To show that G gives a natural transformation from idy, (as,g) to @y oS, consider

two isomorphic objects (Q;, ;) (i = 1,2) of L,(M, g) and let (S;,7;) aet- Sy (Q4, ) and

QL) = Qn(Si, 7). Let G; = Go, . : Qi = Qf be the isomorphisms of Lipschitz

structures defined as above. For any isomorphism f € Homp, (as,4)((Q1,71), (Q2,72))
and any elements ¢; € Q1,, and s € Sy, we have:

(G20 f)(q1)(s) = Ga(f(q1))(s) = [f (@), s] = Sy(f)([ar, 5]) = Sy(f)(G1(a1)(s))
= (93(f) 0 G1(@1))(s) = (Qn © Sy)(F)(G1(a1))(s) , (6.12)

which implies Goof = (Q,,05,)(f)oG1 and hence the diagram in Figure 6.13 commutes.
Thus G :idp, (ar,4) = Qn © Sy is an isomorphism of functors.

(Q1,1) 2~ (Ql, 7)) (6.13)
fl i(QnOSn)(f)
(Q2,7) — 2 (Qb,7)

|

7. Some enlarged spinorial structures in general signature. In this sec-
tion, we discuss certain enlarged spinorial structures associated to the groups appear-
ing in the list of canonical spinor groups of Section 2. In particular, we discuss the
topological obstructions to existence of such structures (some of which are known or
are extensions of known results to arbitrary signature and some of which are new) as
well as the behavior of Pin and Pin? structures under sign reversal of the metric in
even dimensions.

7.1. Modified Stiefel-Whitney classes of a pseudo-Riemannian mani-
fold. Let M be a connected pseudo-Riemannian manifold (which need not be ori-
entable) and (V,h) be a quadratic vector space of signature (p,q) and dimension
d =p+gq. Let P be a principal O(V, h)-bundle. Recall that O(p) x O(q) is a maximal
compact form of O(p,q) and the inclusion morphism j : O(p) x O(q) — O(p,q)
is a deformation retract. On the other hand, any pseudo-orthonormal basis of
(V,h) determines an isomorphism of groups ¢ : O(p,q) = O(V,h) and the isomor-
phisms determined by two such bases differ by conjugation. The morphism of groups
Je def. £0j:0(p) xO(q) — O(V, h) is a deformation retract which induces a bijection
(je)w : HY(M,0(p)) x H*(M,0(q)) = H'(M,O(V, h)). It follows that every principal
O(V, h)-bundle P over M is isomorphic with a fiber product Py xp; P_, where Py
is a principal O(p)-bundle and P_ is a principal O(g)-bundle and where P, and P_
are determined by P up to isomorphism. The same conclusion also follows from the
homotopy equivalence of classifying spaces BO(V, h) ~ BO(p) x BO(q). The modified
Stiefel-Whitney classes of P are defined [20] as the Stiefel-Whitney classes of Py:

def.
wi (P) = wi(Ps) € HY(M, Zy)

Notice that wq(P) = w{ (P) 4+ w (P).
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Assume now that P = Pov,,n,) (M, 9) ~ Pov,n)(M,g) is the pseudo-orthogonal
frame bundle of a connected pseudo-Riemannian manifold (M, g), where (Vy, ho) is
an isometric model of the tangent spaces (T}, M, g,,) of M. Then:

Wi (M, 9) “S Wit (Povane) (M. 9)) = Wi (Povay (M, g)

are called the modified Stiefel-Whitney classes of (M, g). Since T M is associated to
Po(viy,ho) (M, g) through the tautological representation of O(Vo, ho), we have a corre-
sponding Whitney sum decomposition TM =T, M & 1T_M, where T M are vector
sub-bundles of TM which are associated to O(p) and O(q) through the tautological
representations of those groups; these sub-bundles are determined only up to isomor-
phism . We have wi5 (M, g) = wi(T*M) and wi (M) = w; (M, g)+w; (M, g), where
wi (M) are the usual Stiefel-Whitney classes of T'M.

7.2. Spin structures in general signature. Recall that a spin structure on
(M, g) is an Adgl—reduction of Powv,n)(M,g) = Povy,he)(M,g) to Spin(V, h). Since
Ady(Spin(V, h)) = SO(V,h), Remark 6.2 implies that a spin structure can exist on
(M, g) only when the structure group of Po(v,5) (M, g) reduces to SO(V, h), i.e. only
when M is orientable. In that case, a spin structure is the same as an Ad(()J !_reduction
of Psocv,ny(M,g) to Spin(V,h), where Psov,n) (M, g) is the bundle of positively-
oriented pseudo-orthogonal coframes (which is naturally isomorphic with the bun-
dle of positively-oriented pseudo-orthogonal frames) with respect to an orientation
of (M, g) determined by the spin structure. Notice that changing the orientation of
(M, g) changes Pso(v,n)(M,g) into an isomorphic bundle. The following result was
proved in [20]:

PROPOSITION 7.1 ([20]). The following statements are equivalent:
(a) (M,g) admits a Spin structure
(b) The following conditions are satisfied:

wi(M) =0 and wj (M, g)+w; (M,g) =0

7.3. Twisted and untwisted Pin structures in even dimension. Assume
that d is even. In this case, both the twisted and untwisted vector representations of
Pin(V, h) are surjective onto O(V, h), hence one can define two kinds of pin structures
on (M, g).

—~c1
DEFINITION 7.1. A twisted pin structure on (M,g) is a Ad, -reduction of
Pov,ny (M, g) toPin(V, h). Anuntwisted pin structure on (M, g) is an Ad§"-reduction
of Po(v,ny(M,g) to Pin(V, h).

Both twisted and untwisted pin structures on (M, g) form groupoids if one takes mor-
phisms to be isomorphisms of Avdo—, respectively Adg-reductions. Notice the equality
Pow,ny(M,g) = Pocv,n)(M,—g). Proposition 1.6 implies the following relation be-
tween the two types of pin structure:

PROPOSITION 7.2. When d is even, there exists an equivalence of categories
between the groupoid of twisted pin structures of (M, g) and the groupoid of untwisted
pin structures of (M, —o, 49). Namely:

1 They can be constructed as the sums of positive and negative eigenbundles of the go-symmetric
endomorphism A of T'"M which represents g with respect to any Riemannian metric gg on M; changing
go leads to isomorphic bundles.
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1. When p — q =g 0,4, the groupoid of twisted pin structures of (M, g) is equivalent
with the groupoid of untwisted pin structures of (M, —g).

2. When p—q =g 2,06, the groupoids of twisted and untwisted pin structures of (M, g)
are equivalent to each other.

In particular, twisted and untwisted pin structures are equivalent notions when p —
q =s 27 6.

Proof. Let o def. Op.q- If (Q,7) is an untwisted pin structure on (M, —og), define
Q' to be the principal Pin(V, h)-bundle over M having the same total space as @ and
right group action given by:

q*adéf' ge(a) Yq € Q Yae€Pin(V,h)

where ¢ : Pin(V, h) = Pin(V, —oh) is the ismorphism of groups given in Proposition
e . ~Cl
1.6. Let 7/ < 7. Q — Pow,—on)(M,—0g) = Pocv,n (M, g). Since AdoCl op=Ad,,

we have:
(g +a) = 7(gp(a)) = (@) AdS (p(a)) = 7' (q)Ady Vg€ Q VYa e Pin(V,h)

where we used the fact that 7 is Adg-equivariant. This shows that 7/ is Adg-equivariant
and hence (Q',7') is a twisted pin structure on (M,g). Let (Q1,71), (Q2,72) be
untwisted pin structures on (M, —og) and f : (Q1,71) — (@ 72) be an isomorphism
of untwisted pin structures. Let (Q, 1) and (Q5, %) be the twisted pin structures on
(M, g) defined by (Q1,71) and (Q2,72) as above. For all ¢; € @ and a € Pin(V, h),
we have:

flarxa) = f(ap(a)) = fla)pla) = f(q1) xa ,

and:
mof=mof=m="1,

which shows that f’ def. f is an isomorphism of twisted pin structures from (@}, 7]) to
(@Y, 75). Tt is easy to check that the correspondence defined above is an equivalence
of categories. [

REMARK 7.1. In most of the literature, the name “Pin structure” is reserved for
what we call a twisted pin structure. One sometimes also encounters the notion of
“Pin~ structure” of (M,g), which is defined as a twisted pin structure of (M, —g).
The proposition implies the following:

1. When p — ¢ =g 0,4, the groupoid of Pin~ structures of (M, g) is equivalent with
the groupoid of untwisted Pin structures of (M, g).

2. When p — g =5 2,6, the groupoid of Pin™ structures of (M, g) is equivalent with
the groupoid of untwisted Pin structures of (M, —g).

PROPOSITION 7.3. Let d be even and o % Op,q- Then the following statements
are equivalent:

(a) (M,g) admits an untwisted Pin structure
(b) (M, —0og) admits a twisted Pin structure
(¢) The following condition is satisfied:

w3 (M, g) +wy (M, g) +w{ (M, g)* +wy (M, g)wi (M,g) =0
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Proof. The equivalence of (a) and (b) follows from Proposition 7.2. The equiva-
lence of (b) and (c) follows from [20, Proposition (1.1.26)] upon noticing the relation:

wi (M, —g) = wf (M,g) .
0

7.4. Twisted and untwisted Pin?(V, h) structures in even dimension. In
even dimension, both the twisted and untwisted basic representation of Pin?(V,h)
have image equal to O(V,h) x SO(3,R) (see Subsection 2.1). This allows us to define
two kinds of Pin? structures on (M, g).

DEFINITION 7.2. Let d be even. Then:

1. A twisted Pin? structure on (M, g) is a triplet (E,Q,T), where E is a principal
SO(3,R)-bundle over M and (Q,T) is a p-reduction of Pocvn)(M,g) xnm E to
Pin’(V, h).

2. An untwisted Pin? structure on (M, g) is a triplet (E,Q, T), where E is a principal
SO(3,R)-bundle over M and (Q,T) is a p-reduction of Pow,n)(M,g) Xu E to
Pin?(V, h).

Proposition 2.1 implies the following result, whose proof is similar to that of Propo-
sition 7.2:

PROPOSITION 7.4. When d is even, there exists an equivalence of categories
between the groupoid of twisted Pin?(V, h) structures of (M, g) and that of untwisted
Pin?(V, —o, 4h) structures of (M,g). Namely:

1. When p—q =35 0,4, the groupoid of twisted Pin? structures of (M, g) is equivalent
with the groupoid of untwisted Pin? structures of (M, —g).

2. When p—q =g 2,6, the groupoids of twisted and untwisted Pin? structures of (M, g)
are equivalent to each other.

PROPOSITION 7.5. Let d be even and o *% Op,q- Then the following statements
are equivalent:
(a) (M,g) admits an untwisted Pin? structure
(b) (M,—og) admits a twisted Pin? structure
(¢) There exists a principal SO(3,R)-bundle E over M such that the following con-
dition is satisfied:

W;_(Mvg) +W2_(M>g) +W(17(Mvg)2 +W1_(M’9)WT(M7Q) :W2(E)

Proof. Equivalence of (a) and (b) follows from Proposition 7.4. To show equiv-
alence of (b) and (c), notice that the short exact sequence (2.5) induces the exact
sequence of pointed sets:

HY(M,Pin?(V, h)) 2 H'(M,O(V, h) x SO(3,R)) - H*(M,Z,) , (7.1)

where H'(M,O(V,h) x SO(3,R)) = H'(M,O(V,h)) ® H'(M,SO(3,R)). When P is
an O(V, h)-bundle on M, the connecting map is given by O([P xu E]) = 9'([P]) +
wo([E]) = wy (P) + wy (P) + wi (P)? + wi (P)w] (P) + wa(FE), where we used the
fact that Sp(1) ~ Spin(3) = Sping ; and the connecting map in the sequence:

(Ad§D)..
—

H'(M,Sp(1)) H'(M,SO(3,R)) — H?*(M,Z)
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induced by the short exact sequence 1 — Zs — Spin(3) — SO(3,R) — 1 is given by
[E] — wo(FE), while the connecting map &’ in the sequence:

— Cl

HY (M, Pin(V, 1)) 2% 51 (0, 00V, ) 25 B2 (M, Z.)

induced by the exact sequence (1.14) is given by ' ([P]) = wy (P) + w, (P) +
wi (P)? 4wy (P)w (P) (see [20]). Thus (M, g) admits a twisted Pin?(V, h) structure
iff wy (M, g) +wy (M, g) +wy (M, g)* +wy (M, g)w{ (M,g) = wa(E). Applying this
to (M, —og) shows that (b) is equivalent with (c). O

REMARK 7.2. The connecting map 0 in the sequence (7.1) can also be de-
termined directly as follows. First, notice that we must have 9([P] @ [E]) =
a1wy (P) + aaw, (P) + azwy (P)? + agwy (P)w; (P) + asw; (P)? + agwa(F) (since
w1 (F) = 0). When FE is trivial, we have wo(E) = 0 and it is easy to see that the
bundle P x j; E admits a twisted Pin? structure iff P admits a twisted pin structure!?.
This implies that 9([P]) must be given by the expression computed in [20], i.e. we
must have a; = as = a3 = a4 = 1 and a5 = 0. On the other hand, when p=d, ¢ =0
and wi(P) = 0, a Pin? structure on P reduces to a Spin? structure on P, hence in
this case we have J([P] @ [E]) = wa(P) + wa(E) by the results of [5]; this shows that

CL6:1.

7.5. Spin? structures in general signature. Let p : Spin?(V, h) — SO(V, h) x
SO(3,R) denote the basic representation of Spin?(V, h) (see Subsection 2.2).

DEFINITION 7.3. A Spin? structure on (M, g) is a triplet (E,Q,T), where E is a

principal SO(3,R)-bundle over M and (Q, ) is a p-reduction of Pocy,n(M,g) xa E
to Spin?(V, h).
Since the image of p equals SO(V,h) x SO(3,R), it follows that (M,g) can admit
a Spin? structure only when M is orientable; hence we can assume that wy (M) =
0. When this condition is satisfied, a Spin? structure is the same as a p-reduction
of Psocv,n)(M,g) xn E, where Psov,p) (M, g) is the principal bundle of positively-
oriented pseudo-orthogonal frames with respect to an orientation of M determined by
the Spin? structure. In fact, we have:

PROPOSITION 7.6. The following statements are equivalent:

(a) (M,g) admits a Spin? structure

(b) There exists a principal SO(3,R)-bundle E over M such that the following con-
ditions are satisfied:

wi(M) =0 and wj (M,g)+wy (M,g) = ws(E)
Proof. The short exact sequence (2.7) induces the exact sequence of pointed sets:
HY (M, Spin?(V, h)) £ H*(M,SO(V, h) x SO(3,R)) -2 H2(M,Z) ,

whose connecting map satisfies ([P x s E]) = 9'([P]) + wa(E) = w5 (P) +w, (P) +

wo(E), where we used the fact that the connecting map 9’ in the sequence:

Hl : (AdF). 9 o 2
(M, Spin(V, h)) ~—=" H (M,SO(V, h)) — H*(M, Zy)

12The inverse implication is obvious. For the direct implication, notice that the natural inclusion
Pin(V,h) ~ Pin(V, h) - Zo C Pin?(V, h) allows one to reduce the structure group of a pin structure

Q to Pin(V, h) when FE is trivial; indeed, the characteristic representation p of Pin?(V, h) induces an
ismorphism Q/Pin(V,h) ~ E and E has a section when it is trivial.
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induced by (1.15) is given by ' ([P]) = w4 (P)+wy (P) (see [20]). Thus (M, g) admits
a Spin?(V, h) structure iff wi (M) = 0 and wy (M, g) + w, (M, g) = wo(E). O

7.6. Spin’ structures in signature p — ¢ =g 3,7. Assume that the signature

(p, q) of (M, g) belongs to the complex case, i.e. it satisfies p—q =g 3,7 (in particular,

. . def. pogtl -1 ifp—qg=s3 )

d =p+qisodd). Recall that a,, = (=1)" 3 = { W1 ifp_g=sT Let p :

Spin®(V, h) — S[O(V, h)x O(2,R)] C O(V, h)x O(2,R) denote the basic representation
of the adapted Spin® group Spin®(V,h) = Spingp (V,h) (see Subsection 2.3).

2q

DEFINITION 7.4. An adapted Spin® structure on (M, g) is a triplet (E,Q,T),
where E is a principal O(2,R)-bundle over M and (Q,T) is a p-reduction of
Pow,n)(M,g) x E to Spin®(V, h).

The following result is proved in [11]:

PROPOSITION 7.7 ([11]). Let d be odd and « def- ap.q- Then the following
statements are equivalent:
(a) (M, g) admits an adapted Spin° structure
(b) There exists a principal O(2,R)-bundle E over M such that the following two
conditions are satisfied:

W1 (M) = W1 (E)
and:

wy (M, g) + w5 (M, g) = wa(E) + wi(E)(pwi (M, g) + qwy (M, g))

(p+1) +Q(Q+1)

p
O —
+ —1+ 5 5

wi(BE)? . (7.2)

8. Elementary real pinor bundles and elementary real Lipschitz struc-
tures. In this section, we consider the classification of bundles of irreducible Clifford
modules over (M, g) and extract the topological obstruction to existence of such bun-
dles in every dimension and signature. Let (M, g) be a connected and second countable
pseudo-Riemannian manifold of signature (p,q) and dimension d = p + ¢, where we
assume that d > 0. Let (V, h) be a model for the fibers of the pseudo-Euclidean vector
bundle (T*M, g*).

DEFINITION 8.1. An elementary real pinor bundle over (M, g) is a real pinor
bundle (S,7y) such that the Clifford representation vy, : CI(T5, M, g%,) — Endg(Sy,) is
a pin representation for every point m € M.

Notice that an elementary real pinor bundle is weakly faithful. If n : CI(V,h) —
Endg(Sp) is a real Clifford representation such that (S,v) has type 7, then (5,~) is
elementary iff 7 is a pin representation.

DEFINITION 8.2. A elementary real Lipschitz structure of (M, g) is a real Lip-
schitz structure relative to a pin representation n : CI(V,g) — Endgr(Sp). A reduced
elementary real Lipschitz structure of (M, g) is a reduced real Lipschitz structure rel-
ative to a pin representation.

DEFINITION 8.3. The characteristic group of (V,h) is the compact Lie group
&(V, h) defined as follows:
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def.

1. & "="1 (the trivial one-element group), in the normal simple or non-simple case
(i.e. ifp—q=50,1,2)
2. (V. h) def. O(2,R), in the complex case (i.e. if p—q=g3,7)

3. &(V,h) def. SO(3,R), in the quaternionic simple or non-simple case (i.e. if p—q =s

4,5,6).

DEFINITION 8.4. A characteristic bundle for (M, g) is a principal bundle E over
M with structure group &(V, h).

In the normal (simple or non-simple) case, E is the trivial 1 : 1 cover bundle. Recall the
canonical spinor group A(V, h) and its vector, characteristic and basic representations
A A(V,h) = O(V,h), p: A(V,h) — &(V,h) and p : A(V,h) — O(V,h) x &V, h)
discussed in Subsection 2.5.

DEFINITION 8.5. A canonical spinor structure on (M, g) is a A\-reduction (Q, 1)
of Po(v,n) to the canonical spinor group A(V, h). A modified canonical spinor structure
on (M, g) is a triplet (E,Q, T), where E is a characteristic bundle for (M, g) and (Q,T)
is a p-reduction of Poy,py X E to AV, h).

Canonical and modified canonical spinor structures on (M, g) form groupoids whose
morphisms are the isomorphisms of A-reductions and p-reductions respectively.

PROPOSITION 8.1. The groupoids of canonical and modified canonical spinor
structures on (M, g) are equivalent.

Proof. Given a canonical spinor structure (Q,71) on (M,g), the characteristic

morphism p : A(V,h) — &(V,h) induces a principal &(V,h)-bundle E <" Q x,

&(V,h) on M and a p-equivariant bundle map 7o : @ — E given by 72(q) def. [q,1].

Since p = A\ X pu, the bundle map 7 def. T X T 1 Q = Powvny(M,g) xu E is p-

equivariant, hence (E, @, 7) is a modified canonical spinor structure on (M, g). Con-
versely, let (E,Q, ) be a modified canonical spinor structure on Py, (M, g) and
set 71 = m o7, where my : Poyp) (M, g) X E — Powv,n)(M, g) is the bundle map
given by fiberwise projection on the first factor. Then (Q,71) is a canonical spinor
structure on (M, g). It is easy to see that the correspondences defined above extend
to mutually quasi-inverse functors between the groupoids of canonical and modified
canonical spinor structures on (M, g). O

THEOREM 8.2. The following groupoids are equivalent for any pseudo-
Riemannian manifold (M, g):
(a) The groupoid of elementary real pinor bundles of (M, g).
(b) The groupoid of elementary real Lipschitz structures.
(¢) The groupoid of elementary reduced real Lipschitz structures.
(d) The groupoid of canonical spinor structures.
(e) The groupoid of modified canonical spinor structures.
Depending on the dimension and signature, this groupoid equals:
1. When p—q =5 0,2 (normal simple case): the groupoid of untwisted Pin structures.
2. When p —q=s 3,7 (complex case): the groupoid of Spin® structures
3. When p — q =s 4,6 (quaternionic simple case): the groupoid of untwisted Pin?
structures.
When p — q =g 1 (normal non-simple case): the groupoid of Spin structures.
When p—q =g 5 (quaternionic non-simple case): the groupoid of Spin? structures.

S
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Proof. The equivalence between the groupoids at (a) and (b) follows from The-
orem 6.2. For any pin representation 7, the vector representation of L(n) factors
through the normalization morphism 7 : L(n) ~ Rsg x £(n) — L(n) of Subsection

5.9. The correspondence which takes a Lipschitz structure (@, 7) into the reduced

Lipschitz structure (Q X, £(n),70) (where 79([q, ao)) def- 7(q)Adg(ap) for all ¢ € Q

and ag € L(n)) induces an equivalence of categories between the groupoid of real Lip-
schitz structures relative to n and the groupoid of reduced real Lipschitz structures
relative to n. This establishes the equivalence between the groupoids at points (b) and
(¢). The equivalence between the groupoids at (c) and (d) follows from Theorem 5.16
and Theorem 5.24. The equivalence between the groupoids at (d) and (e) follows from
Proposition 8.1. The remaining statements follow from the definition of the canonical
spinor group A(V, h) and of its basic representation. O

Theorem 8.2 and the results of Section 7 immediately imply:

def.
THEOREM 8.3. Let 0 = 0,,.

1. In the normal simple case (p —q =5 0,2), the following statements are equivalent:
(a) There exists an elementary real pinor bundle on (M, g)
(b) (M,g) admits an elementary real Lipschitz structure
(c) (M,g) admits an untwisted Pin(V, h) structure
(d) (M,g) admits a twisted Pin(V, —oh) structure
(e) The following condition is satisfied:

wa (M, g) +wy (M, g) +w{ (M, g)* +wy (M, g)w (M,g) =0 .

2. In the complex case, the following statements are equivalent:
(a) There exists an elementary real pinor bundle on (M, g)
(b) (M,g) admits an elementary real Lipschitz structure
(¢) (M,g) admits a Spin® structure
(d) There exists a principal O(2,R)-bundle E over M such that the following two
conditions are satisfied:

W1 (M) = W1 (E)
and:

wy (M, g) + w3 (M, g) = wa(E) + wi(E)(pw{ (M, g) + qw; (M, g))

plp+1)  qlg+1)
2

T3

+ 50(’,1 + W1(E)2 (81)
3. In the quaternionic simple case (p—q =s 4,6), the following statements are equiv-

alent:

(a) There exists an elementary real pinor bundle on (M, g)

(b) (M,g) admits an elementary real Lipschitz structure

(c) (M,g) admits an untwisted Pin? structure

(d) (M,—og) admits a twisted Pin? structure

(e) There exists a principal SO(3,R)-bundle E over M such that the following

condition is satisfied:

wy (M, g) + w5 (M, g) +w{ (M, g)* +wi (M, g)wi (M, g) = wa(E)

4. In the normal non-simple case (p—q =s 1), the following statements are equivalent:
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(a) There exists an elementary real pinor bundle on (M, g)
(b) (M,g) admits an elementary real Lipschitz structure
(¢) (M,g) admits a Spin structure

(d) The following two conditions are satisfied:

wi(M) =0 and wy (M,g)+wy (M,g) =0

5. In the quaternionic non-simple case (p — q =g 5), the following statements are
equivalent:
(a) There exists an elementary real pinor bundle on (M, g)
(b) (M,g) admits an elementary real Lipschitz structure
(c) (M,g) admits a Spin? structure
(d) There exists a principal SO(3,R)-bundle E over M such that the following two
conditions are satisfied:

wi(M) =0 and wj (M,g) +wy (M, g) = w(E)

REMARK 8.1. Since TM = T, M @& T_M, we have wo(M) = wy (M,g) +
w, (M, g) + wi (M, g)wy (M,g). This allows one to express the conditions in the
Theorem in various equivalent forms. For example, the conditions for existence of a
spin structure can also be written as w1 (M) = 0 and wa(M) = w; (M, g)2.

9. Some remarks on the spin geometry of M-theory. In this section, we
apply our results to a theory of physical interest, deriving a no-go result regarding
the interpretation of its spinorial fields. Eleven-dimensional supergravity is a physical
theory formulated on a connected and paracompact smooth 11-manifold M, which
involves a metric g of Lorentzian signature, a four-form field strength F' and a spin 3/2
fermion called the gravitino. In the standard local formulation, the gravitino is a real
local field ¢} carrying a covector index p and a spinorial index «, the latter running
from 1 to 32. The theory admits supersymmetry transformations parameterized by
a real fermionic supersymmetry generator x®. It is natural to ask how the local
formulas appearing in the construction of this theory found in the Physics literature
should be interpreted globally and what are the minimal conditions on (M, g) under
which a consistent global interpretation is possible. When approaching this question,
one has to consider the two possible choices of Lorentzian signature:

1. “Mostly plus” signature, i.e. (p,q) = (10, 1), which belongs to the normal non-
simple case p — ¢ =g 1. In this case, the smallest real representations of Clig; are
the two irreducible representations, which have dimension 32 and are distinguished
by the choice of signature e € {—1,1}.

2. “Mostly minus” signature, i.e. (p,q) = (1,10), which belongs to the complex case
with p — ¢ =g 7. In this case, the smallest real representation of Cl; 19 is the
irreducible real representation, which has dimension 64. However, the smallest
real representations of the even subalgebra CI7"), are the two real chiral (Majorana-
Weyl) representations, both of which have dimension 32 and are distinguished by
the condition that the Clifford volume element maps to €id in the representation
space, where € € {—1,1}.

When M is non-compact, Lorentzian metrics on M always exist. When M is compact,

it is well-known that they exist iff the Euler characteristic of M vanishes. The results

of this paper imply the following.



REAL PINOR BUNDLES AND REAL LIPSCHITZ STRUCTURES 829

PROPOSITION 9.1. Let (M,g) be a Lorentzian manifold of dimension d = 11
and “mostly plus” signature (p,q) = (10,1). Then (M,g) admits an elementary real
pinor bundle if and ounly if it admits a spin structure, i.e. if and only if wi(M) =0
and wy (M, g) = 0, which is equivalent with the conditions wi(M) =0 and wo(M) +
wy (M, g)? =0. In that case, S has rank 32.

Proof. We have p — ¢ =g 1, which corresponds to the normal non-simple case.
Hence a reduced elementary Lipschitz structure on (M, g) is a spin structure and the
topological condition for existence of such is w1 (M) = wy (M, g) + w; (M, g) = 0.
We have wy (M,g) = wa(T-M) = 0 since ¢ = 1 and T_M is a real line bun-
dle, hence the second condition reduces to wj (M, g) = 0. We also have wq(M) =
WQ(T+M) —|—W2(T_M) +Wwp (T+M)W1 (T_M) = W2(T+M) +w1 (T_M)Q, where we used
the condition wy (T4 M) + wi(T-M) = wi(TM) = 0. Hence the second topological
condition is equivalent modulo the first with the condition wo(M) + wy (M, g)? = 0.

O

REMARK 9.1. Suppose that (M, g) is time-orientable, i.e. it admits a globally-
defined timelike vector field X. Then we can take T_M to be the real line bundle
generated by X. Hence T_M is topologically trivial and we have wi (M, g) = 0. In
this case, the structure group of Po(v,4) (M, g) reduces to O(10, R) and the topological
conditions for existence of a spin structure reduce to wi(M) = 0 and wo(M) = 0.
Notice that M admits a time-orientable Lorentzian metric iff it admits an arbitrary
Lorentzian metric.

The result above implies:

Assume that eleven-dimensional supergravity is formulated on a smooth Lorentzian
eleven-manifold (M, g) of mostly plus signature. Then the supersymmetry generator
X of the theory can be interpreted as a smooth global section of a bundle S of irreducible
real Clifford modules if and only if M is oriented and spin. In that case, the gravitino ¥
can be interpreted as a global section of the bundle T* M ®S. Up to isomorphism, there
are in fact two real pinor bundles S which can be considered in that case (assuming
that the spin structure is fized), which are distinguished by the signature €.

Since physics should be invariant under changing g into —g, one expects a similarly
simple interpretation in mostly minus signature when (M, g) admits a spin structure.
In order to provide an argument in favor of the equivalence between the spinor bundles
in both signatures, when M admits a spin structure, we need to further elaborate on
the theory of Spin’ structures and hence we defer this analysis to Reference [11].

The global interpretation of the local formulas of supergravity is affected by cover
ambiguities. This implies that one is not forced apriori to interpret x as a global
section of a bundle S of irreducible Clifford modules. In fact, eleven-dimensional
supergravity can be defined on unoriented eleven-manifolds, as explained in references
[26] and [27]. In the approach of op. cit., one assumes a Pin structure on (M, g) and
constructs the theory using the modified Dirac operator [9], even though a bundle of
irreducible real Clifford modules does not exist on (M, g). In view of this, the results
above tell us precisely when it is possible to globally construct the theory using a
vector bundle S endowed with internal Clifford multiplication. We show that this is
possible exactly when (M, g) admits a spin structure.

We mention that the situation is considerably more involved when considering
supergravity theories in lower dimensions (coupled to matter). As we show in forth-
coming work, the results of this paper can be used to construct certain such theories
without assuming that the corresponding space-time admits a Spin or Pin structure.
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10. Relation to other work. Lipschitz groups for complezx Clifford represen-
tations were considered in [10, 24, 25]. As apparent from the present work, the
corresponding theory for real Clifford representations is considerably more involved.
Spin?(V, h) structures in positive signature p = d,q = 0 were introduced in [5].
However, reference [5] considers so-called “quaternionic spinor bundles”, i.e. vector
bundles associated to a Spin?(V,h) structure through a gquaternionic representation
~yu : CL(V,h) — Endg(S) which is irreducible over H. Here, S is a right H-module
and the representation is through H-module endomorphisms. Any such representa-
tion is also a real representation upon viewing S as an R-vector space by restriction of
scalars, but that real representation need not be irreducible as a representation over
R (since S may admit invariant R-subspaces which are not H-submodules). In fact,
a brief look at Table 1 on page 98 of [5] shows that the H-irreducible quaternionic
Clifford representations listed there are reducible over R except for d =g 4, which in
our terminology corresponds to a sub-case of the quaternionic simple case. We stress
that “quaternionic spinor bundles” based on H-irreducible quaternionic Clifford rep-
resentations (as in [5]) are not directly relevant for most physical theories, where one
is interested instead in elementary pinor bundles in the sense of this paper (namely,
vector bundles whose fibers are R-irreducible real Clifford representations). Similar
remarks apply to the work of [17, 18], which extend the constructions of [5] by replac-
ing Sp(1) = Spin(3) with a higher spin group. We study Spin° structures in detail in
reference [11].
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supported by the ERC Starting Grant 259133 Observable String.

Appendix A. Hyperbolic numbers. Let D be the commutative algebra of
hyperbolic (a.k.a. split complex/double) numbers. Any element z € DD can be written
uniquely in the form z = 2+ jy, where 2,y € R and j2 = +1. Themap ¢ : D — RxR
given by:

o(x+jy) = (z+y,z—y)

is a unital isomorphism of R-algebras which satisfies p(—1) = (=1, —1), p(j) = (1,-1)
and ¢(—j) = (=1,1). In particular, ¢ induces an isomorphism of groups D* =~
R* x R* and the component maps ¢4 : D — R given by ¢4 (z + jy) = x + y are
unital morphisms of R-algebras which satisfy ¢4 (j) = £1 and ¢4 (D*) = R*. The
group D* has four connected components:

peree {z e D*|sign(p4(2)) = €1 , sign(p_(2)) = e} ,

where €1,e5 € {—1,1}. This gives a Dy-grading of D* which corresponds to the
grading morphism z — (sign(p(2)),sign(¢—(z))) € Gy x Go ~ Dy. We have

(_1)D617€2 =D €€ , jD61762 = D12 , (_j)]D)fhf? = D c1e2

and hence D* ~ D™ x D4. Moreover, we have D™ ~ R.g x Ryg and 1 € DT,
—leD .

Recall that hyperbolic conjugation is the unital R-algebra automorphism of D
defined through:

(z+jy)" =x—jy Yo,y eR
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and that the hyperbolic modulus is the surjective map M : D — R given by:
M(z)=2"2 =22 —9> = (2)p_(2) Ve=2+jyeD (z,y€R) .

We have M(z122) = M(z1)M(z2), M(1) = 1, M(j) = —1 and M(jz) = —M(z) A
hyperbolic number z = z + jy € D is invertible iff M(z) # 0. The zero divisors of D
are characterized by M(z) = 0 and correspond to the union of the lines y = +x. The
hyperbolic modulus induces a group morphism M : D* — R*.

The group of unit hyperbolic numbers is the subgroup of D* given by:

U(D) € {2 € D¥[|M(2)| = 1} = {z € Dlp (2)p_(2) € {-1,1}} =

= {‘T+]y € D‘IE2 7y2 € {7171}} )

and fits into the exact sequence:
M
1 —UD) =D MR, —1 .

This group has four connected components given by U (D) =" U(D) N D and
we have U(D) ~ UT+(D) x Dy. The map:

R > 60 — coshf + jsinh6 € UTH(D)
gives a group isomorphism UT* (D) ~ (R, +) ~ R~o. Moreover, the map:

D* 5 2 — ([M(z)], m) € Ry x U(D)

is an isomorphism of groups and U(D) is homotopy-equivalent with D*.

Appendix B. On internal and external Clifford multiplication. In this
appendix, we give a general construction of Clifford multiplication for weakly faithful
real Clifford representations and certain types of associated vector bundles, explaining
the difference between the “internal” and “external” versions of the former.

Let v : CI(V,h) — End(Sp) be a weakly faithful real Clifford representation,
H be a Lie group and 6,0’ : H — Autg(Sy) be linear representations of H in Sy.
Let A : H — O(V,h) be a representation of H through isometries of (V,h) and
p: H— GL(V ® Sp) ~ Autg(V) ® Autg(Sp) denote the inner tensor product of A
and 6:

pla) def- AMa)®60(a) Yae H .

Consider the linear map p: V ® Sy — Sy given by pu(v, &) def. v(v)E.

PrOPOSITION B.1. The map p is a based morphism of representations from p to
0" iff the following relation holds for all a € H and all v € V:

(\a)v) = 0'(a) 0 1(v) 0 6(a) " . (B.1)

In particular, 6 and 0’ determine \ (since 7 is weakly faithful).
Proof. We have:

(Lo p)a)(v@g) = (popla))(vel) =(y
(6" 0 Ry)(a)(v® &) = (0'(a) o ) (v ® &) = (

(Aa)(v)) o 8(a))¢
0'(a) oy (v))€ .
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Recall that p is a based morphism of representations iff o p(a) = 6'(a) o p for all
a € H,ie iff L,op =6 oR,. Using the relations above, this amounts to the
condition:

vy(Aa)v)of(a) =0 (a)oy(v) YoeV | (B.2)

which amounts to (B.1). O

Relation (B.1) says that the pair of representations (6, 6’) of H in Sy “implements”
the pseudo-orthogonal representation A of H in V. In particular, this relation requires
0'(a) oy(V)of(a)~t C y(V) for all a € H, which is a non-trivial condition on # and
0.

Let Po(v,n) be a principal O(V,h)-bundle over a manifold M and Py be a \-
reduction of P. Let T' be the vector bundle associated to Po(v,,) through the tauto-
logical representation of O(V, g) on V and S = Py x4 So, S’ = Py x ¢Sy be the vector
bundles associated to Py through the representations 6 and 6’ on Sy. Notice that
T = Py x,\V,ie. T is associated to Py through the representation \. It follows that
T®S is associated to Py through the representation p = A®#6. Hence when condition
(B.2) holds, the morphism of representations ;1 induces a morphism of vector bundles
e : T ®S — S which is called (generalized) Clifford multiplication. The Clifford
multiplication is called internal if § and €’ are equivalent representations of H. In
this case, the vector bundles S and S’ are isomorphic and we can identify them, thus
obtaining a map T ® S — S which induces a fiberwise C1(T)-module structure on S.
The Clifford multiplication is called external if 6 and 6" are inequivalent representa-
tions of H. When Po(v,p,) is the orthogonal coframe bundle of a pseudo-Riemannian
manifold (M, g), we can take T'= T'M and have u, : TM ® S — S’, which in the
internal case makes S into a bundle of Clifford modules over (M, g). Consider the
following applications of this construction, in those dimensions and signature where
(B.1) can be satisfied with the choices listed below:

1. v is irreducible over R, H = Spin(V,h), 0 = 0’ = 7|spin(v,n) and X = Ady, the
vector representation of Spin(V, k). In this case, S is a spinor bundle associated to
the spin structure Py and p, : TM ® S — S is the ordinary Clifford multiplication
of S.

2. v is irreducible over R, H = Pin(V, h), 0 = 0" = v|pin(v,n) and A = Ady, the un-
twisted vector representation of Pin(V, k). Then Py is an untwisted pin structure.
We have p, : TM ® S — S, i.e. Clifford multiplication with a vector maps S into
itself.

3. v is irreducible over R, H = Pin(V,h), 0 = v|pinv,n), ¢ = 6 o T|pin(v,n) and
A = Ady, where 7 is the parity involution of Cl(V,h) (recall that 7(Pin(V,h)) =
Pin(V,h)). In this case, Py is a twisted pin structure and the bundles S and S’
are generally non-isomorphic. In this case, we obtain a generally external Clifford
multiplication p, : T*M @ S — S’.

4. H = L (the reduced Lipschitz group) and 6 = 6’ coincide with the tautological
representation of £ on S. Then (B.1) can always be satisfied with A = Ady, the
vector representation of £. In this case, Py is a Lipschitz structure while S is
the pinor bundle associated to Py. We have u, : TM ® S — S, i.e. the Clifford
multiplication is internal.

In the case of twisted pin structures, the usual definition of the Dirac operator gives an

operator which maps S into S’, an inconvenient feature which (in the case of complex

pinor bundles) was noticed and discussed in [7, 8, 9]. Notice that Lipschitz structures
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always lead to well-defined internal Clifford multiplication on S. In fact, Lipschitz
structures are designed to make this happen.

Appendix C. Twisted automorphisms of S-modules and S-valued pair-
ings.

C.1. Twisted morphisms of modules. Let S,S be unital associative R-
algebras.

DEeFINITION C.1. A twisted morphism from a left S-module A to a left S'-module
A’ is a pair (vo, ), where ¢y € Homai(S,S') is a unital morphism of R-algebras and
© € Hompg (A, A") is an R-linear map, such that the following condition is satisfied:

w(sa) = po(s)p(a) Vse€S and a€ A .

Left modules over unital associative R-algebras and twisted morphisms form a cat-
egory denoted TwMod. This fibers over the category Alg of unital associative R-
algebras through the forgetful functor which takes a left S-module A to S and a
twisted morphism (g, ¢) to ¢g. The fiber over S is the usual category Modg of left S-
modules and ordinary S-module morphisms (those twisted module morphisms (g, ¢)
for which ¢ = idg).

C.2. Twisted automorphisms. Let Aut{"(A) denote the group of twisted au-
tomorphisms of the left S-module A and Autg(A) denote the group of usual S-module
automorphisms. We have the following obvious result:

ProproOSITION C.1. There exists an exact sequence of groups:
1 — Autg(A) — Autd (A) - Auta(S) | (C.1)
where F(po, ) = po.

C.3. S-valued symmetric pairings.

DEFINITION C.2. An S-valued symmetric pairing on the left S-module A is an
R-bilinear symmetric map p : Ax A — S. The image algebra I(p) determined by p is
the subalgebra of S generated by the set p(A x A) over R.

Notice that p is uniquely determined by its diagonal quadratic formpg : A — R, which
is defined through py(a) def- p(a,a). Indeed, we have the polarization identity:

1
plai,az) = §(pd(a1 +az) —pa(a1) —pa(az)) Yai,az € A .

We have pg(Aa) = A\%py(a) for all A € R and a € A as well as the parallelogram
identity:

pa(ar + az) + pa(ar — az) = 2[pa(ar) + pa(az)] (ai,az € A) .

DEerFINITION C.3. Let p be an S-valued symmetric pairing on the left S-module
A. A twisted automorphism (po, ) € Aut&™ (A) is called p-orthogonal if the following
condition is satisfied:

p(plar), p(az)) = wo(p(ai,az)) Yai,az € A . (C.2)
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Notice that the restriction ¢o|;(p) is uniquely determined by ¢. Using the polarization
identity, condition (C.2) is equivalent with:

pa(p(a)) = po(pa(a)) Vae A . (C.3)

Let Autf"(A,p) denote the group of p-orthogonal twisted automorphisms of A and
Autg(A,p) denote the subgroup of p-orthogonal module automorphisms (those p-
orthogonal twisted automorphism with g = ids).

DEFINITION C.4. The twist group of p is the following subgroup of Autais(S):

G, < F(AuE (A, p)) C Autas(S)

The sequence (C.1) induces a short exact sequence:

1 — Autg(A,p) <= Autd(A,p) -5 Gy — 1 . (C.4)

Any R-algebra automorphism of S restricts to a group automorphism of S*. This
gives a morphism of groups Res : Autaig(S) — Autgp(S*) = Autgp((S*)°P). Let

Fy Y Reso F - Autf(A) — Autg,(S*) denote the morphism of groups induced by
the map F of (C.1).

C.4. The case of rank one free S-modules.

ProprosITION C.2. Let A be a free left S-module of rank one and u be a basis
of A over S. Then Autg(A) =~ (S*)°P, the sequence (C.1) gives a split short exact
sequence:

1 — (S)°P = Autf(A) -5 Auta(S) — 1 (C.5)

and there exists an isomorphism of groups:
AutgV (A) =~ (S™)°P X pes Autag(S) . (C.6)
Proof. Since A is a free rank one left S-module with basis u, we have A = Su
and any © € A can be written as z = su for some uniquely-determined s. Thus
any R-linear map ¢ € Endg(A) defines an element o,(p) € S through the relation

o(u) = o, (p)u. Conversely, any s € S defines an R-linear operator x — sz acting in
A, which takes u into su. This gives a surjective R-linear map:

oy : Endg(4) — S (C.7)
which satisfies o, (ida) = 1. For (9o, ), (¢h, ¢') € Aut&"(A), we have:

au(p 0 ¢") = vo(ou(¥))au(p) = aulp) P volou(¥’)) , (C.8)

where -°P denotes multiplication in S°P. It is easy to see that (C.8) implies the
inclusion o, (Aut’(A)) C S* as well as the relation:

ou(p) " =polou(p™)) for (po,¢) € Autg™(A) .

When ¢ € Autg(A) is an untwisted automorphism of A (thus ¢o = ids), we have
o(su) = sp(u) = so,(p)u for all s € S, which shows that ¢ is uniquely-determined
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by o.(p) € S*. This implies that the map o, of (C.7) restricts to a bijection between
Autg(A) and S* while (C.8) with ¢y = ids shows that this bijection is an isomorphism
of groups between Autg(A) and (S°P)* = (S*)°P.

Relation (C.8) also implies that the map T}, : Autd" (A) — (S*)°P X ges Autalg(S)
given by:

Tu(90,9) = (au(9), 90)

is a morphism of groups. This map is bijective since, for any pair (o,¢g) € S* X
Autalg(S), there exists a unique ¢ € Autg(A) such that (pg,) € Auti(A4) and
ou(p) = o, namely:

p(su) = po(s)ou (s €S8) ;

we have T, (o,00) = (p0,¢). Taking ¢ = 1 shown that the map F of (C.1) is
surjective. In view of (C.1), its kernel coincides with Auts(A), which (as show above)
is isomorphic with (S*)°P.

In fact, the morphism G, : Autae(S) — Autf"(A) given by G.(¢o) def.
T (1, ¢0) is a section of F:

F o Gu = idAutAlg(S)
and hence splits the sequence (C.5). The semidirect product presentation (C.6) is the
one induced by the splitting morphism G,. O

For the following, we fix a basis u € A. Identifying A with S through the isomorphism
S > s — su € A, an S-valued R-bilinear symmetric form p on A corresponds to an
S-valued R-bilinear symmetric form:

Pu:SxS—S (C.9)

on S, namely:

pu(si,s2) def. p(s1u, sou)

Using relation (C.6), a twisted p-orthogonal automorphism (pg, ) € Autg" (A, p)
corresponds to a pair (o, ©o) At (oul(p), o) € S* x Autaig(S) which satisfies:

pu(goo(sl)au, @0(52)0'71) = @o(Pu(Sh 52)) Vs1,80 €S . (ClO)

Accordingly, the group Autf" (A, p) identifies with the subgroup of (S*)°P x Autae(S)
consisting of all such pairs. Obviously, this is a subgroup of (S*)°? x G,.
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