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We study “constrained generalized Killing (s)pinors,” which characterize supersymmetric flux compactifications of supergravity
theories. Using geometric algebra techniques, we give conceptually clear and computationally effective methods for translating
supersymmetry conditions into differential and algebraic constraints on collections of differential forms. In particular, we give a
synthetic description of Fierz identities, which are an important ingredient of such problems. As an application, we show how our
approach can be used to efficiently treat /" = 1 compactification of M-theory on eight manifolds and prove that we recover results

previously obtained in the literature.

1. Introduction

A fundamental problem in the study of flux compactifications
of M-theory and string theory is to give efficient geometric
descriptions of supersymmetric backgrounds in the pres-
ence of fluxes. This leads, in particular cases, to beautiful
connections [1, 2] with the theory of G-structures, while in
more general situations it translates to difficult mathematical
problems involving novel geometric realizations of super-
symmetry algebras (see [3-6] for some examples).

When approaching this subject, one may be struck by the
somewhat ad hoc nature of the methods usually employed,
which signals a lack of unity in the current understanding
of the subject. This is largely due to the intrinsic difficulty
in finding unifying principles while keeping computational
complexity under control. In particular, one confronts the
lack of general and structurally clear descriptions of Fierz
identities, the fact that phenomena and methods which are
sometimes assumed to be “generic” turn out, upon closer
inspection, to be relevant only under simplifying assump-
tions, and the insufficient mathematical development of the
subject of “spin geometry [7] in the presence of fluxes.”

The purpose of this paper is to draw attention to the fact
that many of the issues mentioned above can be resolved
using ideas inspired by a certain incarnation of the theory of
Clifford bundles known as “geometric algebra,” which goes
back to [8, 9] (see also [10-14] for an introduction)—an
approach which provides a powerful language and efficient
techniques, thus affording a more unified and systematic
description of flux compactifications and of supergravity and
string compactifications in general. In particular, we show
that the geometric analysis of supersymmetry conditions for
flux backgrounds (including the algebra of those Fierz iden-
tities relevant for the analysis) can be formulated efficiently
in this language, thereby uncovering structure whose impli-
cations have remained largely unexplored. We mention here
that our methods have a (nontrivial) connection with the G-
structure and exceptional generalized geometry approaches,
which were previously shown to be useful when studying flux
compactifications. This connection will be discussed at length
in a different publication.

Though the scope and applications of our approach are
much wider, we will focus here on the study of what we call
“constrained generalized Killing (CGK) (s)pinor equations,”



which distill the mathematical description of supersymmetry
conditions for flux backgrounds. A constrained generalized
Killing (s)pinor is simply a (s)pinor satisfying conditions
of the type D,§ = Q¢ = --- = QXE = 0, where
D,, = V5 +A,, is some connection on a bundle § of (s)pinors
(which generally differs from the connection VS induced
on S by the Levi-Civita connection V,, of the underlying
pseudo-Riemannian manifold) while Q; are some globally
defined endomorphisms of S. Such equations are abundant
in flux compactifications of supergravity (see, e.g., [15, 16]),
where £ is the internal part of a supersymmetry generator
while the equations themselves are the conditions that the
compactification preserves the supersymmetry generated by
§. The quantities A,, and Q; are then certain algebraic
combinations of gamma matrices with coefficients dependent
on the metric and fluxes. An example with a single algebraic
constraint Q¢ = 0 (arising in a compactification of eleven-
dimensional supergravity) is discussed in Section 6, which
the reader can consult first as an illustration motivating the
formal developments taken up in the rest of the paper.

Using geometric algebra techniques, we show how such
supersymmetry conditions can be translated efficiently and
briefly into a system of differential and algebraic con-
straints for a collection of inhomogeneous differential forms
expressed as (s)pinor bilinears, thus displaying the underly-
ing structure in a form which is conceptually clear as well as
highly amenable to computation. The conditions which we
obtain on differential forms provide a generalization of the
well-known theory of Killing forms, which could be studied
in more depth through methods of Kéhler-Cartan theory
[17]—even though we will not pursue that avenue in the
present work. We also touch on our implementation of this
approach using various symbolic computation systems.

As an example, Section 6 applies such techniques to the
study of flux compactifications of M-theory on eight mani-
folds preserving /' = 1 supersymmetry in 3 dimensions—
a class of solutions which was analyzed through direct
methods in [3, 4]. In that setting, we have a single alge-
braic condition Q¢ = 0, with Q = (1/2)y"0,A -
(1/288)F, 0,y = (1/6)f,"y? - xy® and A,, =

(1/4)fpympy(9) +(1/24)F,, 50 P +xy,,7®). We show how our
methods can be used to recover the results of [3] in a synthetic
and computationally efficient manner, while giving a more
complete and general analysis. We express all equations in
terms of certain combinations of iterated contractions and
wedge products which are known as “generalized prod-
ucts” and whose conceptual role and origin is explained in
Section 3. The reader can, at this point, pause to take a look
at Section 6.2, which should provide an illustration of the
techniques developed in this paper.

The paper is organized as follows. In Section 2, we define
and discuss constrained generalized Killing (s)pinors. In
Section 3, we recall the geometric algebra description of
Clifford bundles as Kahler-Atiyah bundles while in Section 4
we explain how pinor bundles are described in this approach.
Using our realization of spin geometry, Section 5 presents
a synthetic formulation of Fierz rearrangement identities
for pinor bilinears, which encodes identities involving four
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pinors through certain quadratic relations holding in (a
certain subalgebra of) the Kéhler-Atiyah algebra of the
underlying manifold. We also reformulate the constrained
generalized Killing pinor equations in this language and dis-
cuss some aspects of the differential and algebraic structure
resulted from this analysis, thereby extending the well-known
theory of Killing forms. In Section 6, we apply this formalism
to the study of #/ = 1 compactification of M-theory on
eight manifolds. We conclude in Section 7 with a few remarks
on further directions. Appendix summarize various technical
details and make contact with previous work. The physics-
oriented reader can start with Section 6, before delving into
the technical and theoretical details of the other sections.

Notations. We let K denote one of the fields R or C of real
or complex numbers. We work in the smooth differential
category, so all manifolds, vector bundles, maps, morphisms
of bundles, differential forms, and so forth are taken to be
smooth. We further assume that our connected and smooth
manifolds M are paracompact and of finite Lebesgue dimen-
sion, so that we have partitions of unity of finite covering
dimension subordinate to any open cover. If V is a [K-vector
bundle over M, we let ['(M, V) denote the space of smooth
(B) sections of V. We also let End(V) = Hom(V,V) =
V ® V* denote the K-vector bundle of endomorphisms of
V, where V* = Hom(V, ) is the dual vector bundle to V
while Oy denotes the trivial K-line bundle on M. The unital
ring of smooth K-valued functions defined on M is denoted
by €°(M,R) = T'(M, Ok). The tensor product of K-vector
spaces and [K-vector bundles is denoted by ®, while the tensor
product of modules over €°°(M, K) is denoted by ®geo(ps )3
hence ['(M,V; ® V) = [(M, V}) ®zeo(p1r) [(M, V). Setting

TkM Mo Oy and TyM “rMe Oy the space of K-

valued smooth inhomogeneous globally defined differential

forms on M is denoted by Qy (M) &« [(M, AT M) and is a

Z-graded module over the commutative ring € (M, R). The
fixed rank components of this graded module are denoted
by Qfk(M) = T(M,A*T;M) (k = 0---d, where d is the
dimension of M).

The kernel and image of any K-linear map T : T'(M,
Vi) — I'(M,V,) will be denoted by F#(T) and .7(T'); these
are [K-linear subspaces of (M, V; ) and I'(M, V), respectively.
In the particular case when T is a €°° (M, R)-linear map (i.e.,
when it is a morphism of €°°(M, R)-modules), the subspaces
F(T) and F(T) are €° (M, R)-submodules of (M, V;) and
I'(M,V,), respectively—even in those cases when T is not
induced by any bundle morphism from V; to V,. We always
denote a morphism f: V; — V, of K-vector bundles and the
€°°(M, R)-linear map ['(M,V;) — T(M,V,) induced by it
between the modules of sections by the same symbol. Because
of this convention, we clarify that the notations #(f) c
(M, V) and F(f) c T(M,V,) denote the kernel and the

image of the corresponding map on sections I'(M, V;) EN

[(M,V,), which in this case are (M, R)-submodules
of I'(M,V;) and I'(M,V,), respectively. In general, there
does not exist either any subbundle ker f of V; such that
F(f) = I(M,kerf) or any subbundle im f of V, such that
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J(f) = I'(M,imf)—though there exist sheaves ker f and
im f with the corresponding properties.

Given a pseudo-Riemannian metric g on M of signature
(p>q), we let (e,),-1..q (Where d = dim M) denote a local
frame of TM, defined on some open subset U of M. We let
e” be the dual local coframe (= local frame of T*M), which
satisfies e?(e,) = J, and g(e“,eb) = gab, where (g“b) is the
inverse of the matrix (g,,). The contragradient frame (e}
and contragradient coframe (e, ), are given by

(&) = g

. 0
(ea) t = Gap© >

where the § subscript and superscript denote the (mutually

inverse) musical isomorphisms between Ty M and TgM

given, respectively, by lowering and raising indices with the

. wq, def def
metric g. Wesete™ ™ = e A---Ae® ande, ., = e, A-+-A
1 & 1

e, forany k = 0---d. A general K-valued inhomogeneous
form w € Q (M) expands as follows:

d
_ W_ V1 o0 e
W= Zw =y k'wal,,_ake , (2)
k=0 k=0"""

where the symbol =; means that the equality holds only after
restriction of w to U and where we used the expansion:

—w (4

W_ 1w a-a
U k1 aa ' (3)

The locally defined smooth functions wgf) a € €U, K)
(the “strict coefficient functions” of w) are completely anti-
symmetric in a,; ---a,. Given a pinor bundle on M with
underlying fiberwise representation y of the Clifford bundle

of Ty M, the corresponding gamma “matrices” in the coframe

e” are denoted by y* &« y(e”), while the gamma matrices

. . def
in the contragradient coframe (e,); are denoted by y, =

Y(eg)y) = 9y’ We will occasionally assume that the frame
(e,) is pseudo-orthonormal in the sense that e, satisty

g(esey) (= Gap) = N> (4)

where (7,,;,) is a diagonal matrix with p diagonal entries equal
to +1 and g diagonal entries equal to —1.

2. Constrained Generalized Killing (S)Pinors

The Basic Setup. Let (M,g) be a connected pseudo-
Riemannian manifold (assumed to be smooth and paracom-
pact) of dimension d = p + ¢, where p and q are, respectively,
the numbers of positive and negative eigenvalues of g. We
endow the cotangent bundle T M with the metric g induced

by g. Setting K = R or C, we similarly endow the bundle

wq o def . Lo~ .
TeM = T* M ® Oy with the metric g induced by extension

of scalars. Of course, we have TxM = T*M and g =
g. Let Cl(TxM) = CHT*M) ® Oy be the Clifford bundle
defined by Ty M—when the latter is endowed with the metric

given above. The fiber of CI(T M) at a point x € M is the
Clifford algebra CI(Ty, M) = CI(T; M) ® KK of the quadratic

vector space (Ty ., gy ,.)> where Ty < T;M®&g Kand gy,
denotes the K-valued bilinear pairing induced by g, . The
even Clifford bundle CI*"(Ty M) over K is the subbundle of
algebras of CI(Ty M) whose fibers are the even subalgebras
CI*(Tg ,M) ¢ Cl(Ty  M). Our point of view on (s)pinor
bundles is that taken in [18]. Namely, we define a bundle of
IK-pinors over M to be a K-vector bundle S over M which
is a bundle of modules over the Clifford bundle CI(TigM).
Similarly, a bundle of K-spinors is a bundle of modules over
the even Clifford bundle CI*(TM). Of course, a bundle
of K-pinors is automatically a bundle of K-spinors. Hence
any pinor is naturally a spinor but the converse need not
hold. In this paper, we focus on the case of pinors. A pinor
bundle S will be called a pin bundle if the underlying fiberwise
representation of CI(Tg M) is irreducible, that is, if each of
the fibers of S is a simple module over the corresponding
fiber of the Clifford bundle. Similarly, a spin bundle is a spinor
bundle for which the underlying fiberwise representation of
CI¥(Tx M) is irreducible. Later on, we will sometimes denote
gk by g, and so forth, in order to simplify notation.

Remark 1. Physics terminology is often imprecise with the
distinction between spinors and pinors which we are making
here and throughout this paper. Physically, one typically
assumes that (M, g) is both oriented and time-oriented
and one is concerned with objects transforming in rep-
resentations of the orthochronous part Spin'(p,q) of the
spin group Spin(p, q) and thus in vector bundles associated
with a principal bundle with fiber Spin'(p,q) which is a
double cover of the principal SO'(p,q)-bundle consisting
of those pseudo-orthonormal frames of (M, g) which are
both oriented and time-oriented. Due to the issue of time-
orientability, what matters in many physics applications is not
a spin structure in the standard mathematical sense (see [19]
for a recent discussion with applications to string theory) but
rather a “time-oriented” spin structure.

Constrained Generalized Killing (S)Pinors. Let us fix a IK-pinor
or K-spinor bundle S over M, a linear connection D on S, and
a finite collection of bundle endomorphisms Q;,...,Q, €
['(M, End(S)).

Definition 2. A constrained generalized Killing (CGK) (s)pinor
over M is a section & € T'(M, S) which satisfies the constrained
generalized Killing (s)pinor equations D§ = Q& = --- =
Q,& = 0. We say that D& = 0 is the D-flatness or generalized
Killing (GK) (s)pinor equation satisfied by & while Q,& =
cee = QX€ = 0 are the algebraic constraints (or Q-constraints)
satisfied by &.

When the algebraic constraints are trivial (y = 0
or, equivalently, when all Q i vanish), one deals with the
generalized Killing (GK) spinor equation D& = 0. Since D can
be written as the sum V® + A of the spinorial connection V*
induced on S by the Levi-Civita connection of (M, g) and an
End(S)-valued one-form A on M, the GK (s)pinor equations



can be viewed as a deformation of the parallel (s)pinor
equation VS¢ = 0, the deformation being parameterized by
A. Our terminology is inspired by the fact that the choice
A,, = =\, (with A a real parameter and y"* € T'(M, End(S))
the gamma “matrices” in some local coframe of (M, g)) leads
to the ordinary Killing (s)pinor equations V,,,§ = Ay, &.

Remark 3. In flux compactifications of supergravity, back-
grounds admitting constrained generalized Killing spinors
can be used to construct supersymmetric compactifications,
provided that the equations of motion for all fields present in
the background are also satisfied.

Connection to Supergravity and String Theories. Constrained
generalized Killing (s)pinors arise naturally in supergravity
and string theory. In particular, they arise in supersymmet-
ric flux compactifications of string theory, M-theory, and
various supergravity theories. In such setups, & is a (s)pinor
of spin 1/2 defined on the background pseudo-Riemannian
manifold and corresponds to the generator of supersymme-
try transformations of the underlying supergravity action
(or string theory effective action) while the constrained
generalized Killing (s)pinor equations are the conditions
that the supersymmetry generated by & is preserved by the
background. The connection D on S and the endomorphisms
Q; are fixed by the precise data of the background, that is, by
the metric and fluxes defining that background. For example,
the supersymmetry equations of eleven-dimensional super-
gravity involve the supercovariant connection D, which acts
on sections of the bundle S of Majorana spinors (a.k.a. real
pinors) defined in eleven dimensions; this corresponds to
the differential constraint D = 0, without any algebraic
constraint. When considering a compactification of eleven-
dimensional supergravity down to a lower-dimensional space
admitting Killing (s)pinors, the internal part (which now
plays the role of &) of the generator of the supersymmetry
variation is a section of some bundle of (s)pinors (which now
plays the role of S) defined over the internal space, while
the condition of preserving the supersymmetry generated
by the tensor product of this internal generator and some
Killing (s)pinor of the noncompact part of the background
induces a differential (generalized Killing) constraint as well
as an algebraic constraint for the internal part of the super-
symmetry generator. A specific example arising from eleven-
dimensional supergravity is discussed in Section 6 below.
Similarly, the supersymmetry equations for IIA supergravity
in ten dimensions (with Minkowski signature) can be written
in terms of a supercovariant connection D defined on the real
vector bundle S of Majorana spinors (a.k.a. real pinors) in
ten dimensions and an endomorphism Q of S; we have § =
S* @ S” where S* are the bundles of Majorana-Weyl spinors
of positive and negative chirality. The condition D& = 0 for
the supersymmetry generator (a section & of S, with positive
and negative chirality components &, —which are sections
of S*—such that £ = &, + &) is the requirement that the
supersymmetry variation of the gravitino vanishes, while the
condition Q¢ = 0 encodes vanishing of the supersymmetry
variation of the dilatino. When considering compactifications
on some internal space down to some space admitting Killing
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(s)pinors, & is replaced by its internal part (a section of
some (s)pinor bundle—which now plays the role of S—
defined on the compactification space) while D induces a
connection defined on this internal (s)pinor bundle as well
as a further algebraic constraint—thereby leading once again
to a system of equations of constrained generalized Killing
type, which is now defined on the internal space. Finally, the
supersymmetry equations for type IIB supergravity in ten
dimensions (with Minkowski signature) can be formulated'
(see, e.g., [16]) in terms of sections of the real vector bundle
S = S" @ S of Majorana-Weyl spinor doublets, with a
supercovariant connection D defined on this bundle as well
as two endomorphisms Q,, Q, of S. The condition D = 0
for sections & of S is the requirement that the supersymmetry
variation of the gravitino vanishes in the background, while
the conditions Q,& = Q,& = 0 are, respectively, the require-
ments that the supersymmetry variations of the axionino and
dilatino vanish. When considering a compactification down
from ten dimensions, the constraints Q& = Q,& = 0 descend
to similar constraints for the internal part of &, while the
constraint D& = 0 induces both a differential and an algebraic
constraint for the internal part; hence the compactification
procedure produces a differential constraint while increasing
the number of algebraic constraints, the resulting equations
being again of constrained generalized Killing type, but
formulated for sections of some bundle of (s)pinors defined
over the internal space of the compactification.

Some Mathematical Observations. Let us for simplicity con-
sider the case of a single algebraic constraint (Q€ = 0). Let
F(Q) denote the € (M, R)-submodule of smooth solutions
to the equation Q¢ = 0 and let (D) denote the K-vector
subspace of smooth solutions to the equation D& = 0. Then
the K-vector subspace % (D, Q) of smooth solutions to the
CGK spinor equations equals the intersection % (D) N # (Q).
In general, the dimension of the subspace ker(Q,) ¢ S, of the
fiber of S ata point x may jump as x varies inside M, so Q does
not admit a subbundle of S as its kernel (in fact, this is one
reason why smooth vector bundles do not form an Abelian
category)—even though it does admit a kernel in the category
of sheaves over the ringed space associated with M. On
the other hand, a simple argument® using parallel transport
shows that any linearly independent (over K) collection of
smooth solutions &, ..., & of the generalized Killing (s)pinor
equation must be linearly independent everywhere; that is,
the vectors &,(x),..., & (x) must be linearly independent in
the fiber S, for any point x of M. In particular, there exists a
[K-vector subbundle Sp, of S such that rky S, = dimy # (D)
and such that T(M,Sp) = H(D)®x €°(M,R); in fact,
any basis of the space of solutions # (D) of the generalized
Killing (s)pinor equations provides a global frame for Sp
(which, therefore, must be a trivial vector bundle). Since the
restriction of D to Sp, is flat, the bundle S, is sometimes
referred to as “the D-flat vector subbundle of S.” The con-
dition that the generalized Killing (s)pinor equations admit
exactly s linearly independent solutions over K (i.e., the
condition dimy (D) = s) amounts to the requirement
that S;, has rank s; in particular, this imposes well-known
topological constraints on S. A similar argument shows
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that there exists a (topologically trivial) [K-vector subbundle
Spq € Sp ¢ S such that rkySp o = dimy #(D, Q) and such
that T(M, Sp ) = # (D, Q) & €° (M, R).

As mentioned in the introduction, a basic problem in the
analysis of flux compactifications (which is also of mathe-
matical interest in its own right) is to find efficient meth-
ods for translating constrained generalized Killing (s)pinor
equations for some collection &,, ..., &, of sections of S into a
system of algebraic and differential conditions for differential
forms which are constructed as bilinears in &;,...,&. In
Section 5, we show how the geometric algebra formalism
can be used to provide an efficient and conceptually clear
solution to this problem. Before doing so, however, we have
to recall the basics of the geometric algebra approach to spin
geometry, which we proceed to do next.

3. The Kihler-Atiyah Bundle of a Pseudo-
Riemannian Manifold

This section lays out the basics of the geometric algebra
formalism and develops some specialized aspects which will
be needed later on. In Sections 3.1 and 3.2, we start with
the Clifford bundle of the cotangent bundle of a pseudo-
Riemannian manifold (M, g), viewed as a bundle of unital
and associative—but noncommutative—algebras which is
naturally associated with (M, g). The basic idea of “geometric
algebra” is to use a certain isomorphic realization of the
Clifford bundle in which the underlying vector bundle is
identified with the exterior bundle of M. In this realiza-
tion, the multiplication of the Clifford bundle transports
to a fiberwise multiplication of the exterior bundle; when
endowed with this associative but noncommutative multipli-
cation, the exterior bundle becomes a bundle of associative
algebras known as the Kdhler-Atiyah bundle. In turn, the
noncommutative multiplication of the Kéhler-Atiyah bundle
induces an associative but noncommutative multiplication
(which we denote by ¢ and call the geometric product) on
inhomogeneous differential forms. The resulting associative
algebra is known as the Kdhler-Atiyah algebra of (M, g)
and can be viewed as a certain deformation of the exterior
algebra which is parameterized by the metric g of M. The
Kihler-Atiyah algebra is an associative and unital algebra over
the commutative and unital ring €°°(M, K) of smooth K-
valued functions defined on M—so in particular it is a K-
algebra upon considering the embedding K ¢ (M, K)
which is defined by associating with each element of K the
corresponding constant function. The geometric product has
an expansion in terms of so-called “generalized products,”
which form a collection of binary operations acting on
inhomogeneous forms. In turn, the generalized products can
be described as certain combinations of contractions and
wedge products. The expansion of the geometric product into
generalized products can be interpreted (under certain global
conditions on (M, g)) as a form of “partial quantization”
of a spin system—the role of the Planck constant being
played by the inverse of the overall scale of the metric. In
this interpretation, the Kéhler-Atiyah algebra is the quantum
algebra of observables while the geometric product is the

noncommutative composition of quantum observables; the
classical limit corresponds to taking the scale of the metric
to infinity while the expansion of the geometric product
into generalized products can be viewed as a semiclassical
expansion. In the classical limit, the geometric product
reduces to the wedge product and the Kédhler-Atiyah algebra
reduces to the exterior algebra of M, which plays the role
of the classical algebra of observables. Section 3.3 discusses
certain (anti-)automorphisms of the Kéhler-Atiyah algebra
which will be used intensively later on while Section 3.4 gives
some properties of the left and right multiplication operators
in this algebra. In Section 3.5, we give a brief discussion of the
decomposition of an inhomogeneous form into parts parallel
and perpendicular to a normalized one-form and of the
interplay of this decomposition with the geometric product.
Section 3.6 explains the role played by the volume form and
introduces the “twisted Hodge operator,” a certain variant of
the ordinary Hodge operator which is natural from the point
of view of the Kéhler-Atiyah algebra. Section 3.7 discusses
the eigenvectors of the twisted Hodge operator, which we
call “twisted (anti-)self-dual forms”; these will play a crucial
role in later considerations. In Section 3.8, we recall the
algebraic classification of the fiber type of the Clifford/Kéhler-
Atiyah bundle, which is an obvious application of the well-
known classification of Clifford algebras. We pay particular
attention to the “nonsimple case”—the case when the fibers
of the Kahler-Atiyah bundle fail to be simple as associative
algebras over the base field. In Section 3.9, we discuss the
spaces of twisted (anti-)self-dual forms in the nonsimple case,
showing that—in this case—they form two-sided ideals of
the Kéhler-Atiyah algebra. We also give a description of such
forms in terms of rank truncations, which is convenient in
certain computations even though it is not well behaved with
respect to the geometric product. In Section 3.10, we show
that, in the presence of a globally defined one-form 6 of
unit norm, the spaces of twisted self-dual and twisted anti-
self-dual forms are isomorphic (as unital associative algebras
1) with the space of those inhomogeneous forms which are
orthogonal to 0—a space which always forms a subalgebra
of the Kahler-Atiyah algebra. We also show that the compo-
nents of an inhomogeneous form which are orthogonal and
parallel to 0 determine each other when the form is twisted
(anti-)self-dual and give explicit formulas for the relation
between these components in terms of what we call the
“reduced twisted Hodge operator.” Some of the material of
this section is “well known” at least in certain circles, though
the literature tends to be limited in its treatment of general
dimensions and signatures and of certain other aspects. The
reader who is familiar with geometric algebra may wish
to concentrate on Sections 3.5, 3.6, 3.7, 3.9, and 3.10 and
especially on our treatment of parallelism and orthogonality
for twisted (anti-)self-dual forms, which is important for
applications.

3.1. Preparations: Wedge and Generalized
Contraction Operators

The Grading Automorphism. Let m be that involutive
€ (M, K)-linear automorphism of the exterior algebra



(Q (M), A) which is uniquely determined by the property
that it acts as minus the identity on all one-forms. Thus

d
n@) =Y 10Fe®,
- %)

d
Vo = Y o € O, (M), where o € O (M).
k=0

Taking wedge products from the left and from the right with
some inhomogeneous form w € Oy (M) defines (M, R)-
linear operators AL and A:

N (1) = @A,
N () =1 A, (©)

Yo, n € Qi (M)

which satisty the following identities by virtue of the fact that
the wedge product is associative

L L L

/\w1 ° /\w2 - /\wl/\wz’
R R _ R
W, ° /\wz — DwyAwy?

L R R L (7)
/\wl o /\w2 = /\w2 o /\wl,

Yo, w, € Qi (M)

as well as the following relation, which encodes graded-
commutativity of the wedge product:

A= ARon = AR =Alort, voeQf (M), (8

The Inner Product. Let {, ) denote the symmetric nondegen-
erate €°°(M, R)-bilinear pairing (known as the inner product
of inhomogeneous forms) induced by the metric g on the
exterior bundle. To be precise, this pairing is defined through

(g A Aoy By A A By

~ . 9)
= Oy det (7 (o, /3]-)1,,],:1"0, Ve, B; € Qi (M),

a relation which fixes the convention used later in our
computations (cf. Section 6) via the normalization property:

(Lo 1m) = L. (10)

Here, g is the metric induced by g on T M, which gives the
following pairing on one-forms & = %, 8 = Be’ € QL (M):

G B) = g"a,p, fora=aue’, =P’ (1)

The fixed rank components of Q (M) are mutually orthogo-
nal with respect to the pairing (, ):

(w,7) =0, VweQf (M), VneQl (M), vk+1, (12)
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so the rank decomposition Q) (M) = @Z:OQ@(M) is an
orthogonal direct sum decomposition with respect to this
pairing. Notice that the restriction of , ) to QHIQ(M ) coincides
with (11). Also notice that 7 is self-adjoint with respect to the

pairing (, ):

(m(@),n) = {0, (n)), VonedM). 13
Interior Products. The (, )-adjoints of the left and right wedge
product operators (6) are denoted by +* and 1~ and are called

the right and left generalized contraction (or interior product)
operators, respectively:

(N ()sp) = (nts ()

(Ma (). p) = (15 () (14)
Y, 1, p € Oy (M)

Properties (7) translate into

L L _ L
o[ =
W, W, wA\w,”
R R _ R
lwl L y lwzl\wl’
(15)
L R _R L
o, © b, = by, © b
VYo,, w, € Qi (M),
while relation (8) is equivalent to
L k R R_ _k L k
L=T oL, &1, =71 o1, Yo (M). (16)

We also have /\f;f = idg,_(u) and lf]’\f = idg_(u)- Together
with (7) and (15), this shows that AL and AR define a structure
of (Q (M), A)-bimodule on Qy (M) while £ and R define
another (Qy (M), A)-bimodule structure on the same space.
These two bimodule structures are adjoint to each other with
respect to the pairing (, ).

Identities (8) and (16) show that /\fJ and /\5 determine
each other while tf) and 15 also determine each other. From
now on we choose to work with left wedge-multiplication

A AL (17)

and with the following generalized contraction operator:

R
lo = Ly &= (@A p) = Mty (P)) (18)
which satisfy
/\"-’1 ° /\wz = /\wl/\wz’
lwl ° lwz = lwl/\wz’ (19)

Yw,, w, € Qi (M)
as well as

/\IM = llM = ldQK(M) (20)
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and thus define two different structures of left module on the
space Qy (M) over the ring (Qy (M), A).

Wedge and Interior Product with a One-Form. For later
reference, let us consider the case when 6 € QHIQ(M) is a
one-form. Recall that the metric g induces mutually inverse
“musical isomorphisms” g T(M, Ty M) — Q;Q(M) and *:
Qul,{(M ) — T(M, T M) defined by raising and lowering of
indices, respectively:

X = X%, = X; = X,e", where X, &« 9 X",
(21)
6 =0,e" = 0" = 0%,, where 6" < g0,
These isomorphisms satisfy
g Y)=3(X,.Y,) =(X,.Y,),
VXY € T (M, Ty M),
0 (22)
g (91’62) =9(0,,6,) = (6,,6,),
v0,,0, € Oy (M).
We have
X11 = X,9
(23)
0= eng)

where X, denotes the ordinary left contraction of a tensor
with a vector field. It is not hard to see that the left
contraction 1y with a one-form coincides with the ordinary
left contraction 6%, with the vector field 6*:

lpw = 0" w0, VO € Qi (M), Yw € Oy (M). (24)
Since 6 A 6 = 0, properties (19) imply’
/\90/\9219019:0. (25)

Furthermore, the similar property of 6%, implies that f, is an
odd derivation of the exterior algebra:

o (wAn) = (lgw) A+ 1 (W) A tgn,
(26)
VYw,n € Qi (M).

Local Expressions. If e, is an arbitrary local frame of M with
dual coframe e” (thus e“(e,) = &), we let g,;, = g(e,, e,) and
g = g(e",€"), so we have g g, = 8°. The vector fields (e°)"
satisfy (e*)* g = e® and are given explicitly by

(ea)ﬁ _ gabeb; 27)

they form the contragradient local frame defined by (e,). We
havee, = gab(eb)11 and g((e”)ﬁ,(eb)n) = g“b. Thus

la = (e“)ﬁJ = gahe,yJ e, = Gaplet- (28)

3.2. Definition and First Properties of the
Kihler-Atiyah Algebra

The Geometric Product. Following an idea originally due to
Chevalley and Riesz [8, 9], we identify CI(TxM) with the
exterior bundle AT M, thus realizing the Clifford product
as the geometric product, which is the unique fiberwise
associative, unital, and bilinear binary composition* <
NTgM Xy A TeM  —  ATgM whose induced action on
sections (which we again denote by ¢) satisfies the following
relations for all 6 € Q;&(M) and all w € Qi (M):

0o w=0Nw+ 1w,
(29)
(W) o 0=0Aw-po.

Equations (29) determine the geometric composition of any
two inhomogeneous forms via the requirement that the
geometric product is associative and € (M, K)-bilinear.

The unit of the fiber Cl(TD’;XM) at a point x € M
corresponds to the element 1 € K = /\OTHz,xM , which is the
unit of the associative algebra (ATy M, <,) = Cl(Ty M).
Hence the unit section of the Clifford bundle CI(TM) is
identified with the constant function 1,, : M — K given
by 1,,(x) = 1 for all x € M. Through this construction,
the Clifford bundle is identified with the bundle of algebras
(AT M, ©), which is known [10] as the Kdahler-Atiyah bundle
of (M, g). When endowed with the geometric product, the
space (M) of all inhomogeneous K-valued smooth forms
on M becomes a unital and associative (but noncommutative)
algebra (Qu (M), ©) over the ring €°°(M, R), known as the
Kdhler-Atiyah algebra of (M, g). The unit of the Kahler-
Atiyah algebra is the constant function 1,,. We have a unital
isomorphism of associative algebras over €°° (M, R) between
(Qg (M), ©) and the € (M, R)-algebra I['(M, CI(TxM)) of
all smooth sections of the Clifford bundle. The Kéhler-Atiyah
algebra can be viewed as a Z,-graded associative algebra with
even and odd parts given by

ev def
‘Q[K (M) = Gak:evenglﬁ(K (M) >
(30)
def
O (M) S @qaa (M),
since it is easy to check the inclusions:
Q (M) o O (M) c Q' (M),
Q% (M) o 02 (M) c OF (M), -
31

QY (M) o 02 (M) c o2 (M),

Q%M (M) o QF (M) c Q2 (M)

However, it is not a Z-graded algebra since the geometric
product of two forms of definite rank need not be a form
of definite rank. We let P,, = (1/2)(1 + n) and P44 =
(1/2)(1 — ) be the complementary idempotents associated
with the decomposition into even and odd parts:

Pev (w) = Wey» (32)
Poad (@) = woaq>



where w = w,, + Woqq € (M), with w., € Q (M) and
Woaa € QR(M).

Generalized Products: Connection with Quantization of Spin
Systems. 'The geometric product ¢ can be viewed as a
deformation of the wedge product (parameterized by the
metric g) and reduces to the latter in the limit g —
00; in this limit, the Kahler-Atiyah algebra reduces to the
exterior algebra (Qy (M), A). Under some mild assumptions,
the geometric product can be described quite elegantly in
the language of supermanifolds, as the star product induced
by fiberwise Weyl quantization of a pure spin system [20-
23]. For this, consider the parity-changed tangent bundle
I[ITM of M (a supermanifold with body M) and introduce
odd coordinates {* on the fibers of IITU, corresponding to
a coframe e” of M defined on a small enough open subset
U < M. Inhomogeneous differential forms (2) correspond
to functions defined on IITM having the following local
expansion:

d
fo (x,0) = Z%wi’f)uk (x) ™ e %, (33)
k=0""

This allows us to represent the geometric product through the
fermionic analogue * of the Moyal product, using a certain
“vertical” [23] quantization procedure’:

fw*fn:fwoq:fwexp(g Wa_(b)fq (34)

Expanding the exponential in (34) gives the following expres-
sions for two general inhomogeneous forms w,n € Qu (M)
(cf. [24-26]):

[of] (-1 k
won = ——— W\, 1
£ (2k)!
(35)
[(d-1)/2] (_1)k+1

: ];) mﬂ (w) Noker1M>

where the binary (M, R)-bilinear operations A, are
the contracted wedge products [24-27], defined iteratively
through

WA = w A1,
) (36)
WA\ 1 = ga (equ) Nk (ebJrl) = Yap (le“w) Nk (lebrl) .

We also have the following expansions for the graded <-
commutator and graded ¢-anticommutator of w with #:

[ 0/2] (_pykst

70 (@) Ngjesr 1>

[[wn]]_o =2 2k + 1)1

=0 (37)
(/2] (_q )k

[[w, ’1]]+,<> =2 k;) m“’/\zkﬂ-

Advances in High Energy Physics

For forms of definite ranks, the graded ¢-commutator and
graded ¢-anticommutator are of course defined through

def
[[w.n]]_o = won-(-DMnow,

[[w.n]], défw<>77+(—1)1’q;1<>a), (38)
Vw € QF (M), Vi € QL (M),

being extended by linearity to the entire space Q(M).
Using (35) one can easily deduce the following relation for
homogeneous forms:

p (_l)k(p—k+1)+[k/2]
n Sw= (_I)Pq Z Kl (L)/\kﬂ>
k=0 : (39)

Vo e QF (M), Ve QL (M), p<gq.

We will mostly use, instead of A, the so-called generalized
products Ay, which are defined by rescaling the contracted
wedge products:

A = %/\k. (40)
These have the advantage that the various factorial prefactors
in the expansions above disappear when those expansions are
reexpressed in terms of generalized products.

Expansions (35) and (37) can also be obtained directly
from the definition of the geometric product using (29),
which shows that the purely mathematical identities given
above also hold irrespective of any interpretation through the
theory of quantization of spin systems.

3.3. (Anti-)Automorphisms of the Kdhler-Atiyah Algebra.
Direct computation shows that 77 is an involutive automor-
phism (known as the main or grading automorphism) of the
Kéhler-Atiyah bundle (a property which, in the limit g — oo,
recovers the well-known fact that 7 is also an automorphism
of the exterior bundle). The Kéhler-Atiyah bundle also admits
an involutive antiautomorphism 7 (known as the main
antiautomorphism or as reversion), which is given by

D2y voeak . (4D

7 (w)
It is the unique antiautomorphism of (AT M, <) which acts
trivially on all one-forms (i.e., which satisfies 7(6) = 0 for
any form 0 of rank one). Direct computation (or the fact
that the exterior product is recovered from the diamond
product in the limit of infinite metric) shows that 7 is also an
antiautomorphism of the exterior bundle (T M, A). We also
notice that 7 and T commute. All in all, we have the relations:

ToT =ToT,
(42)
mom =107 =1idg (-

Note that C1¥'(Tx M) identifies with the subbundle of unital

subalgebras A“TiM = @ oyed A\ TuM of the Kihler-
Atiyah bundle, whose space of smooth sections Qg (M) can
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be described as the eigenspace of 7 corresponding to the
eigenvalue +1:

Q' (M) =F (1-m) = {w e Qe (M) | (@) = w}. (43)

3.4. The Left and Right Geometric Multiplication Operators.
LetL,, R, be the (M, R)-linear operators of left and right
multiplication with w € Qy (M) in the Kéhler-Atiyah algebra:

def
L,(n)= won,
def (44)
R, (n) = now,
VYw,n € Qi (M) .
These satisfy
L, °R, =R, oL

wl’

L, oL, =L (45)

w; w, T Fwow,?

Rw1 ° sz = sz<>w1
as a consequence of associativity of the geometric product.
We also have

LwOT[:ﬂOLﬂ(

w)>
Ryem=7meR )
LwOT:TORT(w), (46)

TDLw :RT(w) °oT,

Vo € Oy (M),

since 7 is an involutive algebra automorphism while 7 is an
involutive antiautomorphism. Identity (29) can be written as

Le = /\9 + g,
Rgom=Ng— 19, (47)
VO € O (M),

being equivalent to
1
No = 5(L9+R9°7T))
1 48
‘0=E(L0—R9°7T)) (48)
VO € QL (M).

This shows that the operators Ay and iy (and thus—given
properties (19)—also the operators A, and 1, for any w €
Qi (M)) are determined by the geometric product.

Remark 4. Equation (29) implies
1
([0, 0]]_»

lpw = —
7
1
2

Onw==[[0,0]],, (49)

VO € O (M), Yo € Qy (M).

The first identity in (49) shows that the operator 14 is an odd
€ (M, R)-linear derivation (in fact, an odd differential—
since iy o 15 = 0) of the Kéhler-Atiyah algebra:

o (won) =1 (@) on+m(w) oy (n), 50
50
Vw, 1 € Qi (M), V0 € Q' (M).

In the limit g — o0, this property recovers (26). Notice that
Ng is not a derivation of the Kéhler-Atiyah algebra; however,
it satisfies Ay o Ay = 0.

3.5. Orthogonality and Parallelism. Let6 € Qi (M) be a fixed
one-form which satisfies the normalization condition:

g(0,0) =1 thatis 0 =1. (51)

This condition is equivalent to
fo6=1, (52)

a fact which follows from (29) and from the identity 0A0 = 0
(which, together, imply 6 © 0 = 1,0).

We say that an inhomogeneous form w € Qi (M) is
parallel to 6 (we write 0 || w) if 6 A w = 0 and orthogonal
to 0 (we write 0 L w) if 1y = 0. Thus

def
Olwe weFH(Ng),
(53)

GJ_aMgweg%’(te),

where we remind the reader that % (A) denotes the kernel
of any [K-linear operator A : Qy (M) — Qi (M). Properties
(25) imply F(15) € H(15) and F(Ng) € F(Ng), where F(A)
denotes the image of any K-linear operator A : Qu (M) —
Q (M). These inclusions are in fact equalities, as we will see
in a moment.

Proposition 5. Any inhomogeneous differential form w €
Qu (M) decomposes uniquely as

w=wtw, (54)

where 6 | w, and 6 L w,. Moreover, the parallel and
orthogonal parts of w are given by

(U" = 6 N (le(&)) ,

(55)
w, = OAw).

00 . def def

In fact, the € (M, R)-linear operators P = Ngolgand P, =
1g © Ng are complementary idempotents:

P" + PJ_ = idQK(M)’
PioP =P, (56)
P oP =P,

PHOPJ_:PJ_OP":O.



10

Proof. The statements of the proposition follow immediately
from the fact that Ay and 4y are nilpotent and because 1 is an
odd derivation of the wedge product, which implies

(OANw) =w-0A(w), (57)

where we used the normalization condition (51). O
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As an immediate corollary of the proposition, we find the
well-known equalities
K (19) =7 (19)»
(58)
K (Ng) =T (1)

as well as the characterizations:

Oloe= w=0na withae QM) = 00w=-n1(w)00 = we H(Ly+Ryom),

(59)

Lwe= w=pp withfeQy M) = 0cw=n(w) o= we K (Lyg—Ryon),

where we used relations (48). Thus 0 | w iff w graded
anticommutes with 6 and 0 L w iff w graded commutes with
0 in the Kahler-Atiyah algebra.

Behavior with respect to the Geometric Product. Consider the
following (M, R)-submodules of Qy (M):
def
Ok (M) = {o € O (M) |6 | ),

(60)
CweQ (M) 0L w).

Oy (M)
Using the characterizations in (59), we find
Olw, 0 Ln=01(won), 0o w),
Olwn=0L1L(won)), (61)
0Lon=0L1L(won)),
which translate into
(won) =won +o, o,
(62)
(Won), =won+w, on,.
We thus have the inclusions:

ol ) o al (M) c o (M),

Qi (M) © Oy (M) € O (M), .
63
Ol (M) o O (M) <l (M),

o (M) o ol (M) c ol (M),

Together with the identity 15(1,,) = 0 (which shows that 6 L
1), the last property in (61) shows that Q@(M ) is a unital
subalgebra of the Kahler-Atiyah algebra.

Notice that characterizations (59) imply that the involu-
tions 7 and T preserve parallelism and orthogonality to 0:

Ollw=0|n(w),
0lLw=01n(w),

Olw=0|r71(w),

(64)

0Lw=—01r1(w).

The Top Component of an Inhomogeneous Form. The parallel
part of w € Q (M) can be written as

C()" =0A W, (65)
where
def 1
wr = lgw € O (M). (66)

This shows that w determines and is determined by the two
inhomogeneous forms w, and w-, both of which belong to
Q@(M )- In fact, any w € Qi (M) can be written uniquely in
the form

w=0Aa+B with a, € Qi (M); (67)

namely, we have « = w; and 8 = w, . This gives a (M, R)-
linear isomorphism:
1g+P,

Q (M) 225 aF (M) e QF (M) . (68)
which sends w € Q (M) into the pair (w;,w,) and whose
inverse sends a pair («, 8) with «, 8 € Q@(M) into the form
(67). Since w; is orthogonal to 0, we have 0 A wy = 0 ©
wr = n(wy) © 0 and thus w; = 6 ¢ w-. It follows that the
decomposition of w can be written entirely in terms of the
geometric product:

w=00w;+w,. (69)
An easy computation using this formula gives

(w<>11)l =w, Ony +”(“)T)0’7T7
(70)

(w<>11)T :wTOrIJ_-l—ﬂ(wJ_)OrIT'

3.6. The Volume Form and the Twisted Hodge
Duality Operator

The Ordinary Volume Form. From now on, we will assume
that M is oriented (in particular, the K-line bundles AdTﬂzM
are trivial for K = R,C). Consider the volume form
determined on M by the metric and by this orientation, which
has the following expression in a local frame defined on U ¢

M:
1 e,
voly, = 3 \|det gle, ... e (71)
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Here, det g is the determinant of the matrix (g(e,, €)); p=1..4
while € are the local coeflicients of the Ricci density—

a,-ay
defined as the signature of the permutation (ull .l ;fi ) The
volume form satisfies

vol,, ¢ vol,, = (_1)‘1+d(d—1)/2 _ (_1)q+[d/2]

+1,
-1,

where we used the congruences:

if p—q=,0,1 = p-q=,0,1,4,5 (72)
if p—q=,2,3 = p-9=42,3,6,7,

dm—n:[g]
2 2|2
dd-1) g’ ifd=even (7
g+ ——=—= 1, ,_
2 Pma=1l i odd

2

We remind the reader that p and g denote the number
of positive and negative eigenvalues of the metric tensor,
respectively.

The Ordinary Hodge Operator. Recall that the ordinary
€ (M, R)-linear Hodge operator * is defined through

w A (1) = (@, 1) volyy,
(74)
Vo,n € Ok (M), Vk=0---d

and satisfies the following properties, which we list for
convenience of the reader:

wAn=(-1)7(n, * w)voly,
Vo € QF (M), ¥q e QTF (M), Vk=0---d,
(xw,xn) = (1) (w,7), Vw,n € Q(M),
voly, = #1,; & *voly, = (-1)71,,, (75)

1,voly, Vo € Q (M),

*W
xox = (-1)Tn,
%o = (—1)d7'ro *,
We also note the identity
Tox = (—1)[d/2] * 0T°7Td_1, (76)

which follows by direct computation upon using the congru-
ence:

k(k-1) N d-k)y(d-k-1)
2 2

_dd-1)

L)

(77)

+k(d-1).

1

The Modified Volume Form. Consider the following [K-valued
top form on M:

def
v = g (K) voly,,

1, ifk=r (78)

ja+ldra)

def
where ¢,  (K) =
P { if K =C,

which satisfies

(-1l K =R
POV = (79)

+1 if K=C.

We have the normalization property
(171, ifK=R
=1 (80)
D, ifK=C
and the identity
L, =R1,c>71d_1 = row=n"" (w) ¢,
(81)
Yo € Qi (M),

where 797! represents the composition of d — 1 copies of the
main automorphism 7:

id , ifd=o0dd
ail = {0 (82)
T, if d = even.

In particular, v is a central element of the Kéhler-Atiyah
algebra iff d is odd.

The Twisted Hodge Operator. Let us define the (€°°(M, R)-

linear) twisted Hodge operator % QM) — QM)
through the formula:

_ def

o = 0o, Ywe Q (M). (83)

Identity (79) shows that (unlike what happens for the
ordinary Hodge operator) the square of the twisted Hodge
operator is always a scalar multiple of the identity:

(84)

if K=C.

o {(_l)fh[d/z] idQK(M)> ifK=R
%k 0k =
idg, (v

A simple computation shows that the twisted and ordinary
Hodge operators are related through

¥ = Coq (K) * o7, (85)

In particular, the ordinary Hodge operator admits the repre-
sentation:

*w:T(a))OvolM:C;UK)r(w)Ov, 56
P4 86

Yo € Qi (M).
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3.7 Twisted (Anti-)Self-Dual Forms. Let us assume that K =
C orthat K = Rand p - q=,0,1, so that the twisted
Hodge operator ¥ squares to the identity. In this case, the
twisted Hodge operator has real eigenvalues equal to +1 and
we can consider inhomogeneous real forms belonging to the
corresponding eigenspaces. A form w € Q (M) will be called
twisted self-dual if ¥w = +w and twisted anti-self-dual if

Fo = —w. Welet QM) < {0 € QM) | 0o v =
*w} € Qi (M) be the € (M, R)-submodules of twisted self-
dual and twisted anti-self-dual forms on M.

The Ideals Qi (M). The elements p, & (1/2)(1 + v) are
complementary idempotents of the Kéhler-Atiyah algebra:

PiePs = Pss
Pyt P =1y, (87)
propz=0.

Notice that these idempotents are central only when v is

central, that is, only when d is odd. The operators P, = R,
defined through right ¢-multiplication with these elements

P, (w) déwapi:%(winv)
(88)
(wEQK(M))'::)Pi:%(li;)

are complementary idempotents in the algebra of endomor-
phisms of the €° (M, R)-module Qy (M):

Pl =P,
P,oP =P oP =0, (89)
P+ + P_ = idQK(M)

Therefore, the images Qi (M) = P, (Qx(M)) = Qx(M)p,
are complementary left ideals of the Kahler-Atiyah algebra,
giving the direct sum decomposition:

Qi (M) = Q. (M) ® Qy (M) (90)

In particular, (Qi(M ), ©) are associative subalgebras of the
Kihler-Atiyah algebra. These subalgebras have units (given
by p,) iff d is odd, in which case they are two-sided ideals
of (Qx (M), ©).

Local Characterization. With respect to a local coframe e”
above an open subset U ¢ M, we have the expansions:

a,-q, 1 ’ a,-q, )
’ (e 1 k) B (d - k)' Idetgle l k“kﬂ"'“de e

® (e7%) (91)

1
T d—k) P

(K) +/|det ge®™

Ay dd
e k+1 d’
ey170d

where indices are raised with g®. Using (91), one easily
checks that an inhomogeneous form w € Qg(M) with
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expansion (2) satisfies ¥w = +w iff its nonstrict coefficients
satisfy the conditions:
w(k)

a,-ay
(—1)kER
d—Kkl P

=+

o (1K) |det gle,, . W @R (92)

Agi1ag”

Vk=0,...,d.

We note here for future reference the expansions for the
Hodge dual and the twisted Hodge dual of any k-form w:

(_1)k(d_k) a,-a
(@0 =~ o V19t Gleay a0

(W), ay (93)
(~1)KER

- (d _ k)' Cp,q (K) V ldetg|ead---ak+1al.“akwul---ak-

3.8. Algebraic Classification of Fiber Types. The fibers of
the Kéhler-Atiyah bundle are isomorphic with the Clifford
algebra Cli (p, q) = Cl(p, q) ® [, whose classification is well
known. For K = C, we have an isomorphism of algebras

Cle(pg) = Cle(d0) < Cle(d) and the classification
depends only on the mod 2 reduction of d; for K = R,
it depends on the mod 8 reduction of p — q. The Schur
algebra Sy (p,q) is the largest division algebra contained in
the center of Cly(p, q); it is determined up to isomorphism
of algebras, being isomorphic with R, C, or H. The Clifford
algebra is either simple (in which case it is isomorphic
with a matrix algebra Mat(Ak(d), Sk(p,q))) or a direct
sum of two central simple algebras (namely, the direct sum
Mat(A k(d), Sk(p,q)) ® Mat(A(d), Sk(p>q))), where the
positive integers A (d) are given by well-known formulas
recalled below. We say that the Clifford algebra is normal if its
Schur algebra is isomorphic to the base field. It is convenient
for our purpose to organize the various cases according to the
isomorphism type of the Schur algebra and to whether the
Clifford algebra is simple or not.

When K = C. In this case, the Schur algebra is always
isomorphic with C (so Cl(p,q) = Cl:(d) is always normal)
and we always have v & v = +1 and A ¢ (d) = 2!9/?). Moreover
we have the following:

(i) The algebra is simple iff d = even, in which case
Clc(d) = Mat(A (d), C) and v is noncentral.

(ii) The algebra is nonsimple iff d = odd, in which case
Cle(d) = Mat(A(d),C) ® Mat(A(d),C) and v is
central.

When K = R, we have the following:

(1) The Schur algebras and the numbers A (d) are as
follows (see, e.g., [28]):

(1) S = R (normal case), which occurs iff p —
g=40,1,2 and we have A (d) = 29/,
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TABLE 1: Properties of v according to the mod 8 reduction of p — g
for the case KK = R. At the intersection of each row and column, we
indicate the values of p — g (mod 8) for which the modified volume
form v has the corresponding properties. In parentheses, we also
indicate the isomorphism type of the Schur algebra for that value
of p — g (mod 8). The real Clifford algebra cl(p, q) is nonsimple ift
P —9q=4 1,5, which corresponds to the upper left corner of the table.
Notice that v is central iff d is odd.

K=R oY =+1 rov=-1
y is central 1(R), 5(H) 3(0), 7(C)
v is not central 0(R), 4(H) 2(R), 6(H)

(ii) S = C (almost complex case), which occurs ift
P —q=43,7 and we have Az (d) = 20972,

(iii) S = H (quaternionic case), which occurs iff p —
g=44,5,6and we have A (d) = 242171,

(2) The simple and nonsimple cases occur as follows:

(i) Cl(p, q) is simple iff p —g=40,2,3,4,6,7.
(ii) Cl(p, q) is nonsimple ift p—q =4 1, 5. In this case,
we always have v & v = +1 and v is central.

The situation when K = R is summarized in Table 1. For both
K = R and K = C, the Clifford algebra is nonsimple iff v is
central and satisfies v & v = 1. In this case—for both K =
R and KK = C—the Clifford algebra admits two inequivalent
irreducible representations by K-linear operators, which are
related by the main automorphism of the Clifford algebra and
both of which are nonfaithful; their Schur algebra equals C
when K = C but may equal either R or H when K = R.

3.9. Twisted (Anti-)Self-Dual Forms in the Nonsimple Case. In
this subsection, let us assume that we are in the nonsimple
case. Then » & v = +1 and (since d is odd in the nonsimple
case) v is a central element of the Kéhler-Atiyah algebra:
YOow=wov, YweQ(M). (94)

Using the fact that v is central, an easy computation shows
that P, and P_ are (nonunital) algebra endomorphisms of the
Kihler-Atiyah algebra; in fact

Pi(won):Pi(w)opt(n):Pt(w)On
=wo P, (), VoqeQeM), (95
Pi(lM):pi'

In this case, Qi (M) are complementary two-sided ideals
of the Kahler-Atiyah algebra (indeed, p, are central); in
particular, (Qi(M ), ©) are unital algebras, their units being
given by p,.

Truncation and Prolongation. Since d is odd in the nonsimple
case, we have the decomposition:

Qi (M) = Q (M) ® Qi (M), (96)

13
where
def
Q5 (M) = &g (M),
(97)
def
Q (M) = GBZ:[d/zJHQﬁ; (M).

The corresponding complementary (M, R)-linear idem-
potent operators P_, P, : Qu (M) — Qi (M) are given by

@ N < (98)

def
P, (w) =W,

where, for any w = Zi:o o® e Q (M) (with o® e Q&(M)),
we define w* (the lower truncation of w) and w” (the upper
truncation of w) through

def [4/2] k
< € Z w( )’
k=0
(99)
def d k
w = Z w®
k=[d/2]+1
We have
P> + P< = idQK(M)’
P.oP.=P.oP, =0,
(100)
P, oP =P,
P.oP =P,

When w is twisted (anti-)self-dual (i.e., w € Qp (M) with e =
+1), we have ¥w = ew, which implies
w = €F (a)<) , YweQp (M). (101)

Hence in this case w can be reconstructed from its lower
truncation as

=0 +€%(0°) =2P, (") = P, (2P, (w)),
w=w +e*(w) (w) (2P, (w)) w0
Vw € Qp (M).

It follows that the restriction of 2P, to the subspace Qj (M)
gives a €°° (M, R)-linear bijection between this subspace and
the subspace Qg (M), with inverse given by the restriction of
P, to Q (M). We define the twisted (anti-)self-dual prolonga-
tion of a form w € Qy (M) through

def
w, = P, (w),

Yo € Qi (M). (103)
Of course, the form w € Qg (M) can be recovered from its
two prolongations as w = w, + w_.

The Truncated Algebra (Q%(M ), ®.). We stress that P_ does
not preserve the geometric product on its entire domain
of definition Qu(M); in fact, its image Qg (M) is not
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a subalgebra of the Kéhler-Atiyah algebra since it is not stable
with respect to ¢-multiplication. To cure this problem, we
use the linear isomorphisms mentioned above to transfer
the multiplication ¢ of the unital subalgebra Qg (M) to an
associative and unital multiplication #, defined on Qg (M)
through

w &1 = 2P (P, (0) O P. (1)) € O (M) &=

P, (w®.1)=P. () o P.(1), (104)

Vw,n € Q% (M).

Since P, is a morphism of algebras on its entire domain
of definition Q (M), we have P,(w) ¢ P.() = P.(w < 1), so
(104) gives

w @7 =2P (P.(wo7)), Vao,neQu(M).  (105)

Since 2P.(w ¢ 1) = (1 + €¥)(P(w ¢ ) + P,(w ¢ 7)) and
%o P_ =P, o %, this implies

w® =P (0on)+exP, (won)
. . (106)
=(won) +e¥[(w<>11)],

aformula which can be used to implement the product #,ina
symbolic computation system. Combining everything shows
that we have mutually inverse isomorphisms of algebras:

P€|n<(M)
(5 (M), ®,) == (O}, (M), ©).

2Pl

(107)

Thus (Q&(M ), ®.) provides a model for the unital associative
algebra (Qg (M), ©).

Local Expansions. Let us further assume that d > 3.
Then the covector fields e* € QHIQ(M) defined by a local
pseudo-orthonormal frame above U < M belong to the
subspace Q (M) and we consider their twisted (anti-)self-
dual prolongations:

¢ € P (e") € OF (M). (108)
Since "% = e A .- A = e O .-+ O e™ and since P,
are endomorphisms of the Kahler-Atiyah algebra, we find that
the prolongations of e” " are given by ¢-monomials in the
prolongations of e”:

woq, def
eil @ < P, (e“I “k) - eil OO eik' (109)

In particular, the twisted (anti-)self-dual forms {e} ™ | 1 <
a < -+ <a <d, k=0,..,[d/2]} constitute a basis of
the free € (U, K)-module Qg (U) (since {e""% | 1 < a; <
- <a <d, k=0,...,[d/2]} form a basis of the module
Qx (U) and since the operation of taking the prolongation is
an isomorphism of €*°(U, K)-modules). In fact, any twisted
(anti-)self-dual form w € Qi(M) (cf. (2), (3)) expands as

1w o N
w=y2 Z waxl_)_.ake‘;l %, Yo e Qi (M), (110)
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where wfllf) a € € (U, K) are as in (3). The coeficients with
k > [d/2]+1 are determined by those with k < [d/2] through
relations (92). The lower truncation of such w has the local

expansion:

[d/2]
W = le(k) M (111)
=u 2 .
_0 .

a--ay

We also note the explicit expressions:

l a,

Ly aga ak+1"'“d)
- +
2 (e cp’q (K)e Aoy ay€ >

where cp,q(K) was defined in (78).

ap e _

e, (112)

3.10. Orthogonality in the Nonsimple Case. Assuming that we
are in the nonsimple case, let us consider the situation when
we have a distinguished one-form 0 € Q[}Q(M ) which satisfies
the normalization condition 1,0 = 1.

The Isomorphism of Algebras between Qic(M) and Qf (M).
For any w € Q (M), consider the decomposition w = wj +w,
into parts wy = O A (lyw) and w, = 15(0 A w) = w — w, parallel
and perpendicular to 8. Since @ || v (indeed, we have OAy = 0)
and ¥w = w ¢ v, properties (61) imply

01 * (wi) >
(113)
which gives
(Fw)y = % (w,),
(114)

The subalgebras Qf (M) and Qi (M) of the Kihler-Atiyah
algebra can be identified with each other using the operator
2P, which takes a twisted (anti-)self-dual form w into 2w, .
Indeed, if ¥w = ew (with e = 1), then *(w) = ew, and
%(w, ) = ewy. Hence the last of (62) implies

(w Qﬂ)l =% (0, )0 F(n)+w, on, =20, On,, (115
since ¥(w, ) O F(H, ) =w, CVON, OV=w, O, OCVOV=
w, &1, , where we used the fact that v is central in the Kahler-

Atiyah algebra and that it squares to 1,,. Thus

(won), =2w, on, =

2P, (w0 0 17) =2 (2P.w) © (2P,1), (116)
Vw,n € Qp (M).
We also have
2P, (p.)=P (1£») =P (1) =1y, 117

where we used the fact that @ || v. These properties show
that the restriction 2P, |ge (5) is a unital morphism of algebras

from (Qf (M), ©) to (Q;: (M), ©). An easy computation shows
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that it is an isomorphism whose inverse equals the restriction
of P. to Qi (M). It follows that we have mutually inverse unital
isomorphisms of algebras:

ZPJ.IQ%(M)
(Qf (M), 0) =—= (Q); (M), ©). (118)

€ QE{(M)

Combining with the results of Section 3.9, we have thus found
two isomorphic models for the unital subalgebra (Qp (M), ©):

. Fe |n|,<§(M) 2Py lag o) N
(O (M), &) == (Qf (M), 0) == (Qx (M), ©). (119)
2Pclag oy Pelat

The Reduced Twisted Hodge Operator. Since 6 | v, we can
write

v=0Av, (120)
where the reduced volume form v is defined through
v Ey=00v=v00. (121)

The last two equalities in (121) follow from (29) and from the
fact that (in the nonsimple case) » is central in the Kéhler-
Atiyah algebra (since d is odd in this case). Multiplying the
last equation with 6 in the Kahler-Atiyah algebra and using
the fact that 0 ¢ 0 = g(0,0) = 1 give

Y=1:00=00. (122)

Notice the identity:

= 4l (123)
which follows from (121) using the fact that v is central, the
normalization condition for 6 and the property v & v =
+1,,, which always holds in the nonsimple case. Defining the
reduced twisted Hodge operator %, through

def
*ow = 1 (w) O vy,

(124)
Vw € Qi (M) & %, =R, o,
we have 7(v;) = v, so (123) implies
;EO o ;EO = +idQK(M)' (125)

For later reference, we note the identities (where we use (122)
and the fact that w(v;) = ;)

[mR, |  =[m%] . =0 (126)

as well as

[Lo:%ol,. = [Ro %ol =0, (127)
which follow by easy computation. Using (48), the last
identities imply the following anticommutation relations,
which will be important below:

[Mo> %ol,.. = [t %0l = 0. (128)

15

To find explicit expressions for the parallel and perpendicular
parts of ¥w, notice that ¥w = w GV = w OV 00 = OAT(W O
V1) — lgrr(w & V1) = O A (m(w) © v;) — ig(m(w) © v;), where
we used (29) and the fact that 7(v;) = +v,. Thus

Fw)y =0 [1(w) ov] =0 A [(1(w) ©77), ],
(129)
(Fw), = 1 [T (@) O v7] = —49 [(77 () © VT)||] .

The decomposition w = w; + w, and the fact that 1y, = 0
(thus 0 L »;) imply (using (61))

0 " ((U” & VT) 5
(130)
0L (0, 0vy),
and (using (64) and the fact that (v;) = +1)
6 ” (7T (w") & VT) 5
(131)
01 (n(w,)or).
These relations show that
(0o ), =@ o,
(132)
(o), =w, Ovr
as well as
(7 (@) ©vy) =7 (@) © vy,
(133)
(M@ o), =m(w,) o
Combining the last relation with (129) gives
(Fw)y =01 [7(w,) o],
(134)
(Fw), =19 [ (@) 0 7]
Equations (134) and (114) read
Go)y=%(0) =0n%(w,),
(135)
(Fw), = % (w) = %, (w)),
while (133) gives
(;Ow)" =% (wll) >
(136)
(Io“’)l =%y (w,).
In particular, we have
(%0 B]_, = [%0,P.] =0 (137)

and ¥ = Ago¥go P —igoFyo P =Ngo P o¥;—igoPo%,
which gives
¥ =/Ngo¥g—lgo ¥ (138)

upon uSing/\ef’P" = leOPJ_ =0 /\QOPJ_ = /\9 and190P|| = lg.
The relations above imply the following.
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. def .
Lemma 6. Consider the operators og = Ny o %y and By =
—1g © . Then

agoag = Lo Py =0,

% ° Bo =Py (139)
Booag=P,.
Proof. The statement follows by direct computation using
properties (128) and (125). O
Notice that (135) takes the form
(Fw)y =% (w,) =0 (w,),
(140)

(Fw), =% (@) = By (w)) -

For reader’s convenience, we also list a few other properties
which follow immediately from the above:

Ao P =0= ay°P, =a
Ploaezojl)""ae:lxe,

ByoP, =0= ByoP =Py

(141)
PioBy=0= P, o By= Py
Pjo% = ap,
P¢°;—ﬁ6

Proposition 7. Let w € Qu(M). Then the following state-
ments are equivalent.
(a) w is twisted (anti-)self-dual; that is, ¥w = ew fore = £1.
(b) The components w; and w, satisfy the following
equivalent relations:

wy =€ A% (w,), )
w, = —€ep¥, (w)).

In this case, w and w, determine each other and thus any of
them determines w.

Proof. The fact that the two relations listed in (142) are
equivalent to each other is an immediate consequence of the
lemma. The rest of the proposition follows from (138). O

Recalling definition (66), we have 6 1 w. and w; = Agw-,
so the decomposition of w reads w = OAw+ +w, . Using (128),
we find

BooNg =P o¥,=%,0P, (143)
which implies
B (w)) = %) (07) = (Fw), =% (@) = % (wr), (144)

where in the last equality we used (140). Hence the previous
proposition has the following.
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Corollary 8. The following statements are equivalent for any
w € Qu(M).
(a) wis twisted (anti-)self-dual; that is, ¥w = ew fore = +1.
(b) The inhomogeneous forms w, = yw and w, = 1e(OAw)
satisfy the equation
W, = €¥ W & W = €F)W, . (145)
In this case, w, and w determine each other and thus any

of them determines w. Explicitly, w, determines w through the
formula

w=(Ng +€%Fy) (wy), (146)

while w, determines w through
W= (idQK(M) +€eNg 0 "‘:o) (w,). (147)
The corollary shows that the maps Ny + €%, : Qi (M) >

Qi (M) are isomorphisms of € (M, K)-modules, whose
inverses are given by w — w+. We stress that these maps are
not isomorphisms of algebras.

The Morphism ¢.. For later reference, consider the
(M, R)-linear operator:

def

@ = 2P, o P, : Oy (M) — Qi (M) (148)

which acts as followsonw =0 O w; +w, =O0ANw; +w, €
Q(M):

9. () = €%y (W) +tw, =ev; Cwr +w,, (149)
where we used (144) and we noticed that v; ¢ w; = m(w;) ¢
v+ = ¥y(w-) (since w; and v are orthogonal to 8 and since
rkv; = d — 11is even). We have ¢.(0) = ev; (since 0, = 1
and 0, =0) and ¢, (w) = wforallw € Q@(M); in fact, these
properties determine ¢,. One has the following.

Proposition 9. The map ¢, is idempotent; that is, ¢, o ¢, =
@.. Moreover, it is a (unital) morphism of algebras from
(Q (M), ©) to (M), ©).

Proof. Idempotency follows by noticing that ¢ lorny =
idg. (). The fact that ¢, is a morphism of algebras follows
since both P, and P, are such. Finally, unitality of ¢, follows
by computing:

¢ (1n) = P (Ly + ) = Ly, (150)

where we used P, (1,,) = 1,,and P, (v) = 0. O

It is clear that ¢, is surjective. Moreover, the last proposi-
tion of the previous paragraph implies

T (9e) = O (M). (151)
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It follows that ¢, restricts to an isomorphism from Qg (M)
to Qi (M)—which, of course, equals the isomorphism
2P, | () of diagram (118). Notice the relations:

Pe°§06 :Pe’
@ P = ¢,
(152)
P og. = ¢,
(PEOPL =P,

where the first equality follows from the fact that 2P, o P,
restricts to the identity on Qp (M) (see diagram (118)). Also
notice the property:

@ (v) = €lyy, (153)

which follows by direct computation upon using P, (1,,) =
1o P () = 0 and the fact that v & v = 1.

4. Describing Bundles of Pinors

In this section, we discuss the realization of pin bundles
within the geometric algebra formalism—focusing especially
on the nonsimple case, when the irreducible pin represen-
tations are nonfaithful. Section 4.1 discusses an approach
to pinor bundles which is particularly well adapted to the
geometric algebra formalism. In this approach (which, in
some ways, goes back to Dirac; see [18, 29] for a beautiful
treatment), one defines pinors as sections of a bundle S
of modules over the Kahler-Atiyah algebra, the fiberwise
module structure being described by a morphism y
(Q(M),©) — (End(S),°) of bundles of algebras. For the
case when y is irreducible on the fibers, the well-known
representation theory relevant for this construction and its
relation with the fiber type classification of the Kéhler-
Atiyah bundle is recalled in Section 4.2, paying attention to
characterizing the kernel and image of y. In Section 4.3, we
introduce a certain “partial inverse” y~* of y, which provides
a sort of “vertical dequantization” map. Section 4.4 discusses
a trace on the subalgebra Q (M), which is related by y to the
natural fiberwise trace on the pin bundle.

4.1. Basic Considerations. We define a bundle of K-pinors to
be a bundle S of modules over the Clifford bundle CI(Ti M),
that is, a [K-vector bundle all of whose fibers S, (x € M) are
modules over the corresponding Clifford algebras CI(Ty  M).
In our language, such a bundle is simply a bundle of modules
over the Kahler-Atiyah bundle (AT M, ©). In the particular
case when the morphism y (ANTgM,¢) —  End(S)
induces an irreducible representation of the Clifford algebra
Cl(Tnz’xM) on each fiber End(S,), a bundle of pinors will
be called a pin bundle. Bundles of K-spinors and K-spin
bundles are defined similarly, but replacing CI(Tx M) with
CI¥(Tg M), that is, replacing the Kahler-Atiyah bundle with
its even subbundle. Physically, smooth sections of a (s)pin
bundle describe K-valued (s)pinors of spin 1/2 defined over
the manifold M. As explained in [18, 29], a pin bundle S in
our sense exists on M iff M admits a so-called Clifford*-
structure, that is, a “reduction” of the structure group of the
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bundle of pseudo-orthonormal frames of Ty M to a certain
extension of the Clifford (a.k.a. Lipschitz) group over K. In
this case, the choices globally available for S depend—up to
isomorphism—on the choices of a Clifford* structure and can
be obtained from such a structure by applying the associated
bundle construction. The map induced on sections satisfies

y(won) =y ey(n), Ywney(M) (154)

as well as

¥ (L) = ids, (155)
where idg € I'(M, End(S)) denotes the identity section of the
bundle End(S).

In the language of “vertical quantization” of spin systems,
the (Lz-completion of the) space I'(M, S) of smooth sections
of S plays the role of the Hilbert space (when K = R, one
of course has to consider the complexification of S instead).
In this interpretation, y plays the role of quantization map,
giving a morphism from the algebra of quantum observables
of the system (which is the Kihler-Atiyah algebra) to the (L*-
completion of the) algebra (I'(M, End(S)), o), which plays the
role of algebra of “vertical” operators acting in the Hilbert
space. These statements can be made quite precise provided
that certain global conditions are imposed on (M, g), but the
rigorous treatment of this issue falls outside of the scope of
this paper.

Notation 1. If (e,;),-1..q is a local frame of TM above an
open subset U ¢ M (with dual coframe (e?),_;..;), then any

inhomogeneous differential form w on M expands locally as
d

in (2). We define y* = y(e") € T(U, End($)), s0 y(e""™*) =
yal"'ak déf (l/k!)eulmakyal 0 +++ 0 )/ak c F(U, End(S)) (the
complete antisymmetrization of the composition y™ e- - -o0p™).
We have

d
def I @
y(w) =u Ewalmukyal %
k=0"""

(156)

The locally defined sections y* € I'(U, End(S)) correspond to

physicists’ “gamma matrices.”

4.2. Representation Theory. Let S be a pin bundle with
underlying morphism y : (Qi (M), <¢) — (End(S), ).

Injectivity and Surjectivity of y. It is important to note that
y need not be fiberwise injective or surjective; that is, the
morphisms of algebras y, : (ATy M, ¢,) = Cl(Ty M) —
End(S,) need not be injective or surjective. The following
characterization is convenient in this regard:

(i) y is fiberwise injective iff the fiber of the Kahler-
Atiyah bundle is simple as an associative algebra.

(ii) y is fiberwise surjective iff the Schur algebra of the
fiber of the Kahler-Atiyah bundle is isomorphic with
the base field K.
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TABLE 2: Fiberwise character of y for the case K = R. At the
intersection of each row and column, we indicate the values of p — g
(mod 8) for which the map induced by y on each fiber of the Kihler-
Atiyah algebra has the corresponding properties. In parentheses, we
also indicate the isomorphism type of the Schur algebra for that
value of p — g (mod 8). Note that y is fiberwise surjective exactly
for the normal case, that is, when the Schur algebra is isomorphic
with R.

K=R Injective Noninjective
Surjective 0(R), 2(R) 1(R)
Nonsurjective 3(C), 7(C), 4(H), 6(H) 5(H)

This gives the following classification.

The Case K = C. Then y is always fiberwise surjective, being
fiberwise injective ift d is even.

The Case K = R. Then vy is fiberwise surjective iff p —
q=40,1,2. It is fiberwise injective iff p — g=40,2,3,4,6,7.
This is summarized in Table 2.

The Schur Bundle and the Image of y. The Schur algebra
Sk(p,q) of Section 3.8 is realized naturally in the represen-
tation space. Picking a point x on M, let X, be the subalgebra
of (End(S,),°) consisting of those endomorphisms T, €
End(S,,) which commute with any operator lying in the image
of y,:

z, ET, € End(S,) | [y, (@), T]_, = 0, Vao,
’ (157)

e/\T;M}.

Then X, is isomorphic with Sy (p,q) for all x € M. The
bundle determined by X, when x varies on M will be
called the Schur bundle of v; it is a bundle of subalgebras of
(End(S), ). Of course, the space S, can be viewed as a left
> .-module via the obvious action of the elements of £, —
whereby S can be viewed as a bundle of modules over the
Schur bundle. The image (AT, M) of y coincides with the
subbundle Endy(S) ¢ End(S) whose fiber at x € M is given

by

Ends (S),
(158)
={T, €End($) | [T,,U,]_, =0, YU € %, },
while its space of globally defined smooth sections is
I'(M,Endy (S)) ={T e T (M,End(S)) | [T,V]_,
(159)

=0, YV eI (M,3)}.

We also note that the image of the map induced by y on
sections is given by

¥ (Qk (M) = T (M, End;; (5)). (160)

Irreducible Algebra Representations of the Fiber of the Kdhler-
Atiyah Bundle. We end by recalling some well-known facts
from the representation theory of Clifford algebras:
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(i) A simple Clifford algebra admits (up to K-linear
equivalence) a single nontrivial irreducible represen-
tation by K-linear operators, whose dimension equals
Ay (d)dimy Sk (p, ).

(ii) A nonsimple Clifford algebra admits (up to K-linear
equivalence) two nontrivial irreducible representa-
tions by K-linear operators, whose real dimensions
are both equal to A (d)dimg Sk (p, ). The two rep-
resentations map the Clifford volume element deter-
mined by some given orientation into a sign factor
times the identity operator of the representation space
and are distinguished from one another by the value
of that signed factor.

4.3. A Partial Inverse of y in the Nonsimple Case. In the
nonsimple case, the bundle morphism y has the property:

y () = eyids, (161)

where €, € {-1,1} is a sign factor which we will call the
signature of y. Direct computation using (161) gives

(162)

which implies that y vanishes when restricted to the sub-
bundle A™*TgM and that its restriction to ATy M gives
an isomorphism between this latter subbundle of alge-
bras and the subbundle of algebras (Endy(S),) of End(S).
We have ker(y) = A TM. Hence the corresponding
map on sections (which we denote again by p) has ker-
nel H(y) = QKV(M) while its restriction to Q%(M)
gives an isomorphism between this latter subalgebra of the
Kéhler-Atiyah algebra and the subalgebra I'(M, Endy(S)) of
([(M, End(S)), o).

The Subbundle N'TxM and the Subalgebra Q! (M). Let us
introduce notation which will allow us to treat all cases
uniformly:

(i) In the nonsimple case (when the signature €, is

Y
def def

defined), we let AYTuM = A"TyM and Q;;(M) =
ol (M),
(i) In the simple case, we let AYT M def

(M) € 0, (M),

ATgM and

In both cases, we have Q&(M) = I(M, AT M). Notice that
N'Ty M is always a subbundle of unital algebras of the Kahler-
Atiyah bundle while Q (M) is always a unital subalgebra of
the Kéhler-Atiyah algebra.

The Partial Inverse of y. Consider the bundle isomorphism:

Endy ()

porin N TeM — Endy (S) (163)
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obtained by restricting the domain of definition of y to the
subbundle AYTy M of the exterior bundle and the codomain
of definition to the subbundle Endy;(S) of End(S). We let

v (y

be the inverse of (163). The corresponding maps on sections
give the mutually inverse isomorphisms of algebras displayed
in the following diagram:

Endy(S)

NTEM (164)

-1 ~
) End; (§) 5 A'TEM

|F(]Z/\/I,End2(s))
Q7 (M)
(QF (M), 9) [ (T (M, Endg (S)),0). (165)
-
Notation 2. We define
Ty (T) e QL (M), VT €T (M,Endy (). (166)

In the context of “vertical quantization” of spin systems, y~"
plays the role of a (partial) “vertical dequantization map,” so
T in (166) is the dequantization of a “vertical” operator T
acting in the Hilbert space. The partial inverse of y allows
us to transfer statements about operators acting on pinors
to statements about differential forms—an observation which
will be used intensively in what follows. Notice the relations:

yley="P,
-1 .
Yoy =idgy S
: (167)
yeP, =y,
yoP.,. =0.

Y

Local Expression for y~'. Considering a local pseudo-
orthonormal coframe e and recalling that y(e”) = y“, we find

Y )=, (168)

where we have set

. el , if we are in the non-simple case
e = Y (169)
a . . .
e”, if we are in the simple case,

with eZy defined as in (108). Relation (168) implies

y ()
. |ee™®, if we are in the non-simple case (170)
=e 170 Y
' em %, if we are in the simple case,
where e} are defined in (109) and we used the fact that
p % = yMo. ..oy for all mutually distinct a; - - - a, the fact

that y~" is an isomorphism of algebras when corestricted to
its image and (for the nonsimple case) identity (109).
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4.4. Trace on Qg;(M). The subalgebra Q;;(M) admits a
€ (M, R)-linear map & : Qp (M) — €°°(M, K) given by

S (@) = 0N, rky (), (171)
where w® is the rank 0 component of w (see expansion
(2)), S is any of the K-pinor bundles, and N,  equals
1 or 2 according to whether the corresponding gberwise
representation is faithful or not (notice that N, rkyS is
the dimension of the smallest faithful representation of the
fiberwise Clifford algebra). One has

S (w) =tr(y(w), YoeQl (M) (172)

as well as

S (1y) = N, ,dimy (S),
(173)
Swon)=SHow), Yo,neQl (M).

5. The Fierz Isomorphism and Generalized
Killing Forms

In this section, we take up the issue of translating constrained
generalized Killing pinor equations into conditions on dif-
ferential forms. To simplify presentation, we will assume
from the outset that the Schur algebra is isomorphic with
the base field K, so that either K = C or we are in the
normal case with K = R. We start in Section 5.1 with a
discussion of the bundle of bipinors. Section 5.2 considers a
certain isomorphism of bundles of algebras (which we will
call the Fierz isomorphism) that provides an identification
of the bundle of bipinors with the bundle (A"TgM, ¢) and
allows for a concise description of those Fierz identities
which involve four pinors. This construction makes essential
use of a choice of bilinear and nondegenerate “admissible”
form 9 on the pin bundle (such inner products were
classified in [30], see also [31]). Section 5.3 extracts some basic
properties of this isomorphism which will be useful later on.
In Section 5.4, we give a brief discussion of completeness
relations for the endomorphism algebra of the pin bundle.
Section 5.5 gives an explicit local expansion of the Fierz
isomorphism which depends on the choice of a local pseudo-
orthonormal coframe. In Section 5.6, we show how algebraic
constraints on pinors translate very directly into constraints
on differential forms if one uses the basic properties of the
Fierz isomorphism. Section 5.7 takes up the problem of trans-
lating generalized Killing pinor equations into conditions on
differential forms. Using the Fierz isomorphism, we show
that any connection on the pin bundle which is compatible
with 98 defines a certain algebra connection on the Kahler-
Atiyah bundle (i.e., a linear connection which is a fiberwise
derivation of the geometric product) such that the Fierz
isomorphism is flat with respect to the connections induced
on its domain and codomain. Using this property, we show
how one can easily translate generalized Killing conditions
on pinors into differential constraints on forms defined
on M. Section 5.8 gives another form of such differential
constraints, which is used in Appendix B for comparison with



20

the component approach outlined in [3]. In Section 5.9, we
discuss some basic aspects of the algebrodifferential system of
constraints on inhomogeneous forms which results from our
analysis. As expected, our formulation allows one to extract
basic structural properties of this system, thereby providing
a starting point for a natural generalization of the classical
theory of Killing forms. Finally, Section 5.10 considers the
particular cases of one and two independent constrained
generalized Killing pinors with a definite and symmetric
Spin(d)-invariant metric, the first of which is relevant to the
application discussed in Section 6.

5.1. Bipinor Algebras. Let S be a pin bundle over (M, g) with
underlying morphism y : (AT M, &) — (End(S), o).

Admissible Bilinear Pairings on the Pin Bundle. It is well

known that S carries so-called admissible nondegenerate
bilinear pairings 9 whose action on sections of S satisfies

B(y@&E)=B(Ey (14 )E),
B(£.8) =058 (88,

Yo € QO (M), VEE eT(M,S)

(174)

as well as another property which can be found in [31] but will
not be relevant for what follows. In the formulas above, we
used the following antiautomorphism of the Kéhler-Atiyah
algebra:
T, if ez =+1
Ty =n @ = <| s (175)
met, ifegz=-1,
where 7 is the reversion antiautomorphism defined in (41).
The numbers € (the type of B) and o (the symmetry of
P) equal +1 or —1, depending on p, g and the precise choice
of %; such bilinear pairings were classified in [30, 31]. Notice
that the first equation in (174) implies

y () =y (14 @), Yo eQ(M); (176)

that is,

Ofey=yeotg (177)
where T* denotes the transpose of T € T'(M, End(S)) with
respect to 98, which is defined through

B(TEE) = B(ET'E), VEE eT(M,S).  (178)
This operation satisfies (T*)" = T and (idg)" = idy, the first
identity being a consequence of the signed symmetry prop-
erty of % (the second identity listed in (174)). The operation
T — T' of taking the %-transpose defines a € (M, R)-
linear antiautomorphism of the algebra (I'(M, End(S)), o).

Local Expressions. Given a local pseudo-orthonormal
coframe e” above U < M, the first of properties (174)
amounts to

B(YEE) =enB(E4°E), VEE €T (U,S), (179)
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which means that y* = p(e”) satisfy (y°)" = eg)”, a relation
which implies

k _agay
b

a,ay, )t = ey (180)

(v

where 5, = (e5)". Since [y%, Y1, = 2™, we also have

-1 def
()" =ye  where y, = 747", (181)
which in turn gives
") = Vo (182)
Combining the above, we find
-1\ ¢
(")) = (Vpoa,) = €sVayge  (183)
which implies
By ) EE) = ey B (87408 ) (184)

These relations will be useful later.

The Isomorphism E. The nondegenerate pairing % induces a

bundle isomorphism p : S — S*, whose action on sections is
given by
def
p®)(8)= ®(¢,8), v&EE er(m,s).  (189)

On the other hand, we have a natural bundle isomorphism
q:S®S* = End(S), given on sections as follows:

qEen) (&)= q(e)e
VEE €T (M,S), Vel (M,S*).

(186)

The two maps above combine to give a bundle isomorphism
E def qo(idg®p) : S®S 5 End(S). Setting Ey g def E(E®E) e
[(M, End(S)) for all £, &’ € (M, S), we have

Eg g, o Be g, = B (8,6,) Ee g,

(187)
V&]s 623 53; 54 € F (M, S) N
an identity which follows from the explicit form:
Ego (§') = 2 (8".8')¢ (188)

without making use of the signed symmetry property of 9.
Note that E depends on the choice of B (since p does).

The Bundle of Bipinors and the Bipinor Algebra of S. The
bundle isomorphism E allows us to transfer the fiberwise
composition of operators from End(S) to an associative and
bilinear fiberwise composition « defined on the bundle of
bipinors S ® S, whose action on sections takes the form

uevE EYEWEW), Vuvel (MSes). (189)
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This operation satisfies

(£, ®&) (& ®E,) =RB(8,8)E &, (190)
¥E1,85,85.8, € T(M,S).

The composition « makes the bundle of bipinors into a bundle
of unital associative algebras which is isomorphic with the
bundle of algebras (End(S), o); of course, the unit section idg

of End(S) maps to the unit section of S ® S, which we denote

by & o E"'(idg). The unital associative algebra I'(M, S ®

S) = I(M, S) ®4eo (1 r) T(M, S) consisting of smooth sections
of the bipinor bundle will be called the bipinor algebra of S; it
is an algebra over the ring (M, R).

The Bipinor €°° (M, R)-Algebra of a Submodule of Sections. If
F is any K-linear subspace of I'(M, S), then the set

ef
%®%w(M,R)=%/d= {E‘X’fl | &8 € %}

C F(M,S®S) = F(M, S) ®?§°°(M,R) r(M, S)

is a [K-linear subspace of (M, S ® S).

When & ¢ T'(M,S) is a submodule of the €°(M, R)-
module T(M,S), then the subspace F ®geopip) # C
I'(M, S®S) is a (generally nonunital) subalgebra of the bipinor
algebra of S, which we will call the bipinor algebra of # . This
associative algebra defined over (M, R) depends on the
choice of . In particular, the space of smooth global sections
I'(M, K) of any vector subbundle K of S is a €°(M, R)-
submodule of (M, S) and the corresponding bipinor algebra
[(M, K) ®geo(prr) [(M, K) = T(M, K ® K) will be called the
bipinor algebra of K.

(191)

The Bipinor K-Algebra of a 9B-Flat Subspace of Sections.
Another interesting case arises when the K-linear subspace
F < T(M,S) is B-flat, by which we mean that % satisfies
the condition:

B (E, E') is a constant function on M,
(192)
VEE € H.

In this case, #®geo(\r) X is a [K-subalgebra of the bipinor
algebra (I'(M,S ® S), ), which we will call the (flat) bipinor
[K-algebra determined by .

5.2. The Fierz Isomorphism and Fierz Identities: Fierz Algebras

The Fierz Isomorphism E. Let us now assume that we are in
one of the cases when the Schur algebra is isomorphic with
the base field. Then one can also transport to the bundle of
bipinors the isomorphism y™' : End(S) — (AT M) to get
an isomorphism of bundles of algebras:

5 def

ES y T oE: (§®8,+) — (NTEM, ), (193)

which we will call the Fierz isomorphism. On sections,
this induces a €°°(M, R)-linear isomorphism of algebras
(denoted, as usual, by the same symbol):

~ def 3

E= y o E: ([(M,S®S),s) — (L (M),0), (194)
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which identifies the bipinor algebra with the subalgebra

Q! (M) of the Kihler-Atiyah algebra. Note that E depends on
the choice of admissible form 2.

Fierz Identities Involving Four Pinors. Setting E&: - E¢®
&) =y N (Egp) € QLM) (for &,&" € T(M,S)), (187) implies
the following identity in the subalgebra Q) (M) of the Kdhler-
Atiyah algebra:

EEI’EZ ¢ Efyﬁ = ‘% (53’ EZ) Efl,§4> (195)

V81,85, 85,8, € T(M,S).

Equation (195) is the condensed expression of Fierz identities
involving four pinors. These identities simply express the fact
that y (and thus E) is an isomorphism of bundles of algebras,
rather than simply an isomorphism of vector bundles—and
are, in fact, equivalent to this property once fiberwise linearity
of y is assumed. The construction of E is summarized in
the commutative diagram (196), which applies provided that
Sk(p,q) = K. In the diagram, we show the action of the
various morphisms on sections. Consider

(M, S®8) 525 I(M, S @y 8%)

Oy (M) —— (M, Endy(S))

(196)

Notation 3. Let & < T'(M,S) be any K-linear subspace of
['(M, S). The image of the IK-linear subspace F# ®geo(pr ) # C
I'(M,S ® S) through the Fierz isomorphism will be denoted

by

s def

X 197)

E(F ®goup) ) € Qf (M)

and is a K-linear subspace of Q) (M).

The Fierz € (M, R)-Algebra of a Submodule of Sections.
When the subspace # < T(M,S) is a submodule
of the €°(M,R)-module T'(M,S), then the subspace
H ®gor) X C T(M,S ® S) is a (generally nonunital)
subalgebra (over € (M, R)) of the bipinor algebra of S. Its
image (197) through the Fierz isomorphism is a (generally
nonunital) subalgebra of the €°°(M, R)-algebra (Q?,;(M ), <),
which we will call the Fierz subalgebra determined by J%.
This algebra over € (M, R) encodes the Fierz identities
between bilinears constructed from pinors which belong to
H. A particular case arises when # = T(M,K) where
K ¢ S is some vector subbundle of S—in which situation
FH ®geoprr) K is the bipinor algebra of K. The corresponding

Fierz subalgebra % will then be called the Fierz subalgebra
determined by the subbundle K. With the further assumption
that 9B is a scalar product (as happens in the application of
Section 6), the morphism E can then be used to identify the
Fierz algebra of K with the € (M, K)-algebra I'(M, End(K))
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of globally defined endomorphisms of the bundle K; in
particular, the Fierz subalgebra is unital in such cases.

The Fierz [K-Algebra of a 9B-Flat Subspace of Sections. When
K is a PB-flat K-linear subspace of I'(M,K), the vector
space F ®geo\r) K i a [K-subalgebra of the bipinor algebra
(T'(M, $®S), «). It follows that its image (197) through the Fierz
isomorphism is a [K-subalgebra of the algebra (Q&(M), ),
which will be called the (flat) Fierz K-algebra determined by
K.

5.3. Some Properties of the Fierz Isomorphism. A simple
computation using (188) shows that the following identities
hold for any T' € I'(M, End(S)):

T o EE,EI = ETE»E”
EE)’E’ oT = EE)T!EI, (198)
VEE €T(M,S);
that is,
LyoE=Eo(Tw®idy),
(199)

RpeE=Eo(ids®T"),
where L and Ry are the operators of left and right multipli-
cation with T in the algebra (T'(M, End(S)), ). Applying y"l
to identities (198) and setting T e y_l(T) € QDYQ(M ) give

To Ege = Breg,
(200)
Eg’;’:/ fes T = EE’TtEI,
that is, (substituting T — T into the second equation)
T <> EE’E/ = ETE;E”
] (201)
E&gl tes (Tt) = EE’TEI.
This also reads
LioE=E-(T®idg),
(202)

RioE=Eo(ids®T"),

where L; and Ry are the operators of left and right multi-

plication with T'in the Kéhler-Atiyah algebra. Equation (177)
implies p™' o ()" = 745 oy '; that is,

y T =15 (v (D) = (T7) =15 (T),

VT € T (M, End (S)).

(203)

‘We can thus write the second relation of (200) in the form

Eg’gl & T% (T) = EE’TEI’
(204)
VT € T (M,End(9), V& & e T(M,S).
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We also notice the relation:
t v ~
Eiy) =04Eny & 14 (Eep ) = 0gEw s,
(ff) &8 (ff) &8 (205)
VEE €T (M,S),
which follows from the signed symmetry of % together

with definition (188). The last identity can also be written as
follows:

() eE=Eo transp, & T4 o° E=Eo transpg,  (206)

where transp &« ogtransp and transp : T'(M,S® S) —
[(M, S®S) is the €° (M, R)-linear operator which is defined
as follows on decomposable elements:

transp (§@&') =& @&, VEE €T(M,S).

One easily checks that transp g, is an antiautomorphism of the
bipinor algebra. For later reference, note the identity:

(207)

troLpoE=%0(T®idy) &
, , (208)
tr(ToEgp) = B(TEE), VEE eT(M,S),

which will be useful below.

5.4. Local Completeness Relations for the Endomorphism
Algebra of the Pin Bundle. Let tr End(S) — Oy be
the natural® trace on End(S) (which is a morphism of K-
vector bundles). Recall that we assume the Schur algebra
to be isomorphic with the base field K. Then a convenient
generating set of local sections for the vector bundle End(S)
above a sufliciently small open subset U ¢ M is given (see,
e.g., [28]) by the operators {y""™* | k = 0,...,d, 1 < g <
- < g < d},whered = p+qandy® = yp(e*) with
(e”) a pseudo-orthonormal local coframe of M above U. The
following identity (the “completeness relation”) holds:

Ap(d) &1
T= = Pl (yuk “o T) Ya,--a;>
v ,;)k! o (209)

VT € I'(U,End (S)),
where A (d) = 2192 for S = Roor S = C (see Section 3.8).

Remark 10. The K-vector bundles End(S) ® End(S) and
End(End(S)) can be identified through the bundle isomor-
phism 7 : End(S) ® End(S) — End(End(S)), which acts as
follows on sections:
W (A®B)(T) = Atr(B-T),
(210)
VA,B,T € T (M,End (S)).

Using this isomorphism, we transport the composition o
of End(End(S)) to an associative composition ¢ defined on
End(S) ® End(S), whose action on sections is given by

(A@B)« (A’ ®B')
=7 (W (AeB) W (A @B')), (211)

VA,A',B,B € T (M,End(S)).
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An easy computation shows that « has the explicit form:

(AoB)+(A'®B')=tr(A'-B)A®B,
(212)
VA,A',B,B' € T (M,End (S)).

The unit section idg,q) of the bundle End(End(S)) cor-

responds via 7" to the unit section & &« W"l(idEnd<s))
of (End(S) ® End(S),e). Expression (212) shows that the
completeness relation is equivalent to the following decom-
position of the unit f|; of the algebra (T'(U,End(S) ®

End(9)), »):
d 1
T =0 Y Vg @V (213)
k=0"""

5.5. Explicit Expansion of the Fierz Isomorphism When the
Schur Algebra Equals the Base Field. Given a local pseudo-
orthonormal coframe of M, explicit expansions for the
isomorphism E can be derived using the results of [28] (see
also [32]) for any choices of the base field K and of the
signature type (p, q). A complete discussion is quite involved
given the different behavior in various cases and will be taken
up in detail in a different publication. Below, we will consider
only the case when the Schur algebra is isomorphic with the
base field K, that is, the case when KK = C and the case when
K =R with p-g=40,1,2.

In this case, the local completeness relation (209) holds.
Applying it to the endomorphism T = E; z» and using relation
(208), we find the local expansion:

d
o 1 N
Eeg =u gt 2 g 2 (aea S8V
iok! (214)

VEE €T (U,S),

which implies the following local expansion of the Fierz
isomorphism upon applying y~' to both sides:

x 1 .
By = Sl@+D/2] Egg, (215)
an identity holding in Q} (M), where
d
- (k)
Ego= ) Egp (216)
k=0
asin (2), with
= (k) 1 - )
Eep =u 15 Eaa, (£&) ey, (217)

where, using (184), we have

By o (68)= B (v &) =B (E7,08). 218
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5.6. Expressing the Algebraic Constraints through Differential
Forms. Consider the case when we have a single algebraic
constraint Q€ = 0, where Q € I'(M, End(S)). As in Section 2,
we let #(Q) denote the space of solutions of the algebraic
constraint, which is a submodule of the € (M, K)-module
['(M, S). Recall that there generally exists no subbundle of S
whose space of smooth sections equals FZ(Q).

The Dequantized Constraint and the € (M, R)-Subalgebra
of Constrained Inhomogeneous Forms. The inhomogeneous
form

Q=y"(Q el M) (219)

will be called the dequantization of Q. Relation (199) gives

Loa°E=E-~(ids®Q),
(220)
Ry oE=E-(Q®idy),

where L, Ry are—as above—the operators on I'(M, End(S))

given by left and right composition with Q and Q. Using
the fact that E is an isomorphism as well as the identities
F(Q®ids) = H(Q)®gopr) [(M,S) and H(ids ® Q) =
['(M, S) ®geo(prr) F(Q), we find F(Q) @iy #(Q) =
F(Qeidg) N F(idg ® Q) and

E(F (Q) ®geoupy K (Q) = H (L) N H (Ry).  (221)

Applying y~" to both sides of this relation gives the following
description of the Fierz algebra of the submodule of sections
F(Q), which we will call the €°(M, R)-algebra of Q-
constrained inhomogeneous forms:

HoZ E(H (Q ®geppiy F (Q)

=% (Lo) N (R, 0) N O ()

(222)
= (La+ Ry) N7 (Lo~ Ry @)
naL (M).
Here, L5, R, are the left and right ©-multiplication operators

of Section 3.4 and the second equality above is obvious. With
these definitions, we have the equivalence:

Erpre Hoge=E0E € H(Q) ®goppy  (Q); (223)
that is,
Q & EE:E’ = E&gl O T@ (Q) =0
£=0
(224)

or& =0

or Q¢ =Qt' =0.
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Behavior under 14. The equivalence (224) can be written
in the following form, which follows by applying 74 to the
second equation in the left hand side

QQEE,E’ = QOT% (EE»E,) =0

(225)
(et e X (Q ®goomr) £ (Q)
or (using (205)) in the form
QOEE>£’ = QOE‘E’)E = 0 —
(226)
(et e X (Q ®gompr) £ (Q) -
In fact, relation (206) and the obvious fact that

H(Q)®goor) #(Q) is invariant under the antiauto-
morphism transpg imply that the algebra of Q-constrained
differential forms is invariant under 7:

14 (Hq) = Ho (227)

(V3. y ()]

—0

where V,, is the connection induced on ATy M by the Levi-
Civita connection of (M, g) and (V,Sn)ad : I'(M,End(S)) —
I'(M, End(S)) is the connection induced by an on End(S):

(W) < [75.7]

=V oT-ToV:,
(231)
VT €T (M,End(9)).

Notice that P, oV is the connection induced by V on
the subbundle (AT M)® and that this induced connection
is determined by (V%)™ through property (230). In the
following, we take V® to be the connection on S induced by
the Levi-Civita connection of (M, g); it is well known that
V¥ is a Clifford connection in the sense discussed above’. A
discussion of this and other properties of V® in index language
(which also serves to fix our conventions and leads to another
derivation of certain identities extracted in this paper) can
be found in Appendix A. Equation (230) is compatible with
the fact that V,, is a derivation of the Kahler-Atiyah algebra
(Qg (M), ©o)—a property which can be checked by direct
computation using the fact that V,, is an even derivation
of the exterior algebra which is compatible with the metric.

Similarly, we consider the connection D*! induced by D on
End(S):

D YD, T-T-D,,
(232)

VT €T (M, End (S)).

:y(Vma)), VwEQK(M)(=)(an)ado);:yovm:‘»Peyovm:y_lo(vs)adoy)
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Remark 11. Using (204) and (215) and separating ranks shows
that (224) can be written as follows:

fol € Z(Q Opopin) ¥ (Q =
(k) (k) (228)
Egre = Epon =0, Vk=0---d,
which amounts to the following description upon using the
explicit form (218) of E:

(08 € H(Q) ®goppy ¥ (Q &=

B(6Q p0f) = B (Ev Q) =0, (22)

VEE € H(Q).

In Appendix B.1, we show that (229) are equivalent to certain
relations which were first discussed in [3] for the special case
d=p=84=0.

5.7. Conditions on Differential Forms Implied by the Gen-
eralized Killing Equation. In our formulation, a Clifford

connection VS = dx™ ®V;Z on S is a connection which satisfies

(230)

m

Notation 4. We let Z (D) = ﬂfn:p%(Dm) c T(M,S) be
the finite-dimensional K-linear subspace of all generalized
Killing pinors with respect to D.

The Dequantized Connection. In the following, we consider
only the case when the Schur algebra is isomorphic with the
base field. Then any connection D on S can be written as
follows:

D, =Vy+A, =V,+y(A,), (233)
where
A, =y"(A,) QL (M) (234)

are inhomogeneous differential forms on M. The Clifford
connection property (230) of VS implies

d
Diyey=yeD,
-1 ad
P oD, =y oD, ey (235)
[Dm’y(w)]_,a =Y (me) , Vwe Q[K (M) >
where the derivation D,, (which we will call the adjoint

dequantized connection) of the Kahler-Atiyah algebra
(Qg (M), ©) is defined through

D, 0%V, w0+ [A,p0] . Voeo,mn. (236)
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Since V,,v = 0and A,, € Q) (M), we have [A,,, Q) (M)]_,, ¢
O (M) and D, (Q} (M)) ¢ QF (M). Composing (235) with
y~! from both sides gives the following relation which will be
used below:

D, oy =y oD¥ (237)

To arrive at (237), we noticed that D,, o yfl(EndK(S)) =
D (Q(M)) ¢ QL (M) implies P, oD, oy = D,, oy,

~ d
D=¢"®D, =V+e"®(A,)" : QM) — Qf (M) ®gequp U (M),

where
(A4,,)" @) = [Apw] (240)

and weusede” ®V,, = V.

Flatness of the Fierz Isomorphism. For the remainder of this
paper, we will assume that D is compatible with 3 in the usual
sense that & is D-flat:

d% (£,&') = B (DEE) + B (E,DE) =
0, B (£E) = B(D,EE)+B(ED,E),

vEE eT (M,S).

(241)

In this case, the K-linear subspace # (D) ¢ I'(M, S) is B-flat,
so it defines a flat bipinor K-algebra # (D) ®gepr) F (D) C

I'(M,S ® S). Furthermore, the isomorphism p : S N
satisfies D), o p = p o D,, (where D, is the dual connection)
while the natural isomorphism g : S® S* = End(S) satisfies
D¥ogq = go (D, ®ids + idg ® D). It follows that the
isomorphism E = g o (idg ® p) satisfies®

D¥oE=Eo(D,,®ids+idg®D,,). (242)
In particular, we have
E( (D) ®gep) ¥ (D)) ¢ (D), (243)

where we have introduced the following K-subalgebra of
(I(M, End(S)), »):

o (%) (Vo (D).

m=1

(244)

On the other hand, )fl satisfies (237). Together with (242),
this implies that the Fierz isomorphism E satisfies

D, cE=E- (D, ®idg+ids®D,,). (245)
Therefore, we find
D, Eep =Ep o+ Egp g, VEE €T(M,S).  (246)
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which in turn implies (237) upon using the equation
P, oD, y =910 D;‘f, which follows upon composing
the last equality in (235) with y~' from the right and using the

property y o y~! = idgpg, (s)- Note that A,, can be combined
into the object:
A=e"®A,, € Yy (M) ®gopr) U (M), (238)

while D,,, can be combined into the map:

(239)

The K-Algebra of Generalized Killing Forms. We define the
[K-algebra of generalized Killing forms to be the following K-
subalgebra of (Q) (M), ©):

def

Hp S X D)nQL (M) =y (% (D). (247)

The elements of F . will be called generalized Killing forms.
Relation (243) implies that the flat Fierz [K-algebra

F (D) E E(H (D) @iy (D)) (248)

defined by the %-flat subspace F(D) c T(M,S) is a
subalgebra of the K-algebra of generalized Killing forms:

F (D) € Hp. (249)
In particular, we have

D, L =0, VEE € H (D). (250)

Behavior under 4. Spin(d)-invariance of % implies that 98
is flat with respect to the connection V°:

4% (£,8) = B(VEE) + B(EVE) =

0, B ()= B(VEE) + B (EVE), (251)
VEE €T (M.S),
which is easily seen to imply the property:
VsadT t: vsath’
(w2 o] = (w2 (1) -

VT € T (M,End(S)).

Together with assumption (241), identity (251) implies that
A,, are B-antisymmetric endomorphisms of S:

M=y = B(A,5E) =B (EALE).
(253)
vEE €T (M,S).
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In turn, these properties imply the relation [A,,,T]", =
[A,,, T']_,, so D satisfies

D3 (1) = (D3 ()’

m

(254)
VT € T'(M,End (S)) & D™ () = ()' o DX,
Setting T = y(w) and applying y~' to both sides give
Dm (T% (w)) =Tz (Dm (w)) >
(255)

Yo e Qf (M) & D, 0145 =T4zD,,.

In particular, the K-algebra of generalized Killing forms is
invariant under 75:
o (Hp) = H s (256)

a property (by virtue of (206)) it shares with the flat Fierz K-
algebra F (D):
14 (% (D)) = # (D). (257)

Together with (205), identity (255) implies that D-flatness of

E ¢ & and D-flatness of Egl,g are equivalent statements, so that
it suffices to require only one of the two.

5.8. Alternate Form of the Differential Constraints. Consider
the following local expansion, which results by applying (209)
to [T, Eggr]_,, where T € T(M, End(S)):

[T Ege] .

1 &1
= S ]; (e LB s @59)

VT € T (M,End (S)), V& & €T (M,S).

An easy computation using cyclicity of tr and identity (208)
gives

tr(y* o [T Ege] ) =-([Ty* ], &8), @59)
so that (258) becomes

[T Ee]

1§l
= T oan ZE% ([T, P m]_,o ' f’) Varas (260)
k=0"""

VT € T (M,End(S)), V& & € T(M,S).

Setting T = A,, = y(A,,) in (260) and applying the morphism
y~! to both sides give
(A Eegr]
(261)
Qg+ ! a-a,
==Y B ([Awy" ] 68 g
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Using this identity in the definition (236) of D,, gives
DW’EE)E’ = VmE‘E»E,
d (262)
1 N g
=Y 5B (8 (A vaa ] E)

k=0

Consider now relation (246), written in terms of ]VE&E!:

DBy =Ep s+ Bep g, VEE €T(M,S).  (263)
Substituting (262) in the left hand side, this becomes
VEge = Ep go + Egp o
(264)

d
1 e
" ];)E% (E’ [Am’ Yal---ak]_’o f’) 6:1 ak.

Separating ranks, we conclude that (246) is equivalent to the
following system of identities:

VirBaa (€)= By, (D)
+E, g (£ D08)
(6 (A ] L),

Yk=0---d,

(265)

where &,&' € T(M, S) are arbitrary. In particular, we have

Voo a (68) = B (& [ A Vo] &)

Vk=0---d, VEE € Z (D),

(266)

which agrees with (B.12) (see Appendix B.2).

5.9. The K-Algebra of Constrained Generalized Killing Forms.
As before, we consider the case y = 1 of the CGK equations:

DE=QE=0, withD=V'+A, A=dx"®A4,,. (267)

Let Z(D,Q) = RH(D) n H(Q) denote the (finite-
dimensional) K-linear subspace of I'(M, S) consisting of all
solutions to (267). We define the K-algebra of constrained
generalized Killing (CGK) forms determined by D and Q to
be the following K-subalgebra of (Q;;(M ), ©):

- def ~ v
Hpo = HpNHo.

(268)
In general, % p,q 18 @ nonunital [K-algebra. The discussion of
the previous subsections shows that the flat Fierz K-algebra
determined by the 9B-flat subspace # (D, Q) ¢ I'(M, S)

N def -
H(D,Q) = E(F (D Q) 8gwpm ¥ (D,Q)  (269)
is a subalgebra of the [K-algebra of CGK forms:
H (D,Q) € Hpg (270)
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This property of the Fierz isomorphism depends essentially
on the assumption that & is D-flat (an assumption which is
satisfied in the application discussed in Section 6).

Expression for a Basis of Solutions of the CGK Pinor Equations.
Let s = dimy % (D, Q) denote the KK-dimension of the space
of solutions to the CGK equations. Choosing a basis (§;);_;...,
of such solutions, we set

~  def >

lef Y
Eij = E‘Ei»&j WE € Q (M) (271)
where (cf. equation (218))
. (k)
E; = ZE,.J , (272)
k=0
with
~ (k) def ~ (k) 1 v(k)
5 = Beg =u 1 Eaa (68) €7
g 273
“1 O (E”E ) (Yﬂk"'%gi’gf) ( )

= ety B (& Voras)

giving the following expression for the homogeneous form-
valued bilinears:

~ (k)

Eij U k! €33'% (Ei) Yal-uuk EJ) e;y"ﬂk' (274)

Since & ® &; form a basis of the K-vector space
H (D, Q) ®zeoar) K (D, Q), the inhomogeneous differential

forms I:J,-j form a basis of the K-vector space F(D,Q).
Inclusion (270) amounts to the following system of equations

for the inhomogeneous differential forms Eij:

(275)
Vi,j=1---s.

These can also be written as follows:

D,E;=Q0E;=0, Vij=1-s (276)

upon applying 7, to the last equation in (275) and using the
relation T%(Eij) = e%]viji (cf. (205)). The inhomogeneous
differential forms Eij also satisty the Fierz identities:

E; o Ey = ByEy, Vi jkl=1--s (277)
where we defined the following constants:
def
B = B(8:€;). (278)

The algebrodifferential system consisting of (276) and (277)
can be taken as the basis for extending the classical theory of
Killing forms, a subject which is of mathematical interest in
its own right. It provides a synthetic geometric description of
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the essential conditions imposed by having a fixed number
of unbroken supersymmetries in a flux compactification,
formulated in the language of geometric algebra. When
expanding the geometric product into generalized products
using (35), the innocently looking equations (276) and (277)
take on a form which may seem rather formidable when s is
sufficiently large (see Section 6 for an example). Of course,
the language of geometric algebra allows one to study such
systems starting directly from the synthetic expressions (276)
and (277), which shows that the problem of characterizing
the solutions of such equations belongs most properly to
the intersection between Kahler-Cartan theory [17] and
the theory of noncommutative associative algebras—a point
of view on flux compactifications, which, in our opinion,
could lead to a deeper understanding of various problems
pertaining to that subject.

Truncated Model of the K-Algebra of CGK Forms in the
Nonsimple Case. Recall that, in the nonsimple case, we can
realize (Q°(M),©) as the truncated algebra (Q°(M), ®,),
where € € {-1, +1} is the signature of y. An inhomogeneous
form w € Qf(M) satisfies ¥w = ew and is called twisted
self-dual if € = +1 and twisted anti-self-dual if e = -1.
Such forms can be uniquely decomposed as w = 2P.(w,) =
w_+eFw_, where w_ € Q°(M) has rank smaller than [d/2]. In

particular, the forms Eij discussed above can be decomposed

uniquely as Eij = E; + e?E; Similarly, we have the unique
~ ~ < ~ < ~ ~ ~

decompositionsQ = Q +e*Q andA4,, = A;+eIA;, where

+ ad,
€ =€, Letus define a derivation D, “of (Q(M), ®,) through

ad<(a)) dEfV w+2[A w]

=V, w+ ([Am, w]_’0)< = (D), (279)
Yo € Q% (M),

where, as usual, the (anti-)commutator with respect to , is
defined as follows:

[w, n]t&e =we®ntne®.w, VYo,neQ (M). (280)
We have
<
[w.nl.,) =P ([wnl.,)=2[wsn] ,
(o =R () =oand s
Yw,n € Q (M)

since 2P, is a morphism of algebras from (Q(M), <) to
~ ad,
(Q(M), ®.). Noticing that [V,,, P_]_, = 0, we find that D, )

satisfies
+ ad,
P oD, =D oP, (282)
which generalizes (279).
Using the commutation relation [V,,, P.] _, = 0 and the

mutually inverse isomorphisms of diagram (107), it is easy to
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see that the CGK pinor equations (276) are equivalent to the
truncated CGK pinor equations:

v ad,< -~ <

D Q0€E =0, Vi,j=1--s

m

(283)

Indeed, applying 2P_ to (276) gives (283) while applying
P, to (283) gives (276). The first of the truncated CGK

¥ <
pinor equations can also be written in the form V,_ E, i =

—Z[Am,fi:j]_),e. On the other hand, applying 2P, to (277)
gives the truncated geometric Fierz identities:

. - 1 -

E & Ep = zgikjE;, Vi, k=15, (284)
5.10. A Particular Case: When K=R and % Is a Scalar
Product. Consider the particular case when K = R and
3 is symmetric (thus 0 = +1) and positive-definite with
€5 = +1 (this happens, e.g., in the application considered
in Section 6). In this case, we can choose &,..., &, such that
%j = 0;;. Then relations (277) show that the K-algebra
(D, Q) is isomorphic with the algebra Mat(s, R) of square
real matrices of dimension s, the unit being given by C o
Yo E;;. An isomorphism to Mat(s, R) is given by Eij — €
where € € Mat(s, R) is the matrix whose only nonvanishing
entry equals 1 and is found on the ith row and jth column:

(eij)kl = Sik(sjl. (285)

Wehave C” = C,Co B, = E; oC= E, B = EE<]>2 =0
fori # j. Since E,-j <o Ejl- the KK-algebra % (D, Q) is

generated by the elements (Eij)# j» with the relations:

11’

eski
{11<

=0, Vi#j, j#k k#l,

Vi, j, k distinct,

) (286)
E ,OE;OE;=Ey, VYi#j, i#k,
E;0E 0F;=E; Vi#j, j+k

This system of generators and relations can be reduced
further (see the example below) upon using the identity E i =

T(Eij), where we used the fact that 0 = +1 and we noticed
that 74 = 7 (since €4 = +1).

The Case of One CGK Pinor. When s = 1 (a single unit norm
solution & of the CGK pinor equations, which is unique up

to sign), the flat Fierz [K-algebra % (D, Q) has dimension one,
being isomorphic with R as a unital R-algebra. It is generated
by the single basis element E = Eg,f (which is the unit of
F(D,Q)), with the relation
EoE=E. (287)
The condition 7(E) = E implies that certain rank components
of E vanish identically. This situation occurs in the example
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considered in Section 6, though in that case we prefer to
take the squared norm (&, &) of & to equal 2, for ease of
comparison with the results of [3]. This produces an extra
factor of two in the right hand side of (287).

The Case of Two CGK Pinors. When s = 2, the flat Fierz
KK-algebra #(D,Q) is generated by E;, and E,, with the
relations

~ 02

B - (288)

o2
E21 =0,

E\, 0Ey 0E;, - Ep=Ey 0EpoEy, —E, =0 (289)
WehaveE1 = E12<>E21,E2 = E,, <>E2andC E,+
Ey, = E,, 0 Ey + Ey © Ey,. Since E,; = 7(E},), we can
in fact generate the entire algebra from E,, up to applying
7. Using the fact that the first and second equation in (288)
as well as the first and second equation in (289) are related
through reversion, we find that the entire system is equivalent
to the following Fierz relations:

E; =0,
(290)
Ey, 01(Ey) 0 Epy = Eyy,
together with the following Q- and D-constraints:
Qo Ey, —E12<>T(Q) 0,
(291)

D,E, =0.

Remark 12. The algebra Mat(2, R) = Cl(2, 0) is also generated
by two real Pauli matrices, for example, by

01
o) = =epteép

10
(292)
1 0
O, = =€y1 — €99,
3 0 -1 11 22

subject to the relations o7 = 03 = 1 and 0,05 + 030, = 0.
Therefore, the flat Fierz K-algebra F(D, Q) is also generated
by the inhomogeneous differential forms:

2 =Ep+Ey,
S (293)
2y =By~ Ep,
subject to the relations
<02 02
557 =0,
3,05, +5,03, =
(294)
<03«
5723,
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Noticing that £, ¢ 3, = E,; — Ej,, wehave C = E,, + E,, =
<02 202
% =2; and

(295)

6. Example: Flux Compactifications of
Eleven-Dimensional Supergravity on Eight
Manifolds

In this section, we illustrate the methods developed in the
present paper by applying them to the case of /" = 1 warped
compactifications of eleven-dimensional supergravity on
eight manifolds down to an AdS; space, a situation which was
studied through direct methods in [3, 4]. After some basic
preparations in Section 6.1, Section 6.2 gives our translation
of the generalized Killing pinor equations into a system
of algebraic and differential constraints on inhomogeneous
forms defined on the compactification space and shows how
our approach allows one to recover the results of [3].

6.1. Preparations. Consider supergravity on an 1l-manifold
M with Lorentzian metric § (of “mostly plus” signature).
Besides the metric, the action of the theory contains the
three-form potential with four-form field strength G €
Q*(M) and the gravitino ¥,,, which is a real pinor of spin
3/2. We assume that (M, g) is spinnable. For supersymmetric
bosonic backgrounds, both the gravitino VEV and its super-
symmetry variation must vanish, which requires that there
exists at least one solution 7 to the equation:

= def = _

(296)
where uppercase indices run from 0 to 10 and 9, is the
supercovariant connection:

=~ def _3

Dy = Vy
(297)

1~ ~NPQR ~ NP
~ 588 (GNPQRV < M~ 8GpnpQY Q)-

Here, 7" are the gamma matrices of CI(10,1) in that 32-
dimensional real (Majorana) irreducible representation for

12)def -1 11
= 'y cee

which 7 P =+land

5 1 _NP

V]f/[ =0y + ZﬁMNPV (298)

is the connection on the pin bundle S induced by the
Levi-Civita connection of (M, g)- The eleven-dimensional
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supersymmetry generator 77 (which is a Majorana spinor field
of spin 1/2) is a smooth section of the pin bundle S, which is
a rank 32 real vector bundle defined on M.

As in [3], we consider compactification down to an AdS,
space of cosmological constant A = —8x*, where «x is a
positive real parameter; this includes the Minkowski case as
the limit x — 0. Thus M = N x M, where N is an oriented
3-manifold diffeomorphic with R and carrying the AdS,
metric while M is an oriented Riemannian eight-manifold
whose metric we denote by g. The metric on M is a warped
product:

ds?, = &**ds?,, where ds?, = ds? + g, dx"dx".  (299)
Here, the warp factor A is a smooth function defined on M
while ds? is the squared length element on N. For the field
strength G, we use the ansatz:

G=¢"G withG=vol;A f+F, (300)
where f = f,e" € Q'(M), F = (1/4)F,,,qe"" € Q*(M),
and vol, is the volume form of N. Small Latin indices from
the middle of the alphabet run from 1 to 8 and correspond to
a choice of frame on M. For 7, we use the ansatz:
7= eA/zr] with = ¥y ®&, (301)
where £ is a Majorana spinor of spin 1/2 (a.k.a. a real pinor) on
the internal space M and y is a Majorana spinor on the AdS,
space N. Mathematically, £ is a section of the pinor bundle
of M, which is a real vector bundle of rank 16 defined on
M, carrying a fiberwise representation of the Clifford algebra
CI(8,0). Since p—g =4 0 for p = 8and g = 0, this corresponds
to the simple normal case of Section 4. In particular, the
corresponding morphism y : (AT*M,<¢) — (End(S), ) of
bundles of algebras is an isomorphism,; that is, it is bijective
on the fibers. We set y™ = (&) for some local frame of M.
In dimension eight with Euclidean signature, there exists an
admissible [30] (and thus Spin(8)-invariant) bilinear pairing
& on the pin bundle S with 04 = +1 and €5 = +1 which is
a scalar product (i.e., it is fiberwise symmetric and positive-
definite).

Assuming that v is a Killing pinor on the AdS; space, the
supersymmetry condition (296) decomposes into a system
consisting of the following constraints for &:

DmE =0,
QEzO)

where D,, is a linear connection on § and Q € I'(M, End(S))
is a globally defined endomorphism of the vector bundle S.
As in [3, 4], we do not require that & has definite chirality (i.e.,
& need not satisfy the Weyl condition). The space of solutions
of (302) is a finite-dimensional R-linear subspace F#(D, Q)
of the space T'(M, S) of smooth sections of S. Of course, this
subspace is trivial for generic metrics g and fluxes F and f on
M, since the generic compactification of the type we consider
breaks all supersymmetry. The interesting problem is to find

(302)
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those metrics and fluxes on M for which some fixed amount
of supersymmetry is preserved in three dimensions, that is,
for which the space (D, Q) has some given nonvanishing
dimension, which we denote by s. The case s = 1 (which
corresponds to /" = 1 supersymmetry in three dimensions)
was studied in [3, 4] and will be reconsidered below. Direct
computation using the compactification ansatz gives the
following expressions for D and Q (which are equivalent to
those derived in reference [3]; see the remark below for ease
of comparison):

D, =V +A,,
| ] (303)
9 9
Am = A_LfPVmP ° y( ) + ﬂFqurypqr T KYm © Y( )’
1 1 1 ©9)
Q= _ymamA - _Fmpqrympqr - _fpyp °y
2 288 6 (304)
_ KY(Q)’

where y® = y! o .. o 1%, Notice that the last terms in (303)
and (304) depend on the cosmological constant of the AdS,
space and that they vanish in the Minkowski limit x — 0.
Given some desired amount of supersymmetry which we
want to be preserved in three dimensions (i.e., given some
desired dimensionality s of the space of solutions to (302)),
the general aim is to reformulate (302) as equations on differ-

~ (k
ential forms Eggr = (1/K)B(E, 1, . &)™ constructed

as bilinear combinations of pinors & & which satisfy (302).
The pinor bilinears will be constrained by Fierz identities. The

. . . . = (
translation to equations on the differential forms E; ;» can be
achieved directly by starting from the following equivalent
reformulation of the algebraic constraints Q€ = Q&' = 0

B (8(Q Voo, £ Vo, 2 Q)E) =0 (305)

and treating the constraints D,,§ = D,,£' = 0 through the
method outlined in [3]. The theoretical basis of that approach
is explained in detail in Appendix B, where we also show
how that method is equivalent to the more general approach
which we have developed in the present paper. In the next
subsection, we will illustrate our approach in the simplest case
s = 1 (W = 1 supersymmetry in three dimensions, see [3]),
so we will require that (302) admits one nontrivial solution &.

Remark 13. For easy comparison with [3], we note that loc.
cit. uses a redundant parameterization of the degrees of
freedom described by &, which is given by the following
sections of S:

o

iefl

&€ = \/§(£+i£_)’

(306)

O¢* = ¢ Here, &, = P& are the positive and

negative chirality components of £, with &, & (1/ 2)(1iy(9) ).

which satisfy y
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We have & = &, + &_and y(g)f =&, - & with y(g)fi = +&,.
The operators &, are complementary 8-orthoprojectors:

P =P,
PP =0,
(307)
P+ P_=1,
(‘@i)t =P,
In particular, one has
1
S _
h
(308)
e =—y%,
Nl 3

so ¢ and & = y®&" are not independent. For reader’s

convenience, we note the identities:

‘@elyalmakgez =0= 3 (561’)/“1'”% E2) =0,

when €¢, = (-1)F*!,

Py EP = P YN = (309)
% (Eel, yal...gksez) — % (E, (@61 ’yal‘..aks) ,
when €€, = (-1,
where €;,¢6, € {-1,+1} and &4 o P, Eq o &,. Since
€4 = +1, (184) implies
(ph%) = (—1yFkD2 o (310)

which shows that "% is B-symmetric for k = 0,1,4,5,8
and %B-antisymmetric for k = 2, 3, 6, 7. In particular, we have
that y is Z-symmetric.

6.2. The Case of /' = 1 Supersymmetry in 3 Dimensions.
Let us consider the CGK pinor equations (302) on the
Riemannian 8-manifold (M, g), assuming that the space of
solutions has dimension s = 1 over R. Since p—q =, 0, we are
in the normal simple case. This case is characterized by two
admissible pairings %8, on S, which have the properties given
in [31]; that is, e, = +1 and 04 _ = +1. Since any choice
of admissible pairing leads to the same result, we choose to
work with & = 9, for convenience; this satisfies €;; = +1
and 0, = +1. We can assume that 93 is a scalar producton S
and we denote the corresponding norm by | |.

As in Section 5.9 (see equation (271)), consider the inho-
mogeneous differential form:

. 1 &k
EY ZVEY cam 311)
16/~
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defined by a nontrivial solution & of (302). Equation (274)
gives

-k 1

BT = 5B (8 e E) €™ € O (M),

(312)
Vay,...,a=1---8, Yk=0---8.

Using the properties of 9 and relations (178) and (184), one

easily checks that Y = £7 = £9 = £ = 0 while the
nonvanishing bilinears are
BV =30,
Y = 8 (8
B = 4%9"” (& Vaya,E) €™, G13)
E(s) _ %(%, (f) Yal---aSE) B s
B - 59? (& Va0, £) €™ = B (£ y10)E) 7,

where v is the volume form. Thus the inhomogeneous form
which generates the Fierz algebra expands as

- 1 -~ - - - .
E=— [E(O) +EV A EY B E(S)] . (31

16

Note that this case also admits nonvanishing 3- and 7-form
bilinears, which are proportional to the Hodge duals of the
5- and I-forms, respectively (but they do not appear in the
generator). These other form-valued bilinears can also be
expressed as in (274), but upon using the other admissible
pairing 9B_, which is in fact not necessary for this analysis.

Remark 14. If one wanted to write the form-valued pinor
bilinears in terms of the other admissible pairing B_ = %, o
(idg ® y(v)), then one would be interested in constructing

- (k) def 1 k aa
E7 S 2 (en ) B (Evaab)e™
1 a,--a
_ ﬁ (_1)k B (E) Vapa © Y(V) E)e 1 (315)
cQ"(M), Vay,...,aq=1---8, Vk=0---8,
which, upon using e; = -1and o0 = +1 and the well-
known formula,
(_l)k(k_l)/z [ (d+1)
Ya,a, = Weﬂl'"“k ‘ dyakﬂ'"“d °y (316)

31
would lead to the homogeneous form-valued bilinears:
B =3 E=1=3Ey0=E" o
B0 = 2B (5 pyad) e
=B (6 Yy sy ) 7 =B 0,
B = B (6 d) e
= 41!% (EYapa ey MO ™ =8 00, (317)
£ - Lo (5,00
= —%93 (E, Yayoa, © Y (%) E) e — gV 6 v,
B = B (1008 = B
= éﬁ’ (& Yayoay 0y () E) 7% = %00
Thus, one could also write the generator:
E = zﬁd;l@(_k) (318)

which would lead to the same result up to twisted Hodge
duality—since the form-valued bilinears constructed using
9B_ are connected through Hodge duality with those con-
structed using %, .

Following the notations and conventions of [3], we define

def 1 (0
aé—E()

(319)

where 2a is the squared norm of & and b a smooth function
on M. With these notations, (314) becomes

. 2 _ _
E=—[a+K+Y+Z+bv]. (320)
16

Note that we use the five-form Z instead of its sign-reversed

Hodge dual ¢ € Z, which was used in [3]. We prefer

to work with §& = &, @ &_ rather than with &, and €* &

(1/V2)(E, + &), which were used in loc. cit. All in all, we
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have the following correspondence with the notations and
conventions of [3]:

1
8 = P.8, where 2, = - (142,
1
N
et = —§
\/EE
& = — ,
V2! :

Ry = £ = E P08 = 3E06

- (*Z)mnp = ﬁ_bmnp = E:Ymnpf— = Et‘@+ymnp€ (321)
1
= Egty(g)))mnpg’
+t +
Ymnpr =¢ Ymnprs
Lo/t t
= 5 (E+Ymnprf+ + E—Ymnprff)
1
= EEtYmnprE-
The dequantizations of A, and Q are given by
< def _ 1 1
Am ; y 1 (Am) = Zl(em)itp + Z ((em)u /\f) SV
+K (em)11 O, (322)

5 @ =tda-Lroy- L
Q=y (Q)—sz 6f<>v 12F K.

As shown in Section 5, the CGK pinor equations imply the
following conditions for E:

QoE=0, (323)
VuE=-[A,.E] . (324)

In turn, relations (324) imply
dE = —(e,), N[AmE] (325)

In this case, (277) amounts to only one quadratic relation for

the inhomogeneous form E:
EoE =2akE, (326)

which encodes the relevant Fierz identities between the form
bilinears constructed from &.

We remind the reader of the following relations (see the
previous sections):

*w =T (w) OV =1,
* % =717 (W), (327)

Yw e Q (M),
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where 7 is the reversion defined in (41). During our calcula-
tions we will use the following identities which hold in any
dimension and signature for any homogeneous forms w €
Q' (M) and € Q° (M)

WA #1 = (-1 Lt Wwhenr<s,

(328)
1o (¥7) = (1) % (t(w)An), whenr+s<d
and of the following:
D' [ (@)] A, [+7 (@)
_ (_1)[(m’+1)/2] [*T(w)] Am’ [n_d—l (11)]
(329)

— (_1)[(m,’+1)/2] * T |:7'[m” ((A)) Amu}’l] N

~ ~ ! n ! n
foro-m=%-m =m , where m,m,m > 0.

We also remind the reader that one can uniquely decompose
any k-form w € QF(M) into parallel and orthogonal parts
with respect to any fixed 1-form 0 ¢ QY (M) such that w =
w, +wy, where w; = OAw, withw, € O (M), w, € OF(M),
and 02w, = A, w, = 0 (see Section 3.5). Choosing 6 = K,
onehasY =Y, +Y andZ = Z, + Z". Note that » = v and
K=K,

Given the decomposition of Y, its Hodge dual must take
the form Y = *(Y,) + =(Y)) = oY + a,Y, for some
o, a, € C°(M,R), since the Hodge dual of any component
parallel to 0 is orthogonal to 6 while the Hodge dual of any
component orthogonal to 0 is parallel to 6 and since there are
no other four-form-valued pinor bilinears that could appear
in the right hand side. In the current example (see Table 1),
the volume form v is twisted central (i.e., we have v & w =
n(w) ¢ v for any inhomogeneous differential form w) and
satisfies v & v = +1. The latter property amountsto * Y =Y,
which leads to &, = 1/, and implies

1
*Y =Y + “—YL, with a; € C* (M,R). (330)
1

Expanding (323) into rank components gives the follow-
ing conditions, which are equivalent to the “useful relations”
discussed in Appendix C of [3]:

1 _

- gtFY+1dAK—2Kb:0,
1 — b

- ~1zZ——f+adA =0,
6" 3f

| 1 _
dAAK = ZFAY + ~1p % Z =0,
6 3

1 = 1 1 =
—glf*Y+2K*Z+ 31?F+1dAY—gFA3Z=O,
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1 1 — b — a

—FA)Y -2k« Y+ —-fAxZ——%xF+1,,Z——F

6 T2 Tk 3/ 6 faas T g
:0,

1 — 1 = 1
- —-FAK+dAAY + -FA,Z--fA*Y =0,
6 6 3
= 1 — 1
dA/\Z+—zf*K+—FA1Y=O,
3 6
a — 1 =
—5*f+2K*K+gFAIZ+b*(dA)=0,

1 = 1
ZaKv—gf/\*K+gY/\F:0.

Remark 15. It will be useful to Hodge dualize relations (331),

which gives

1 p—
_EF/\*Y+dA/\*K—2Kbv=0,

1 = b
-—FA*Z—-—-% f+axdA=0,

6 3

— 1 1 =
_ldA*K—g*(FAJ)—Ef/\Z:O,
1 - 1=
5f/\Y—ZKZ—EK/\*F—dA/\*Y

1 J—
1 1 = b =
— % (FAY) = 2kY + ~1;.Z — —F+dA N %Z
6 3 6
~24F=0

6

1 1 = 1
_glf*F-'—ldA*Y_g*(FAZZ)_glfYZO
1 - 1. =
—g*(FAlY)_‘dA*Z_gf/\KZO

a — 1
_§f+2;cK+gt*zF+bdA=0

1 = 1 _
_glfK+g;Y*F+2m—0,

where we used (328) and (329).

Similarly, the rank expansion of (324) gives
— 1 —
amb = ZKI(Em)uK - 5 * [(l(em)nF) N Z] 5
— 1 —
VK = =2ub (e,,), - 3 ((em)11 AfA Z)

+ % (l(em)le) A3Y,

(331)
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VY =2 (e,,), A *Z + % ((em)11 ANf)A, =Y
1— 1 —
+ EK A (l(em)uF) + E ( (em)nF) AZZ’

VinZ = =2k (e,,), A *Y+% * ((em)11 /\f/\f)

m
1 - 1
+5 (em)g A fA*Z - B (e, F) A0Y
b
- 5 (em)ﬁ AN *F,

(333)

which in turn implies the following constraints representing
the rank components of (325):

= 1
db = 2K + —1 3 F,
2

1 _
dK = _EFA3Y+ Ly * Z,

(334)
dY = FA,Z - 2f A %Y - 2F AK,
_ 3 _
dZ = FAY + 315« K.
2
The Hodge duals of (333)
— 1 _
0,bv = 2 (e,,), N *K — 3 (’(em)nF) NZ
_ 1 _
Vi # K = =2b * (e,,), + E(em)ﬁ/\f/\Z
1
(332) -3 (Hep F) A Y
- 1
Vi Y = 2010, Z 4 () A f) 0 Y
! F 335
+EIE((em)ﬁ/\* ) (335)
1
- 5 (l(e )IIF) Al *
V, % Z=-2x1, Y-~ (em); AKAf
1 - 1
+ SHemanZ + 5 (g, F) B + Y
1
- Eb[(e‘f")ﬁF
lead to another set of differential constraints:
d(K) = —16kby - 2F A %Y,
_ 1—
d(#Y) =10kZ -2f AY + EKA *F
(336)

3 —
+ (Fr,Z),

d(#Z) = —2bF = 8kY + % (FAY) + 21, Z.
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Finally, expanding (326) and using the properties of v, we find

KOK+KOY+YOK+KOZ+ZOK+YOY
Y ZOZ+YOZ+ZOY +2bxY +b° (337)
= 15a* + 14aK + 14aY + 14aZ + 14abw.

We write below the expansions for all those geometric
products (see (35)) that appear in (337). Let us first list the

geometric products involving K:

KoK=|&] .

KoY =KAY, +KAY),

Y oK =KAY, -KAY), (338)
KoZ=KAZ, +KAZ =KAZ,
ZoK=-KAZ, +KAZj =KAZ.

Notice that K A Z, = 0, since there is no nontrivial six-form
pinor bilinear that can be constructed in this case. Thus, we
must have Z, = 0, which means Z = Z”, a relation which we
use when performing the following expansions:

Y <o Y = ZYV" N YJ_ - Y"A217" - ZYV"AZYJ_
YA+ G+
YOZ=-Y\A\Z -Y DZ+ Y0527,

+Y,NZ, (339)

ZOY =YViAZy— Y057y - YA Z,
+Y, 02,
- = = P — — —2

We mention here that expansions (331)-(339) were obtained
using a package of procedures which we created using Ricci
[33]. We have also verified these relations (in tensorial form)
using Cadabra [34].

We deduce from the Fierz identities in normal cases that
any generalized product of form-valued pinor bilinears can
be expressed as a form-valued pinor bilinear. In (339), we
omitted to write down those terms which are tautologically
zero due to the graded antisymmetry of the wedge product.
We also omitted writing some other vanishing terms such as
Y, AY,, which has rank 8 and thus must be proportional to
the volume form but vanishes since the volume form does
not have an orthogonal component. Similarly, YA, Z; = 0
since it should be a parallel 7-form and thus proportional to
(*E)" = *(EL), but EL = 0. Furthermore, YLAIZ" = 0 since
it is an orthogonal 5-form, thus proportional to Z, = 0. For
similar reasons, YLA3Z" =0and YHA42" =0.

Advances in High Energy Physics

Given expansions (338) and (339), identity (337) gives the
following relations when separated into rank components:

zI? 2 2 =2
IR + v P + v + 2] + 07 = 154,
YLA4Z = 7¢1E,
ZKAlz - Y"AZY," - 2Y"A2Yl — YLAZYL
(340)
E A YJ_ - YJ_AZZ = 7012,
2Y, AY, + ZAZ = 14aby.

In order to solve system (340), we introduce the notations:

KA Y = ez
KAY =f=*Z,
KA Z = gY,,
Y AY, =h,
YA =Y.,
Y)85Y, = 0¥,
Y, A)Y, =y, (341)
Y“AIZ =nx*K,
Y A, Z=r1Z,
Y”A3z =s = Z
Y, AZ =K,
ZAIZ = uy,
ZNZ = XY,

wheree, f, g, h, y1, ¥, ¥3, 1, 1, S, t, u, x are smooth functions
on M which we want to determine in terms of a and b.

Using (341), system (340) leads to four independent
relations for ranks 0, 1, 5, 8 and two independent identities for
the parallel and perpendicular components of rank 4:

o+ R + I + vl + 2] = 1502

t="7a,
e—r=7a,

2h + u = 14ab, (342)
ba, -y, = 7a,

2—b+2g—(y1+y3)—x:14a.
51
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Using associativity of the geometric product
(KoK)oY=Ko(KoY),

(KoY)oY =KoY oY),

Yov)oZ=Yo(YoZ),

(KoZ)oY=Ko(ZoY)

as well as (338), (339), and (341), we find the relations

K[ - eo
e= fa,,
en+ ft =2h,

er+ fs=e(y +3),

es+rf =2y,f,

Il + v, = et + fn,

12 -

u=0,

gr = xe,

fx = sg,
72 = KT
ez = ¢ ||

2h + 2sy, = ne + 2rs + ft,
"YH"2 + "YLHZ +r(y +y3) =nf + r*+ 5% +te,
t(y, + y;) =rt +ns,
—2
n K] = gh.
2 —2
glv.l =«
2y,n =nr +ts,
Y3 =1

Y2 = Sy,

35

which need not be independent. We thus find that the Fierz
identities are equivalent to the algebraic system of (342)-
(344), which can be solved using Mathematica® and give

e=a,
f=b
a* - b
(343) g= P
h = 7ab,
6b*
N = L
¥, = —6a,
Y3 = —6a,
n=7b,
r = —6a,
s b, (345)
t="7a,
u=20,
6 (a2 - bz)
x=- ,
a
o = a
1=
K] = a* -,
Ivl° = 7v%,
Y. =74%,
(44 2] =7 (a>-¢?).

Substituting this solution into (341) gives

— 11—
Z S ;K/\YJ_,
— 1—
*Z = EKAIY",
—_ 1 _
K = — VA Z,
Y" N YJ_ = 7ab'V,

6b*
V&Y =——7%,,

Y| A,Y, = -6aY),

Y, AY, = —6aY,,
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[/ = a0
Il =7,
Iv. ) =7a,
7 =7 (a" - ).
Y=Y +Y, = 2 RAsZ+ 2 17,
&I <]
ZNZ = ~6iZ.

(346)

Taking (as in [3]) a = 1 and b = sin{ (since 1 — b* > 0 for
the norms to be positive) we find agreement with the results
in loc. cit. (up to a sign issue which is discussed in [35]), as
for example,

1K =1,
N (347)
where K = (cos{) 'K,
I+ZI* =7,
(348)
def 1=
where Z = (cos()” Z,
I (+Z) = 0, (349)
Y = Z - (xZ) ANKsin(, (350)
d(e*K) =0, (351)
Knd(e®yz) =0, (352)
e**d(e* * Z) = «F - Fsin{ + 4xY, (353)
_3Ad( sin C) f- 4xK, (354)
e 1244 (elZAvol7 cos C) = —8xvol, A Ksin, (355)
with vol, defined as in [3]:
1 1
vol, = =P N ig % p=—=(%Z) NigZ = -1y
7 7 (356)

=—-=x K.

It is easy to see that the first four of these conditions follow
directly from the Fierz identities (346), while the last four
can be obtained using the algebraic constraints (331) and the
differential constraints (334).

Proof of Relations (347) and (348). From (346), we have

IR = -
(357)
Iy =7 (-0,
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Fora=1,b=sin{,K = (cos{) 'K, and Z = (cos{) ' Z, this

result becomes

IK|? =1, 58)
358
1=ZI* = 1Z]* = 7.

O

Proof of Relation (349). The second relation in (328) gives
(xZ) = =% (KAZ),where KAZ = (1/cos’¢)KAZ mustbe a
6-form bilinear in & since K and Z are bilinears in § and since
the Fierz identities allow us to reduce KAZ to a pinor bilinear.
But there is no nontrivial 6-form pinor bilinear which can be
constructed in our case, and thus we must have K A Z = 0.
This proves relation (349). ]

Proof of Relation (350). Starting from the expression ¥ =
®/IKIPK A +Z + (a/IK|*)ixZ found in (346), taking the
normalization used in [3, 4] and the notations in (347), (348),
one finds

1 _
Y = sin(K A *Z + 12
cos*{ ( K ) (359)

=g Z - (*Z) AKsin(,
thus proving relation (350). O

Proof of Relation (351). The third algebraic constraint listed in
(331)

dA/\E—lFA3Y+ltf*Z:O<=>
6 3

) (360)
3dAAK = ZFAY —1p % Z
2
and the second differential constraint listed in (334)
_ 1 _
dK =~ FAY 41,5 Z (361)
imply the relation
3dAAK +dK = 0 & dK = 3K A dA, (362)
which is easily seen to be equivalent to (351). O

Proof of Relation (352). Using (350), one can write (352) in the
equivalent form:

KA[6dAAY +dY —sin (xZ) AdK] = (363)

where we used K A K = 0. Relations (362) and K AK = 0
imply K A (sin {(xZ) A dK) = 0, so (352) reduces to
KA(6AAAY +dY) =0 (364)

To prove (364), notice that adding the sixth algebraic con-
straint listed in (331)

6dAAY = FAK = FA,Z +2f A %Y (365)
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to the third differential constraint listed in (334)

dY = 2F AK + FA,Z - 2f A %Y, (366)

gives

6dAAY +dY = -FAK, (367)
which in turn implies (364) upon using the identity K A K =
0. O

Proof of Relation (353). Relation (353) is equivalent to

6dA A (*Z) +d(*Z) = #F - Fsin{ + 4xY. (368)
To prove (368), notice that the fifth relation in (332), which
is the Hodge dual of the fifth algebraic relation listed in (331),
when multiplied by 6 gives

6dA A *Z = %F + Fsin{ + 12xY — % (FA,Y)
B (369)
- thZ

On the other hand, the fourth differential relation listed in
(336) gives
d(#Z) = -2Fsin{ - 8kY + * (FAY) + 21,Z.  (370)

Adding (369) and (370) gives (368). This finishes the proof of
(353). ]

Proof of Relation (354). Relation (354) is obviously equivalent
to

3(sin{)dA +dsin{ = f - 4kK. (371)
To prove (371), notice that the Hodge dual of the eighth
algebraic constraint listed in (331) (i.e., the eight relation in
(332)), after multiplication by 3, gives
3(sin¢)dA = f — 6K %l*zp. (372)

On the other hand, the first differential constraint listed in
(334) gives

— 1
dsinC =2kK + EI*EF. (373)

Adding (372) and (373) gives (371), which finishes the proof
of relation (354). O

Proof of Relation (355). Using the first relation in (336) and
first relation in (332) one finds
12dA A %K +d = K = 8k sin (v, (374)

which, when expressing the volume form v in terms of vol,
defined in (356), leads to (355). ]
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7. Conclusions and Further Directions

We showed that geometric algebra techniques can be used
to give a highly synthetic, conceptually transparent, and
computationally efficient reformulation of the constrained
Killing pinor equations, which constitute the condition that a
flux background preserves a given amount of supersymmetry.
This formulation clearly displays the algebraic and differential
structure governing the supersymmetry conditions, leading
to a description which opens the way for unified studies of
flux backgrounds aimed at uncovering their deeper structure.
We showed that our general formalism recovers results and
methods which were used in [3] and therefore that it provides
a powerful way to extend them. Our formulation is highly
amenable to implementation in various symbolic computa-
tional packages specialized in tensor algebra, and we touched
on two particular implementations which we have carried out
using Ricci [33] in Mathematica®, as well as Cadabra [34].

Here we illustrated our approach with the case of the
most general compactifications of M-theory which preserve
W = 1 supersymmetry in three dimensions [3, 4], showing
how the results derived through different methods in loc. cit.
can be recovered through our techniques. We stress that the
methods introduced in this paper have much wider applica-
bility than the example considered in Section 6, leading to
promising new directions in the study of supergravity back-
grounds and supergravity actions. In particular, we believe
that many computationally difficult issues in the subject could
be understood much better by using such techniques. The
connection with a certain form of geometric quantization
(which we have only touched upon) also leads to interesting
ideas, problems, and directions for further research, which
are currently under investigation. Further applications of our
approach can be found in [35-38].

Appendix

A. Identities Satisfied by the Covariant
Derivative of Pinors

Let (M, g) be a pseudo-Riemannian manifold endowed
with a local coordinate system (x™) and a local pseudo-
orthonormal frame (e,) (vielbein) of (T'M, g), both defined
above an open set U ¢ M. In this Appendix, both m and a
run from 1 to dim M. As usual, pseudo-orthonormality of e,
means g(e,,e,) = #,, where 7, is a diagonal matrix all of
whose diagonal entries equal +1 or —1. We let e” denote the
dual coframe of M, defined through e“(e;,) = &y; it is a local
frame of T*M which is pseudo-orthonormal with respect
to the metric § induced on T*M; that is, g(e®,e’) = #*
where 71, = 8% We have 9, &« 0/ox™ = e} (x)e, and
e, = €,'(x)0,, for somelocally defined functions e}, , €)' which
satisfy e, e}’ = &, and e}, e’ = &), . This implies g(e,, e,) =
€, €, Gmn = Map a0d g(0,,,0,) = efneanb = g,un- Any tensor
fieldt € T(TM®P&(T* M)®) of type (p, q) expands as follows:

E=0 by, Oy, ® -8, ®dx" ®---@dx"
o (A1)

= tbl-an

e, ®---®¢, e ® @€,
1 P
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where the locally defined coefficient functions t::l..'.';,j" and

a-a,
tblmbq are related through

aap A A m Tq 11y
tbf--bq =€, " Cm, 6 'ebqtnl---nq —
(A.2)
M=y my My by by @y
tnr-nq =e, "req ey "'enqtbl...bq

Here and below, indices denoted by letters chosen from the
middle of the Latin alphabet refer to the coordinate frame
defined by (0,,) while indices denoted by letters chosen from
the beginning of the Latin alphabet refer to the local pseudo-
orthonormal frame (vielbein) defined by (e,).

A differential k-form w € QF(M) expands locally as in
(2). Similarly, a polyvector field & € T(M,A*TM) expands
locally as follows:

1 4.
a=y E(xal % (x)es N Neg,s (A3)

with coefficients functions which are totally antisymmetric in
the indices.

Let V be the Levi-Civita connection of (M,g). Its
Christoffel symbols I ~in the given local coordinates are
defined through V,,(9,) = T7,0,, while its coefficients Qfm
with respect to the given coordinate system and vielbein

are determined by the expansion V,.(e,) = Qb 2€b

f
and below, we set V,, =

coefficients are related through

. Here

. The two sets of connection

a a Ayn

_ A a
Qp = €46, L,0 — €063 &

(A4)

n a
L,=e eAme +e.0,,e].

The fact that V is torsion-free amounts to the conditions

= Q _mea’ (A.5)

mab —

L = Tom
where Q,,,, is defined through

def

Qmab - nacQ (A6)

g(ea’v eb) g(vmea’ )

With respect to the vielbein, the covariant derivative of a
(p, q)-tensor (A.1) takes the form

Vut = (V,, t) b e, ®: ®eap®ebl ®--®e, (A7)
where
a;-a, dﬁf a;a,
(th)bl...bq - tbl~-~bq;m
_ aap As-1>.0511 " p
= Oty + ZQma bt (A8)

b~ 1ﬂbt+1 b

q
Z bbl
t=1
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For a differential form (2), this gives V,,w = (Vmw)bl___h(ebl'"bk,
with

(Vm("))b1 by = wbl bysm

(A9)

=9 wbl b ZQMb bl 100410

while for a polyvector field (A.3), we find V, & =
(V,u)™ e, A---Ae, , with

)“1"'ﬂk def oy
=

(V.

m

. (A10)
— ay -Gy As 1G5 150:0511 O

= 0,8 % + ) O o :

s=1

Let S be a pin bundle over M. Recall that the connection V°
induced by the Levi-Civita connection V takes the form

=0, + ﬁm,
(A.11)
% ¢ T'(M,End (S));

1
==9 (eu’ Vmeb) Y

~ 1
where Q,, = ZQmaby“b 2

this acts on sections of S in the obvious manner. Here, y* €
I'(M, End(S)) are the gamma operators associated with the
coframe (e”), which satisfy

[y“,y"]” =24, (A.12)

We will also use the operators y, o Ny’ Which satisfy
(Var Volie = 2H4. In what follows, we recall some basic

properties of V5.

Algebraic Identities. Let V be a finite- dimensional K-vector
space. For X,Y € End(V), we set [X,Y], C XY + eYX,

where € € {-1,+1}, so that [X, Y], def [X, Y], is the anti-

commutator of X with Y, while [X,Y]_,; & [X Y] . is the

commutator. We start with the following trivial observation.

Lemma A.l. For any A,B,C € Mat(n,K) and any ¢ €
{1, +1}, we have

[AB,C], = A[B,C], - €[A,C], B. (A.13)

Proposition A.2. The following identities hold for all p # g:

[YP ° an yul" k = =2 I,Iq“ ay+Gs 1 P Agyy O
Z (A.14)
-(p—a),
P q — q
Y °Y s VYaa|_ =2)9 ’7 Yal ag_y p' agya
[ k] Z P 3 (A.IS)

~(pe—aq).
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Proof. We prove only the first identity, since it immediately
implies the second upon lowering indices with 7. Applying

the lemma with € = (—l)kfl, we find
(PP ey Ly ], =97 o [y Ly ] e
+(-DF[y?

Valmak](_l)kfl,o (A16)

o ‘yq_

A simple computation (or a mathematical induction argu-
ment) gives

k
[)IP, )/al"'ak](q)k*l,o = ZZ (_1)5—1 ﬂPﬂsyaf'ﬂS-..ak’

s=1

(A.17)

where the hat indicates that the corresponding index is
missing. Using this equation and its counterpart with p
replaced by g in (A.16) gives

[y? oy y™ %]

k
e N

+ZZ( 1)51 pag “1 ukqu'

We next use the followin, 9g identities, which can be checked by
mathematical induction’:

yp o yal VaS ak
— (_1)5_1 yul'“as—l P gy ay
s—1
+ 22 (_1)t 1 T’]Pat)/ yal'--ﬁt'--ﬁsmak’
~ (A.19)
,yul"'“s'"ak o ,yq
— (_l)k*S yﬂl"'“s—l 9 G517k
k -~
+2 Z (—I)k tﬂqa’y Y s"'“t“'“k'
t=s+1
Inserting these in (A.18) gives
[VP ° )ﬂ’ yﬂl" “k — zznqa a1+Gs_1 P Asiy O
(A.20)
-(p—q+T,
where the term T is given by
T=4(T,-T,), (A.21)
with T} = lemsk(_l)Ht’lpa’ﬂqas)’alma‘masmak and T, =
Z1gs<tsk(_1)s+t7’lqat’7pas)’almasmatmak~ Since T, = Tilpeq we
have T' = 0 and the first relation (A.14) is proved. O
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Proposition A.2 has the following immediate conse-
quence, which follows by using the antisymmetry property
(A.5) of O,y

Proposition A.3. The following identities hold:

[V:q, yulmak]_)o _ ZILmec cha yul-..ak]_)o

k
— _ZQ as ,yal'“as—l P as+1“'ak’
m p
s=1

1 (A22)
[VS > Ya, - ak] = 1 Qe [ch’ Ya,-a, ] e
k
= +Zﬂmpus)’ay"ﬂm P ag,ay
s=1

Consider an arbitrary k-form w as in (2) and an arbitrary
polyvector field « as in (A.3). We define endomorphisms of
the pin bundle S via

1 ey

Y (w) = Ewal---akyg >

g
bl

1
Y (Vmw) = E (Vmw)al...ak Y

1 (A.23)
y(@ = E“ o

Ya,--ap>

Y (Vo) = (V )" Yoya

Proposition A.3 implies the following.

Proposition A.4. V° satisfies the following identities for any
differential form w and any polyvector field o:

[V v @)]_ =y (V).
(Voo v @] =y (Ve0).
Proof. Relations (A.24) follow by using Proposition A.4,

(A.9), and (A.10) as well as an obvious relabeling of dummy
indices. O

(A.24)

Observation. The first identity in Proposition A.4 is the well-
known statement that V® is a Clifford connection on S in the
sense typically used in spin geometry (see, e.g., [39]).

B. Component Approach to Pinor Bilinears

In this appendix, we show that the abstract equations (224)
and (246) are equivalent to a set of equations which were
found in [3] via component calculations pertaining to the
particular case considered in loc. cit.

B.1. Alternate Form of the Algebraic Constraints. Takinglinear
combinations of (223) (equivalently, using the fact that
HL N AR, @) = FLg+ R o) N F (g~ R, )
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shows that the algebraic constraints derived in Section 5 can
also be written in the following form:

B (f) (Qt o Yar“ak + '}/al,“ak o Q) EI)
= gt (Qt o y“l'"“k + y“l"'ﬂk o Q) EI - 0.

(B.1)

These equations are equivalent—for the particular case con-
sidered there—with a set of conditions used in [3]. Starting
from equation (2.26) of that reference, let us show that the
“useful relations” of [3, Appendix C] are equivalent to our
algebraic constraints. Recall that [3] deals with the case of
Majorana spinors & in eight Euclidean dimensions, a case
which was also the subject of our application in Section 6.
As explained in that section, we prefer to work directly with
¢ rather than with the quantities e, = (1/V2)£ and e_ =
(1/ \/f)y(g)f used in loc. cit. (which provide a redundant
parameterization of &).

When expressed in terms of &, (2.26) of [3] is equivalent
to Q& = 0, where Q is given in (304). Choosing a local frame
of S, we can think of Q as a locally defined matrix-valued
function and of £ as a column matrix with entries given by
locally defined smooth functions. When Q¢ = 0, we also have
&Q" =0, where

Q= % (0,0)y" + éfny” oy® - 2—;8anqu"" ” 52

— 1y,

The two equations Q& = 0 and &'Q" = 0 imply the relations
§T-QE=0,
§Q - TE=0,

where T' € Mat(16, R) = CI(8, 0) is a general Clifford matrix.
Using relations (308) and the fact that y** anticommutes with
y',..., 9%, itis easy to check that the “useful relations” (C.1)-
(C.3) given in Appendix C of [3] take the following form when
expressed in terms of &:

(B.3)

(B.4)

1
288

+ KEt [y(g)’ T]x E - éfmgt [ymy(g)’ T]tg =0,

Fpgr PP T] 8= 2 (0,808 [/ T, €
(B.5)

ﬁqursgt [YPQTS’ Ty(g)]¢ E
- @ME [ ) e+ [T 8 B
- éfmgt [me(g)’Ty(g)]iE =0.

It is now clear that the first identity in (B.5) is equivalent
to the difference (B.3) — (B.4) and the second is equivalent
to the sum (B.3) + (B.4), while the two identities in (B.6)
are equivalent to (B.3) ¥ (B.4) where T is replaced by Ty(g).
One can easily check that the third and fourth identities
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are not independent, being equivalent to the first two. We
conclude that the useful relations of [3] are equivalent to the
particular incarnation of our algebraic constraints for the case
considered in loc. cit.

B.2. Alternate Derivation of the Differential Constraints. For
simplicity, let us consider only the case K = R. Recall that
the pin bundle S of a pseudo-Riemannian manifold (M, g)
is endowed with admissible bilinear pairings 98, which, in
particular, satisfy (174).

Since ﬁ; = -Q,,, we find that O, is anti-self-adjoint with
respect to the pairing 9%, which means that the pin covariant
derivative V¥ induced by the Levi-Civita connection of (M, g)
is compatible with 2 in the sense that this pairing is V°-flat:

0, B (E8) = B(VEE) + B(EVLE),
VEE €T (M,S).

(B.7)

The deformed pin connection takes the form D,, = V5 +A,,, =
= . t .

0,y + Oy, + A, Since A| = —-A,, it follows that A, (and

thus also Q,, + A,,) is again anti-self-adjoint with respect to

the scalar product on S; as a consequence, the deformed pin

connection is also compatible with this pairing:

am‘% (Ei EI) =% (Dm£7 EI) +RB (E’ DmEI) >

VEE €T (M,S).

(B.8)

Replacing & with T&' in the last equation (where T €
I'(M, Endg(S)) is arbitrary) gives
0,8 (ETE) = B (D, & T8

+B(&[D,T]_, &)

(B.9)
+ B (£,TD,¢),
5, eI (M),
which immediately implies the following statement.
Lemma B.1. When D, £ = D,,& = 0, we have
amgg (E’ Tg’) =% (E) [Dm’ T]_,c E’) >
(B.10)
VT € T'(M,Endg (S)).
Let nowE" € OF(M) be a k-form defined through
< (k) def
E“l“‘“k =% (E’ yal“'“kE’) =
(B.11)

E(k) -z (f, Yalmaksl) s

where (e,) is a local pseudo-orthonormal frame of (M, g) and
Ya = y((ea)n) = ”abyh'
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Proposition B.2. When D,,£ = D,,£' = 0, we have

" e (B.12)
= B (& [AVaya ] E)-
Proof. Applying LemmaBltoT =, ., gives
0En o = B (& [DyVara)_ &)
(6970 )
+ % (5’ (A Vaoa ], fl) (B.13)

k
=% <£> ZQmPaSYaI---as,l P aﬁy--akE)

s=1

+ B (E’ [Am’ y“l“‘ak]—,o E’) ’

where we used the second identity stated in Proposition A.3
of Appendix A. The conclusion follows upon moving the first
term of the last expression to the left hand side and applying
(A9). O
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Endnotes

1. They can, of course, also be formulated using complex
Weyl spinors.

2. Indeed, the values of §,,...,&; at two points x, y of M
are related through the parallel transport of D along
some curve connecting x and y in M. Since the parallel
transport gives a linear isomorphism between the fibers
Sy and S, of S, it follows that any linear dependence rela-
tion within &, (x),...,&,(x) also holds—with the same
coeflicients—within &, (y),...,&,(y). Since x and y are
arbitrary, this would give a linear dependence relation
over K (i.e., with constant coefficients) between the
globally defined sections &,,...,&,, which contradicts
our assumptions.

3. In general, we have 1, o
Q%M.

w = Ny o/, = 0forany w €

4. Of course, we can view < as a section of the vector bundle
Hom(AT M ®& ATy M, AT M).

5. Thisis most easily explained in the case whend = dim M
is even; namely, d = 2r. Then “vertical” fermionic Weyl
quantization (in which one quantizes only along the
odd directions of IITM, while treating the body M as
classical) can be performed by choosing an almost com-
plex structure on M, which induces a decomposition
TeM = W @ W* of the complexified tangent bundle
of M, with W a complex vector bundle. This allows us
to define fermionic Fock representations at each point
x € M given by annihilation and creation operators

def . def .
a, = (1/V2) (g +iyea)ral = (1/V2)(y—iy,p) (where
i = 1---r) defined at x, with coherent states given by

df _ dj2 _k_+ .
|z, = e i ? *]|0) ., where |0) , is the vacuum at x and

2K = (1/2)(*+il"*) are 0dd complex coordinates along
the fibers of IIT- M. Identifying Q. (M) with the algebra
of complex functions on IITM, we have a, = 0/dz

and a; = Z¥, so the bundle of spin Fock spaces can be

identified with the subbundle AW™ of ATEM. The star
product x takes the form

fw<>11 = fw *fr]
kjé é Elé 5 (*)
=fwexp<g g g@)fn’
which agrees with (34).

6. This map can be defined naturally on the bundle of endo-
morphisms of any vector bundle, making no reference
whatsoever to any bilinear pairing on the bundle.

7. The same is true for any metric but torsion-full connec-
tion.

8. Note that D,, ®idg +idg® D,), is the connection induced
byD,,onS®S.

9. Notice that there is no Einstein summation over p or q.
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