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1.1. Introductory remarks on supersymmetry. The subject of supersymme-
try (SUSY) is a part of the theory of elementary particles and their interactions
and the still unfinished quest of obtaining a unified view of all the elementary forces
in a manner compatible with quantum theory and general relativity. Supersymme-
try was discovered in the early 1970’s, and in the intervening years has become a
major component of theoretical physics. Its novel mathematical features have led
to a deeper understanding of the geometrical structure of spacetime, a theme to
which great thinkers like Riemann, Poincaré, Einstein, Weyl, and many others have
contributed.

Symmetry has always played a fundamental role in quantum theory: rotational
symmetry in the theory of spin, Poincaré symmetry in the classification of elemen-
tary particles, and permutation symmetry in the treatment of systems of identical
particles. Supersymmetry is a new kind of symmetry which was discovered by the
physicists in the early 1970’s. However, it is different from all other discoveries in
physics in the sense that there has been no experimental evidence supporting it
so far. Nevertheless an enormous effort has been expended by many physicists in
developing it because of its many unique features and also because of its beauty
and coherence!. Here are some of its salient features?:



e [t gives rise to symmetries between bosons and fermions at a fundamental
level.

e Supersymmetric quantum field theories have “softer” divergences.

e Supersymmetric string theory (superstrings) offers the best context known
so far for constructing unified field theories.

The development of supersymmetry has led to a number of remarkable pre-
dictions. One of the most striking of these is that every elementary particle has a
SUSY partner of opposite spin parity, i.e., if the particle is a boson (resp. fermion),
its partner is a fermion (resp. boson). The partners of electrons, neutrinos, and
quarks are called selectrons, sneutrinos, and squarks, the partner of the photon is a
fermion named photino, and so on. However the masses of these partner particles
are in the TeV range and so are beyond the reach of currently functioning acceler-
ators (the Fermilab has energies in the 1 TeV range). The new LHC being built at
CERN and expected to be operational by 2005 or so, will have energies > 10 TeV
and it is expected that perhaps some of these SUSY partners may be found among
the collisions that will be created there. Also SUSY predicts a mass for the Higgs
particle in the range of about several hundred times the mass of the proton whereas
there are no such bounds for it in the usual standard model.

For the mathematician the attraction of supersymmetry lies above all in the
fact that it has provided a new look at geometry, both differential and algebraic,
beyond its conventional limits. In fact, supersymmetry has provided a surprising
continuation of the long evolution of ideas regarding the concept of space and more
generally of what a geometric object should be like, an evolution that started with
Riemann and was believed to have ended with the creation of the theory of schemes
by Grothendieck. If we mean by a geometrical object something that is built out of
local pieces, and which in some sense reflects our most fundamental ideas about the
structure of space or spacetime, then the most general such object is a superscheme,
and the symmetries of such an object are supesymmetries which are described by
super group schemes.

1.2. Classical mechanics, the electromagnetic, and gravitational fields.
The temporal evolution of a deterministic system is generally described by starting
with a set S whose elements are the “states” of the system, and giving a one-
parameter group

D:t—— Dy (teR)

of bijections of S. D is called the dynamical group and its physical meaning is
that if s is the state at time 0, then Dy[s| is the state at time ¢. Usually S has
some additional structure and the D; would preserve this structure, and so the D,
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would be “automorphisms” of S. If thermodynamic considerations are important,
then D will be only a semigroup, defined for ¢ > 0; the D; would then typically
be only endomorphisms of S, i.e., not invertible, so that the dynamics will not be
reversible in time. Irreversibility of the dynamics is a consequence of the second
law of thermodynamics which says that the entropy of a system increases with time
and so furnishes a direction to the arrow of time. But at the microscopic level all
dynamics are time reversible, and so we will always have a dynamical group. If the
system is relativistic, then the reference to time in the above remarks is to the time
in the frame of an (inertial) observer. In this case one requires additional data that
describe the fact that the description of the system is the same for all observers.
This is usually achieved by requiring that the set of states should be the same for
all observers, and that there is a “dictionary” that specifies how to go from the
description of one observer to the description of another. The dictionary is given
by an action of the Poincaré group P on S. If

PXS—>S, 975’—>g[8]

is the group action, and O,O’ are two observers whose coordinate systems are
related by g € P, and if s € S is the state of the system as described by O, then
s’ = g|s| is the state of the system as described by O’. We shall see examples of
this later.

Finally, physical observables are represented by real-valued functions on the
set of states and form a real commutative algebra.

Classical mechanics. In this case S is a smooth manifold and the dynamical
group comes from a smooth action of R on S. If

d

X, = Xps = (a): (D) (s€9)

then X (s — X) is a vector field on S, the dynamical vector field. In practice
only X is given in physical theories and the construction of the Dy is only implicit.
Strictly speaking, for a given X, the D, are not defined for all ¢ without some further
restriction on X (compact support will do, in particular if S is compact). The Dy
are however defined uniquely for small time starting from points of S, i.e., we have a
local flow generated by X. A key property of this local flow is that for any compact
set K C S there is € > 0 such that for all points s € K the flow starting from s at
time 0 is defined for all ¢ € (—¢, +¢).

In most cases we have a manifold M, the so called “configuration space” of the
system. For instance, for a system consisting of N point masses moving on some
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manifold U, UY is the configuration space. There are then two ways of formulating
classical mechanics.

Hamiltonian mechanics. Here S = T*M, the cotangent bundle of M. S has
a canonical 1-form w which in local coordinates g;,p;(1 < i < n) is p1dg1 + ... +
Pndqy. In coordinate-free terms the description of w is well-known. If s € T*M
is a cotangent vector at m € M and 7 is the projection T*M — M, and if £ is
a tangent vector to T*M at s, then w(&) = (dm,(£),s). Since dw = > dp; A dg;
locally, dw is nondegenerate, i.e., S is symplectic. At each point of S we thus have
a nondegenerate bilinear form on the tangent space to S at that point, giving rise
to an isomorphism of the tangent and cotangent spaces at that point. Hence there
is a natural map from the space of 1-forms on S to the space of vector fields on
S, A+ A~. In local coordinates we have dp;” = 0/0q¢;,dq;> = —0/0p;. If H is
a real function on S then we have the vector field Xy := (dH)™~ which generates
a dynamical group (at least for small time locally). Vector fields of this type are
called Hamiltonian, and H is called the Hamiltonian of the dynamical system. In
local coordinates (g, p) the equations of motion for a path z(t — z(t)) are given

by
. O0H ) OH (1<i<n)
i = 9 T = ~t=n).
4 Op; b dqi
Notice that the map
H+— Xy

has only the space of constants as its kernel. Thus the dynamics determines the
Hamiltonian function up to an additive constant. The function H is constant on
the dynamical trajectories and so is a preserved quantity; it is the energy of the
system. More generally, physical observables are real functions, generally smooth,
on T*M , and form a real commutative algebra. If U is a vector field on M, then one
can view U as a function on T*M which is linear on each cotangent space. These
are the so-called momentum observables. If (u;) is the (local) one-parameter group
of diffeomorphisms of M generated by U, then U, viewed as a function on T*M,
is the momentum corresponding to this group of symmetries of M. For M = RV
we thus have linear and angular momenta, corresponding to the translation and
rotation subgroups of diffeomorphisms of M.

More generally S can be any symplectic manifold and the D; symplectic diffeo-
morphisms. Locally the symplectic form can be written as ) dp; A dg; in suitable
local coordinates (Darboux’s theorem). For a good introduction see the book of

Arnold?.

Lagrangian Mechanics. Here S = TM, the tangent bundle of M. Physical
observables are the smooth real-valued functions on S and form a real commutative
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algebra. The dynamical equations are generated once again by functions L on S,
called Lagrangians. Let L be a Lagrangian, assumed to be smooth. For any path x
defined on [tg, t1] with values in S, its action is defined as

Alz] = / " L(x(t), #(8))dt.

to

The dynamical equations are obtained by equating to 0 the variational derivative
of this functional for variations of x for which the values at the end points tg, t; are
fixed. The equations thus obtained are the well-known FEuler—Lagrange equations.
In local coordinates they are

Loy,
dq;  dt \ 9g; ==

Heuristically one thinks of the actual path as the one for which the action is a mini-
mum, but the equations express only the fact that that the path is an extremum, i.e.,
a stationary point in the space of paths for the action functional. The variational
interpretation of these equations implies at once that the dynamical equations are
coordinate independent. Under suitable conditions on L one can get a diffeomor-
phism of TM with T* M preserving fibers (but in general not linear on them), and
a function Hy, on T*M, such that the dynamics on T'M generated by L goes over
to the dynamics on T*M generated by H; under this diffeomorphism (Legendre
transformation).

Most dynamical systems with finitely many degrees of freedom are subsumed
under one of these two models or some variations thereof (holonomic systems); this
includes celestial mechanics. The fundamental discoveries go back to Galilei and
Newton, but the general coordinate independent treatment was the achievement of
Lagrange. The actual solutions of specific problems is another matter; there are
still major unsolved problems in this framework.

Electromagnetic field. Maxwell’s equations. This is a dynamical system with
an infinite number of degrees of freedom. In general such systems are difficult to
treat because the differential geometry of infinite dimensional manifolds is not yet
in definitive form, except in special cases. The theory of electromagnetic fields is
one such special case because the theory is linear. Its description was the great
achievement of Maxwell who built on the work of Farady. The fundamental objects
are the electric field E = (F4, E2, E3) and the magnetic field B = (B, Be, B3)
which are functions on space depending on time and so may be viewed as functions
on spacetime R*. In vacuum, i.e., in regions where there are no sources present,
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these are governed by Maxwell’s equations (in units where ¢, the velocity of light in
vacuum, is 1):

dB

= _ E B = 1

o V x E, \% 0 (1)
and JE

Here the operators V refer only to the space variables. Notice that the equations
(1) become the equations (2) under the duality transformation

(E,B) — (—B,E).

To describe these equations concisely t is customary to introduce the electromagnetic
tensor on spacetime given by the 4 x 4 skewsymmetrix matrix

0 E; By Es
—E1 0 —B3 B2
—FEy Bsg 0 —bB;
—FEs —DBy DB 0

It is actually better to work with the exterior 2-form
F=FdtNdr+...— BidyNdz — ...

where ... means cyclic summation in z,y,z. Then it is easily verified that the
system of equations (1) is equivalent to dF' = 0.

To describe the duality that takes (1) to (2) we need some preparation. For
any vector space V of dimension n over the reals equipped with a nondegenerate
scalar product (-,-) of arbitrary signature, we have nondegenerate scalar products
defined on all the exterior powers A”(V) = A" by

(’Ul VANPIA VUpr, W1 VANPIA wr) = det((vi, wj'))lgid‘gr.
We choose an orientation for V' and define 7 € A™ by
T=v1 N... NV

where (v;) is an oriented orthogonal basis for V' with (v;,v;) = £1 for all 4; 7 is
independent of the choice of such a basis. Then the Hodge duality * is a linear
isomorphism of A” with A”~" defined by

a A xb=(a,b)T (a,be A").
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If M is a pseudo Riemannian manifold which is oriented, the above definition gives
rise to a x-operator smooth with respect to the points of M that maps r-forms to
n — r-forms and is linear over C*°(M). In our case we take V to be the dual to R*
with the quadratic form (2°)% — (21)? — (22)? — (23)? where we write the dual basis
as dz*. Then for 7 = dz° A da' A dz? A da® we have

xdxh N dx” = e,e,dx” N dx®

with (uvpo) an even permutation of (0123), the ¢, being the metric coefficients,
being 1 for 4 = 0 and —1 for i = 1,2, 3. Now we regard R* as a pseudo Riemannian
manifold with metric dt? —dx? — dy? — dz?, and extend the *-operator defined above
to a *—operator, linear over C*°(R*) and taking 2-forms to 2-forms. In particular

xdt \ dx = —dy N dz, xdy Ndz = dt A\ dx

with similar formulae obtained by cyclically permuting z, y, z. Then %F' is obtained
from F' by the duality map (E,B) — (=B, E). So the two sets of Maxwell equa-
tions are equivalent to

dF =0, d+xF =0.

In this coordinate independent form they make sense on any pseudo Riemannian
manifold of dimension 4. F'is the electromagnetic field.

The Maxwell equations on R*, or more generally, on any convex open set
Q) C R*, can be written in a simpler form. First, all closed forms on 2 are exact
and so we can write ' = dA where A is a 1-form. It is called the four vector
potential. It is not unique and can be replaced by A + da where « is a scalar
function. The classical viewpoint is that only F' is physically significant and the
introduction of A is to be thought of merely as a mathematical device. A functional
dependent on A will define a physical quantity only if it is unchanged under the
map A —— A + da. This is the principle of gauge invariance. The field equations
are the Euler—Lagrange equations for the action

A[A] = —% /(dA A xdA) d*z = %/(E2 — B?) dtdzdydz.

The Maxwell equations on {2 can now be written in terms of A. Let us take the
coordinates as (z#)(u = 0,1,2,3) where z° denotes the time and the z%(i = 1,2, 3)
the space coordinates. Then

A=Y Audat,  F=Y Fyda"Ada”  Fu=A, ,— A,
M

p<v



with the usual convention that f , = 0f/0x*. Then, writing F*" = ¢,¢, F),, with
the ¢, as above, the equation d * ' = 0 can be checked to be the same as

)l
d P = o =0 (1=0,1,23).

Let us now introduce the Lorentz divergence of f = (f,) given by

leLf Zé‘u afu

oz,

Then, writing

D:(‘?g—@f—ag—ag, au:—7
the Maxwell equations become
DA, = (divpA) , (b=0,1,2,3).

Now from general theorems of PDE one knows that on any convex open set €,
any constant coefficient differential operator P(D) has the property that the map
u +—— P(D)u is surjective on C*°(€2). Hence we can find « such that Da = —divy A.
Changing A to A+ da and writing A in place of A+ da, the Maxwell equations are
equivalent to

DA, =0, divpiA=0, (z=0,1,2,3).

The condition
div LA =0

is called the Lorentz gauge. Notice however that A is still not unique; one can
change A to A + da where Da = 0 without changing F' while still remaining in the
Lorentz gauge.

In classical electrodynamics it is usually not emphasized that the vector poten-
tial A may not always exist on an open set ) unless the second De Rham cohomology
of Q vanishes, i.e., H*PR(Q) = 0. If this condition is not satisfied, the study of
the Maxwell equations have to take into account the global topology of ). Dirac
was the first to treat such situations when he Constructed the electrodynamics of
a stationary magnetic monopole in a famous paper!. Then in 1959 Aharanov and
Bohm suggested that there may be quantum electrodynamic effects in a nonsimply
connected region even though the electromagnetic field is 0. They suggested that
this is due to the fact that although the vector potential is locally zero, because of
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its multiple-valued nature, the topology of the region is responsible for the physi-
cal effects and hence that the vector potential must be regarded as having physical
significance. Their suggestion was verified in a beautiful experiment done by Cham-
bers in 19603. This link between electrodynamics and global topology has proved
to be a very fertile one in recent years.

Returning to the convex open €2 above, the invariance of the Maxwell equations
under the Poincaré group is manifest. However we can see this also in the original
form involving F:

dF =0, d+F=0.

The first equation is invariant under all diffeomorphisms. The second is invariant
under all diffeomorphisms that leave % invariant, in particular under diffeomor-
phisms preserving the metric. So there is invariance under the Poincaré group. But
even more is true. It can be shown that diffeomorphisms that change the metric by
a positive scalar function also leave the Maxwell equations invariant. These are the
conformal transformations. Thus the Maxwell equations are invariant under the
conformal group. This was first noticed by Weyl and was the starting point of his
investigations that led to his discovery of gauge theories.

Conformal invariance of Maxwell’s equations. It may not be out of place
to give the simple calculation showing the conformal invariance of the Maxwell
equations. It is a question of showing that on a vector space V with a metric g of
even dimension 2n and of arbitrary signature, the x-operators for g and ¢’ = cg (¢ >
0), denoted by * and «’, are related on k-forms by

x =" "% (*)
so that, when £ = n we have
Thus if M, M’ are oriented pseudo Riemannian manifolds of even dimension 2n and

f(M ~ M’) is a conformal isomorphmism, then for forms F, F’ of degree n on M
and M’ respectively with F' = f*(F"), we have

[¥*(xF") = xF.

So
d«F' =0 d«xF =0

which is what we want to show. To prove (x) let (v;) be an oriented orthogonal
basis of V for g with g(v;,v;) = £1 and let 7 = v; A ... A vg,. Let ¢’ = cg where
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¢ > 0. Then (v, = ¢7'/2¢;) is an orthogonal basis for ¢’ with ¢/(v},v]) = £1 and

17 71
' =] A... AV, = c 7. Hence if a,b are elements of A*V, then

aA¥'b=g'(a,b)7 =" "g(a,b)T = ""a A xb

so that
aA*'b=c"""aAb.

This gives (x) at once.

The fact that the Maxwell equations are not invariant under the Newtonian
(Galilean) transformations connecting inertial frames was one of the major aspects
of the crisis that erupted in fundamental classical physics towards the end of the
19" century. Despite many contributions from Lorentz, Poincaré, and others, the
situation remained murky till Einstein clarified the situation completely. His theory
of special relativity, special because only inertial frames were taken into account,
developed the kinematics of spacetime events on the sole hypothesis that the speed
of light does not depend on the motion of the light source. Then spacetime becomes
an affine space with a distinguished nondegenerate quadratic form of signature
(4, —, —, —). The automorphisms of spacetime are then the elements of the Poincaré
group and the Maxwell equations are invariant under these. We shall take a more
detailed look into these matters later on in this chapter.

Gravitational field. Einstein equations. Special relativity was discovered by
Einstein in 1905. Immediately afterward Einstein began his quest of freeing rela-
tivity from the restriction to inertial frames so that gravitation could be included.
The culmination of his efforts was the creation in 1917 of theory of general rel-
ativity. Spacetime became a smooth manifold with a pseudo Riemannian metric
ds® = Zuv guvdztdx” of signature (4+, —, —, —). The most fantastic aspect of the
general theory is the fact that gravitation is now a purely geometric phenomenon,
a manifestation of the curvature of spacetime. Einstein interpreted the g,, as the
gravitational potentials and showed that in matter-free regions of spacetime they
satisfy
Rij =0

where R;; are the components of the Ricci tensor. These are the Einstein equations.
Unlike the Maxwell equations they are non linear in the g,,. Physicists regard the
Einstein theory of gravitation as the most perfect physical theory ever invented.

1.3. Principles of quantum mechanics. The beginning of the 20*" century
also witnessed the emergence of a second crisis in classical physics. This was in
the realm of atomic phenomena when refined spectroscopic measurements led to
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results that showed that the stability of atoms, and hence of all matter, could not
be explained on the basis of classical electrodynamics; indeed, according to classical
electrodynamics, a charged particle revolving around a nucleus will radiate and
hence continually lose energy, forcing it to revolve in a steadily diminishing radius,
so that it will ultimately fall into the nucleus. This crisis was resolved only in
1925 when Heisenberg created quantum mechanics. Shortly thereafter a number of
people including Heisenberg, Dirac, and Schrodinger established the fundamental
features of this entirely new mechanics, which was more general and more beautiful
than classical mechanics and gave a complete and convincing explanation of atomic
phenomena.

The most basic feature of atomic physics is that when one makes a measure-
ment of some physical observable in an atomic system, the act of measurement
disturbs the system in a manner that is not predictable. This is because the mea-
suring instruments and the quantities to be measured are both of the same small
size. Consequently measurements under the same conditions will not yield the same
value. The most fundamental assumption in quantum theory is that we can at least
obtain a probability distribution for the values of the observable being measured.
Although in a completely arbitrary state this probability distribution will not have
zero (or at least a small dispersion), in principle one can make sure that the dis-
persion is zero (or at least arbitrarily small); this is called preparation of state.
However once this is done with respect to a particular observable, some other ob-
servables will have probability distributions whose dispersions are not small. This
is a great departure from classical mechanics where, once the state is determined
exactly (or nearly exactly), all observables take exact (or nearly exact) values. In
quantum theory there is no state in which all observables will have zero (or arbitrar-
ily small) dispersion. Nevertheless the mathematical model is such that the states
still evolve causally and deterministically as long as measurements are not made.
This mode of interpretation, called the Copenhagen interpretation because it was
first propounded by the Danish physicist Niels Bohr and the members of his school
such as Heisenberg, Pauli, and others, is now universally accepted. One of the
triumphs of quantum theory and the Copenhagen interpretation was a convincing
explanation of the wave-particle duality of light. We recall that in Newton’s original
treatise Optiks light was assumed to consist of particles; but later on, in the 18"
and 19*" centuries, diffraction experiments pointed unmistakably to the wave na-
ture of light. Quantum theory resolves this difficulty beautifully. It says that light
has both particle and wave properties; it is the structure of the act of measurement
that determines which aspect will be revealed. In fact quantum theory goes much
further and says that all matter has both particle and wave properties. This is a
broadening of the famous Bohr principle of complementarity. In the remarks below
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we shall sketch rapidly the mathematical model in which these statements make
perfectly good sense. For discussions of much greater depth and scope one should
consult the beautiful books of Dirac, Von Neumann and Weyl?.

States, observables, and probabilities. In quantum theory states and observ-
ables are related in a manner entirely different from that of classical mechanics. The
mathematical description of any quantum system is in terms of a complex separable
Hilbert space H; the states of the system are then the points of the projective space
P(H) of H. Recall that if V is any vector space, the projective space P(V') of V
is the set of one-dimensional subspaces (rays) of V. Any one dimensional subspace
of H has a basis vector ¢ of norm 1, i.e., a unit vector, determined up to a scalar
factor of absolute value 1 (called a phase factor). So the states are described by
unit vectors with the proviso that unit vectors 1,1’ describe the same state if and
only if ¢/’ = ¢y where ¢ is a phase factor. The observables are described by self
adjoint operators of H; we use the same letter to denote both the observable and
the operator that represents it. If the observable (operator) A has a pure discrete
simple spectrum with eigenvalues aq,asq, ... and corresponding (unit) eigenvectors
Y1,Ya, ..., then a measurement of A in the state v will yield the value a; with
probability |(¢,1;)|?. Thus

Proby (A = a;) = |(¥, )2 (i=1,2,...).

The complex number (v, ;) is called the probability amplitude, so that quantum
probabilities are computed as squares of absolute values of complex probability
amplitudes. Notice that as (¢;) is a ON basis of H we must have

Z\(w,wmz =1

so that the act of measurement is certain to produce some a; as the value of A.
It follows from many experiments (see Von Neumann’s discussion of the Compton-
Simons scattering experiment?, pp. 211-215) that a measurement made immediately
after always leads to this value a;, so that we know that the state after the first
measurement is ;. In other words, while the state was arbitrary and undetermined
before measurement, once we make the measurement and know that the value is a;,
we know that the state of the system has become ;. This aspect of measurement,
called the collapse of the wave packet, is also the method of preparation of states.
We shall elucidate this remarkable aspect of measurement theory a little later, using
Schwinger’s analysis of Stern-Gerlach experiments. If the Hilbert space is infinite
dimensional, self adjoint operators can have continuous spectra and the probability
statements given above have to make use of the more sophisticated spectral theory of
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such operators. In the case of an arbitrary self adjoint operator A, one can associate
to it its spectral measure which is a projection valued measure that replaces the
notion of eigenspaces. The relationship between A and P4 is given by

A= /W AdPA(N).

— 00

In this case
Proby(A € E) = ||Pgv||* = (Pgy,y)  (ECR).

The operators representing position and momentum are of this type, i.e., have
continuous spectra. For the expectation value and dispersion (variance) of A in the
state 1 we have the following formulae:

Ey(A) = (Ap,9),  Vary(A) = [[(A-mDy[*  (m = Ey(A)).
As an extreme example of this principle, the quantity

(@, ) (vesp.(¥,9))

is the probability (resp. probability amplitude) that when the system is in the state
1 and a measurement is made to determine if the state is v’, the state will be found
to be ¢’

The most impressive aspect of the discussion above is that the states are the
points of a projective geometry. Physicists call this the principle of superposition of
states. If 1; (i = 1,2,3) are 3 states, 13 is a superposition of 1)1 and 1, if and only
if [t3] is on the line in the projective space P(H) joining [¢1] and [¢2] (here [1);]
is the point of P(H) represented by the vector ;). In terms of vectors this is the
same as saying that 13 is a linear combination of ¢); and /2. One should contrast
this with the description of classical systems, where states are points of a set where
no superposition is possible; there one can say that the states are the points of a
Boolean algebra. The transition

Boolean algebra —— projective geometry

is the mathematical essence of the change of description from classical to quantum
that allows a mathematically and physically consistent scheme rich enough to model
the unique features of quantum theory like the wave-particle duality of all matter,
and more generally, the principle of complementarity.

13



In classical statistical mechanics the states are often probability measures on
the phase space. However this is due to the fact that the huge number of degrees
of freedom of the system makes it impossible to know the state exactly, and so
the probability measures are a reflection of the incomplete knowledge of the actual
state. The statistical nature of the description thus derives from parameters which
are “hidden”. By contrast, in quantum mechanics the states are already assumed
to be determined with maximal precision and the statistical character is entirely
intrinsic. The maximally precise states are often called pure states and these are the
ones we have called states. In quantum statistical mechanics we encounter states
with less than maximal precision, the so-called mized states. These are described
by what are called density operators, namely, operators D which are bounded, self
adjoint, positive, and of trace 1. If A is an observable, its expectation value in the
state D is given by

Ep(A) = Tr (DA) = Tr (DY2ADY?).

These mixed states form a conver set, whose extreme points are the pure states;
in this picture the pure states correspond to the density operators which are the
projection operators Py on the one-dimensional subspaces of the Hilbert space.
However it should be remembered that the representation of a mixed state as a
convex combination of pure states is not always unique, making the physical inter-
pretation of mixtures a very delicate matter.

For a long time after the discovery of quantum mechanics and the Copenhagen
interpretation, some people refused to accept them on the grounds that the sta-
tistical description in quantum theory is ultimately due to the incompleteness of
the quantum state, and that a fuller knowledge of the state will remove the proba-
bilities. This is called the hidden variables interpretation. Among the subscribers
to this view was Einstein who never reconciled himself to the new quantum the-
ory (“God does not play dice” ), although he was one of the central figures in the
quantum revolution because of his epoch-making work on the photon as a light
quantum. Among his most spectacular attempts to reveal the incomplete nature
of the quantum mechanical description of nature is the EPR paradox, first sug-
gested in a famous paper by Einstein, Padolsky, and Rosen. However his views
were refuted by Niels Bohr convincingly. Nowadays there is no paradox in the EPR
experiment; experiments conducted everyday in high energy physics laboratories
confirm convincingly that things happen as quantum theory predicts.

At the mathematical level one can ask the question whether the results of the
quantum theory can be explained by a hidden parameter model. The answer is a
resounding “no”. The first such theorem was proved by Von Neumann; since then a
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galaxy of people have examined this question under varying levels of assumptions:
Mackey, Gleason, Bell,. ... However the question is not entirely mathematical. For
a discussion of these aspects see my book as well as the other references contained
in the monumental book of Wheeler and Zurek® (which has reprints of most of the
fundamental articles on the theory of measurement, including a complete extract of
Von Neumann’s treatment of the thermodynamic aspects of measurement from his

book?.

Stern—Gerlach experiments. Finite models. The discussion above is very
brief and does not do full justice to the absolutely remarkable nature of the dif-
ference between classical and quantum physics. It is therefore reasonable to ask if
there is a way to comprehend better these remarkable features, for instance, by a
discussion that is closer to the experimental situations but somewhat simpler from
a mathematical standpoint. The Hilbert space H of quantum theory is usually in-
finite dimensional because many observables of importance (position coordinates,
momenta etc) have values which form a continuous range, and any discussion of the
features of quantum theory rapidly gets lost among technicalities of the mathemat-
ical theory. To illustrate the striking features of quantum theory most simply and
elegantly one should look at finite models where H is finite dimensional. Such mod-
els go back to Weyl® in the 1930’s; they were revived in the 1950’s by Schwinger”’,
and resurrected again® in the 1990’s. For a beautiful treatment of the foundations
of quantum mechanics from this point of view see Schwinger’s book?, in particular
the prologue.

The simplest such situation is the measurement of spin or the magnetic moment
of an atom. The original experiments were done by Stern and Gerlach and so such
measurements are known as Stern-Gerlach measurements. In this experiment silver
pellets are heated in an oven to a very high temperature till they are vapourized,
and then they are drawn out through an aperture in the oven and refined by passing
through several slits. The beam is then passed through a magnetic field and then
stopped on a screen. Since the silver atoms have been heated to a high temperature
it is a natural assumption to make that their magnetic moments are distributed
randomly. So one should expect a continuous distribution of the magnetic moments
on the screen; instead one finds that the atoms are concentrated in two sharp piles
of moments +u and —p.

This kind of experiment is a typical spin measurement with two values; the
measuring apparatus, in this case the magnetic field oriented in a specific direction,
measures the magnetic moment along that. Of course the direction of the magnetic
field is at one’s disposal so that we have an example of a system where all observables
have either one or two values. If we decide to stop only the — beam, the + beam

15



will pass through undeflected through a second magnetic field parallel to the first.
Then one knows that the atoms in the + beam all have their spins aligned in
the given direction. This is an example of what we defined earlier as preparation
of state. Measurements in different directions will then lead to a more or less
complete enumeration of the observables of this system. Moreover, when repeated
measurements are made, we can see quite explicitly how the measurement changes
the state and destroys any previous information that one has accumulated about
the state. The fact that one cannot make the dispersions of all the observables
simultaneously small is very clearly seen here. This is the heart of the result that
the results of quantum theory do not have an interpretation by hidden variables.
Indeed, the experiments suggested by Bohm for elucidating the EPR paradox are
essentially spin or polarization measurements and use finite models. In fact one can
even show that all states that possess the features of the EPR phenomenon are of
the Bohm type or generalizations thereof'?.

From the mathematical point of view, these spin systems are examples of sys-
tems where all observables have at most N values (N is a fixed integer) and generic
observables have exactly N values. The Hilbert space can then be taken to be
C% with the standard scalar product. The observables are then N x N Hermitian
matrices whose spectra are the sets of values of these observables. The determi-
nation of states is made by measurements of observables with exactly N distinct
values. If A is a Hermitian matrix with distinct eigenvalues aq,...,ayx and eigen-
vectors 11, ..., ¥y, and a measurement of A yields a value a;, then we can say with
certainty that the state is ¢; immediately after measurement, and it will evolve
deterministically under the dynamics till another measurement is made. This is the
way states are determined in quantum theory, by specifying the values (= quantum
numbers) of one or more observables even in more complicated systems. Suppose
B is another Hermitian matrix with eigenvalues b; and eigenvectors . If A is
measured and found to have the value a;, an immediately following measurement of
B will yield the values b; with probabilities |(1;,%;)|*. Suppose now (this is always
possible) we select B so that

1

(Wi ) =5 (<ij<N),

then we see that in the state where A has a specific value, all values of B are equally
likely and so there is minimal information about B. Pairs of observables like A and
B with the above property may be called complementary. In the continuum limit of
this model A and B will (under appropriate conditions) go over to the position and
momentum of a particle moving on the real line, and one will obtain the Heisenberg
uncertainty principle, namely that there is no state in which the dispersions of the
position and momentum measurements of the particle are both arbitrarily small.
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In a classical setting, the model for a system all of whose observables have at
most N values (with generic ones having N values) is a set X with N elements,
observables being real functions on Xp. The observables thus form a real algebra
whose dimension is N. Not so in quantum theory for a similarly defined system:
the states are the points of the projective space P(C") and the observables are
N x N Hermitian matrices which do not form an algebra. Rather, they are the real
elements of a complex algebra with an involution * (adjoint), real being defined as
being fixed under *. The dimension of the space of observables has now become N?;
the extra dimensions are needed to accommodate complementary observables. The
complex algebra itself can be interpreted, as Schwinger discovered?, in terms of the
measurement process, so that it can be legitimately called, following Schwinger, the
measurement algebra. Finally, if A and B are two Hermitian matrices, then AB is
Hermitian if and only if AB = BA which is equivalent to the existence of an ON
basis for C whose elements are simultaneous eigenvectors for both A and B; in
the corresponding states both A and B can be measured with zero dispersion. Thus
commutativity of observables is equivalent to simultaneous observability. In classical
mechanics all observables are simultaneously observable. This is spectacularly false
in quantum theory.

Although the quantum observables do not form an algebra they are the real
elements of a complex algebra. Thus one can say that the transition from classical
to quantum theory is achieved by replacing the commutative algebra of classical
observables by a complex algebra with involution whose real elements form the space
of observables of the quantum system!'!. By abuse of language we shall refer to this
complex algebra itself as the observable algebra.

The preceding discussion has captured only the barest essentials of the foun-
dations of quantum theory. However, in order to understand the relation between
this new mechanics and classical mechanics it is essential to encode into the new
theory the fact which is characteristic of quantum systems, namely, that they are
really microscopic; what this means is that the quantum of action, namely Planck’s
constant h really defines the boundary between classical and quantum. In situations
where we can neglect h, quantum theory may be replaced by classical theory. For
instance, the commutation rule between position and momentum, namely

[p,q] = —ih

goes over to
[P, Q] =0

when h is 0. Therefore a really deeper study of quantum foundations must bring in
h in such a way that the noncommutative quantum observable algebra depending
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on h, now treated as a parameter, goes over in the limit A — 0 to the commuta-
tive algebra of classical observables (complexified). Thus quantization, by which we
mean the transition from a classically described system to a “corresponding quan-
tum system”, is viewed as a deformation of the classical commutative algebra into
a noncommutative quantum algebra. However one has to go to infinite dimensional
algebras to truly exhibit this aspect of quantum theory'2.

Remark. Occasionally there arise situations where the projective geometric model
given above has to be modified. Typically these are contexts where there are super-
selection observables. These are observables which are simultaneously measurable
with all observables. (In the usual model above only the constants are simulta-
neously measurable with every observable.) If all superselection observables have
specific values, the states are again points of a projective geometry; the choice of
the values for the superselection observables is referred to as a sector. The simplest
example of such a situation arises when the Hilbert space H has a decomposition

H=EH,
J

and only those operators of H are considered as observables that commute with all
the orthogonal projections

Pj:H—>Hj.

The center of the observable algebra is then generated by the P;. Any real linear
combination of the P; is then a superselection observable. The states are then rays
which lie in some H,;. So we can say that the states are points of the union

UP(Hj)~

This situation can be generalized. Let us keep to the notation above but require
that for each j there is a x-algebra 4; of operators on H; which is isomorphic
to a full finite dimensional matrix x-algebra such that the observables are those
operators that leave the H; invariant and whose restrictions to ‘H; commute with
A;. It is not difficult to see that we can write

H; ~V,®K; (dim(V;) < o0)

where A; acts on the first factor and observables act on the second factor, with A;
isomorphic to the full x—algebra of operators on Vj, so that the observable algebra
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on H; is isomorphic to the full operator algebra on ;. In this case the states may
be identified with the elements of

UP(]Cj)'

Notice that once again we have a union of projective geometries. Thus, between
states belonging to different P(K;) there is no superposition. The points of P(K;)
are the states in the Aj-sector.

The above remarks have dealt with only the simplest of situations and do not
even go into quantum mechanics. More complicated systems like quantum field
theory require vastly more mathematical preparation.

One final remark may be in order. The profound difference between classical
and quantum descriptions of states and observables makes it important to examine
whether there is a deeper way of looking at the foundations that will provide a more
natural link between these two pictures. This was done for the first time by Von
Neumann and then, after him, by a whole host of successors. Let O be a complex
algebra with involution % whose real elements represent the bounded physical ob-
servables. Then for any state of the system we may write A(a) for the expectation
value of the observable a in that state. Then A(a™) is the expectation value of the
observable a” in the state. Since the moments of a probability distribution with
compact support determine it uniquely it is clear that we may identify the state
with the corresponding functional

Aar— Aa).

The natural assumptions about A are that it be linear and positive in the sense
that A\(a?) > 0 for any observable a. Both of these are satisfied by complex linear
functions A on O with the property that A(a*a) > 0. Such functionals on O are
then called states. To obtain states one starts with a x-representation p of O by
operators in a Hilbert space and then define, for some unit vector ¢ in the Hilbert
space, the state by

AMa) = (p(a)¥, ¥).

It is a remarkable fact of x-representations of algebras with involution that under
general circumstances any state comes from a pair (p, 1)) as above, and that if we
require 1 to be cyclic, then the pair (p,%) is unique up to unitary equivalence.
Thus quantum the descriptions of states and observables are essentially inevitable;
the only extra assumption that is made, which is a natural simplifying one, is that
there is a single representation, or a single Hilbert space, whose vectors represent
the states. For more details see my book®.
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1.4. Symmetries and projective unitary representations. The notion of a
symmetry of a quantum system can be defined in complete generality.

Definition. A symmetry of a quantum system with H as its Hilbert space of states
is any bijection of P(H) that preserves |(1,)|*.

For any ¢ € H which is nonzero let [1)] be the point of P(H) it defines and let

p([W), [¥']) = [, v)*.

Then a symmetry s is a bijection
s: P(H) — P(H)

such that
p(sly] sl@']) =p([W], [¥']) (b, 9" € H).

Suppose U is a unitary (resp. antiunitary) operator of H; this means that U is a
linear (resp. antilinear) bijection of H such that

U, U¢) =, ¢") (U, U) = (¢, ).

Then
[] — [UY]

is a symmetry. We say that the symmetry is induced by U; the symmetry is called
unitary or antiunitary according as U is unitary or antiunitary. The fundamental
theorem on which the entire theory of symmetries is based is the following!?:

Theorem (Wigner) 1.4.1. Every symmetry is induced by a unitary or antiunitary
operator of H which moreover is determined uniquely upto multiplication by a phase
factor. The symmetries form a group and the unitary ones a normal subgroup of
index 2.

This theorem goes to the heart of the reason why quantum theory is linear.
The ultimate reason for this is the superposition principle or the fact that the
states form the points of a projective geometry, so that the automorphisms of the
set of states arise from linear or conjugate linear transformations. Recently people
have been exploring the possibility of nonlinear extensions of quantum mechanics.
Of course such extensions cannot be made arbitrarily and must pay attention to
the remarkable structure of quantum mechanics. Some of these attempts are very
interesting!.
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Let us return to Wigner’s theorem and some of its consequences. Clearly the
square of a symmetry is always unitary. The simplest and most typical example of
an antiunitary symmetry is the map

frefen (f e LX(R)).

Suppose that G is a group which acts as a group of symmetries and that G is
generated by squares. Then every element of G acts as a unitary symmetry. Now,
if G is a Lie group, it is known that the connected component of G is generated
by elements of the form exp X where X lies in the Lie algebra of G. As exp X =
(exp X/2)? it follows that every element of the connected component of G acts as
a unitary symmetry. We thus have the corollary:

Corollary 1.4.2. If G is a connected Lie group and X\ : g — X(g)(g € G) is a
homomorphism of G into the group of symmetries of H, then for each g there is a
unitary operator L(g) of H such that \(g) is induced by L(g).

If one makes the choice of L(g) for each g € G in some manner, one obtains a
map
L:g—1L(g) (9€G)

which cannot in general be expected to be a unitary representation of G in H.
Recall here that to say that a map of a topological group G into U(H) of a Hilbert
space ‘H is a representation is to require that L is a continuous homomorphism of G
into the unitary group U(H) of H equipped with its strong operator topology. The
continuity is already implied (when G and H are separable) by the much weaker
and almost always fulfilled condition that the maps ¢, % — (L(g)¢, ) are Borel.
In the case above, we may obviously assume that L(1) = 1; as A(gh) = A(g)A(h) we
have

L(g)L(h) = m(g,h)L(gh)  (Im(g,h)| =1).

Now, although L(g) is not uniquely determined by A(g), its image L~ (g) in the
projective unitary group U(H/C*1 is well-defined. We shall always assume that
the action of G is such that the map L™ is continuous. The continuity of L,
and hence the continuity of the action of (G, is guaranteed as soon as the maps
g — |(L(g)p, )| are Borel. Given such a continuous action one can always choose
the L(g) such that g — L(g) from G to U(H) is Borel. L is then called a projective
unitary representation of G in H. In this case the function m above is Borel.
Thus symmetry actions correspond to projective unitary representations of G. The
function m is called the multiplier of L; since we can change L(g) to ¢(g)L(g) for
each g, ¢ being a Borel map of G into the unit circle, m is only significant upto
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multiplication by a function ¢(g)c(h)/c(gh), and L will be called unitarizable if we
can choose c¢ so that cL is a unitary representation in the usual sense.

If G™ is a locally compact second countable topological group and C C G™ is
a closed normal subgroup and G = G~ /C, then any unitary representation of G™
which takes elements of C' into scalars (scalar on C') gives rise to a projective unitary
representation of G because for any g € G all the unitaries of elements above g differ
only by scalars. If C'is central, i.e., if the elements of C' commute with all elements
of G™, and if the original representation of G™ is irreducible, then by Schur’s lemma
the representation is scalar on C' and so we have a projective unitary representation
of G. G~ is called a central extension of G if G = G~ /C where C' is central. It
is a very general theorem that for any locally compact second countable group G
every projective unitary representation arises only in this manner, C' being taken
as the circle group, although G~ will in general depend on the given projective
representation of G.

Suppose G is a connected Lie group and G™ is its simply connected covering
group with a given covering map G~ —— (. The kernel F' of this map is a dis-
crete central subgroup of G™; it is the fundamental group of G. Although every
irreducible unitary representation of G~ defines a projective unitary representa-
tion of GG, not every projective unitary representation of G can be obtained in this
manner; in general there will be irreducible projective unitary representations of G
which are not unitarizable even after being lifted to G~. However in many cases we
can construct a universal central extension G~ such that all projective irreducible
representations of G are induced as above by unitary representations of G™.

This situation is in stark contrast with what happens for finite dimensional
representations, unitary or not. A projective finite dimensional representation of a
Lie group G is a smooth morphism of GG into the projective group of some vector
space, i.e., into some PGL(N,C). It can then be shown that the lift of this map
to G~ is renormalizable to an ordinary representation, which will be unique upto
multiplication by a character of G™, i.e., a morphism of G™ into C*.

Projective representations of finite groups go back to Schur. The theory for Lie
groups was begun by Weyl but was worked out in a definitive manner by Bargmann
for Lie groups and Mackey for general locally compact second countable groups®'°.

We shall now give some examples that have importance in physics to illustrate

some of these remarks.

G = R or the circle group S': A projective unitary representation of S! is
also one for R and so we can restrict ourselves to G = R. In this case any projec-
tive unitary representation can be renormalized to be a unitary representation. In
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particular, the dynamical evolution, which is governed by a projective unitary rep-
resentation D of R, is given by an ordinary unitary representation of R; by Stone’s
theorem we then have

D:t—— et (teR)

where H is a self adjoint operator. Since

ezt(H—|—l€) _ eztketh

where k is a real constant, the change H —— H + kI does not change the corre-
sponding projective representation and so does not change the dynamics. However
this is the extent of the ambiguity. H is the energy of the system (recall that self-
adjoint operators correspond to observables). Exactly as in Hamiltonian mechanics,
dynamical systems are generated by the energy observables, and the observable is
determined by the dynamics up to an additive constant.

G = R?: Tt is no longer true that all projective unitary representations of G are
unitarizable. Indeed, the commutation rules of Heisenberg, as generalized by Weyl,
give rise to an infinite dimensional irreducible projective unitary representation of
(. Since irreducible unitary representations of an abelian group are of dimension
1, such a projective unitary representation cannot be unitarized. Let H = L?(R).
Let @, P be the position and momentum operators, i.e.,

df
@)@ =2f@),  (PH)=—iT.
Both of these are unbounded and so one has to exercise care in thinking of them as
self adjoint operators. The way to do this is to pass to the unitary groups generated
by them. Let

Ua): f(z) = e f(x),  V():flz)— flz+b) (a,bER).

These are both one-parameter unitary groups and so by Stone’s theorem they can
be written as

Ula) = e’ V(b) = ebF’ (a,b € R)

where @', P’ are self-adjoint; we define Q = @', P = P’. A simple calculation shows
that '

U(a)V(b) = e ““*V(b)U(a).
So, if .

W (a,b) = "/2U(a)V (),
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(the exponential factor is harmless and is useful below) then we have
W(CL, b)W(a/, b/) — ei(a’b—ab’)/Qw(a _|_ a/, b + b/),

showing that W is a projective unitary representation of R2. If a bounded operator
A commutes with W, its commutativity with U implies that A is multiplication by
a bounded function f, and then its commutativity with V' implies that f is invariant
under translations, so that f is constant, i.e., A is a scalar. So W is irreducible.

The multiplier of W arises directly out of the symplectic structure of R? re-
garded as the classical phase space of a particle moving on R. Thus quantization
may be viewed as passing from the phase space to a projective unitary represen-
tation canonically associated to the symplectic structure of the phase space. This
was Weyl’s point of view.

G = S0(3), G~ = SU(2): Rotational symmetry is of great importance in the
study of atomic spectra. G~ = SU(2) operates on the space of 3 x 3 Hermitian

matrices of trace 0 by g,h — ghg~'. The Hermitian matrices of trace 0 can be

written as
b — T3 1T — ixg
xr1 + il’g —X3 '

det(h) = — (23 + 23 + 3)

Since

is preserved, the action of any element of SU(2) lies in O(3) and so we have a map
G~ — 0O(3). Its kernel is easily checked to be {£1}. Since G is connected, its
image is actually in SO(3) and as the kernel of the map has dimension 0, the image
of SU(2) is also of dimension 3. As SO(3) also has dimension 3 the map is surjective.
We thus have an exact sequence

1 — {£1} — SU(2) — SO(3) — 1.

Now SU(2) consists of all matrices of the form

(_“E g) (a@+ bb = 1)

and so topologically SU(2) ~ $3. Thus SU(2) is simply connected and the above
exact sequence describes the universal covering of SO(3). If we omit, in the descrip-
tion of elements of SU(2), the determinant condition, we get the quaternion algebra
by the identification

(5 2)—atti @=L =-Lii= i)
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so that SU(2) may be viewed as the group of elements of unit norm of the quaternion
algebra. For dimens ions N > 3 a similar description of the universal covering group
of SO(V) is possible; the universal covering groups are the spin groups Spin(N), and
they appear as the unit groups of the Clifford algebras which generalize quaternion
algebras.

G =50(1,3)°, G~ =SL(2,C): G is the connected Lorentz group, namely, the
component of the identity element of the group O(1,3) of all nonsingular matrices
g of order 4 preserving

223222 22
Also SL(2, C) must be viewed as the real Lie group underlying the complex Lie group
SL(2, C) so that its real dimension is 6 which is double its complex dimension which
is 3; we shall omit the subscript R if it is clear that we are dealing with the real
Lie group. We have the action g, h — ghg* of G™ on the space of 2 x 2 Hermitian
matrices identified with R* by writing them in the form

h — To + T3 l‘l—ixg
ry+iry 1o —T3 )

The action preserves
det(h) = 23 — 2% — 23 — 23

and so maps G~ into O(1,3). It is not difficult to check using polar decomposition
that G™ is connected and simply connected and the kernel of the map G~ — G
s (£1). As in the unitary case, as dim G = dim SO(1,3)° = 6, we have the exact
sequence

1 — {#1} — SL(2,C) — S0O(1,3)° — 1.

Representations of SU(2) and SL(2,C): Any irreducible projective unitary rep-
resentation of SO(3) is finite dimensional and arises from an ordinary irreducible
representation of SU(2) via the covering map SU(2) — SO(3). The general rep-
resentation of SU(2) is parameterized by a half-integer j € 1Z and is of dimension
27+ 1. It is the representation obtained on the space of homogeneous polynomials p
in 21, 2o of degree 2j from the natural action of SU(2) on C2. It is usually denoted
by DJ. The representation D'/? is the basic one. The parameter j is called the
spin of the representation. The element —1 of SU(2) goes over to (—1)% and so
the representations of SO(3) are those for which j is itself an integer. These are the
odd dimensional ones. For applications one needs the formula

D’ @ DF = pDli—kl D pDli—kl+1 @ ... DItk
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This is the so-called Clebsch—Gordan formula.

Let us go back to the context of the Stern-Gerlach experiment in which atoms
are subjected to a magnetic field. The experiment is clearly covariant under SO(3)
and the mathematical description of the covariance must be through a projective
unitary representation of SO(3). But the measurements of the magnetic moment
are all two-valued and so the Hilbert space must be of dimension 2. So the represen-
tation must be D'/2. Notice that the use of projective representations is essential
since SO(3) has no ordinary representation in dimension 2 other than the direct
sum of two trivial representations which obviously cannot be the one we are looking
for. The space of D'/2 is to be viewed as an internal space of the particle. It is to be
thought of as being attached to the particle and so should move with the particle.
In the above discussion the symmetry action of SU(2) is global in the sense that
it does not depend on where the particle is. In the 1950’s the physicists Yang and
Mills introduced a deep generailzation of this global symmetry which they called
local symmetry. Here the element of SU(2) which describes the internal symmetry
is allowed to depend on the spacetime point where the particle is located. These lo-
cal symmetries are then described by functions on spacetime with values in SU(2);
they are called gauge symmetries and the group of all such (smooth) functions is
called the gauge group. The fact that the internal vector space varies with the point
of spacetime means that we have a vector bundle on spacetime. Thus the natural
context for treating gauge theories is a vector bundle on spacetime.

Internal characteristics of particles are pervasive in high energy physics. They
go under names such as spin, isospin, charm color, flavor, etc. In gauge theories
the goal is to work with equations which are gauge-invariant, i.e., invariant under
the group of gauge symmetries. Since the gauge group is infinite dimensional, this
is a vast generalization of classical theory. Actually the idea of a vector space
attached to points of the spacetime manifold originated with Weyl in the context
of his unification of electromagnetism and gravitation. Weyl wrote down the gauge
invariant coupled equations of electromagnetism and gravitation. The vector bundle
in Weyl’s case was a line bundle and so the gauge group is the group of smooth
functions on spacetime with values in the unit circle, hence an abelian group. The
Yang-Mills equations however involve a nonabelian gauge group?®.

Suppose now G = SL(2,C). We must remember that we have to regard this
as a topological rather than a complex analytic group, or, what comes to the same
thing, view it as a real Lie group. So to make matters precise we usually write
this group as SL(2, C)gr, omitting the subscript when there is no ambiguity. Notice
first of all that the representations D’ defined earlier by the action of SU(2) on the
space of homogeneous polynomials in zq, 25 of degree 25 actually make sense for the
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complex group SL(2,C); we denote these by D7 and note that the representing
matrices (for instance with respect to the basis (2723’ ")) have entries which are
polynomials in the entries a, b, ¢, d of the element of SL(2,C). They are thus alge-
braic or holomorphic representations. If C' is the complex conjugation on the space
of polynomials, then D% := CD7°C~! is again a representation of SL(2,C) but
with antiholomorphic matrix entries. It turns out that the representations

D7k .= DIt @ DO*

are still irreducible and that they are precisely all the finite dimensional irreducible
representations of SL(2, C)r. None of them except the trivial representation D%
is unitary. This construction is typical; if G is a complex connected Lie group
and Gr is G treated as a real Lie group, then the irreducible finite dimensional
representations of Gr are precisely the ones

D®FE

where D, E are holomorphic irreducible representations of the complex group G. In
our case the restriction of D% to SU(2) is still D¥ and so the restriction of D’** to
SU(2) is D7 ® D* whose decomposition is given by the Clebsch-Gordan formula.

1.5. Poincaré symmetry and particle classification. Special relativity was
discovered by Einstein in 1905. Working in virtual isolation as a clerk in the Swiss
patent office in Berne, Switzerland, he wrote one of the most famous and influential
papers in the entire history of science with the deceptive title On the electrodynamics
of moving bodies, and thereby changed forever our conceptions of space and time.
Using beautiful but mathematically very elementary arguments he demolished the
assumptions of Newton and his successors that space and time were absolute. He
showed rather that time flows differently for different observers, that moving clocks
are slower, and that events that are simultaneous for one observer are not in general
simultaneous for another. By making the fundamental assumption that the speed of
light in vacuum is constant in all (inertial) frames of reference (i.e., independent of
the speed of the source of light), he showed that the change of coordinates between
two inertial observers has the form

¢ =Lr+u  (z,ucRY,
where L is a 4 x 4 real invertible matrix which preserves the quadratic form
(2%)? = (21)? = («)% — («°)%
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here 2° = ct where t is the time coordinate, z%(i = 1,2, 3) are the space coordinates;

if the units are chosen so that the speed of light in vacuum is 1, then z° is the time
coordinate itself. Such L are called Lorentz transformations and form a group
denoted by O(1,3). The fact that the distinction between space and time, which
had been a part of all of our thinking for centuries, is dependent on the observer,
follows from these formulae. It also follows that no particle can travel with a speed
greater than the speed of light in vacuum. The transformations for changing from
one inertial frame to another given above form the so-called inhomogeneous Lorentz
group; this is the set of pairs (u, L) with multiplication defined by

(u, L)(v', L") = (u+ Lu',LL").

It is the semidirect product R* x’ O(1,3). The term Poincaré group is usually
reserved for R* x’ SL(2, C)r where SL(2,C)gr is viewed as a covering group of
SO(1,3)%, acting on R* through the covering map. SO(1,3)? itself is the group of
Lorentz matrices L = (hy,) such that det(L) = 1 and hgp > 0 (since hi, — hd, —
h3, — h3; = 1, |hoo| > 1 always and so on SO(1,3)? it is > 1).

It may be of interest to add a few remarks to this brief discussion of special
relativity. The idea that an observer can describe the surrounding world by 4
coordinates is the starting point of the mathematical treatment of phenomena.
This description applies especially convincingly in the part of the world that is
close to the observer. Already Kepler and Copernicus had realized that the laws
governing the planetary movements take a simple form only when viewed against the
background of the distant fixed stars. This meant that a special class of coordinate
frames were singled out, namely those in which the distant stars appear to be fixed
or moving with uniform speed (certainly not rotating as they would be if seen from
the frame of the rotating earth). These are the so-called inertial frames, the ones
in which Galilei’s law of inertia holds, namely, objects (such as the distant stars) on
which no forces are acting, are at rest or are in uniform motion in a straight line.
Nowadays such frames are commonplace, for instance the frame of a rocket ship
which is moving outside the earth’s gravitational field so that all objects inside it
are weightless, and Galelei’s law of inertia is satisfied for all objects in it. Observers
defining such frames are called inertial also. If now two inertial observers observe
the world, the change of coordinates between their respective frames must be such
that the linear character of the trajectories of objects moving uniformly without
acceleration must not change. It is a consequence of results in projective geometry
that such a transformation has to be affine, i.e., of the form

¥ =Lx+u
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where u refers to spacetime translation and is a vector in R* and L is a real 4 x 4 in-
vertible matrix. Thus spacetime is an affine manifold. It is important to remember
that this much is already true without any assumptions on speeds of signals.

For Newton, space and time were absolute, and the space part, consisting of
events that are simultaneous, formed a Euclidean space of dimension 3. Thus space
time was layered by equal-time slices. The group of transformations between New-
tonian (or Galilean) inertial frames is then the 10-parameter Galilean group in which
L above is restricted to the group generated by spatial orthogonal transformations
and boosts. Boosts refer to the transformations linking an observer to another who
is moving with uniform velocity with respect to the first. They are of the form

(x())/ — $07 é-/ — f —I—xO’U

where £ refers to the space coordinates, and v is the velocity vector. However in
the last years of the 19'" century there already appeared cracks in the structure of
the Newtonian view of the world. The Michelson-Morley experiment, designed to
discover the relative velocity of the earth in the ether, came up with the result that
the relative velocity was 0. Many different mechanistic hypotheses were put forward
to reconcile this with known theories, such as the Lorentz-Fitzgerald contraction
which asserted that all objects contracted in the ratio

/ 2
v
1:4/1—-—=
2

along the direction of motion, v being the speed of motion and ¢ the constant ve-
locity of light in vacuum. On the other hand, Poincaré observed that the Maxwell
equations are not invariant under the Galilean group but rather light behaves as
if its invariance group is really the inhomogeneous Lorentz group. So a number of
people sensed that some drastic changes were necessary in order to get a consistent
picture of the physical world that would include electromagnetic phenomena. It
was Einstein who took the decisive step; with a few simple strokes he painted a
coherent picture of space and time that has been vindicated by countless experi-
ments over the past century. Indeed, the experiments in high energy laboratories
confirm everyday the assumptions of Einstein. He banished the ether, abandoned
mechanistic assumptions to “justify” physical laws, and ushered in the era in which
the role of the physicist was limited to building mathematical models that explain
and predict phenomena. The revolution in thinking that he started was an abso-
lutely essential prerequisite for the second great revolution in 20" century science,
namely quantum theory.
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Spacetime with the affine structure given by R* and equipped with the basic
quadratic form

(@) = (21)* = (2%)* = (%)?,

is called Minkowski spacetime because its clear mathematical formulation as well
as a coordinate independent treatment of electrodynamics in it was first given by
Minkowski in a famous talk!”. At each point of Minkowski spacetime, the future
is represented by all the points in a cone with vertex at that point, the so-called
forward light cone which is the set of all points that can be reached by a signal
emitted at that point. (In Galilean spacetime the future is the half-space of points
whose time coordinate is greater than the time coordinate of the given point.) One
can show (this is a beautiful result of A. D. Aleksandrov'®) that any bijection of
Minkowski spacetime which preserves this cone structure is necessarily affine

v =a(Lz + u)

where @ is a nonzero constant, L a Lorentz transformation, and u € R* The
constant a cannot be asserted to be 1 if one uses only light signals in analyzing
the structure of spacetime; indeed, one cannot pin down the basic quadratic form
except up to a multiplicative scalar, because the points reached from the origin by
light signals satisfy the equation (z%)? —(21)? — (22)? — (23)? = 0, which is unaltered
by scalar multiplication. But if we consider material particles as well, one can show
that the quadratic form is determined absolutely. Thus the transformation between
two inertial observers O, O’ where O’ is moving uniformly in the positive direction
of the z-axis of O with velocity v > 0 is given in the units where ¢ = 1 by

1 1
2% = — (2 —vzh), gV = —(—vz' + 2').

V1—v?

To get the formula in the usual units one must replace v by v/c¢ and :col,:co by
ct’,ct. It follows from this that the constant a in the earlier formula must be 1.
If the direction of motion of O’ is arbitrary, the transformation formula is more
complicated; it was first obtained by Herglotz. All the remarkable properties of
moving observers such as time dilation, space contraction, relativistic composition
formula for velocities, and so on, can be derived from the above formula'®.

The fact that in the treatment of light the quadratic form is determined only
up to a scalar means that description of radiation phenomena must be invariant
under the much larger conformal group. Globally it is nothing more than adding
the dilations to the Poincaré group; but conformal transformations can be fully
treated only after compactifying spacetime, and then the conformal group becomes
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SO(2,4). We shall discuss this later on. The reader can in the meantime think of the
corresponding situation in complex geometry where the group of transformations
z — az + b of C enlarges to the group of the fractional linear transformations
z +— (az +b)/(cz + d) of the extended complex plane C U oc.

Let us now return to quantum theory. To describe a quantum system in a
manner compatible with special relativity means that we must have a projective
unitary representation of the Poincaré group on the Hilbert space H of the system.
It was proved by Wigner?® in a famous paper in 1939 that any projective unitary
representation of the Poincaré group is unitarizable. It was also in the same paper
that he classified the physically relevant irreducible unitary representations of the
Poincaré group. If G is a semidirect product R x’ H where H is a simply con-
nected semisimple group acting on R in such a manner that there are no nonzero
skewsymmetric invariant bilinear forms (if the action of H on C¥ is irreducible and
admits a nonzero symmetric invariant bilinear form then this condition is satisfied),
then all projective representations of G are unitarizable; Wigner’s theorem is a spe-
cial case of this®. However there are groups for which the unitarizability theorem is
not true, such as the additive groups of vector spaces of dimension > 2, and more
significantly, the simply connected covering group of the Galilean group. Indeed,
for a given simply connected Lie group to have the property that all projective
unitaries are unitarizable, the second cohomology of the group with coefficients in
the circle group must vanish.

It follows from these remarks that relativistic invariance of a quantum system
is encoded by a unitary representation of the Poincaré group. It is natural to pos-
tulate that if the system is that of an elementary particle then the corresponding
representation should be irreducible. Thus, a classification of irreducible unitary
representations of the Poincaré group will yield a classification of elementary par-
ticles that is compatible with special relativity. We shall now describe how the
irreducible unitary representations of the Poincaré group are constructed.

Before taking this up I should point out that physicists do not describe sym-
metries as we have done using unitary representations explicitly. Most of the time
the Hilbert spaces they work with contain only the most important states of the
system, for instance those that are obtained by repeated application of certain key
operators (creation, annihilation) on certain key states (vacuum); this core is usu-
ally invariant under the operators of the Lie algebra of the symmetry group and
so only these Lie algebra operators are specified. In certain cases the symmetry
group or rather its Lie algebra is infinite dimensional, such as the Virasoro or affine
Lie algebras; in this case there is no natural Lie group and the symmetry is only
infinitesimal.
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Let P be the Poincaré group,
P =R"*x'SL(2,C).

Wigner’s determination of the irreducible unitary representations of P in 1939 was
extended in great depth to a vast class of locally compact semidirect product groups
by Mackey (the “Mackey machine”). But the basic ideas already go back to Frobe-
nius who was a great pioneer in the theory of representations of finite groups. Let

G=Ax"H

where A is abelian, H acts on A through automorphisms. The irreducible represen-
tations are then classified by a very general scheme, depending on two “parameters”
O, 0 where O is an orbit of the (dual) action of H on the character group A of A,
and o is an irreducible unitary representation of the stability subgroup in H of a
point x € O. In order to motivate the Mackey theory better I shall first discuss the
case when G is finite where there are no technical complications.

Let then G be finite and L an irreducible unitary representation of G. We
identify A and H with subgroups of G by the maps a — (a,1) and h —— (1,h). A
will then be normal in G and H will act on it by h,a — hah~!. The restrictions

of L to A and H are unitary representations of these groups which we write as U
and V. Thus

L(ah) = U(a)V(h), V(R)U(a)V(h)™' =U(hah™)  (a € A h € H).

Conversely, if we start with unitary representations U,V of A and H in the same
Hilbert space such that

V(R)U(a)V(h)™' =U(hah™)  (a € A,h € H) (%)
then
L:ah— U(a)V(h)

is a unitary representation of G. Thus we must try to build pairs (U, V') satisfying
(*) which are irreducible.

Let H be the (finite dimensional) Hilbert space of U, V. Since the U(a)(a € A)
is a set of commuting unitaries, there is an ON basis in which all the U(a) are

diagonal. If v is a basis vector, U(a)v = x(a)v and it is clear that x € A, where, as
we mentioned earlier, A is the group of characters of A. So we can write

H=®erHy U(a)v = x(a)v (v eHy)
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where F is a subset of A and the H, # 0. The action of H on A gives rise to
the dual action of H on A given by h,x — h-x where (h- x)(a) = x(h~'ah).
Since U(a)V (h)v = V(h)U(h~tah)v it follows that each V(h)(h € H) moves H,
into Hp.. This shows that F' is stable under H and that if O is an orbit contained
in F', the space ®©ycoHy, is invariant under both A and H and so invariant under
(U, V). Since (U,V) is irreducible this means that F' is a single orbit, say O. Let
us fix a x € O and let H, be the subgroup of all h € H such that h-x = x.
Since V' (h) takes H, to Hp., we see that H, is stable under H, and so defines
a unitary representation o of H,. If W is a subspace of H, invariant under o,
it is clear that S[W] := @pepL(h)[W] is stable under V. If W’ L W is another
o-invariant subspace of H, then S[W] L S[W']; indeed, if hH, # h'H, then
V(h)[W] and V (h')[W’] are orthogonal because they belong to different H,, while
for hH, = h'H, they are orthogonal because V(h')[W'] = V(h)[W'] L V(h)[W]
from the unitarity of V' (h). These remarks prove that o is irreducible. We have
thus defined O, o corresponding to L.

Notice that we can think of H as the collection of vector spaces (H¢) parame-
terized by £ € O, i.e., as a vector bundle over O. A section of the bundle is a family
(v(€)) where v(§) € He for all £ € O. Under componentwise addition these sections
form a vector space which is isomorphic to H by the map (v(§)) — > . v(§). The
action of V on H takes H¢ to Hyp.¢ and so can be viewed as an action of H on the
bundle compatible with its action on O. The stabilizer H, then acts on H,. Thus
irreducible pairs (U, V) are completely determined by such vector bundles on the
orbits of H. We call them H-bundles.

Suppose that we have two H-bundles (H¢) and (K¢) on O such that the rep-
resentations of H, on H, and K, are equivalent by an isomorphism v —— v’. We
claim that we can extend this to an isomorphism of the bundles that commutes
with the action of H. In fact there is just one possible way to define the extension:
it should take h[v] to h[v'] for h € H and v € H,. So the claim will be proved if
we show that this is well-defined. But suppose that h[v] = hq[vi] were h,hy € H
and v,v; € Hy. Then h-x = hy - x and so h; = hk for some k € H,. But then
hlv] = hy[v1] = hk[v1] so that v = k[v1]; and so

hifvy] = hklvy] = h[(k[v1])'] = h[v'].
It only remains to show that any pair (O, o) gives rise to a H-bundle for which
these are the corresponding objects. We define the vector bundle V over O as the

quotient of the trivial bundle H x H, on H by a natural equivalence relation which
will make the quotient a vector bundle over O. More precisely,

V=HXH,/~
(h,v) ~ (W, v) <= K = hk,v' = o(k)" v for some k € H,
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Note that (h,v) — hH, gives a well defined map of V to H/H, and allows us to
view V as a vector bundle over H/H, . The map

h, (R, v) — (hh,v)

the defines an action of H on V and converts V into a H-bundle.

The subgroup H,, is called the little group. Thus the irreducible representations
of G correspond bijectively (up to equivalence of course) to H-bundles V on orbits
O of H in A such that the action of the little group H, at a point x € O on the
fiber at y is irreducible. The scalar product on the fiber vector space at x which
makes the representation o of H, unitary can then be transported by H to get a
covariant family of scalar products (( - )¢) on the fibers of V. V is thus a unitary
H-bundle. The sections of V then form a Hilbert space for the scalar product

(s,t) = Z(S(§)7 t(f))f

£eo

The representation L of G is then given by

L(ah) = U(a)V (h)
(U(a)s)(§) = &(a)s(§) (E € 0)
(V(h)s)(€) = hls(h=(£))] (€ € O).

The vector bundle on O ~ H/H, is determined as soon as o is given. Indeed,
we can replace H, by any subgroup Hy of H. Thus, given any subgroup Hy of H
and a vector space F' which is a Hyp-module, there is a vector bundle V on H/H,
which is a H-bundle whose fiber at the coset Hy is F. The H-action on V gives
rise to a representation of H on the space of sections of V. If I has a unitary
structure then V becomes a unitary bundle and the representation of H is unitary.
This is called the representation of H induced by o. We shall now give a definition
of it without the intervention of the vector bundle; this will be useful later on in
situations where the vector bundles are not so easily constructed. Recall that we
have defined V as the set of equivalence classes (h,v) with h € H,v € F. A section
is then a map of H into F,

s:hr s(h) (h € H,s(h) € F)

such that
s(hk) = o (k)" s(h) (k€ Hy,h € H),
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the corresponding section being
hHo — [(h, s(h))]

where [(h, v)] represents the equivalence class of (h,v). A simple calculation shows
that the action of h € H on the section becomes the action

s+, s'"(h) = s(h™h) (W € H).

Thus the space of sections is identified with the space F'? of functions s from H to
F satistying
s(hk) =o(k)"'s(h)  (h€ H,k € Hy)

and the representation V' = V7 is just left translation:
(V(h)s)(h') = s(h"*h)  (h,h' € H).

The defining condition for F? is on the right and so the action from the left does
not disturb it. The representation is unitary (if £ is unitary) for the scalar product

(s,8) = > (s(h),t(h)).

heH/Hy

The sum is over the coset space H/Hy as (s(h),t(h)) is really a function on H/H,.

Apart from technical measure theoretic points the theory is the same when
G is locally compact and second countable. The second countability is strictly
speaking not necessary but is satisfied in all applications and so there is no sense
in not imposing it. In this case the dual group A is also locally compact abelian
and second countable, and the action of H on A is continuous. What has to be
faced however is that there are in general continuum many orbits of H in A, and
the space of orbits may not have good properties. As a result we can only say that
while a given orbit and an irreducible representation of the little group of a point
on that orbit still define an irreducible unitary representation of GG, there will be
still others if the orbit space is not nice in a measure theoretic sense. So there has
to be an additional condition of regularity.

What do we mean by the requirement that the orbit space is nice? Let X be
a second countable locally compact Hausdorff space on which a second countable
locally compact group L acts continuously. Both X and L are separable metric
and have their o-algebras (Borel structures) of Borel sets. These o-algebras are
standard in the sense that X and L, equipped with their Borel structures, are Borel
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isomorphic to the Borel space of the real line. We now introduce the space Y of
the L-orbits in X and the natural map 7 : X — Y that sends any point to the
orbit containing it. We can equip Y with the o-algebra of sets with the property
that their preimages are Borel in X. One way to formulate the niceness of Y is to
require that Y, with this Borel structure is standard. A more heuristic idea is to
require that we can enumerate the orbits in some way, namely, that there is a Borel
set in X that meets each orbit exactly once. The central theorem in the subject is
a remarkable criterion due to Effros for the space of orbits to be nice in any one
of these senses. We shall formulate it by first giving a definition. The action of L
on X is said to be regular if the orbits of L in X are all locally closed. Recall here
that a subset Z of a topological space Y is locally closed if the following equivalent
conditions are satisfied:

(i) Z is open in its closure.
(i) Z =CNU where C is closed and U is open in Y.

(iii) For any z € Z there is an open neighborhood V of z in Y such that ZNV
is closed in V.

The significance of the condition of regularity is contained in the following theorem
which is a special case of Effros’s work?! on group actions in the Polonais category.

Theorem (Effros) 1.5.1. Let X be a locally compact second countable Hausdorff
space and L a locally compact second countable group acting continuously on X.
Then the following are equivalent:

(i) All L-orbits in X are locally closed.
(ii) There exists a Borel set E C X which meets each L-orbit exactly once.

(iii) If Y = L\X is equipped with the quotient topology, the Borel structure of
Y consists of all sets FF C Y whose preimages in X are Borel, and the
space Y with this Borel structure is standard.

(iv) Ewvery invariant measure on X which is ergodic for L is supported on an
orbit and is the unique (up to a normalizing scalar) invariant measure on
this orbit.

Remark. The conditions (ii) through (iv) are the ones that say that the space of
orbits is nice in a measure theoretic sense. The real depth of the Effros theorem is
that this property of niceness of the orbit space, which is global, is equivalent to the
condition (i) which is essentially local,; it can be verified by looking at each orbit
without worrying about the others. If the group L is compact, then all orbits are
closed and so the semidirect product is always regular. The action of Q on R by
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q,r — q + r is not regular as Lebesgue first pointed out; indeed any set meeting
each orbit exactly once is not even Lebesgue measurable. There are many other
examples of this kind.

To relate this definition of regularity in our set up we shall say that the semidi-
rect product G = A x" H is regqular if the action of H on A is regular. In order to
state the main result elegantly we need the concept of induced representations in
this general context. Let H be a locally compact second countable group and Hy a
closed subgroup; let X = H/H,. For simplicity we shall assume that H/H, has a
H-invariant measure, although everything goes through with suitable modifications
in the general case. Given a unitary representation o of Hy in a Hilbert space F'
(with norm |- | and scalar product (-,-)) we define F? to be the space of all (Borel)
functions (up to equality almost everywhere) s from H to F' such that

s(hk) = o(k)"'s(h)

for each k € H for almost all h € H, and
sl = [ s dF < oo
H/Hy

where dh is the invariant measure on H/Hy. Under the scalar product

(slt) = /H COR;

F? is a Hilbert space. If
(V(h)s)(h') = s(h™*h) (h,h' € H)

then V7 is a unitary representation of H; it is the representation induced by o.

Under additional assumptions it is possible to exhibit a more geometric defi-
nition of the induced representation. Let H be a Lie group and let ¢ be a unitary
finite dimensional representation of Hy in F. Then one can construct a smooth
vector bundle on X with fibers isomorphic to F' in the same way as we did in the
finite case. The fact that the action of H on X has local sections implies that we
have a smooth vector bundle V7 on H/H, admitting an action h,u —— hfu] of H
such that the action of Hy on the fiber at Hy is just . Using the scalar products
on F' we can define the structure of a unitary bundle on V. If we assume that X
has a H-invariant measure then we can define the notion of square integrability of
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sections and form F'?, the Hilbert space of square integrable sections of V7. Let us
define
(V(h)s)(z) = hls(h~"(x))] (h€ H,s€ F’,x € H/H).

Then V7 is the induced representation we defined earlier.

Theorem (Mackey) 1.5.2. Let G = A x' H and let O be an orbit of H in A. Fiz
a point x in O and let H, be the stabilizer of x in H. Let o be a unitary irreducible
representation of Hy and let V =V be the induced representation of H. For any
a € A let U(a) be the unitary operator on F° defined by

(U(a)s)(h) = (h-x)(a)s(h) (s€e F',he Hyac A).

If we define
L(ah) =U(a)V(h) (a€e A,h e H)

then L = Lo  is a unitary representation of G which is irreducible. If G is a reqular
semidirect product then every irreducible unitary representation of G is of this form.
The choice of a different x in O leads to equivalent representations. Finally,

Lo’g ~ LO/’JI — O = O/,U ~ o
(for the same choice of x).
The subgroup H, is called the little group at x.

Remark. Suppose that G is not a regular semidirect product. Then by the theorem
of Effros there is a H-invariant measure on A which is ergodic but gives measure 0
to all orbits. Let u be such a measure and let H = L?(u). Define U,V and L by
L(ah) = U(a)V (h) and

(U@))() =& f©)., (V(E) =Ff(h7"-€ (feHaeAheH).

Then L is an irreducible unitary representation of G which does not arise from any
orbit.

The Poincaré group. Here A = R? with coordinates (z,), H is the group
SO(1,3)°, and
P =R* x'S0(1,3)°,

the Poincaré group. We identify A with a copy of R* which we write as P* with
coordinates (p,), by the map p = (p,,) = X, where x,(z) = e ®P) with

<$,p> = TopPo — T1P1 — T2P2 — T3P3-
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P* is the momentum space. The dual action of O(1,3) on P* is then the same as
its action on R*. There is one invariant, namely the quadratic form

pg — Pt — p3 — D3

and so the level sets of this form are certainly invariant and fill up the P*. The
orbits are obtained by splitting these level sets.

The orbits XE: The sets X are defined by

XE={pd—pl—p3—pi=m? po><0}  (m>0).

These are hyperboloids inside the forward or the backward cone at the origin. Note
that p2 = p? +p2 + p3 +m? > m? on the orbits and so py is either > m or < —m on
any of these orbits. The point (m,0,0,0) is the rest frame of a particle of mass m
since all the momenta are 0. The little group at (m, 0,0, 0) is the preimage of SO(3)
in SL(2, C) and so is SU(2). The representations of SU(2) are the DI(j € 3Z) and
the corresponding representations of P are denoted by Lf% ;- There is an antiunitary

isomorphism of L7 m.j with L, . allowing the interpretation of the representations
defined by the latter as the antlpartlcle with opposite charge. We write L,, ; for the
representation L+ mj b describes a massive particle, of mass m and spin j (and, by
convention, of negative charge). The representation L,, ;o describes any massive
particle of spin 1/2 such as the electron. We note also that there is an invariant
measure on the orbit. There are several ways of seeing this. The simplest is to note
that in the region F' = {p? — p? — p3 — p3 > 0} the change of coordinates

G =p5—pi—p3—p3>0, g =pi (i=1,2,3)
is a diffeomorphism and we have

1
dp = d'q.
2(qo + 4} + @3 + ¢3)"/?

Since qg is invariant under SO(1,3)° we see that for any m > 0 the measure

d3p
2(m? + pt +p3 + p3)'/?

Ap, =

is an invariant measure on X, where we use the p;(i = 1,2,3) as the coordinates
for X} through the map

(p07p15p27p3) — (p17p25p3)
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which is a diffeomorphism of X with R3.

The orbits Xoi: The sets XS—L are defined by
Xo ={ps—pi —p3 —1p3 =0, po >< 0}.

We determine the little group at (1,0,0,1) (as before we ignore the orbit where
po < 0). The points of X(;“ represent particle travelling with the speed of light.
Classically the only such particles are the photons. There is no frame where such
particles are at rest, contrary to the case of the massive particles. We choose for
convenience the point (1,0,0,1). In our identification of P* with 2 x 2 Hermitian
matrices it corresponds to the Hermitian matrix

2 0

0 0
2aa 2ac
2ac 2cc

(¢ 4)

So the little group is the group of all matrices

which goes into

under the action of

b
€a,b = <8 CL1> (a,b c C, |CL| = 1)

This is also a semidirect product of the group of all elements e; ; which is isomorphic
to C, and the group of all elements e, ¢ which is isomorphic to the circle group 5;
the action defining the semidirect product is

a,b— a?b.
So the little group at (1,0,0, 1) is the 2-fold cover of the Euclidean motion group of

the plane, the plane being identified with C. The only finite dimensional unitary
irreducible representations of the little group are

a b "
Jni(o a_l)r—wz (neZ).
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The corresponding representations are denoted by Lg . The representations
o =Lon ®Lo—n  (n>0)
are called representations with helicity |n|; they are not irreducible. The represen-

tation Lg , describes the photon. The orbit X also has an invariant measure (seen
by letting m — 0+ in the formula for the invariant measure on X)), namely

+ _ d’p
O 2(p3 4 p3 + p3)1/2

dp

is an invariant measure on X, where we use the p;(i = 1,2,3) as the coordinates
for XS' through the map

<p07p17p27p3) — (p17p27p3)

which is a diffeomorphism of X with R?\ {0}.
The orbits Y,,: These are defined by
Yoo ={p§ —p1 =03 —p3 =-m*}  (m>0).

The little groups are not compact and these are unphysical as we shall explain a
little later.

The orbit (0): The orbit is the single point 0, the origin of P4. The little group
is all of SL(2,C), and the corresponding representations are just the irreducible
unitary representations of SL(2,C) viewed as representations of P via the map
P — P/R* ~ SL(2,C). These are also unphysical except for the trivial one
dimensional representation which models the vacuum.

Let O denote any one of these orbits and Hj the little group at the point
described above of the orbit in question (base point). We shall presently construct
smooth vector bundles V' over O which are SL(2, C)-bundles, namely which admit
an action by SL(2, C), written h, v — hlv], compatible with its action on the orbit,
such that the action of the little group Hp on the fiber at the corresponding base
point is a specified irreducible unitary representation of the little group. Let u be
an invariant measure on O. Since the representation of the little group is unitary,
the scalar product on the fiber at the base point can be transported by the action
of H to scalar products ((-,-)p,| - -p) on the fibers at all points of O which vary
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covariantly under the action of H. V thus becomes a unitary bundle. Then the
Hilbert space of the representation is the space of sections s such that

sl = [ Is(o)utr) < o
and the representation L of the Poincaré group is given as follows:

(L(a)s)(p) = e"“P's(p)  (a € R* peO)
(L(h)s)(p) = h[s(h™'p)] (k€ SL(2,C),p € O).

In this model spacetime translations act as multiplication operators. If e, is
the vector in spacetime with components ¢,,,, then

(L(ten)s)(p) = "+ s(p)
so that the momentum operators are multiplications:
P, :s+——pys.

We have
P§ — P} — P§ — P} =m?

which is the relativistic energy momentum relation. Thus the parameter m may
be identified with the mass of the particle. This identification makes clear the
reason why we excluded the orbits Y,,; they lead to particles with imaginary mass.
The representations corresponding to the orbit (0) are such that the spacetime
translations act trivially in them. So the energy is 0 and the only representation of
this type that is physical is the trivial 1-dimensional representation, which represents
the vacuum.

There is however a more serious omission in our discussion for the case m = 0.
We have considered only the characters o,, of the little group Hy. This group is a
semidirect product
P 0= Cx'S

where S is the circle group acting on C by
alb] = a®b, |a| =1,b € C.

The Mackey theory can be used to determine all of its unitary representations. The
orbits are the circles |b| = 3% for 3 > 0. The orbit 3 = 0 corresponds to the
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representations o, these being the characters of S viewed as representations of Hy.
At the points [ the little group is (£1) which has two characters, the trivial one and
the one which takes —1 to —1. So there are two irreducible unitaries A\g + for each
B > 0. Associated to these we have representations Ly g + which define particles of
mass (0 and infinite helicity, i.e., possessing an internal space of infinite dimension.
These have also to be excluded because of their unphysical nature.

Representations of the Poincaré group of Minkowski space of arbitrary
dimension. The theory described above goes over with virtually no changes to the
case of the Minkowski space V = R!P~! of dimension D. Thus

G=R'Wl'x"H  H=Spin(1,D —1)

where the spin group Spin(1, D —1) is the universal (= 2-fold) cover of SO(1, D—1)°
(see Chapter 5 for notation and results on real spin groups). The orbits are classified
as before. For the orbits X the little group at (m,0,...,0) is Spin(D — 1). The
orbits have the invariant measure

dD_lp

(m2+pt+...+p% )V/?

Afyy, =

The orbits XSE require a little more care because our earlier description of the
little groups for the case D = 4 used the special model of Hermitian matrices for
spacetime.

We write (e, )o<u<p—1 for the standard basis of V = RVP~1 with (eg, eq) =
—(ej,e;) =1(1 < j < D —1). We wish to determine the little group at the point
q = eo+ep—_1. Let £ be the line R-q and let H, be the little group at ¢, the subgroup
of H fixing . We write H; for the stabilizer of ¢ in the group V' x"SO(1, D — 1)°
so that H, is the lift of H| inside G. Clearly H, fixes ¢+ and so we have the
H ,-invariant flag

tcittcv.

Now / is the radical of the restriction of the metric to £+ and so the induced metric
on E := {1/l is strictly negative definite. We shall now show that there is a natural
map

H! ~ E x' SO(E).

Let h € H;. Then h induces an element h™ of O(E). We claim first that h™ €
SO(E) and that h induces the identity on V/¢+. Since det(h) = 1 and det(h™) =

+1, we see that h induces £1 on V/¢+ and so it is enough to prove that h induces
+1 on V/{+. Now ey ¢ ¢+ and h-ey = aeg + u where a = £1 and u € ¢+. Then
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(e0,q) = (h-eq,q) = a(q,ep) so that a = 1. Since h-eg — ey € ¢+ its image in F is
well-defined; we write ¢(h) for it. We thus have a map

H, — E x'SO(E), h+— (t(h),h"™).

It is easy to check that this is a morphism of Lie groups. We assert that this map is
injective. Suppose that h is in the kernel of this map so that h-u = u+ a(h)q for all
u € ¢+ and h-eg = eg + b(h)q. Then (eg,eq) = (h-eg, h-eg) = (eo, e0) + 2b(h)(q, eo),
giving b(h) = 0. Also (u,eq) = (h-u, h-eg) = (u, ep) + a(h)(g, e0), giving a(h) = 0.
Thus h = 1. A simple calculation with the Lie algebra shows that Lie(H,) has the
same dimension as ' x’ SO(E). Therefore the map above is an isomorphism of H,

with E x’ SO(E).
Let H, be the stabilizer of ¢ in V' x’ Spin(1, D — 1). We shall show that H, is

connected if D > 4. Let © = ejes and a; = exptx. Since (e1,e1) = (e2,e2) = —1,
we have 22 = —1 and so a; = cost-1 +sint-z. It is obvious that a; fixes ¢ and so
lies in H, for all . But for t = m we have a, = —1. Thus H, g contains the kernel of

the map from Spin(1, D — 1) to SO(1, D —1)°, proving that H, = Hg. Thus finally
Hy, = H) ~ E x' Spin(E).

We have thus shown that for D > 4, the little group of any point g of Xgr is the
2-fold cover of the Euclidean motion group of /1 /¢ where £ = Rgq, exactly as in the
case D = 4.

1.6. Vector bundles and wave equations. The Maxwell, Dirac, and Weyl
equations. Two things remain to be done. The first is to construct the represen-
tations explicitly by describing the corresponding vector bundles. This will give a
description of the states in what is called the momentum picture, in which the mo-
mentum operators are diagonalized. The physicists also use frequently a description
where the states are represented by functions on spacetime and the spacetime group
acts naturally on them. Indeed such descriptions are very useful when treating in-
teractions of the particles with other systems such as an external electromagnetic
field. In the spacetime picture the states will be formally singled out by a wave
equation. This description can be obtained from the momentum space representa-
tion by taking Fourier transforms. Throughout this section Fourier transforms are
taken with respect to the Lorentz-invariant scalar product

(m,p> = Zguxupu
so that

u(zr) = /e_i<x’p>u(p)d4p.
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In particular, multiplication by p, goes over to ic,0,:

Py — iguau (aﬂ - 8/3.16#)

Klein-Gordon equation. As our first example let us take the simplest particle,
one of mass m > 0 and spin 0. It could be charged or neutral. Here there is no
internal space and so the bundle is trivial; the Hilbert space is

Hin = L (X5 1)
where pf is the invariant measure on X:=. The action of the Poincaré group is as

follows:
(L(a)f)(p) =P f(p)  (a€RY)
(L(h)f)(p) = f(h™'p)  (heSL(2,C)).

To take Fourier transforms of the f we view them as distributions on R?,
flpi, = @ — /4 fedpy, — (p € DPY))
P

where D(P*?) is the space of smooth compactly supported functions on P%. It is not
difficult to show that these distributions, which are actually complex measures, are
tempered. Indeed, this follows from the easily established fact that the ;- -measure
of a ball of radius R grows at most like a power of R, actually like R? in this case.
Since the fdur live on Xt it is immediate that they satisfy the equation

(p5 — 1 —p3 — 05 —m?) - (fdpusy,) = 0.
Taking Fourier transforms and writing ¢ = f@m, we have
(0F — 07 — 03 — 02 +m?)Y =0

which is the so-called Klein-Gordon equation. One can say that the states of the
scalar massive particle of mass m > 0 are the tempered solutions of the K-G equa-
tion. On the other hand, if we are given a tempered solution v of the K-G equation,
it is not difficult to see that v = u where u is a distribution which lives on X,,.
Whether the support of u is confined to one of the two orbits XE is not easily
decidable in terms of v alone. At the same time, from the formula for the action
of the spacetime translations we see that the energy operator P, is multiplication
by po and so the spectrum of Py is > m on H; and < —m on H,, (the so-called
negative energy states). Nowadays, following Dirac (see below), the space H,, is
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viewed as antiparticle charged oppositely to the original particle described by H. .
We can combine the two Hilbert spaces H: into one,

Hopm =HE @ H = L (X, pim)
and allow the full

where fi,,, is the measure on X,, coinciding with pt on X

symmetry group
R* x" O(1,3)

to act on H,,. Thus the K-G spinless particle-antiparticle of mass m has this
complete symmetry group and the distributions ¢ = u (u € H,,) satisfy the K-G
equation. For any tempered solution ¢ we have 1) = u where u lives on X,,; but
to define an actual state u must be a measure on X,, absolutely continuous with
respect to p,, and du/p, € f € L2(X,, fim), the L?2-norm of this derivative being
the norm of the state.

Dirac equation. During the early stages of development of relativistic quantum
mechanics the K-G equation was the only equation that described relativistic par-
ticles. But Dirac was dissatisfied with this picture. For various reasons connected
with difficulties in defining probability densities and currents he felt that the wave
equation should be of the first order in time, and hence, as time and space coor-
dinates are to be treated on the same footing, it should be of the first order in all
variables. He therefore looked for an equation of the form

1 <Z W‘%) Y = map.
o

Of course the K-G equation was not to be abandoned; it was required to follow as
a consequence of this equation. Dirac therefore assumed that

2
(zm) -0 03,
m

In this way the differential operator he was looking for would be a sort of square
root of the K-G operator. Dirac’s assumption leads to the relations

75 - 8,&7 fY/L’YV + ’YU’YH - 0 (/JJ §é V)

where
S 1 ifpu=0
-1 ifp=1,2,3.
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It is now clear that the 7y, cannot be scalars. Dirac discovered that there is a
solution with 4 x 4 matrices and that this solution is unique upto a similarity. But

then the operator
D=1 Z Y0,
w

has to operate on vector functions with 4 components so that the Dirac particle has
automatically an internal space of dimension 4! D is the famous Dirac operator.

We shall follow this procedure of Dirac in constructing the vector bundle on
the full orbit X,,. We look for objects 7, such that

2
(Z wm) = el =) o (" =eupy)
1 I
giving the relations

Ve=cu YW W =0 (n# ).

We consider the algebra C generated by the 7, with the relations above. It is
called the Clifford algebra which is a generalization of the quaternion algebra. It
is of dimension 16, and is isomorphic to a full matrix algebra (this will follow
from our explicit formula for the 7’s below). Hence it has a unique irreducible
representation in dimension 4; any representation of C is a direct sum of copies of
this representation. The uniqueness of the 4-dimensional representation means that
if 7, VL are 4 x 4 matrices satisfying the above relations, there is a 4 x 4 invertible
matrix S such that

Yy = 5787

for all p. S is unique up to a scalar multiplier because if S’ is another such, then
S’S~1 commutes with all the 4’s and so must be a scalar by Schur’s lemma. As a
useful application of this principle we note that given a set (v,), the matrices (—v,,)
also satisfy the same relations and so there is S € GL(4, C) such that

Yy = SYuS -1
As 73 =1 and 7o and —~q are similar, we see that vy has the eigenvalues +1 with
eigenspaces of dimension 2 each. The same is true of iv;(j = 1,2, 3). The v, are the
famous Dirac gamma matrices. They are a part of a whole yoga of spinor calculus

(see Chapter 5).
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At the risk of being pedantic let us write A for the covering morphism from
SL(2, C) onto SO(1,3)". Consider now a variable point p = (p,,). Fix a set of 4 x 4
gamma matrices v,. Write p* =¢,p,. If h = (h,,) € O(1,3) and ¢ = hp, we have

<%:pwu> - %:pup“ = zu: aud" = (%: cmu>2 = (Z}mL) 2

where

Yy = Z P Y-
%

Thus the v, also satisfy the basic relations and hence there is S(h) € GL(4, C) such
that

S(h)’has(h)_l = Z ’Vuhyu
or, equivalently,

S-S = (hp)y, Py =D Pu

From the uniqueness up to a scalar of S(h) and the calculation

S(k)S(M)1uS(h) ' S(R) ™ =Y yokpuhuu = S(kh)y,S(kh) ™!

we see that S(k)S(h) and S(kh) differ by a scalar. So S defines a homomorphism
of O(1,3) into the projective group PGL(4,C). We shall show presently that its
restriction to SL(2,C) comes from a representation of SL(2, C) and that this rep-
resentation is unique.

For this we shall exhibit a set of v’s and compute the representation S explicitly.
Since we want to involve the full symmetry group O(1, 3) rather than its connected
component we shall first enlarge SL(2,C) to a group O(1,3)™~ so SL(2,C) is the
connected component of O(1,3)~ and we have a natural 2-fold covering map A from
O(1,3)™ to O(1,3). To do this notice that O(1,3) is the semidirect product

0(1,3) = 0(1,3)° x' I

where
I ~72Z5®7Zy = {LIsaItaIst}

48



the I'’s being the inversions in space, time, and spacetime. Since SL(2, C) is simply

connected we can view I (uniquely) as acting on it compatibly with the covering

map onto O(1,3)Y. This means that for any inversion I,.(r = s,t, st), g — I..[g] is

an automorphism of SL(2, C) such that A(I,[g]) = I,A(g)L.. We can then define
0(1,3)~ =SL(2,C) x' I

and get a 2-fold cover
A:0O(1,3)" — O(1,3).

Let us introduce the Pauli spin matrices
(0 1 (0 — (1 0
=\10) 27\ o) 97 \o0o -1/

o; =1, ojor +oro; =0 (5 # k).

Then

If we then take

(01 (0 o o
70_(1 0)7 /Y]_(_o_j 0) (.7_17273)

where 1 refers to the 2 x 2 identity matrix, then we have a set of «’s satisfying the
relations we need. It is easy to check that the v, act irreducibly.

Let us write p = (p1,p2,p3) and p = (po,p) and let s = (01,02,03). Then,
writing p-s = p101 + p202 + p3o3 we have

_ _ 0 pol +p-s
PY = Putn = (pol_p,s . )
m

On the other hand _
po+p3s p1— zpz)

14+ ps= X
po2 P (Pl +11p2 po—Pp3

so that, with * denoting adjoints,
g(pol +ps)g" =ql+as, g¢=A(gp (9€SLZC)).
Now det(pgl + p-s) = p? where p? = p3 — p? — p3 — p3 and so
(ol +ps)™ = (p*) "' (pol — prs)
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from which we get
x*—1 —
g (pol —ps)g ! = qol — g-s.

From this we get at once that

(g 9*0—1) (me) (g; go*) = g a=Agp.

Since this is precisely the defining relation for S(g) we get

S(g) = (g g*0—1)~

We would like to extend S to include the inversions also. A simple calculation shows
that we can take

S(Is):i<? é) S(It):i(_(z.l ZOI) S(Ist):i<i0[ _31).

The uniqueness of S follows from the fact that SL(2, C) has only the trivial repre-
sentation in dimension 1. Notice that with any choices S(I)S(Iy) = —S(1:)S(1s)
so that these choices always define the unique irreducible projective representation
of I ~ Zy @ Z, in dimension 2 tensored by C2. A simple calculation shows that

since both sides are examples of a representation S’ satisfying the relations

S'(9)(p)S'(9) ™ = (A(L:[g))p)--
If we define
S(I.g) = S(I)S(g) (r=s,t,st,g € SL(2,C))

we see that S is a double-valued representation of O(1, 3)™ that restricts on SL(2, C)
to a representation.

Lemma 1.6.1 Let vy, be defined as above. Then there is a double-valued (d.v.) rep-
resentation S of O(1,3)™ in dimension 4 restricting to a representation on SL(2,C)
such that

S NSh) ™ =7  (g=A)p).
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The restriction of S to SL(2,C) is unique and is given by
_(g9 0

The d.v. representation S defines a d.v. action of O(1,3)™ on the trivial bundle
T=XxC* (X=X
by
9 (p,v) — (Ag)p, S(g)v)-
Define now

D,.(p) = {v cct ‘ (py)v = mv}.

If p = A(g)p" where p® is the base point with coordinates (m,0,0,0), we have
S(g)(m)S(g)~t = > buu- Hence > p,v, is semisimple for all (p,) with
> i pup = m? > 0 and its eigenspaces for the eigenvalues +m are of dimension 2.
In particular all the spaces D,,(p) have dimension 2 and

5(9)[Dm (p)] = D (A9)p)-

This shows that the spaces D,,(p) define a subbundle D,, of T of rank 2, stable
under the d.v. action of O(1,3)™ given by

(p,v) — (Ag)p, S(h)v) (b€ O(L,3)7).

One may call D,,, the Dirac bundle on X,,.
The stabilizer of £p° = (+m,0,0,0) within SL(2, C) is SU(2) and it acts by

(59) wesvey

It commutes with vy and so leaves invariant the spaces D, (£p") where it acts like
the representation 2. The standard scalar product on C* is invariant under SU(2)
and so induces an invariant scalar product on D,,(4p?). The inversions I, either
preserve the spaces and are unitary on them (r = st) or exchange them in a unitary
manner (r = s,t). We may then transport this scalar product to all the fibers
Dy, (£p) on X,,, covariantly. We thus obtain a Hermitian bundle on X,,, on which
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the action of SL(2, C) is unitary. The inversions preserve this Hermitian structure
and so the action of the entire group O(1,3)™ is unitary.

The Hilbert space of square integrable sections of the bundle D,,, then carries
a projective unitary representation of O(1,3)"~ whose restriction to SL(2,C) is

7+ -
Lml/2 = Lm,1/2 & Lm,1/2'

Identifying sections s with measures sdu,, and taking Fourier transforms we get the

Dirac equation
7 <Z e,ﬂ,ﬁu) Y = map
I

or
i (Z 7“6M> Y = ma.
m

As before we shall regard H,, as describing the particle-antiparticle of mass m.
Write any section 1 of T' in the form

_ (™ . 2
(). e

Since
(pol + p's)(pol — ps) = p°1
it follows that

(%(pi) € Dyu(p) & ¥2(p) =m™ ' (pol — prs)ii(p)-

Va(p
(%)
— U1
v
gives a bundle isomorphism of D,,, with the trivial bundle V,, = X,, x C? in such

a manner that the action of the Poincaré group on D, goes over to the action L/,
on V,, defined by

Hence

(L, (u, 9)101)(p) = ") gip1 (A(g) ' p).

The spinor field v; which is a section of the SL(2, C)-bundle V,, is usually called a
2-component spinor. It was first treated systematically by van der Waerden.

52



Holes and antimatter. Let us go back to the description of the states of the
electron by the Dirac wave equation

1 Z YO = map.
“w

The Hilbert space H,, carries a (projective) action of the full group of automor-
phisms of Minkowski spacetime. Now H,,, = H; @ H,, and it is clear as in the
case of the K-G equation that the spectrum of the energy operator Py, which is
multiplication by pg, is > 0 on H;\ and < 0 on H,,. The states in H;- are usually
called the positive and negative energy states. As long as the electron is free its
state will be in H™", but as soon as it is placed in a magnetic field, transitions to
negative energy states cannot be excluded. That this does not happen was a big
problem to be solved at the time Dirac proposed his equation. It was in order to
explain the meaning of the negative energy states that Dirac invented his hole the-
ory which asserts that all the negative energy states are occupied, and transition
to them is possible only when one of these states becomes available for occupation
as a hole. The holes were then interpreted by him as positive energy particles of
charge opposite to that of the electron. This led him to predict the existence of a
new particle, the positron. Shortly after Dirac made his prediction, the positron was
discovered by Anderson. Eventually, with the discovery of the antiproton and other
antiparticles it became clear that all particles have their antiparticles which are
constituents of antimatter. (However the overwhelming preponderance of matter
over antimatter in the universe probably depends on conditions that were prevalent
in the early evolution of the universe.) The discovery of antimatter is regarded by
physicists as one of the greatest achievements of physics of all time and consequently
the stature of Dirac in the physics pantheon rivals that of Newton and Einstein.

As an interesting historical footnote, when Dirac proposed that particles of
positive charge should correspond to the holes he thought that these should be
protons which were the only particles of positive charge known at that time (1929c);
it was Weyl who pointed out that symmetry requirements force the hole to have
the same mass as the electron and so the new particle cannot be the proton but
a positively charged particle with the same mass as the electron, nowadays called
the positron. Eventually this prediction of Dirac was confirmed when Anderson
exhibited the track of a positron. In retrospect one knows that at the time of
Anderson’s discovery Blackett apparently had three tracks of the positron in his
experiments but was hesitant to announce them because he felt more evidence
was necessary. Anderson at Caltech had only one track and had no hesitation in
announcing it!

Zero mass bundles and equations. We shall now construct the bundles for the
representations Lg N-
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Maxwell equation for the photon. We consider first the case N = 2. We start
with the tangent bundle F of the cone X . The action of the Lorentz group on
the cone lifts to an action on F. The tangent space at (1,0,0,1) consists of all
(€0,€1,€2,&0). The ambient metric on this space is —(£2 + £3) which is < 0 but
degenerate, and the null vectors are multiples of (1,0,0,1). In the basis

vo = (1,0,0,1), v = (0,1,0,0), vy = (0,0,1,0)

the action of the little group at p® = (1,0,0,1) is

e p _ o cos20  sin26 o
( 0 e_w> + Yo = Yo, <vg> '_) <—sin29 00829) <v2) )
Let R be the subbundle of F whose fiber at p is the line Rp; this is the line bundle
whose fiber at p is the space of null vectors at p for the induced metric on the
tangent space F), at p. Let F'™ be the quotient bundle F/R. The metric on the
fibers of I then descends to a positive definite metric on the fibers of F* and the
representation carried by the square integrable (with respect to MS— ) sections of F'*
is Loa @ Lo_2. We may regard the sections of F'* as vectors a = (a,) with 4

components satisfying
Z EuPuay =0

but identifying sections a = (a,,) and a’ = (a;,) by
a~a < pA(a—ad)=0.
Taking Fourier transforms and writing A, = €,a,, we get
DA, =0, div fA=0

with
A~ A = dA-A")=0.

These are just the Maxwell equations in the Lorentz gauge. It is thus natural to
call Lo 2 @ Lo, 2 the photon representation. Thus the one particle photon equations
are already the Maxwell equations. However one must remember that the Maxwell
equations deal with real vector potentials and the photon equations deal with com-
plex potentials. But because the tangent bundle is real, the real sections define a
real form of Lo @ Lg,—2, and so our identification of the two equations is quite
reasonable. The helicity of the photon is +1 and the two values correspond to left
and right circularly polarizations.
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The fact that the equations describing the photon are the same as Maxwell’s
equation is very important. In Dirac’s theory of radiation he quantized the clas-
sical wave equation of Maxwell and found that the states of the (free) quantized
electromagnetic field thus obtained were the same as one would obtain by treating
a system of photons with Bose-Einstein statistics, i.e., by replacing the one-photon
Hilbert space by the symmetric algebra over it (see Section 7 below). This was then
interpreted by him as an expression of the wave-particle duality of light. Since the
Maxwell equations are already the equations describing a free photon, the process
of going from a single photon to a system of several photons was called the second
quantization.

Weyl equation for the neutrino. One can make m = 0 in the Dirac bundle and
get the bundle N on the light cone. However more care is necessary because for
p € Xo =X 40" U X the operator p-y is nilpotent: (p-y)? = 0. Let

N(p) = {ve C*| (p7)v =0}
For p € Xy, p-y is conjugate by an element of SL(2,C) to %(vo + 73)- Bu t (v0 +

v3)? = 0 and its null space is spanned by eg, e3 in C*. Hence dim(N(p)) = 2. Thus
the N(p) define a smooth subbundle N of Xy x C* stable under O(1,3)~.

For p € Xy we have

(2_) €N(p) & (pplEpsjor =0  (v+ € C?).
+

We write
l+(p) = {v e C?| (pol £ p-s)v = 0}.

Since we have, for g € SL(2,C),
g(pol +ps)g" =@l +as, g« '(pol —ps)g~' =ql-as  (¢=A9)p),
it follows that
vel (p) = gvel (Mg)p), veli(p) =g veli(Ag)p).

This shows that the ¢4 (p) define line bundles W + which are homogeneous for the
action of SL(2, C) defined by

(Wo,—): (p,v) — (Alg)p,gv),  (Woy): (p,v) — (Alg)p, g™ ).
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We then have an isomorphism

v

(_(p)®Lli(p) ~N(p),  (w,0)+— (u)

which gives a SL(2, C)-equivariant bundle isomorphism
Wy, © Wy =~ N.

We shall identify W 1 as subbundles of N and denote their restrictions to X7 by
Woi’ 1. The bundles Woi’i may be appropriately called the Weyl bundles since the
equations satisfied by the Fourier transforms of their sections were first discovered
by Weyl and proposed by him as the equations that the neutrinos should satisfy.

Let us compute the little group actions at £p° = £(1,0,0,1). The little group

at p¥ is
—b (Ja] =1)
0 a '

Further /4 (p®) are spanned by ez and e respectively, and the actions are easily
computed to be
(a E) cv— atw.
0 a

So the representations defined by the Woj,[iv the restrictions of Wy 4+ to th, are
LSE,:Fr The calculations are the same at —pY. The restriction to the one-dimensional
spaces {4 (£p°) of the standard norm in C* transported by the group action now
gives the invariant Hermitian structures on the Weyl bundles which is invariant
under the action of the Poincaré group.

It must be noticed that the Weyl bundles are invariant under spacetime inver-
siton but not invariant under the action of either space or time inversions. In fact
we have

I I : Wiy — Wi, Iy : Wi, — Wi
Let us now take a closer look at the elements of /1 (p). We have
w e Ly (p) <= (ps)u = —pou.
For py > 0 or py < 0 respectively we have py = £|p| and so we have

—|plu if po >0

wetilp) = pou={ Pl {0070
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showing that the direction of the spin is antiparallel to the momentum for pg > 0 and
parallel to the momentum for py < 0. Similarly for u € ¢4 (p) we have the spin and
momentum are parallel for py > 0 and antiparallel for pg < 0. Let us refer to the case
where the spin and momentum are antiparallel (resp. parallel) as lefthanded (resp.
righthanded). It follows that the bundles W(J)r’ +» Wy, represent respectively the
lefthanded neutrinos and righthanded antineutrinos, while War’ _, Wy _ represent
respectively the righthanded neutrinos and lefthanded antineutrinos.

By taking Fourier transforms of sections of these bundles we get the 2-
component Weyl equations for the neutrino-antineutro pairs, namely

(80 - V‘S)T/)+ =0
for the wave functions of the leftneutrino-rightantineutrino pairs and
(80 + V'S)Qﬁ_ =0

for the wave functions of the rightneutrino-leftantineutrino pairs. Under space in-
version the two equations are interchanged.

Weyl proposed these 2-component equations for the zero mass spin 1/2 par-
ticles in 1929. At that time they were rejected by Pauli because of their lack of
invariance with respect to space inversion. Indeed it was always a basic princi-
ple that the wave equations should be invariant under all Lorentz transformations,
not just those in the connected component. In particular, invariance under space
inversion, also called parity conservation, was demanded. In the mid 1950’s, in
experiments performed by Wu following a famous suggestion by Yang and Lee that
the neutrinos did not have the parity conservation property, it was found that the
neutrinos emitted during beta decay had a preferred orientation. Experimental ev-
idence further indicated that the spin is always antiparallel to the momentum for
the neutrinos so that the neutrinos are always lefthanded. After Wu'’s experiment,
Landau and Salam proposed that the Weyl equation, namely

(80 - V'S)w:t - 07

for the lefthanded neutrino-righthanded antineutrino pairs be restored as the equa-
tion satisfied by the neutrino. It is this equation that now governs massless particles,
not only in Minkowski spacetime but also in curved spacetime.

It is clear from the entire discussion that in the course of quantization, classical
particles acquire internal spaces and symmetries (little groups). Thus classically
only the photons travel with the speed of light but quantum theory allows many
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more, such as the neutrinos (although there are some recent indications that the
neutrinos have a very small but positive mass).

The direct approach to wave equations of L. Schwartz and Hilbert spaces
of distributions on spacetime. The method of first getting the bundles in mo-
mentum space and then obtaining the wave equations by Fourier transforms that
we have followed above is indirect. It is natural to ask if one can construct the wave
equations and the Hilbert spaces directly on spacetime. This was carried out by L.
Schwartz in a beautiful memoir??. Schwartz determined all Hilbert subspaces H of
the space D'(M) of distributions on Minkowski spacetime M, with scalar or vector
values such that

(i) The natural inclusion H < D’(M) is continuous.

(ii) The natural action of the Poincaré group on D’(M) leaves H invariant and
induces a unitary representation on it.

Not surprisingly his classification is the same as the Wigner one. However by
focussing attention on distributions on spacetime his analysis reveals how restrictive
the requirements of Hilbert structure, unitarity and Poincaré invariance are. For
instance translation invariance already implies that all elements of H are tempered.

The analysis of Schwartz does not exhaust the subject of wave equations. In-
deed, the same representation is obtained by wave equations which look very dif-
ferent formally, and the different versions are important in interpretation. One can
formulate the general notion of a relativistic wave equation and try to classify them.
Many people have worked on this problem and the results in some sense are still

not definitive. For a discussion of these aspects see?3.

1.7. Bosons and fermions. The concept of bosons and fermions arises when one
wishes to treat a system of identical particles quantum mechanically. If S;(1 < i <
N) are quantum systems, then the natural way to represent the states of S, the
system composed of the §;, is to take its Hilbert space as H; ® ... ® Hy where
‘H; is the Hilbert space of §;. Thus if S; is in the state 1);, then S is in the state
Y1 ® ... ¢YyN. However if §; = Sy is the systems of a particle such as the electron
or the photon, the quantum theoretic description of & must take into account the
purely quantum theoretic phenomenon that the particles are indistinguishable. For
instance, the theory must allow for the Pauli exclusion principle according to which
two electrons cannot occupy the same state. It was found that the correct way to
describe an N-electron system is to use the space AN (K) of antisymmetric tensors
in KON K being the space of states of a single electron. Similarly, in dealing with
a system of N photons the correct space was found to be S™(K), the space of
symmetric tensors in K®N where K is now the space of states of a single photon.
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Let P%, P® be the orthogonal projection from the full tensor product onto the space
of antisymmetric and symmetric tensors. If ¢ is in K, P*(¢) ® ... ® 1) is the state
in which all the electrons are in the state v, and as this is 0 for NV > 2 we see that
this model is compatible with the exclusion principle. But for photons ¥ ® ... ® ¢
is already symmetric and nonzero and represents the state where all the photons
are in the state 1. There is nothing which forbids this, and in fact this possibility
is crucial in the construction of the laser.

Experimentally it has been found that all particles belong to one of these
two categories, namely, those whose N-particle systems are modeled by A (K),
and those whose N-particle systems are modeled by SV (K). The former type of
particles are called fermions after the great Italian physicist E. Fermi, and the latter
kind bosons, after the great Indian physicist S. N. Bose.

Let us now look more closely into the mathematical description of systems of
identical particles without assuming anything except the indistinguishability of the
particles. Let K be the Hilbert space of states of a single particle. If there are N
particles, then to start with the Hilbert space of states of the N—particle system
may be taken as Hy = K®V. This space carries an obvious action of the group Sy,
the group of permutations of {1,2,..., N}. The indistinguishability of the particles
may then be expressed by saying that the observable algebra is the centralizer of
Sn, the algebra O of all bounded operators commuting with Sy. We shall now
decompose Hn with respect to the action of Sy. For any irreducible representation
7 of Sy of dimension d(7) let P, be the operator

PSS et

T seSn

where we write s for the operator corresponding to s and x, is the character of 7.
It is easy to see that Py is a projection, and in fact, it is the projection on the span
of all subspaces that transform according to 7 under the action of Sy. Let

HN[TF] = PWHN.

If M is any subspace of Hy transforming according to = and L € O, then L[M]
is either 0 or transforms according to m and so Hy|[n] is stable under L. Thus
any element of the observable algebra O commutes with each P,. We now have a
decomposition

Hy[r] =~ Vir] @ K,

where:
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(i) V[n] is a model for 7.

(ii) An operator of Hy[x] lies in O if and only if it is of the form 1 ® A where
A is an operator of C;.

Hence the observable algebra O has the decomposition
0= (10,

where O is the full algebra of all bounded operators on K. This is a situation
which we have discussed earlier. After that discussion it is clear that the states may
now be identified with

UJP(Kx).

We thus have superselection sectors corresponding to the various . There will be
no superposition between states belonging to different sectors. For fixed 7 if we
take the Hilbert space K as the Hilbert space of states we get a model for treating
N identical particles obeying m-statistics.

The group Sy has two basic representations: the trivial one and the alternating
one, the latter being the representation in dimension 1 that sends each permutation
s to its signature sgn(s). We then get the two projections

% Zs, % ngn(s).

The corresponding spaces Hy [r] are respectively

where S™V(K) is the space of symmetric tensors and AV (K) is the space of antisym-
metric tensors. In physics only these two types of statistics have been encountered.
Particles for which the states are represented by SV (K), the bosons, are said to obey
the Bose-FEinstein statistics, while particles for which the states are represented by
AN (K), the fermions, are said to obey the Fermi-Dirac statistics.

The essential question at this stage is the following. Can one tell, from the
properties of a single particle, the type of statistics obeyed by a system consisting
of several particles of the same type? It turns out, and this is a consequence
of special relativity, that the statistics are completely determined by the spin of
the particle. This is the so-called spin-statistics theorem in relativistic quantum
field theory; it says that particles with half-integral spin are fermions and obey
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the statistics corresponding to the signature representation (Fermi-Dirac statistics),
while particles with integral spin are bosons and obey the statistics corresponding
to the trivial representation (Bose-Einstein statistics). Thus for a system of N
particles with half-integral spin we use A" (K) as the Hilbert space of states and
for a system of IV particles with integral spin we use S™ (K) as the Hilbert space of
states. This distinction is of crucial importance in the theory of superconductivity;
properties of bulk matter differ spectacularly depending on whether we are dealing
with matter formed of particles of integral or half-integral spin.

1.8. Supersymmetry as the symmetry of a Z;—graded geometry. In a
quantum field theory which contains interacting particles of both spin parities, the
Hilbert space KC of 1-particle states has a decomposition

K=Ko® K

where Ky (resp. Ki) is the space of states where there is one boson (resp. one
fermion). The N-particle space is then

Hy = @ 99 (Ko) @ AN4(Ky).

1<d<N
The full Hilbert space in which the particle number is not fixed is then
H=5(Ko) @ A(K1).

People slowly realized that it would be advantageous to have a single unified frame-
work in which there would be no necessity to treat separately the bosonic and
fermionic cases® and that the unified treatment would result in increased clarity
and understanding. Eventually the algebraic aspects of such a unified theory came
to be seen as a linear theory where all (linear) objects are systematically graded
by Z-, just as the Hilbert space of 1-particles above was graded into bosonic and
fermionic parts. In the meantime, in the early 1970’s, several groups of physicists
(Gol'fand, Likhtman, and Volvov, and Akulov, Zumino, Wess) almost simultane-
ously came up with a notion of infinitesimal symmetry of such graded spaces, and
viewed it as a type of symmetry not encountered hitherto, namely a symmetry that
sent bosonic states into fermionic states and vice versa. These symmetries were
called supersymmetries, and remarkably, they depended on parameters consisting
of both usual variables and variables from a Grassmann algebra. The appearance

* Separate but equal facilities are inherently discriminatory!
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of the Grassmann or exterior algebra is related to the circumstance that in quan-
tum field theory the Fermi fields obey not commutation rules but anticommutation
rules. It was soon realized (Salam and Strathdee) that a systematic theory of spaces
with usual and Grassmann coordinates could be developed in great depth, and that
classical field theory on these superspaces would lead, upon quantization, to su-
persymmetric quantum field theories and gauge theories (Wess, Zumino, Ferrara,
Salam, Strathdee). Then in 1976 a supersymmetric extension of Einstein’s theory of
gravitation (supergravity) was discovered by Ferrara, Freedman and van Nieuwen-
huizen, and a little later, by Deser and Zumino. With this discovery supersymmetry
became the natural context for seeking a unified field theory??.

The infinitesimal supersymmetries discovered by the physicists would become
the super Lie algebras and their corresponding groups the super Lie groups. A sys-
tematic theory of super Lie algebras culminating in the classification of simple super
Lie algebras over an algebraically closed field was carried out by V. Kac shortly after
the first papers on supergroups and algebras appeared in the physics literature?®. Of
course as long as one can work with the infinitesimal picture the theory of super Lie
algebras is perfectly adequate and it is immediately accessible because it is a linear
theory and is modeled after the well-known theory of simple Lie algebras; but for a
fuller understanding the deeper (nonlinear) theory of supermanifolds and super Lie
groups cannot be evaded. First introduced by Salam and Strathdee, the concept
of supermanifolds and super Lie groups was developed by the physicists. Among
mathematicians one of the earliest pioneering efforts was that of F. A. Berezin?®
who tried to emphasize the idea that this was a new branch of algebra and analysis.
Among the important more recent works exposing the theory for mathematicians
were the articles and books of B. De Witt, D. Leites, and Yu. Manin as well as the
expositions of P. Deligne and J. Morgan®”, and the lectures of D. Freed?®.

Informally speaking, a supermanifold is a manifold in which the coordinate
functions are smooth functions of the usual coordinates as well as the so-called odd
variables. The simplest example of this is RP on which the coordinate functions
form the algebra C*°(RP) ® Rlb1,...,0,] where 6,;(1 < j < g) are odd variables
which are anticommuting, i.e., satisfy

0j0k+6k0j =0 (1 SJ,kSq)

Such a space is denoted by R?!9, and the general supermanifold is obtained by gluing
spaces which locally look like RP!9. While this definition imitates that of smooth
manifolds with obvious variants in the analytic and holomorphic categories, there is
a striking difference: the odd variables are not numerical in the sense that they all
have the value 0. So they are more subtle, and a supermanifold is more like a scheme
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of Grothendieck on which the rings of the structure sheaf have nilpotent elements;
indeed, any odd element in the structure sheaf of a supermanifold is nilpotent. So
a supermanifold is a generalization of a manifold at a fundamental level. However
the techniques for studying supermanifolds did not have to be freshly created; one
could simply follow the ideas of Grothendieck’s theory of schemes. Supermanifolds
are more general than schemes because the coordinate rings are not commutative
but supercommutative, a mildly noncommutative variant of commutative rings. If
we drop the smoothness requirement in a supermanifold we obtain a superscheme
which is the most general geometric object yet constructed. Super Lie groups, and
more generally super group schemes, are the symmetries of these objects.
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2. THE CONCEPT OF A SUPERMANIFOLD

2.1. Geometry of physical space.

2.2. The mathematical evolution of the concept of space as a geometrical ob-
ject.

2.3. Geometry and algebra.

2.4. Supermanifolds and their supersymmetries.

2.1. Geometry of physical space. Someone who is already familiar with the
theory of differentiable manifolds or algebraic varieties can be very quickly intro-
duced to the notion of a supermanifold and the concept of supersymmetry. Just as
the manifolds and varieties are defined by first starting with local pieces on which
the coordinate functions are defined, and then gluing these local pieces together,
a supermanifold may be defined as a space on which locally one has coordinates
b .o, 2™, 0%, ... 0" where the 2° are the usual commuting coordinates and the 67,
the anticommuting (fermionic) coordinates, with the various sets of local chats be-
ing related by transformations of the appropriate smoothness type. Everything is
then done exactly as in the classical theory. Supersymmetries are diffeomorphisms
of such spaces and these form super Lie groups. One can construct a theory of
differentiation and integration on such spaces and write down equations of motions
of particles and fields starting from suitable Lagrangians. If one starts with a super-
symmetric Lagrangian then one obtains an action of the supersymmetric group on
the solutions of the field equations thus defined. The stage on which supersymmetic
quantum field theory lives is then a super spacetime, either flat or curved. How-
ever, such a treatment, in spite of being very practical and having the advantage of
getting into the heart of matters very quickly, does not do full justice either to the
understanding of the concepts at a deeper level or to comprehending the boldness
of the generalization of conventional geometry that is involved here. In this chapter
we shall take a more leisurely and foundational approach. We shall try to look
more closely at the evolution of the concept of space as a geometrical object start-
ing from euclid and his plane (and space) and ending with the superspacetimes of
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the phycisists. This is however a very complicated story with multiple themes and
replete with many twists and turns and really too complex to be discussed briefly.
Nevertheless the attempt to unravel it will provide (I hope) at least some insight
into super geometry at a fundamental level.

We begin with the evolution of geometry. Geometry is perhaps the most ancient
part of mathematics. Fuclid is its most celebrated expositor and his Elements are
still the object of great admiration. Euclid’s geometry is an idealized distillation
of our experience of the world around us. To his successors all of Euclid’s axioms
except one appeared to be entirely natural. The exception was the famous axiom
of parallels. Indeed Euclid himself recognized the special nature of lines in a plane
which do not meet; this is clear from the fact that he went as far as he could
without the parallel axiom and started using it only when it became absolutely
indispensable. One of the crucial places where it is necessary to invoke this axiom
is in the proof that the sum of the angles of a triangle is equal to two right angles.
One may therefore say that starting from Euclid himself the axiom of parallels was
the source of a lot of discomfort and hence the object of intense scrutiny. Already
Proclus in the fifth century A. D. was quite sceptical of this axiom and so he might
be regarded as one of the earliest figures who thought that an alternative system
of geometry was a possibility, or at least that the axiom of parallels should be
looked into more closely. One of the first people who started a systematic study
of geometry where no assumptions were made about parallel lines was the Italian
Jesuit priest Saccheri. Later Legendre made an intense study of the parallel axiom
and at one point even thought that he had proved it to be a consequence of the
remaining axioms. Eventually he settled for the weaker statement that the sum
of the angles of a triangle is always less than or equal to two right angles, and
that the parallel axiom is equivalent to saying that the sum s equal to two right
angles; and further, that if this is valid just for one triangle, then it is valid for all
triangles. In retrospect, as we shall see later, this result of Legendre would appear
as the definitive formulation of the axiom of parallels that characterizes euclidean
geometry, in as much as it describes the fact that euclidean geometry is flat.

Eventually this line of thought led to the discovery of noneuclidean geometry
by Bolyai and Lobachevsky, although Gauss, as it became clear from his unpub-
lished manuscripts which were discovered after his death, had anticipated them.
The discovery of noneuclidean geometry did not end speculations on this subject
because it was not at first clear whether the new axioms were self-consistent. How-
ever Klein and Beltrami constructed models for noneuclidean geometry entirely
within the framework of euclidean geometry, from which it followed that noneu-
clidean geometry was as self-consistent as euclidean geometry. The question of the
consistency of euclidean geometry was however not clarified properly till Hilbert
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came to the scene. He gave the first rigorous presentation of a complete set of ax-
ioms of euclidean geometry (using some crucial ideas of Pasch), and proved that its
consistency was equivalent to the consistency of arithmetic. What happened after
this-the revolution in logic-is quite well-known and is not of concern for us here.

One reason why the discovery of noneuclidean geometry took so long might have
been the fact that there was universal belief that euclidean geometry was special
because it described the space we live in. Stemming from this uncritical acceptance
of the view that the geometry of space is euclidean was the conviction that there was
no other geometry. Philosophers like Kant argued that the euclidean nature of space
was a fact of nature and the weight of their authority was very powerful. From our
perspective we know of course that the question of the geometry of space is of course
entirely different from the question of the existence of geometries which are not
euclidean. Gauss was the first person who clearly understood the difference between
these two questions. In Gauss’s Néchlass one can find his computations of the sums
of angles of each of the triangles that occured in his triangulation of the Hanover
region; and his conclusion was that the sum was always two right angles within the
limits of observational errors. Nevertheless, quite early in his scientific career Gauss
became convinced of the possibility of constructing noneuclidean geometries, and
in fact constructed the theory of parallels, but because of the fact that the general
belief in euclidean geometry was deeply ingrained, Gauss decided not to publish his
researches in the theory of parallels and the construction of noneuclidean geometries
for fear that there would be criticisms of such investigations by people who did not
understand these things (“the outcry of the Boeotians”).

Riemann took this entire circle of ideas to a completely different level. In his
famous inaugural lecture of 1854 he touched on all of the aspects we have mentioned
above. He pointed out to start with that a space does not have any structure except
that it is a continuum in which points are specified by the values of n coordinates,
n being the dimension of the space; on such a space one can then impose many
geometrical structures. His great insight was that a geometry should be built from
the infinitesimal parts. He treated in depth geometries where the distance between
pairs of infinitely near points is pythagorean, formulated the central questions about
such geometries, and discovered the set of functions, the sectional curvatures, whose
vanishing characterized the geometries which are euclidean, namely those whose
distance function is pythagorean not only for infinitely near points but even for
points which are a finite but small distance apart. If the space is the one we live
in, he stated the principle that its geometrical structure could only be determined
empirically. In fact he stated explicitly that the question of the geometry of physical
space does not make sense independently of physical phenomena, i.e., that space has
no geometrical structure until we take into account the physical properties of matter
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in it, and that this structure can be determined only by measurement. Indeed, he
went so far as to say that the physical matter determined the geometrical structure
of space.

Riemann’s ideas constituted a profound departure from the perceptions that
had prevailed until that time. In fact no less an authority than Newton had asserted
that space by itself is an absolute entity endowed with euclidean geometric structure,
and built his entire theory of motion and celestial gravitation on that premise.
Riemann went completely away from this point of view. Thus, for Riemann, space
derived its properties from the matter that occupied it, and that the only question
that can be studied is whether the physics of the world made its geometry euclidean.
It followed from this that only a mixture of geometry and physics could be tested
against experience. For instance measurements of the distance between remote
points clearly depend on the assumption that a light ray would travel along shortest
paths. This merging of geometry and physics, which is a central and dominating
theme of modern physics, may be thus traced back to Riemann’s inaugural lecture.

Riemann’s lecture was very concise; in fact, as it was addressed to a mostly
general audience, there was only one formula in the whole paper. This circumstance,
together with the fact that the paper was only published some years after his death,
had the consequence that it took a long time for his successors to understand what
he had discovered and to find proofs and variants for the results he had stated.
The elucidation and development of the purely mathematical part of his themes
was the achievement of the Italian school of differential geometers. On the other
hand, his ideas and speculations on the structure of space were forgotten completely
except for a “solitary echo” in the writings of Clifford'. This was entirely natural
because most mathematicians and physicists were not concerned with philosophical
speculations about the structure of space and Riemann’s ideas were unbelievably
ahead of his time.

However the whole situation changed abruptly and fantastically in the early
decades of the twentieth century when Einstein discovered the theory of relativity.
Einstein showed that physical phenomena already required that one should aban-
don the concept of space and time as objects existing independently by themselves,
and that one must take the view that they are rather phenomenological objects, i.e.,
dependent on phenomena. This is just the Riemannian view except that Einstein
arrived at it in a completely independent manner and space and time were both in-
cluded in the picture. It followed from Einstein’s analysis that the splitting of space
and time was not absolute but depends on the way an observer perceives things
around oneself. In particular, only spacetime, the totality of physical events tak-
ing place, had an intrinsic significance, and that only phenomena could determine
what its structure was. Finstein’s work showed that spacetime was a differential
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geometric object of great subtlety, indeed a pseudo Riemannian manifold of signa-
ture (4, —, —, —), and its geometry was noneuclidean. The central fact of Einstein’s
theory was that gravitation is just a manifestation of the Riemannian curvature of
spacetime. Thus there was a complete fusion of geometry and physics as well as a
convincing vindication of the Riemannian view.

Einstein’s work, which was completed by 1917, introduced curved spacetime
only for discussing gravitation. The questions about the curvature of spacetime did
not really have any bearing on the other great area of physics that developed in the
twentieth century, namely quantum theory. This was because gravitational effects
were not important in atomic physics due to the smallness of the masses involved,
and so the merging of quantum theory and relativity could be done over flat, i.e.,
Minkowskian spacetime. However this situation has gradually changed in recent
years. The reason for this change lies in the belief that from a fundamental point
of view, the world, whether in the small or in the large, is quantum mechanical,
and so one should not have one model of spacetime for gravitation and another for
atomic phenomena. Now gravitational phenomena become important for particles
of atomic dimensions only in distances of the order of 10733 c¢m, the so-called Planck
length, and at such distances the principles of general relativity impose great obsta-
cles to even the measurement of coordinates. Indeed, the calculations that reveal
this may be thought of as the real explanations for Riemann’s cryptic speculations
on the geometry of space in the infinitely small. These ideas led slowly to the re-
alization that radically new models of spacetime were perhaps needed to organize
and predict fundamental quantum phenomena at extremely small distances and to
unify quantum theory and gravitation. Starting from the 1970’s a series of bold hy-
potheses have been advanced by physicists to the effect that spacetime at extremely
small distances is a geometrical object of a type hitherto not investigated. One of
these is what is called superspace. Together with the idea that the fundamental
objects to be investigated are not point particles but extended objects like strings,
the physicists have built a new theory, the theory of superstrings, that appears to
offer the best chance of unification of all the fundamental forces. In the remaining
sections of this chapter I shall look more closely into the first of the ideas mentioned
above, that of superspace.

Superspace is just what we call a supermanifold. As I mentioned at the begin-
ning of Chapter 1, there has been no experimental evidence that spacetime has the
structure of a supermanifold. Of course we are not speaking of direct evidence but
verifications, in collision experiments, of some of the consequences of a super geo-
metric theory of elementary particles (for instance, the finding of the superpartners
of known particles). There are reasons to expect however that in the next gen-
eration of collision experiments to be conducted by the new LHC (Large Hadron
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Collider), being built by CERN and expected to be operational by about 2005, some
of these predictions will be verified. However, no matter what happens with these
experiments, the idea of superspace has changed story of the structure of space
completely, and a return to the older point of view appears unlikely.

I must also mention that an even more radical generalization of space as a
geometrical object has been emerging in recent years, namely what people call
noncommutative geometry. Unlike super geometry, noncommutative geometry is
not localizable and so one does not have the picture of space as being built out of
its smallest pieces. People have studied the structure of physical theories on such
spaces but these are even more remote from the physical world than super geometric

theories?.

Riemann’s inaugural talk. On June 10, 1854, Riemann gave a talk before the
Gottingen Faculty that included Gauss, Dedekind, and Weber in the audience.
It was the lecture that he had to give in order to regularize his position in the
university. It has since become one of the most famous mathematical talks ever
given®. The title of Riemann’s talk was Uber die Hypothesen, welche der geometrie
zu Grunde liegen (On the hypotheses which lie at the foundations of geometry). The
circumstances surrounding the topic of his lecture were themselves very peculiar.
Following accepted convention Riemann submitted a list of three topics from which
the Faculty were supposed to choose the one which he would elaborate in his lecture.
The topics were listed in decreasing order of preference which was also conventional,
and he expected that the Faculty would select the first on his list. But Gauss,
who had the decisive voice in such matters choose the last one which was on the
foundations of geometry. So, undoubtedly intrigued by what Riemann was going to
say on a topic about which he, Gauss, had spent many years thinking, and flouting
all tradition, Gauss selected it as the topic of Riemann’s lecture. It appears that
Riemann was surprised by this turn of events and had to work intensely for a few
weeks before his talk was ready. Dedekind has noted that Gauss sat in complete
amazement during the lecture, and that when Dedekind, Gauss, and Weber were
walking back to the department after the talk, Gauss spoke about his admiration
and astonishment of Riemann’s work in terms that Dedekind said he had never
observed Gauss to use in talking about the work of any mathematician, past or
present*. If we remember that this talk contained the sketch of the entire theory of
what we now call Riemannian geometry, and that this was brought to an essentially
finished form in the few weeks prior to his lecture, then we would have no hesitation
in regarding this work of Riemann as one of the greatest intellectual feats of all time
in mathematics.

In his work on complex function theory he had already discovered that it is
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necessary to proceed in stages: first one has to start with a space which has just
a topological structure on it, and then impose complex structures on this bare
framework. For example, on a torus one can have many inequivalent complex
structures; this is just a restatement of the fact that there are many inequivalent
fields of elliptic functions, parametrized by the quotient of the upper half plane
by the modular group. In his talk Riemann started with the concept of what we
now call an n-dimensional manifold and posed the problem of studying the various
geometries that can be defined on them. Riemann was thus aware that on a given
manifold there are many possible metric structures, so that the problem of which
structure is the one appropriate for physical space required empirical methods for its
solution. Now both euclidean and noneuclidean geometry were defined in completely
global terms. Riemann initiated the profound new idea that geometry should be built
from the infinitesimal to the global. He showed that one should start from the form
of the function that gave the distance between infinitesimally near points, and then
to determine distances between finitely separated points by computing the lengths
of paths connecting these points and taking the shortest paths. As a special case
one has those geometries in which the distance ds® (called the metric) between
the points (z1,...,z,) and (zy + dx1,...,x, + dz,), is given by the pythagorean
expression

ds® = Zgij(xl, ooy Ty )daid;,
%,J

where the g;; are functions, not necessarily constant, on the underlying space with
the property the matrix (g;;) is positive definite. Euclidean geometry is character-
ized by the choice

ds® = da? + da3 + ... + da?

n:

Riemann also discussed briefly the case
ds* = F(x1,...,xp,d2y, ... dz,)

where F' is a homogeneous polynomial of degree 4. For general not necessarily
quadratic F' the geometry that one obtains was treated by Finsler and such geome-

tries are nowadays called Finslerian®.

Returning to the case when ds? is a quadratic differential form Riemann em-
phasized that the structure of the metric depends on the choice of coordinates. For
example, euclidean metric takes an entirely different form in polar coordinates. It
is natural to call two metrics equivalent if one can be obtained from the other by
a change of coordinates. Riemann raised the problem of determining invariants of
a metric so that two given metrics could be asserted to be equivalent if both of
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them have the same invariants. For a given metric Riemann introduced its curva-
ture which was a quantity depending on n(n — 1)/2 variables, and asserted that its
vanishing is the necessary and sufficient condition for the metric to be euclidean,
i.e., to be equivalent to the euclidean one. The curvature at a point depended on
the n(n — 1)/2 planar directions 7 at that point, and given any such 7, it was the
Gaussian curvature of the infinitesimal slice of the manifold cut out by 7. Obvi-
ously, for the euclidean metric, the Gaussian curvature is 0 in all planar directions
at all points. Thus Riemann connected his ideas to those of Gauss but at the same
generalized Gauss’s work to all dimensions; moreover he discovered the central fact
in all of geometry that the euclidean geometries are precisely those that are flat,
namely, their curvature is 0 in all planar directions at all points. The case when
this curvature is a constant a # 0 in all directions at all points was for him the next
important case. In this case he found that for each o there was only one geometry
whose ds? can be brought to the form

d82 — Zd(l)g
2
1+55 4]

in suitable coordinates. The cases a >, =, < 0 lead to elliptic, euclidean and hyper-
bolic geometries, the hyperbolic case being the noneuclidean geometry of Bolyai—
Lobachevsky. People have since discovered other models for the spaces of constant
curvature. For instance the noneuclidean plane can be modeled by the upper half
plane with the metric

1

ds® = " (dz? + dy?) (y > 0).

This is often called the Poincaré upper half plane.

In the last part of his lecture Riemann discussed the problem of physical space,
namely the problem of determining the actual geometry of physical space. He enun-
ciated two bold principles which went completely against the prevailing opinions:

R1. Space does not exist independently of phenomena and its structure de-
pends on the extent to which we can observe and predict what happens in
the physical world.

R2. In its infinitely small parts space may not be accurately described even by
the geometrical notions he had developed.

It is highly interesting to read the exact remarks of Riemann and see how prophetic
his vision was:



“Now it seems that the empirical notions on which the metric determinations
of Space are based, the concept of a solid body and a light ray, lose their validity
in the infinitely small; it is therefore quite definitely conceivable that the metric
relations of Space in the infinitely small do not conform to the hypotheses of
geometry; and in fact, one ought to assume this as soon as it permits a simpler
way of explaining phenomena ...”7

An answer to these questions can be found only by starting from that concep-
tion of phenomena which has hitherto been approved by experience, for which
Newton laid the foundation, and gradually modifying it under the compulsion
of facts which cannot be explained by it. Investigations like the one just made,
which begin from general concepts, can serve only to ensure that this work is
not hindered by too restricted concepts, and that the progress in comprehending
the connection of things is not obstructed by traditional prejudices.

Einstein and the geometry of spacetime. It took mathematicians over 50 years
to comprehend and develop the ideas of Riemann. The Italian school of geometers,
notably Ricci, Bianchi, Levi-Civita, and their collaborators, discovered the tensor
calculus and covariant differential calculus in terms of which Riemann’s work could
be most naturally understood and developed further. The curvature became a
covariant tensor of rank 4 and its vanishing was equivalent to the metric being
euclidean. The efforts of classical mathematicians (Saccheri, Legendre etc) who tried
to understand the parallel axiom, could now be seen as efforts to describe flatness
and curvature in terms of the basic constructs of euclid’s axioms. In particular, as
the deviation from two right angles of the sum of angles of a triangle is proportional
to the curvature, its vanishing is the flatness characteristic of euclidean geometry.

Riemann’s vision in R1 became a reality when Einstein discovered the theory
of general relativity. However it turned out that spacetime, not space, was the
fundamental intrinsic object and that its structure was to be determined by physical
phenomena. Thus this was an affirmation of the Riemannian point of view with
the proviso that space was to be replaced by spacetime. Einstein’s main discoveries
were as follows.

E1. Spacetime is a pseudo Riemannian manifold, i.e., its metric ds? is not
euclidean but has the signature (+, —,; —, —) at each point.

E2. Gravitation is just the physical manifestation of the curvature of spacetime.
E3. Light travels along geodesics.

The metric of spacetime was not euclidean but has the form

ds* = dx3 — da? — da3 — dx?
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at each point. This is what is nowadays called a Lorentzian structure. Even in
the absence of matter the geometry of spacetime could not be asserted to be flat
but only Ricci flat, i.e., that its Ricci tensor (which can be calculated from the
Riemann curvature tensor) is 0. Einstein also suggested ways to put his ideas to
test. One of the most famous predictions of his theory was that light rays, traveling
along geodesics of the noneuclidean geometry of spacetime, would appear to be
bent by the gravitational fields near a star such as the sun. Everyone knows that
this was verified during an annular solar eclipse in Sobral off the coast of Brazil
in 1919. Subsequently even more precise verifications have been made using radio
astronomy. As far as I know however, the data are not accurate enough to decide
between Einstein’s theory and some alternative ones.

The second of Riemann’s themes, which is hinted at in R2, lay dormant till the
search for a unified field theory at the quantum level forced the physicists to recon-
sider the structure of spacetime at extremely small distances. One of the ideas to
which their efforts led them was that the geometry of spacetime was supersymmet-
ric with the usual coordinates supplemented by several anticommuting (fermionic)
ones. This is a model that reflects the highly volatile structure of spacetime in
small regions where one can pass back and forth between bosonic and fermionic
particles. Modern string theory takes Riemann’s vision even further, and replaces
the points of spacetime by strings, thereby making the geometry even more non-
commutative. However string theory is still very incomplete; no one knows the
mathematical structure of a geometry that is string-like at very small distances and
approximates Riemannian geometry in the large.

2.2. The mathematical evolution of the concept of space and its symme-
tries. Parallel to the above development of the concept of the geometry of physical
space, and in counterpoint to it, was the evolution of the notion of a manifold from
the mathematical side. We shall now give a very brief survey of how the concepts
of a manifold or space and its symmetries evolved from the mathematical point of
view.

Riemann surfaces. The first truly global types of spaces to emerge were the Rie-
mann surfaces. Riemann’s work made it clear that the local complex variable z on
such spaces did not have any intrinsic significance and that the really interesting
questions were global. However, in Riemann’s exposition, the Riemann surfaces
generally appeared as a device to make multivalued functions on the complex plane
singlevalued. Thus they were viewed as (ramified) coverings of the (extended) com-
plex plane. This obscured to some extent the intrinsic nature of the theory of
functions on Riemann surfaces. It was Felix Klein who understood this clearly and
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emphasized that Riemann surfaces are independent objects and offer the correct
context to study complex function theory®.

The first rigorous description of the concept of Riemann surface is due to
Weyl. He formulated for the first time, in his famous book® published in 1911, the
rigorous notion of a Riemann surface as a complex manifold of dimension 1 with
local coordinates which are related on overlapping local domains by biholomorphic
transformations. Even today, this is the way we think of not only Riemann surfaces
but all manifolds.

Weyl’s work was the starting point of the view that space is characterized by
starting with a topological structure and selecting classes of local coordinates at
its points. The nature of the space is then determined by the transformations in
the usual affine spaces that connect the various local coordinates. If the connecting
transformations are holomorphic (resp. real analytic, smooth, C*), we obtain a holo-
morphic (resp. real analytic, smooth, C*) manifold. Starting with this axiomatic
view it is natural to ask if such abstract spaces could be realized as subspaces of
conventional affine or projective spaces. This leads to imbedding theorems. Depend-
ing on which class of spaces one is interested in, these theorems are associated with
Whitney (smooth), Morrey (real analytic), Nash (Riemannian), Kodaira (Ké&hler),
and so on.

Riemannian and affinely connected manifolds. In the years following Rie-
mann’s epoch-making work the comprehension and dissemination of Riemann’s
ideas were carried out by Ricci, Levi-Civita, Bianchi, Weyl, and many others. In
19177 Weyl introduced a new theme. He noticed that the geometry of a Riemannian
manifold is controlled by the notion of parallel transport introduced by Levi-Civita,
and realized that this notion could be taken as a basis for geometry without assum-
ing that it arose from a metric. This was the way that the notion of a Riemannian
manifold was generalized to an affinely connected manifold, i.e., a manifold equipped
with a connection. Weyl also introduced another notion, namely that of conformal-
1ty, and discovered that there is a tensor, the so-called Weyl tensor, whose vanishing
was equivalent to the space being conformally euclidean.

Groups of symmetries of space. Already in euclidean geometry one can see
the appearance of transformation groups although only implicitly. For instance,
the proof of congruence of two triangles involves moving one triangle so that it
falls exactly on the second triangle. This is an example of a congruent transforma-
tion. In the analytical model of euclidean geometry the congruent transformations
are precisely the elements of the group of rigid motions of the euclidean plane,
generated by the translations, rotations, and reflections. In the Klein model for
noneuclidean geometry the group of congruent transformations is the subgroup of
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the linear transformations of the projective plane which preserve a circle. It was
Klein who put the group theoretic framework in the foreground in his famous Er-
langen Programme and established the principle that the structure of a geometry
was completely determined by the group of congruent transformations belonging to
it.

In the decades following Riemann’s work a new theme entered this picture
when Sophus Lie began the study of transformations groups which were completely
general and acted on arbitrary manifolds, even when there was no geometrical
structure on the manifolds. Roughly speaking this was a non-linear version of the
group of affine transformations on an affine space. What was original with Lie was
that the transformations depended on a finite set of continuous parameters and so
one could, by differentiating with respect to these parameters, study their action
infinitesimally. In modern terminology, Lie considered Lie groups (what else) acting
on smooth manifolds. The action of the group thus gave rise to a vector space of
vector fields on the manifold which formed an algebraic structure, namely a Lie
algebra, that completely determined the action of the Lie group. Thus Lie did to
group actions what Riemann had done for geometry, i.e., made them infinitesimal.
No geometrical structure was involved and Lie’s researches were based on the theory
of differential equations.

Originally Lie wanted to classify all actions of Lie groups on manifolds. But
this turned out to be too ambitious and he had to settle for the study of low
dimensional cases. But he was more successful with the groups themselves which
were viewed as acting on themselves by translations. His work led eventually to the
basic theorems of the subject, the so-called fundamental theorems of Lie: namely,
that the Lie algebra is an invariant of the group, that it determined the group in a
neighborhood of the identity, and that to any Lie algebra one can associate at least
a piece of a Lie group near the identity, namely a local Lie group, whose associated
Lie algebra is the given one. As for the classification problem the first big step
was taken by Killing when he classified the simple Lie groups, or rather, following
Lie’s idea, the simple Lie algebras, over the complex numbers. However the true
elucidation of this new theme had to wait for the work of Elie Cartan.

Cartan is universally regarded as the greatest differential geometer of his gen-
eration. He took differential geometry to an entirely new level using, among other
things, the revolutionary technique of “moving frames”. But for our purposes it is
his work on Lie groups and their associated homogeneous spaces that is of central
importance. Building on the earlier but very incomplete work of Killing, Cartan
obtained the rigorous classification of all simple Lie algebras over the complex num-
bers. He went beyond all of his predecessors by making it clear that one had to
work with spaces and group actions globally. For instance he established the global

12



version of the so-called third fundamental theorem of Lie, namely the existence of
a global Lie group corresponding to a given Lie algebra. Moreover he discovered a
remarkable class of Riemannian manifolds on which the simple Lie groups over real
numbers acted transitively, the so-called Riemannian symmetric spaces. Most of
the known examples of homogeneous spaces were included in this scheme since they
are symmetric spaces. With Cartan’s work one could say that a fairly complete
idea of space and its symmetries was in place from the differential geometric point
of view. Cartan’s work provided the foundation on which the modern development
of general relativity and cosmology could be carried out.

It was during this epoch that De Rham obtained his fundamental results on the
cohomology of a differentiable manifold and its relation to the theory of integration
of closed exterior differential forms over submanifolds. Of course this was already
familiar in low dimensions where the theory of line and surface integrals, especially
the theorems of Green and Stokes, played an important role in classical continuum
physics. De Rham’s work took these ideas to their proper level of generality and
showed how the cohomology is completely determined by the algebra of closed
exterior differential forms modulo the exact differential forms. A few years later
Hodge went further and showed how, by choosing a Riemannian metric, one can
describe all the cohomology by looking at the harmonic forms. Hodge’s work led
to the deeper understanding of the Maxwell equations and was the precursor of
the modern theory of Yang-Mills equations. Hodge also pioneered the study of the
topology of algebraic varieties.

Algebraic geometry. So far we have been concerned with the evolution of the
notion of space and its symmetries from the point of differential geometry. But
there was, over the same period of time, a parallel development of geometry from
the algebraic point of view. Algebraic geometry of course is very ancient; since it
relies entirely on algebraic operations, it even predates calculus. It underwent a very
intensive development in the nineteenth century when first the theory of algebraic
curves, and then algebraic surfaces, were developed to a state of perfection. But it
was not till the early decades of the twentieth century that the algebraic foundations
were clarified and one could formulate the main questions of algebraic geometry with
full rigour. This foundational development was mainly due to Zariski and Weil.

One of Riemann’s fundamental theorems was that every compact Riemann
surface arose as the Riemann surface of some algebraic function. It followed from
this that there is no difference between the transcendental theory which stressed
topology and integration, and the algebraic theory, which used purely algebraic
and geometric methods and worked with algebraic curves. The fact that compact
Riemann surfaces and nonsingular algebraic curves were one and the same made
a great impression on mathematicians and led to the search for a purely algebraic
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foundation for Riemann’s results. The work of Dedekind and Weber started a more
algebraic approach to Riemann’s theory, one that was more general because it al-
lowed the possibility to study these objects in characteristic p > 0. This led to a
true revolution in algebraic geometry. A significant generalization of the idea of
an algebraic variety occured when Weil, as a basis for his proof of the Riemann
hypothesis for algebraic curves of arbitrary genus, developed the theory of abstract
algebraic varieties in any characteristic and intersection theory on them. The alge-
braic approach had greater scope however because it automatically included singular
objects also; this had an influence on the analytic theory and led to the development
of analytic spaces.

In the theory of general algebraic varieties started by Zariski and Weil and
continued by Chevalley, no attempt was made to supply any geometric intuition.
The effort to bring the geometric aspects of the theory of algebraic varieties more
to the foreground, and to make the theory of algebraic varieties resemble the theory
of differentiable manifolds more closely, was pioneered by Serre who showed in the
1950’s that the theory of algebraic varieties could be developed in a completely
geometric fashion imitating the theory of complex manifolds. Serre’s work revealed
the geometric intuition behind the basic theorems. In particular he showed that one
can study the algebraic varieties in any characteristic by the same sheaf theoretic
methods that were introduced by him and Henri Cartan in the theory of complex
manifolds where they had been phenomenally successful.

The foundations of classical algebraic geometry developed up to this time
turned out to be entirely adequate to develop the theory of groups that acted on the
algebraic varieties. This was done by Chevalley in the 1950’s. One of Chevalley’s
aims was to determine the projective varieties that admitted a transitive action
by an affine algebraic group, and classify both the spaces and groups that are re-
lated in this manner. This comes down to the classification of all simple algebraic
groups. Chevalley discovered that this was essentially the same as the Cartan-
Killing classification of simple Lie algebras over C, except that the classification
of simple algebraic groups could be carried out over an algebraically closed field
of arbitrary characteristic, directly working with the groups and not through their
Lie algebras. This meant that his proofs were new even for the complex case of
Cartan and Killing. The standard model of a projective variety with a transitive
affine group of automorphisms is the Grassmannian or a flag manifold, and the
corresponding group is SL(n). Chevalley’s work went even beyond the classifica-
tion. He discovered that a simple group is actually an object defined over Z, the
ring of integers; for instance, if we start with a complex simple Lie algebra g and
consider the group G of automorphisms of g, G is defined by polynomial equations
with integer coefficients as a subgroup of GL(g). So the classification yields simple
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groups over any finite field, the so-called finite groups of Lie type. It was by this
method that Chevalley constructed new simple finite groups. This development led
eventually to the classification of finite simple groups.

The theory of Serre was however not the end of the story. Dominating the land-
scape of algebraic geometry at that time (in the 1950’s) was a set of conjectures that
had been made by Weil in 1949. The conjectures related in an audacious manner
the generating function of the number of points of a smooth projective variety over
a finite fields and its extensions with the complex cohomology of the same variety
viewed as a smooth complex projective manifold (this is only a rough description).
For this purpose what was needed was a cohomology theory in characteristic zero
of varieties defined over fields of any characteristic. Serre’s theory furnished only
a cohomology over the same field as the one over which the varieties were defined,
and so was inadequate to attack the problem posed by the Weil conjectures. It was
Grothendieck who developed a new and more profound view of algebraic geometry
and developed a framework in which a cohomology in characteristic zero could be
constructed for varieties defined over any characteristic. The conjectures of Weil
were proved to be true by Deligne who combined the Grothendieck perspective with
some profound ideas of his own.

Grothendieck’s work started out in an unbelievably modest way as a series of
remarks on the paper of Serre that had pioneered the sheaf theoretic ideas in al-
gebraic geometry. Grothendieck had the audacious idea that the effectiveness of
Serre’s methods would be enormously enhanced if one associates to any commuta-
tive ring with unit a geometric object, called its spectrum, such that the elements of
the ring could be viewed as functions on it. A conspicuous feature of Grothendieck’s
approach was its emphasis on generality and the consequent use of the functorial
and categorical points of view. He invented the notion of a scheme in this pro-
cess as the most general algebraic geometric object that can be constructed, and
developed algebraic geometry in a setting in which all problems of classical geom-
etry could be formulated and solved. He did this in a monumental series of papers
called FElements, written in collaboration with Dieudonne, which changed the entire
landscape of algebraic geometry. The Grothendieck approach initiated a view of
algebraic geometry wherein the algebra and geometry were completely united. By
fusing geometry and algebra he brought number theory into the picture, thereby
making available for the first time a systematic geometric view of arithmetic prob-
lems. The Grothendieck perspective has played a fundamental role in all modern
developments since then: in Deligne’s solution of the Weil conjectures, in Faltings’s
solution of the Mordell conjecture, and so on.

One might therefore say that by the 1960’s the long evolution of the concept of
space had reached its final stage. Space was an object built by gluing local pieces,
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and depending on what one chooses as local models, one obtained a space which is
either smooth and differential geometric or analytic or algebraic®.

The physicists. However, in the 1970’s, the physicists added a new chapter to
this story which had seemed to have ended with the schemes of Grothendieck and
the analytic spaces. In their quest for a unified field theory of elementary particles
and the fundamental forces, the physicists discovered that the Fermi-Bose symme-
tries that were part of quantum field theory could actually be seen classically if one
worked with a suitable a generalization of classical manifolds. Their ideas created
spaces in which the coordinate functions depended not only on the usual coordinates
but also on a certain number of anticommuting variables, called the odd variables.
These odd coordinates would, on quantization, produce fermions obeying the Pauli
exclusion principle, so that they may be called fermionic coordinates. Physicists
like Salam and Strathdee, Wess and Zumino, Ferrara and many others played a
decisive role in these developments. They called these superspaces and developed a
complete theory including classical field theory on them together with their quan-
tizations. Inspired by these developments the mathematicians created the general
theory of these geometric objects, the supermanifolds, that had been constructed
informally by hand by the physicists. The most interesting aspect of supermanifolds
is that the local coordinate rings are generated over the usual commutative rings by
Grassmann variables, i.e., variables £¥ such that sz =0 and £FeEf = —¢fek(k #0).
These have always zero numerical values but play a fundamental role in determin-
ing the geometry of the space. Thus the supermanifolds resemble the Grothendieck
schemes in the sense that the local rings contain nilpotent elements. They are how-
ever more general on the one hand, since the local rings are not commutative but
supercommutative, and more specialized than the schemes in the sense that they
are smooth.

The mathematical physicist Berezin was a pioneer in the creation of superal-
gebra and super geometry as distinct disciplines in mathematics. He emphasized
super algebraic methods and invented the notion of the superdeterminant, nowa-
days called the Berezenian. He made the first attempts in constructing the theory
of supermanifolds and super Lie groups and emphasized that this is a new branch of
geometry and analysis. Berezin’s ideas were further developed by Kostant, Leites,
Bernstein, and others who gave expositions of the theory of supermanifolds and
their symmetries, namely the super Lie groups. Kac classified the simple Lie super
algebras and their finite dimensional representations. Manin, in his book introduced
the general notion of a superscheme. A wide ranging perspective on super geometry
and its symmetries was given by Deligne and Morgan as a part of the volume on
Quantum Field theory and Strings”.
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2.3. Geometry and algebra. The idea that geometry can be described in al-
gebraic terms is very old and goes back to Descartes. In the nineteenth century it
was applied to projective geometry and led to the result that projective geometry,
initially described by undefined objects called points, line, planes, and so on, and
the incidence relations between them, is just the geometry of subspaces of a vector
space over some division ring. However for what we are discussing it is more appro-
priate to start with the work of Hilbert on algebraic geometry. Hilbert showed in
his famous theorem of zeros that an affine algebraic variety, i.e., a subset of complex
euclidean space C" given as the set of zeros of a collection of polynomials, could be
recovered as the set of homomorphisms of the algebra A = C[X1, ..., X,|/I where
I is the ideal of polynomials that vanish on the set. In functional analysis this
theme of recovering the space from the algebra of functions on it was discovered by
Stone and Gel’fand in two different contexts. Stone showed that if B is a Boolean
algebra, the space of all maximal filters of B can be given a canonical topology in
which it becomes a totally disconnected compact Hausdorff space X (B), and the
Boolean algebra of subsets of X (B) which are both open and closed is canonically
isomorphic to B. Gel’fand showed that any compact Hausdorff space X can be
recovered from the algebra C'(X) of complex valued continuous functions on it as
the space of homomorphisms of C'(X) into C:

X ~ Hom (C(X),C).

Inspired by the work of Norbert Wiener on Fourier transforms, Gel’fand introduced
the concept of a commutative Banach algebra (with unit) and showed that if we
associate to any such algebra A its spectrum, namely, the set

X (A) := Spec(A) = Hom(A4, C)
then the evaluation map
ar—a, a(§)=¢(a) (ae A e X(A)

gives a representation of A as an algebra of continuous functions on X (A) where
X (A) is equipped with the compact Hausdorff weak topology. The map

~

a— a,
the so-called Gel’fand transform; it generalizes the Fourier transform. It is an iso-
morphism with C'(X (A)) if and only if A has a star-structure defined by a conjugate
linear involutive automorphism a — a* with the property that ||aa*|| = ||a||?>. We
can thus introduce the following general heuristic principle:
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e Hilbert—Gel’fand Principle

The geometric structure of a space can be recovered from the commutative algebra
of functions on it.

As examples of this correspondence between spaces and the algebras of functions
on it we mention the following:

Compact Hausdorff spaces ~ commutative Banach *-algebras

Affine algebraic varieties over C ~~ finitely generated algebras over C with no
nonzero nilpotents

Compact Riemann surfaces ~ finitely generated fields over C with transcen-
dence degree 1.

However two important aspects of this correspondence would have to be pointed
out before we can use it systematically. First, the representation of the elements
of the algebra as functions on the spectrum in the general case is not one-to-one.
There may be elements which are nonzero and yet go to 0 in the representation.
Thus, already in both the Hilbert and Gel’fand settings, any element a such that
a” = 0 for some integer r > 1, i.e., a nilpotent element, necessarily goes to 0
under any homomorphism into any field or even any ring with no zero divisors, and
so its representing function is 0. For instance, C[X,Y]/(X) is the ring C[Y] of
(polynomial) functions on the line X = 0 in the XY -plane, but the map

C[X,Y]/(X?) — C[X,Y]/(X) — CJ[Y]

gives the representation of elements of C[X,Y]/(X?) as functions on the line X = 0
in which the element X, which is nonzero but whose square is 0, goes to 0. In
the Grothendieck theory this phenomenon is not ignored because it contains the
mechanism to treat certain fundamental aspects (for instance infinitesimal) of the
representing space. In the example above, C[X,Y]/(X?) is the ring of functions on
the double line X? = 0 in the XY-plane. The double line is a distinctive geometric
object; indeed, when we try to describe the various degenerate forms of a conic,
one of the possibilities is a double line. In the Hilbert theory this idea leads to the
principle that all algebras of the form A = C[X4,..., X,|/I where I is any ideal,
describe geometric objects; if I is not equal to its own radical, there will be elements
p such that p ¢ I but p™ € I for some integer n > 2, so that such p define nilpotent
elements of A. Grothendieck’s great insight was to realize that the full force of
this correspondence between affine algebraic varieties and commutative rings can
be realized only if the notions of an affine variety and functions on it are enlarged
so as to make the correspondence between affine varieties and commutative rings
with unit bijective, so that the following principle can be relentlessly enforced:
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e Grothendieck Principle

Any commutative ring A is essentially the ring of functions on some space X. The
ring is allowed to have nilpotents whose numerical values are 0 but which play an
essential role in determining the geometric structure. The functions on X may have
to take their values in fields which differ from point to point.

This space, called the spectrum of A and denoted by X(A) = Spec (A), is a much
more bizarre object than in the Hilbert or Gel’fand theories, and we shall not
elaborate on it any further at this time. It is simply the set of all prime ideals of A,
given the Zariski topology. The ring A can be localized and so one has a sheaf of
rings on X (A). Thus X (A) come with a structure which allows one to consider them
as objects in a category, the category of affine schemes, and although the objects
themselves are very far from intuition, the entire category has very nice properties.
This is one of the reasons why the Grothendieck schemes work so well'C.

The second aspect of the concept of a manifold or scheme that one has to
keep in mind is that it can be localized. This is the idea that space should be
built up from its smallest parts, and is done, as mentioned above, by investing
space with a sheaf of rings on it. Thus space acquires its characteristic features
from the sheaf of rings we put on it, appropriately called the structure sheaf. The
small parts of space are then described by local models. In differential geometry
the local models are R™ or C", while in algebraic geometry they are affine schemes
which are spectra of commutative rings. The general manifold is then obtained by
gluing these local models. The gluing data come from the requirement that when
we glue two models, we should establish a correspondence between the structure
sheafs on the parts which are to be identified. The end result is then a premanifold
or a prescheme; the notions of smooth manifolds or schemes are then obtained by
adding a suitable separation condition. In the case of manifolds this is just the
condition that the underlying topological space is Hausdorff; for a prescheme X
this is the condition that X is closed in X x X. The gluing process is indispensable
because some of the most important geometrical objects are projective or compact
and so cannot be described by a single set of coordinates. The geometrical objects
thus defined together with the maps between them for a category. One of the most
important properties of this category is that products exist.

Clearly the Grothendieck scheme (or prescheme) is an object very far from
the classical notion of an algebraic variety over the complex numbers, or even the
notion of an algebraic variety in the sense of Serre. It is an index of the genius
of Grothendieck that he saw the profound advantages of using the schemes even
though at first sight they are rather unappetizing.

To conclude this brief discussion and as a simple illustration let us consider the
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case of affine varieties over an algebraically closed field K and ignore the compli-
cations coming from nilpotent elements of the structure sheaf. The correspondence
here is between Zariski closed subsets of affine space k™ and finitely generated alge-
bras over k which are reduced in the sense that they have no nonzero nilpotents. In
this category products exist. Because of this one can define algebraic groups G over
k in the usual manner. In terms of the coordinate rings the maps of multiplication,
inverse, and the unit element have to be interpreted in terms of the corresponding
k-algebra. Thus the k-algebra A = A(G) has a comultiplication which is a morphism

A:A— AR A,
a coinverse
Y:A— A,
and a counit,
N:A—k,

all of which are related by diagrams that dualize the associative law and the prop-
erties of the inverse and the unit element. The result is that A is a commutative
Hopf algebra. Thus the category of algebraic groups over k corresponds to the cat-
egory of commutative Hopf algebras. For instance the Hopf algebra corresponding
to GL(n, k) is

A = kfa;j, det™]

with
Ac:ajj— Za" ® Grj
™

Y a5 — a"
Q:aij»—wSij.

The theory of Serre varieties provides a fully adequate framework for the theory of
algebraic groups and their homogeneous spaces.

2.4. A brief look ahead. To go over to the super category one has to replace
systematically all the algebras that occur on the classical theory by algebras that
have a Zs-grading, namely super algebras. To study supervarieties one then replaces
sheaves of commutative algebras by sheaves of supercommutative algebras. Here
the supercommutative algebras are those for which any two elements either commute
or anticommute according as one of them is even or both of them are odd. Just as
commutative rings determine geometric objects supercommutative rings determine
super geometric objects. We give a brief run over the themes that will occupy us
in the remaining chapters.
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Super linear algebra. A super vector space V, is nothing but a vector space over
the field k& which is graded by Zs := Z/27Z, namely,

V=WaeV.

The elements of Vj (resp. V1) are called even (resp. odd). Morphisms between super
vector spaces are linear maps that preserve the parity, where the parity function
pis 1 on Vi and 0 on Vy. A super algebra is an algebra A with unit (which is
necessarily even) such that the multiplication map A® A — A is a morphism, i.e.,
p(ab) = p(a) + p(b) for all a,b € A. Here and everywhere else any relation between
linear objects in which the parity function appears the elements are assumed to
be homogeneous (that is, either even or odd) and the validity for nonhomogeneous
elements is extended by linearity. As an example we mention the definition of
supercommutative algebras: a super algebra A is supercommutative if

ab = (=1)P@P®lpg  (a,b e A).

This differs from the definition of a commutative algebra in the sign factor which
appears. This is a special case of what is called the rule of signs in super algebra:
whenever two elements are interchanged in a classical relation a minus sign appears
if both elements are odd. The simplest example is the exterior algebra A(U) of an
ordinary vector space U. It is graded by Z (degree) but becomes a super algebra if
we introduce the coarser Zs-grading where an element is even or odd if its degree
is even or odd. A(U) is a supercommutative algebra. Linear super algebra can
be developed in almost complete analogy with linear algebra but there are a few
interesting differences. Among the most important are the notions of supertrace
and superdeterminant. The superdeterminant is nowadays called the Berezenian,
named after Berezin who discovered it. If A is a supercommutative k-algebra and

L M
R—(N P> (L, P even, M, N odd)

where the entries of the matrices are from A, then
str(R) = tr(L) — tr(P)
Ber(R) = det(L)det(I — MP~'N)det(P)*

where Ber(R) is the Berezinian of R. Unlike the classical determinant, the
Berezinian is defined only when R is invertible, which is equivalent to the invert-
ibility of L and P as matrices from the commutative k-algebra Ay, but has the
important property that

Ber(RR') = Ber(R)Ber(R')
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while for the supertrace we have
str(RR') = str(R'R).

By an exterior algebra over a commutative k-algebra A (k a field of characteristic
0) we mean the algebra A[f,,...,0,] generated over A by elements

br,....0,

with the relations

6% =0, 0.0; = —0;0; (i # j).

Exterior algebras are supercommutative. It must be remembered however that when
we view an exterior algebra as a super algebra, its Z-grading is to be forgotten and
only the coarser grading by Zs into even and odd elements should be retained. In
particular they admit automorphisms which do not preserve the original Z-degree.
Thus for

A=klb,...,0,] (0:0; + 0,0, =0),

the map
01— 61 + 0192,(% — HZ(Z > 1)

extends to an automorphism of A that does not preserve the original Z-grading.
The existence of such automorphisms is the factor that invests super geometry with
its distinctive flavour.

Supermanifolds. The concept of a smooth supermanifold, say over R, is now
easy to define. A supermanifold X is just an ordinary manifold such that on suf-
ficiently small open subsets U of it the super coordinate ring R(U) is isomorphic
to a supercommutative exterior algebra of the form C*(U)[01,...,0,]. The integer
q is independent of U and if p is the usual dimension of X, its dimension as a
supermanifold is p|q. However this is not the same as an exterior bundle over the

ordinary manifold X; for instance, the supermanifold R'? has the coordinate rings
C>(U)[f1,02] but the map

t701702 —t+ 9102701702

defines a superdiffeomorphism of the supermanifold but not of an exterior bundle
over R. If U is an open set in R?, then UP? is the supermanifold whose coordinate
rings are C*°(U)[6y,...,0,]. Replacing the smooth functions by real analytic or
complex analytic manifolds we have the concept of a real analytic or a complex
analytic supermanifold. Unfortunately it is not possible to define supermanifolds of
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class C* for finite k because one needs the full Taylor expansion to make sense of
morphisms like the one defined above. If we replace these special exterior algebras
by more general supercommuting rings we obtain the concept of a superscheme
which generalizes the concept of a scheme.

A brief comparison between manifolds and supermanifolds is useful. The coor-
dinate rings on manifolds are commutative, those on a supermanifold are supercom-
mutative. However as the odd elements of any exterior algebra are always nilpotent,
the concept of a supermanifold is closer to that of a scheme than that of a manifold.
So the techniques of studying supermanifolds are variants of those used in the study
of schemes, and so more sophisticated than the corresponding ones in the theory of
manifolds.

Super Lie groups. A super Lie group is a group object in the category of su-
permanifolds. An affine super algebraic group is a group object in the category of
affine supervarieties. In analogy with the classical case these are the supervarieties
whose coordinate algebras are super Hopf algebras. Here are some examples:

R!!' : The group law is given (symbolically) by

(t1,01)-(1%,0%) = (t* +t* +0'0%,0" + 0?).

GL(p|q) : Symbolically this is the group of block matrices

A B

C D
where the entries are treated as coordinates, those of A and D being even and those
of B and C odd. The group law is just matrix multiplication.

It may be puzzling that the group law is given so informally in the above
examples. The simplest way to interpret them is to stay in the algebraic rather
than the smooth category and view the formulae as defining the automorphisms
of the corresponding exterior algebras. Actually one can use the same symbolic
description in all cases by utilizing the notion of functors of points. The idea is
that any object M in the category under discussion is determined completely by
the functor that associates to any object N the set Hom(N, M); the elements of
Hom(N, M) are called the N-points of M. Viewed in this manner one can say that
affine supergroups are functors from the category of supercommutative rings to the
category of groups, which are representable by a supercommutative Hopf algebra.
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Thus R'" corresponds to the functor which associates to any supercommuting ring
R the group of all elements (t!,60') where t' € Ry and 0! € Ry, the multiplication
being exactly the one given above. Similarly, the functor corresponding to GL(p|q)
associates to any supercommuting ring R the group of all block matrices

A B
(& D)

where the entries of A and D are even elements of R and those of B and C' are
odd elements of R; the group law is just matrix multiplication. This group is
denoted by GL(p|q)(R). If one wants to view these as super Lie groups in the
smooth category, the functors go from the category of smooth supermanifolds to
the category of groups. For instance, the functor defining the super Lie group R
takes any supermanifold T to the group of all (t,0',6%) where t,0%, 0 are global
sections of Op with ¢ even and 6° odd. Similarly GL(p|q) is defined by the functor
that takes T" to the group GL(p|q)(R(T")) where R(T) is the supercommutative ring
of global sections of T. The concept of the functor of points shows why we can
manipulate the odd variables as if they are numerical coordinates. This is exactly
what is done by the physicists and so the language of functor of points is precisely
the one that is closest to the intuitive way of working with these objects that one
finds in the physics literature.

Super spacetimes. Minkowski spacetime is the manifold R* equipped with the
action of the Poincaré group. To obtain super spacetimes one extends the abelian
Lie algebra of translations by a Lie super algebra whose odd part is what is called
the Majorana spinor module, a module for the Lorentz group which is spinorial,
real, and irreducible. This is denoted by M*4. The super Poincaré group is the
super Lie group of automorphisms of this supermanifold. Physicists call this rigid
supersymmetry because the affine character of spacetime is preserved in this model.
For supergravity one needs to construct local supersymmetries. Since the group
involved is the group of diffeomorphisms which is infinite dimensional, this is a
much deeper affair.

Once super spacetimes are introduced one can begin the study of Lagrangian
field theories on super spaces and their quantized versions. Following the classical
picture this leads to supersymmetric Lagrangian field theories. They will lead to
superfield equations which can be interpreted as the equations for corresponding
superparticles. A superfield equation gives rise to several ordinary field equations
which define a multiplet of particles. These developments of super field theory lead
to the predictions of susy quantum field theory.
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he prepared a translation of Riemann’s inaugural address. It is now part of his
Mathematical Papers. In the paper (really an abstract only) mentioned above,
here is what he says:

Riemann has shewn that as there are different kinds of lines and surfaces, so there are
different kinds of spaces of three dimensions; and that we can only find out by experience to
which of these kinds the space in which we live belongs. In particular, the arioms of plane
geometry are true within the limit of experment on the surface of a sheet of paper, and yet we
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the arioms of solid geometry are true within the limits of experiment for finite poretions
of our space, yet we have no reason to conclude that they are true for very small portions;
and if any help can be got thereby for the explanation of physical phenomena, we may have

reason to conclude that they are not true for very small portions of space.

I wish here to indicate a manner in which these speculations may be applied to the investi-

gation of physical phenomena. I hold in fact

(1) That small portions of space are in fact analogous to little hills on a surface which is

on the average flat; namely, that the ordinary laws of geometry are not valid in them.

(2) That this property of being curved or distorted is continually being passed on from one

portion of space to another after ther manner of a wave.

(3) That this variation of the curvature of space is what really happens in that phenomenon
which we call the motion of matter, whether ponderable or etherial.

(4) That in the physical world nothing else takes place but this variation, subject (possibly)

to the law of continuity.

I am endeavouring in a general way to explain the laws of double refraction on this hypoth-

esis, but have not yet arrived at any results sufficiently decisive to be communicated.
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3. SUPER LINEAR ALGEBRA

3.1. The category of super vector spaces.

3.2. The super Poincaré algebra of Gol’fand and Likhtman.
3.3. Conformal spacetime.

3.4. The superconformal algebra of Wess and Zumino.

3.5. Modules over a commutative super algebra.

3.6. The Berezinian (superdeterminant).

3.7. The categorical point of view.

3.1. The category of super vector spaces. Super linear algebra deals with the
category of super vector spaces over a field k. We shall fix £ and suppose that it is
of characteristic 0; in physics k is R or C. The objects of this category are super
vector spaces V over k, namely, vector spaces over k which are Zs-graded, i.e., have
decompositions

V=WeWw (0,1 € Zy="17/27).

The elements of Vj are called even and those of V; odd. If d; is the dimension of V;,
we say that V has dimension (dg|d;). For super vector spaces V, W, the morphisms
from V to W are linear maps V' — W which preserve the gradings. They form a
linear space denoted by Hom(V, W). For any super vector space V the elements in
Vo UVy are called homogeneous and if they are nonzero, their parity is defined to be
0 or 1 according as they are even or odd. The parity function is denoted by p. In any
formula defining a linear or multilinear object in which the parity function appears,
it is assumed that the elements involved are homogeneous (so that the formulae
make sense) and that the definition is extended to nonhomogeneous elements by
linearity. If we take V = kP*¢ with its standard basis e;(1 < ¢ < p+ ¢) and define
e; to be even (odd) if i < p (i > p), then V becomes a super vector space with

p q
Vo = Zkei, Vi = Z ke;.
=1

i=p+1



It is denoted by kPl9.

The notion of direct sum for super vector spaces is the obvious one. For super

vector spaces V, W, their tensor product is V ® W whose homogeneous parts are
defined by

VeW)i= Y VoW,

Jj+m=q

where i, 7, m are in Zs and + is addition in Zs. Thus
(VoW = (Voo W)@ (V1 @ W), VoW), = (Vo W) & (Vi@ W).

For super vector spaces V, W, the so-called internal Hom, denoted by Hom(V, W),
is the vector space of all linear maps from V to W, where the even maps are the
ones preserving the grading and the odd maps are those that reverse the grading.
In particular,

(Hom(V, W))o = Hom(V, W).

If V is a super vector space, we write End(V) for Hom(V, V). The dual of a
super vector space V' is the super vector space V* where (V*); is the space of linear
functions from V to k that vanish on V;_;.

The rule of signs and its consistency. The ® in the category of vector spaces is

associative and commutative in a natural sense. Thus, for ordinary, i.e., ungraded

or purely even vector spaces U, V, W, we have the natural associativity isomorphism
UeV)eoWxUe (Ve W), (URv)@Wwr— u® (v w)

and the commutativity isomorphism

cvw VW ~WeYV, VR W w 0.

For the category of super vector spaces the associativity isomorphism remains the
same; but the commutativity isomorphism is changed to

cvw VoW ~WeYV, V@ wi— (—1)POPWy @y,

This is the first example where the defining formula is given only for homogeneous
elements and it is assumed to be extended by linearity. Notice that

CYywew,v = id.
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This definition is the source of the rule of signs used by physicists which says that
whenever two terms are interchanged in a formula, a minus sign will appear if both
terms are odd.

The commutativity and associativity isomorphisms are compatible in the fol-
lowing sense. If U, V, W are super vector spaces,

CU VW = CUWCU,V CV,WCU,WCU,V = CU,VCUWCV,W

as is easily checked. These relations can be extended to products of more than 3
super vector spaces. Suppose that V;(1 < i < n) are super vector spaces, and o
is a permutation of {1,2,...,n}. Then o is a product s;, s, ...s;, where s; is the
permutation that just interchanges j and j 4+ 1. Writing

L(sj)) =1®..Qcv, v, @...0V,

and applying these commutativity isomorphisms successively interchanging adjacent
terms in V] ® ... ® V,, we have an isomorphism

L(O‘) = L(Sil)H'L(Sir) WVM®...0V, ~ Vo-—l(l) X ... ®Va—1(n)~

This isomorphism is independent of the way o is expressed as a composition
Si, ... 84, and is given by

Lo): 1 ®...Q v, — (—1)1’(0)@071(1) ®...Q Vg-1(p)

where
p(o) = {(i,j) } v;,v; odd, i < j, o(i) > U(j)}.
Furthermore, we have
L(ot) = L(o)L(T).

If all the V; are the same and equal to V, we have an action of the group S, in
Ve...oV.

We shall now prove these results. Our convention is that the elements of S,
are mappings of the set {1,2,...,n} onto itself and that the product is composition
of mappings. We fix a super vector space V. For n = 1 the group S, is trivial.
We begin by discussing the action of 5,, on the n-fold tensor product of V' with
itself. For n = 2 the group S,, is Zs, and we send the nontrivial element to the
transformation cyyy on V ® V to get the action. Let us assume now that n > 3.
On V3:=V ®V ®V we have operators c13, co3 defined as follows:

12 1 V1 @ Vg ® v3 — (—1)POVPE ) @ 4 @ v,

Co3 : V1 ® V2 ® V3 — (_1)p(v2)p(v3)vl ® v3 @ V2.
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We then find by a simple calculation that

C12€23C12 = C23C12C23.

In the group S35 the interchanges of 1,2 and 2, 3 are represented by involutions s1, so
respectively and S3 is the group generated by them with the relation

S$15281 = S§251S82.
So there is an action of S3 on V3 generated by the c¢;;. This action, denoted by

o — L(o), can be explicitly calculated for the six elements of S5 and can be
written as follows:

L(O’) U1 QU @ U3 (—1)p(a)’0071(1) &® Vo—1(2) ® Vo—1(3)

plo)= Y plpe),  N(o)={(k€) |k <Ll a(k)>o()}.
(k,£)eN (o)

This description makes sense for all n and leads to the following formulation.
Proposition 3.1.1. There is a unique action L of S,, on V,, .=V ®...QV (n

factors) such that for any i < n, the element s; of S, that sends i to i+ 1 and vice
versa and fizes all the others, goes over to the map

L(s;)): 1 ®... Q0 v, — (—l)p(”i)p(vi“)vl ®R...0U11 QU R ... R vp.
For arbitrary o let N(o),p(o) be defined as above. Then
Lo): 1 ®... v, — (—1)7’(")11071(1) ®...Q Us1(n)-
Finally, we can write

p(o) = #{(k,0) | k < £, vk, ve both odd, o(k) > o({)}.

Proof. The calculation above for n = 3 shows that for any i < n we have
L(si)L(si+1)L(s;) = L(si+1)L(si) L(8i41).
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Since S, is generated by the s; with the relations
5i8i418i = Si418i8i+1 (1 <i<n—1)

it is immediate that there is an action of S,, on V,, that sends s; to L(s;) for all i.
If we disregard the sign factors this is the action

R(O’) V1 R... QU — Vy—1(1) X... ®U071(n).

Hence except for the sign factor we are done. We shall prove the formula for the sign
factor by induction on ¢(o), the length of o, which is by definition the cardinality
#N (o) of the set N(o).

First of all, ¢(0) = 1 if and only if ¢ = s; for some i and the result is then
obvious. Suppose (o) > 1 and we assume the result for elements of smaller length.
We can find i such that (i,i+1) € N(0); we define 7 = os;. It is then easily verified
that k < ¢ < s;k < s;{ whenever k < ¢ and (k,¢) # (i,i+ 1), and

(k,0) € N(1) < (sik,s:) € N(o) (k<0 (k,0) % (i,i+1))

while
(i,i+1) € N(o), (i,i+1)¢ N(1).

It follows from this that
1) =4(0) — 1.

The result is thus true for 7. Now

Lo) (01 ®...Quv,) = (=1)PCIPEHIL(7) (0,1 @ ... @ vg,n)
(—1)IR(0) (11 ® ... R v,)

where

q=p)pi1)+ > psr)pvse) = D> plow)plve) = plo).

(k,£)EN(T) (k' ,£")EN (o)
This completes the proof.

Corollary 3.1.2. Let V(i = 1,...,n) be super vector spaces. For each o € S,, let
L(o) be the map

L(O‘) WMe...0V, — Vo-—l(l) ®...®Va—1(n)
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be defined by
L(U) U1 Q... QU (—1)73(0)1}071(1) X @ Vs—1(n)-

If o = s;, ...8i, then
L(o) = L(ss,) ... L(si,)

where, for all 1,
L(si)=1®...Qcy, v, ®1...01.

In particular,

L(ot) = L(o)L(T).

Proof. Take V = &V, and apply the proposition. The result is immediate.

Remark. The above corollary shows that the result of applying the exchanges
successively at the level of tensors is independent of the way the permutation is
expressed as a product of adjacent interchanges. This is the fundamental reason
why the rule of signs works in super linear algebra in a consistent manner.

Super algebras. A super algebra A is a super vector space which is an associative
algebra (always with unit 1 unless otherwise specified) such that multiplication is
a morphism of super vector spaces from A ® A to A. This is the same as requiring
that

p(ab) = p(a) + p(b).
It is easy to check that 1 is always even, that Ag is a purely even subalgebra, and

that
A()Al C Al, A% C Ao.

If V is a super vector space, End(V) is a super algebra. For a super algebra its
super center is the set of all elements a such that ab = (—1)P(®P(®)pg for all b; it is
often written as Z(A). This definition is an example that illustrates the sign rule.
We have

Z(End(V))=k-1.

It is to be mentioned that the super center is in general different from the center of A
viewed as an ungraded algebra. Examples of this will occur in the theory of Clifford
algebras that will be treated in Chapter 5. If V = kPI9 we write M(p|q) or MP!d
for End(V'). Using the standard basis we have the usual matrix representations for

elements of M(p|q) in the form
A B
C D
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where the letters denote matrices with A, B, C, D of orders respectively p x p,p X
q,q X p,q X q. The even elements and odd elements are respectively of the form

(6s) (&)

A super algebra A is said to be commutative if
ab = (_1)p(a)P(b)ba

for all (homogeneous) a,b € A. The terminology can cause some mild confusion
because k[t] with ¢ odd and t? = 1 is a super algebra which is commutative as an
algebra but not as a super algebra. Indeed, in a commutative super algebra, we
have

ab+ba = 0, a?=0

for odd a,b; in particular, odd elements are nilpotent. This is false for ¢ in the
above example. For this reason, and in order to avoid confusion, commutative su-
per algebras are often called supercommutative. The exterior algebra over an even
vector space is an example of a supercommutative algebra. If the vector space has
finite dimension this super algebra is isomorphic to k[f,...,0,] where the 6, are
anticommuting, i.e., satisfy the relations 6,0, + 0;0; = 0 for all ¢, 5. If A is super-
commutative, Ag (super)commutes with A. We can formulate supercommutativity
of an algebra A by
p=pocaas  p:ARA—A

where p is multiplication. Formulated in this way there is no difference from the
usual definition of commutativity classically. In this definition the sign rule is
hidden. In general it is possible to hide all the signs using such devices.

A variant of the definition of supercommutativity leads to the definition of the
opposite of a super algebra. If A is a super algebra, its opposite A°PP has the same
super vector space underlying it but

a-b= (_1)p(a)p(b)ba
where a-b is the product of a and b in A°PP. This is the same as requiring that
Mopp = O CA A-
Thus A is supercommutative if and only if A°PP = A.
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Super Lie algebras. If we remember the sign rule it is easy to define a Lie super
algebra or super Lie algebra. It is a super vector space g with a bracket [, | which
is a morphism from g ® g to g with the following properties:

(2) [a,0] = =(=1)P@P®[b, a].
(b) The (super) Jacobi identity

[a, [b, ] + (_1)p(a)p(b)+p(a)p(0) [b, [c, a]] + (_1)p(a)p(6)+p(b)p(6) ¢, [a,b]] = 0.

One can hide the signs above by rewriting these relations as

(@) [, J(1+cqq)=0.
(b) The (super) Jacobi identity

LN +0+0%) =0

where o is the automorphism of g ® g ® g corresponding to the cyclic
permutation (123) — (312).

Thus, (b) shows that the super Jacobi identity has the same form as the ordinary
Jacobi identity for ordinary Lie algebras. Thus the super Lie algebra is defined in
exactly the same manner in the category of super vector spaces as an ordinary Lie
algebra is in the category of ordinary vector spaces. It thus appears as an entirely
natural object. One might therefore say that a super Lie algebra is a Lie object in
the category of super vector spaces.

There is a second way to comprehend the notion of a super Lie algebra which
is more practical. The bracket is skew symmetric if one of the elements is even and
symmetric if both are odd. The super Jacobi identity has 8 special cases depending
on the parities of the three elements a,b,c. If all three are even the definition is
simply the statement that go is a (ordinary) Lie algebra. The identities with 2 even
and 1 odd say that g; is a gg-module. The identities with 2 odd and 1 even say
that the bracket

g1 Qg1 — go

is a symmetric go-map. Finally, the identities for all three odd elements reduce to
la,[b,c]]+...+...=0 (a,b,c € g1)

where + ...+ ... is cyclic summation in a, b, c¢. It is not difficult to see that the last
requirement is equivalent to

[av [a’ a]] =0 (a € 91)-
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Indeed, if this condition is assumed, then replacing a by xa + yb where a,b € g, and
x,y € k we find that

b, [a,a]] +2[a,[a,b]] =0  (a,b€ g1).
But then
O=fa+b+eclatbt+c,a+b+c] =2(a,lb ]+ b ][c al] + [ [a,b]]) .
Thus a super Lie algebra is a super vector space g on which a bilinear bracket [, |

is defined such that

(a) go is an ordinary Lie algebra for [, |.

(b) g1 is a go-module for the action a — ad(a) : b +— [a,b] (b € g1).

(¢) a® b+ [a,b] is a symmetric go-module map from g; ® g1 to go.
)

(d) For all a € g1, we have [a, [a,a]] = 0.

Except for (d) the other conditions are linear and can be understood within the
framework of ordinary Lie algebras and their representations. The condition (d) is
nonlinear and is the most difficult to verify in applications when Lie super algebras
are constructed by putting together an ordinary Lie algebra and a module for it
satisfying (a)-(c).

If A is a super algebra, we define
[a,b] = ab— (=1)P@P®pg  (a,be A).

It is then an easy verification that [, | converts A into a super Lie algebra. It is
denoted by Ay but often we omit the suffix L. If A = End(V'), we often write
gl(V) for the corresponding Lie algebra; if V = RPI? we write gl(p|q) for gi(V).

Let g be a super Lie algebra and for X € g let us define
ad X : g — g, ad X(Y) = [X,Y].

Then
ad: X — ad X

is a morphism of g into gl(g). The super Jacobi identity is just the relation
[ad X,ad Y] = ad [X,Y] (X,Y €g).
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The supertrace. Let V = V; @ V; be a finite dimensional super vector space and
let X € End(V). Then we have

Xoo Xoi
X —
<X1o Xll)

where X;; is the linear map of V; to V; such that X;;v is the projection on V; of
Xwv for v € V;. The super trace of X is now defined as

StI'(X) = tI'(Xoo) — tr(Xll).
It is easy to verify that
str(XY) = (=1)PPPMgtr(YX)  (X,Y € End(V)).

In analogy with the classical situation we write s[(V') for the space of elements in
gl(V) with super trace 0; if V' = RP!%, then we write sl(p|q) for s[(V). Since the
odd elements have supertrace 0, s[(V') is a sub super vector space of gl(V'). It is
easy to verify that

[X,Y] € sl(V) (X,Y e gl(V)).

Thus sl(V) is a sub super Lie algebra of gl(V). Corresponding to the classical
series of Lie algebras gl(n), sl(n) we thus have the series gl(p|q),sl(p|q) of super Lie
algebras. In Chapter 6 we shall give Kac’s classification of simple super Lie algebras
over an algebraically closed field of which the sl(p|q) are particular examples.

3.2. The super Poincaré algebra of Gol’fand and Likhtman. Although
we have given a natural and simple definition of super Lie algebras, historically
they emerged first in the works of physicists. Gol’fand and Likhtman constructed
the super Poincaré algebra in 1971 and Wess and Zumino constructed the super-
conformal algebra in 1974. These were ad hoc constructions, and although it was
realized that these were new algebraic structures, their systematic theory was not
developed till 1975 when Kac® introduced Lie super algebras in full generality and
classified the simple ones over C and R. We shall discuss these two examples in
some detail because they contain much of the intuition behind the construction of

superspacetimes and their symmetries. We first take up the super Poincaré algebra
of Gol’fand and Likhtman.

Let g be a Lie super algebra. This means that

g=00Dm
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where g; is a go-module with appropriate properties. The basic assumptions in all
constructions of superspacetimes are the following.

(1) g is a real Lie super algebra.
(2) g1 is a very special type of go-module, namely, it is spinorial.

(3) The spacetime momenta should be captured among the commutators
[A, B] where A, B € g1, i.e., [g1,01] should contain the translation sub-
space of gg.

The condition (2) means that either gg or some quotient of it is an orthogonal Lie
algebra, go acts on g; through this quotient, and the module g; is spinorial, i.e.,
its complexification is a direct sum of spin modules of this orthogonal Lie algebra.
This restriction of g; has its source in the fact that in quantum field theory the
objects obeying the anticommutation rules were the spinor fields, and this property
was then taken over in the definition of spinor fields at the classical level.

In the example of Gol’fand-Likhtman, gg is the Poincaré Lie algebra, i.e.,
go=td [

where t ~ R* is the abelian Lie algebra of spacetime translations, [ is the Lorentz
Lie algebra so(1,3), namely, the Lie algebra of SO(1,3)", and the sum is semidirect
with respect to the action of [ on t; in particular t is an abelian ideal. gg is thus
the Lie algebra of the Poincaré group and hence g is to be thought of as a super
Poincaré algebra. We shall also assume that g is minimal in the sense that there is
no sub super Lie algebra that strictly includes gy and is strictly included in g.

The Poincaré group P acts on g; and one can analyze its restriction to the
translation subgroup in a manner analogous to what was done in Chapter 1 for
unitary representations except now the representation is finite dimensional and not
unitary. Since t is abelian, by Lie’s theorem on solvable actions we can find eigen-
vectors in the complexification (g1)c of g1 for the action of t. So there is a linear
function A on t such that

Vi:={ve(g)c, | [X,v]=AXX)v, X €t} £0.

If L is the Lorentz group SO(1,3)% and we write X —— X" for the action of h € L
on t as well as g1, we have

ad (X") = had (X) h™ 1,

This shows that shows that h takes Vy to Vyn where A*(X) = A(X" ') for X € t.
But g1, can be nonzero only for a finite set of linear functions p on t, and hence
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A = 0. But then g ¢ is stable under L so that go @ g1,0 is a Lie super algebra. By
minimality it must be all of g. Hence in a minimal g the action of t on g; is 0. This
means that gy acts on g; through [ so that it makes sense to say that g; is spinorial.
Furthermore, if g = go @ g1 is any super Lie algebra and b is a gg-submodule of g1,
then go @ b is a sub super Lie algebra of g. Hence if g is a minimal extension of g,
then g; must be irreducible. Since we are working over R, we must remember that
g1 may not be irreducible after extension of scalars to C.

The irreducible representations of the group SL(2,C), viewed as a real Lie
group, are precisely the representations k ® m where for any integer r > 1, we
write r for the irreducible holomorphic representation of dimension r, m denoting
the complex conjugate representation of the representation m. Recall that 1 is the
trivial representation in dimension 1 and 2 is the defining representation in C?2.
Of these 2 and 2 are the spin modules. To get a real irreducible spinorial module
we take notice that 2 @ 2 has a real form. Indeed with C? as the space of 2, the
representation 2 @ 2 can be written as

(1)~

where a bar over a letter denotes complex conjugation. This action commutes with

the conjugation
(1)~ ()
o: — [ _ ).
v U

We define m to be the real form of 2 @ 2 defined by o. We have

(2:%) (g € SL(2,C),u,v € C2)

me =22, m = (mg)’.

Since 2 and 2 are inequivalent, the above is the only possible decomposition of
mc into irreducible pieces, and so there is no proper submodule of m stable under
the conjugation . Thus m is irreducible under gg. This is the so-called Majorana
spinor. Any real irreducible representation of SL(2, C) is a direct sum of copies of
m and so minimality forces g; to be m. Our aim is to show that there is a structure
of a super Lie algebra on

g=godm

satisfying (3) above. The irreducibility of m ensures the minimality of g as an
extension of gg.

To make g into a Lie super algebra we must find a symmetric go—map
[ ) ] me@m — go
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such that
[a,[a,a]] =0 (a € m).

Now
mcOmec=222)e222)®(202)6 (21 2).

We claim that there is a projectively unique symmetric [-map
L:mc®mec — tc

where the right side is the complexification of the 4-dimensional representation of
SO(1,3)° viewed as a representation of SL(2,C). To see this we first note that
2 ® 2 descends to a representation of SO(1,3)? because —1 acts as —1 on both
factors and so acts as 1 on their tensor product. Moreover it is the only irreducible
representation of dimension 4 of SO(1,3)°, and we write this as 4., the vector
representation in dimension 4; of course 4, ~ t. Furthermore, using the map
F:u®uv+—— v®u we have

202~2R2~4,.

Thus W= (2®2)® (2® 2) ~ 4, ® 4,. On the other hand, W is stable under F
and so splits as the direct sum of subspaces symmetric and skew symmetric with
respect to F', these being also submodules. Hence each of them is isomorphic to
4,. Now 2® 2 is 1 & 3 where 1 occurs in the skew symmetric part and 3 occurs in
the symmetric part, and a similar result is true for the complex conjugate modules.
Hence

(mc X mc)symm ~3343a 4,

showing that there is a projectively unique symmetric [-map L from mc ® mg to
tc.

We put
[a,b] = L(a ® b) (a,b € mg).

Since L goes into the translation part tc which acts as 0 on mg, we have automat-
ically
[e,[e,c]] =0 (c e mg).

We have thus obtained a Lie super algebra
5 = (go)c ® mc.
This is the complexified super Poincaré algebra of Gol’fand-Likhtman.
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To obtain the appropriate real form of s is now easy. Let us denote by ¢ the
conjugation of t¢ that defines t. Then, on the one dimensional space of symmetric
[-maps from mc ® mg to tc we have the conjugation

Mv+—ocoMo(p®p),
and so there is an element N fixed by this conjugation. If
[a,b] = N(a ®b) (a,b € m),
then N maps m ® m into t and so, as before,
[[e,c],c] =0 (c em).
Thus we have a Lie super algebra structure on
g:=goDm.

This is the super Poincaré algebra constructed by Gol’fand and Likhtman.

It is to be noted that in constructing this example we have made the following
assumptions about the structure of g:

(1) g1 is spinorial,
(2) [, ] is not identically zero on g1 ® g1 and maps it into t,

(3) g is minimal under the conditions (1) and (2).

Indeed, g is uniquely determined by these assumptions. However, there are other
examples if some of these assumptions are dropped. Since t is irreducible as a
module for [, it follows that the map g; ® gy — tis surjective and so the spacetime
momenta P, (which form a basis of t) can be expressed as anticommutators of
the spinorial odd elements (also called spinorial charges), a fact that is important
because it often leads to the positivity of the energy operator in susy theories. This
aspect of g has prompted a heuristic understanding of g as the square root of the
Poincaré algebra. If we choose the usual basis P,, M,,,, for go, and use a basis (Qq)
for mc, then the commutation rules for g can be expressed in terms of the Pauli
and Dirac matrices in the following form used by physicists:

[P/u Qa] = 07 [M,U«I/’ Qa] = —WgEQﬁ

{Qa, Qs} = —2(v"C™NapPu
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where { , } is the anticommutator, o#* = 1[y",4”], and a (+,+,+,—) Lorentz
metric is used, and C' is a so-called charge conjugation matrix.

3.3. Conformal spacetime. The second example we wish to discuss is the super
conformal algebra of Wess and Zumino. To this end we need some preliminary
discussion of conformality.

The relevance of conformality to the physics of radiation goes back to Weyl.
Conformal maps are defined as maps of one Riemannian or pseudo Riemannian
manifold into another that take one metric to a multiple of the other, the multiplying
constant being a strictly positive function that is allowed to vary from point to point.
The simplest example is the dilation x +— cx on the space RP'?, which is Euclidean
space RPTY equipped with a metric of signature (p, q), where ¢ > 0 is a constant.
Less trivial examples are complex analytic maps f from a domain D in the complex
plane to another domain D', df being never 0 on D. Such maps are classically
known as conformal maps, which is the reason why the maps in the more general
context are also called conformal. Weyl noticed that the Maxwell equations are
invariant under all conformal transformations; we have seen this in our discussion
of the Maxwell equations. The idea that for radiation problems the symmetry group
should be the conformal group on Minkowski spacetime is also natural because the
conformal group is the group whose action preserves the forward light cone structure
of spacetime. In Euclidean space R™ (with the usual positive definite metric), the
so-called inwversions are familiar from classical geometry; these are maps P — P’
with the property that P’ is on the same ray s OP (O is the origin) and satisfies

OP.OP' =1;
this determines the map as
x
/
rT—xr = ——.
|2

It is trivial to check that )
ds’? = —4d82
r

so that this map is conformal; it is undefined at O, but by going over to the one-
point compactification S™ of R" via stereographic projection and defining oo to be
the image of O we get a conformal map of S™. This is typical of conformal maps in
the sense that they are globally defined only after a suitable compactification. The
compactification of Minkowski spacetime and the determination of the conformal
extension of the Poincaré group go back to the nineteenth century and the work of
Felix Klein. It is tied up with some of the most beautiful parts of classical projective
geometry. It was resurrected in modern times by the work of Penrose.
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In two dimensions the conformal groups are infinite dimensional because we
have more or less arbitrary holomorphic maps which act conformally. However this
is not true in higher dimensions; for R?? with p + ¢ > 3, the vector fields which
are conformal in the sense that the corresponding one parameter (local) groups of
diffeomorphisms are conformal, already form a finite dimensional Lie algebra, which
is in fact isomorphic to so(p + 1,¢ + 1). Thus SO(p + 1,q + 1) acts conformally
on a compactification of R”?, and contains the inhomogeneous group ISO(p, q) as
the subgroup that leaves invariant RP9. In particular SO(1,n+ 1) is the conformal
extension of 1SO(n), acting on S™ viewed as the one-point compactification of R".
We shall discuss these examples a little later. For the moment we shall concern
ourselves with the case of dimension 4.

The variety of lines in projective space: the Klein quadric. We now treat
the case of dimension 4 in greater detail. We start with a complex vector space
T of dimension 4 and the corresponding projective space P ~ CP3 of lines (=
one dimensional linear subspaces) in 7. We denote by G the Grassmannian of all
2-dimensional subspaces of T" which can be thought of as the set of all lines in P.
The group GL(T') ~ GL(4, C) acts transitively on G and so we can identify G with
the homogeneous space GL(4, C)/P, where Py is the subgroup of elements leaving
invariant the plane 7y spanned by e, es. Thus P, consists of matrices of the form

A B
)
where A, B, D are 2 x 2 matrices, so that G becomes a complex manifold of dimen-
sion 16 — 12 = 4. The group SL(T") ~ SL(4, C) already acts transitively on G. We
omit the reference to C hereafter and write GL(T"), SL(T") etc for the above groups.
Associated to T' we also have its second exterior power E = A%(T). The action of

GL(T) on T lifts to a natural action on E: for g € GL(T), g(u Av) = gu A gv. It is
well-known that this action gives an irreducible representation of SL(7") on E.

We shall now exhibit a SL(T')-equivariant imbedding of G in the projective
space P(FE) of E. If w is a plane in T and a, b is a basis for it, we have the element
a/Nb € Ej; if we change the basis to another (a’,b’) = (a, b)u where u is an invertible
2 X 2 matrix, then a’ A b = det(u)a A b and so the image [a A b] of a A b in the
projective space P(F) of E is uniquely determined. This gives the Plicker map P¢:

Pl:7m+— [aNDb (a,b a basis of 7).

The Pliicker map is an imbedding. To see this, recall first that if a,b are 2 linearly
independent vectors in T, then, for any vector ¢ the condition ¢ Aa Ab = 0 is
necessary and sufficient for ¢ to lie in the plane spanned by a, b; this is obvious if
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we take a = e1,b = ez where (€;)1<i<4 is a basis for T. So, if a Ab = a’ A where
a’, b’ are also linearly independent, then ¢ Aa’ Ab = 0 when ¢ = a, b, and hence a, b
lie on the plane spanned by a’,b" and so the planes spanned by a,b and a’,b" are
the same. Finally it is obvious that P/ is equivariant under GL(T).

If we choose a basis (e;) for T" and define e;; = e; A e;, then (e;;);<; is a basis
for F, and one can compute for any plane w of T' the homogeneous coordinates of
P{(m). Let m be a plane in T with a basis (a,b) where

a:Zaiei, b:ZbZe@

Let y;; = —y;; be the minor defined by rows i, j in the 4 x 2 matrix

ar by
az by
az b3
ag by

so that
alNb= Zyijei Ne;j.

i<j
The (yi;)i<; are by definition the (homogeneous) Plicker coordinates of w. These
of course depend on the choice of a basis for T

The image of G under the Pliicker map can now be determined com-
pletely. 1In fact, if p = a Ab, then p A p = 0; conversely, if p € FE, say
p = (Y12, Y23, Y31, Y14, Y24,Y34), and p A p = 0, we claim that there is a 7 € G
such that [p] is the image of 7 under P¢. The condition p A p = 0 becomes

Y12Y34 + Y23Y14 + Y31Y24 = 0. (K)

To prove our claim, we may assume, by permuting the ordering of the basis vectors
e; of T if necessary, that y12 # 0, and hence that y12 = 1. Then

Y34 = —Y31Y24 — Y23Y14
so that we can take
p=aAb, a=ey —Y23€3 — Y2a€q, b=ez—ysie3+ Yy1aeq
which proves the claim.
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Actually the quadratic function in (K) depends only on the choice of a volume
element on T, i.e., a basis for A*(T). Let 0 # pu € A*(T). Then

pADP=QuP)pAp.

If p = e1 Nea Aes Aeg then @, (p) is given by the left side of the equation (K). The
equation

Qup) =0 < pAp=0,

which is the equation (K) above, in the Pliicker coordinates with respect to the basis
(€i5), defines a quadric in the projective space P(E). It is called the Klein quadric
and is denoted by K. Klein discovered it and used it extensively in the study of
the geometry of lines in projective space. The Pliicker map is then a bijection of G
with K. The variety K is nonsingular because the gradient of the function () never
vanishes at any point of K.

By the definition of @), we have, for any y € E,

yANy = Quy)p

and so it follows at once that

Qulg-y)=Quly) (g9 €SL(T)).

Thus the action of SL(T") in E maps SL(T') into the complex orthogonal group
O(E) ~ O(6); it is actually into SO(E) ~ SO(6) because the image has to be
connected. It is easy to check that the kernel of this map is £1. In fact, if g(uAv) =
u A v for all u,v, then g leaves all 2-planes stable, hence all lines stable, and so is
a scalar ¢ with ¢* = 1; then u A v = c®u A v so that ¢? = 1. Since both SL(T') and
SO(E) have dimension 15, we then have the exact sequence

1 — (£1) — SL(T) — SO(E) — 1.

We may therefore view SL(7T")as the spin group of SO(E). Let 4 be the defining
4-dimensional representation of SL(7") (in 7") and 4* its dual representation (in 7).
Then 4 and 4* are the two spin representations of SO(F). This follows from the
fact (see Chapter 5, Lemma 5.6.1) that all other nontrivial representations of SL(4)
have dimension > 4.

Let (e;)1<i<a be a basis for T'. Let my be the plane spanned by e1,e2 and 7
the plane spanned by es3, e4. We say that a plane 7 is finite if its intersection with
Tso 18 0. This is equivalent to saying that the projection T' — 7y corresponding to
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the direct sum T' = 7y @ 7, is an isomorphism of m with my. In this case we have
a uniquely determined basis

a=e; +aesz+veq, b=ey+ [Pesz+ dey

for m, and conversely, any m with such a basis is finite. It is also the same as
saying that y12 # 0 as we have seen above. Indeed, if y12 # 0 and (a;), (b;) are
the coordinate vectors of a basis for m, the 12-minor of the matrix with columns
as these two vectors is nonzero and so by right multiplying by the inverse of the
12-submatrix we have a new basis for 7w of the above form. Let K* be the set of all
finite planes. As it is defined by the condition y;2 # 0, we see that K* is an open
subset of K which is easily seen to be dense. Thus, the assignment

A= (3 ?) s (A)

where 7(A) is the plane spanned by a, b above, gives a parametrization of the open
dense set of finite planes in the Klein quadric. Since K also has dimension 4 we see
that the Pliicker map allows us to view the Klein quadric as the compactification
of complex spacetime with coordinates «, 3,7, d, identified with the space M5 (C) of
complex 2 x 2 matrices A. If g € GL(T) and 7 is a finite plane parametrized by the

matrix A, then for
(L M
I9=\N R

L+ MA
N+ RA

the plane 7’ = g-7 has the basis

so that 7’ is parametrized by
(N + RA)(L+ MA)™!

provided it is also finite; the condition for 7’ to be finite is that L+ M A be invertible.
This g acts on K generically as the fractional linear map

g:A— (N +RA)(L+ MA)™.

The situation is reminiscent of the action of SL(2) on the Riemann sphere by frac-
tional linear transformations, except that in the present context the complement of
the set of finite planes is not a single point but a variety which is actually a cone,
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the cone at infinity. It consists of the planes which have nonzero intersection with
Too. In the interpretation in CP? these are lines that meet the line 7.

We shall now show that the subgroup P of SL(T) that leaves K* invariant is
precisely the subgroup P,, that fixes m,. The representation of m., is the matrix

(7)

I\ (L+MA

g (A) - (N+RA> ’
then g fixes 7, if and only if M = 0. On the other hand, the condition that g leaves
K> stable is also the condition that it leaves its complement invariant. Now from
elementary projective geometry we know that if ¢ is a line in CP? and [(] is the set
of all lines that meet ¢, then £ is the only line that meets all the lines in [¢]. Hence
any g that leaves [¢] stable must necessarily fix £. Thus g preserves K* if and only
if g fixes My, i.e., M = 0. We need a variant of this result where only lines which
are real with respect to some conjugation are involved. We shall prove this variant
algebraically. The condition that g preserves K* is that L+ M A be invertible for all
A. We shall prove that M = 0 assuming only that g maps all 7 with A Hermitian
into finite planes. Taking A = 0 we see that L should be invertible, and then the
condition becomes that I + L~'M A should be invertible for all Hermitian A; we
must show then that M = 0. Replacing M by X = L~'M we must show that if
I + X A is invertible for all Hermitian A, then X = 0. If X = 0, take an ON basis
(fi) such that (X f1, f1) = ¢ # 0. If A = uP where P is the orthogonal projection
on the one dimensional span of fi, then computing determinants in the basis (f;)
we find that

and so if

det(I + XA) =1+ uc=0 foru=—c "
We have thus proved that P = P, and is the subgroup of all g of the form

L 0 . .
(NL R) =: (N,L,R) (L, R invertible).

The action of P on K* is given by
A+ N+ RAL™.
Using the correspondence g —— (N, L, R) we may therefore identify P with the

semidirect product

P=M,x'H, H=SL(2x2):= { (g %)

L,R € GL(2),det(L)det(R) = 1}
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with H and P acting on M5 respectively by
A+— RAL™1, A+—— N+ RAL™..

The group SL(2) x SL(2) is a subgroup of H and as such its action is just the action
Av— g2Agy 1 H itself is the product of this subgroup and the group of dilations
consisting of elements (c,c™1) which act by A —— ¢ 2A. We have thus imbedded
the complex spacetime inside its compactification K and the complex Poincaré
group (plus the dilations) inside SL(T") as P, in such a way that the Poincaré action
goes over to the action by its image in P.

We shall now show that the action of SL(T") on K is conformal. To this end
we should first define a conformal metric on K. A conformal metric on a complex
or real manifold X is an assignment that associates to each point x of X a set
of nonsingular quadratic forms on the tangent space at z, any two of which are
nonzero scalar multiples of each other, such that on a neighborhood of each point
we can choose a holomorphic (resp. smooth, real analytic) metric whose quadratic
forms belong to this assignment; we then say that the metric defines the conformal
structure on that neighborhood. The invariance of a conformal metric under an
automorphism « of X has an obvious definition, namely that if a takes = to y, the
set of metrics at x goes over to the set at y under do; if this is the case, we say
that a is conformal. We shall now show that on the tangent space at each point
7w of K there is a set I} of metrics uniquely defined by the requirement that they
are changed into multiples of themselves under the action of the stabilizer of = and
further that any two members of F,. are proportional. Moreover we shall show that
on a suitable neighborhood of any 7 we can choose a metric whose multiples define
this structure. This will show that m — F} is the unique conformal metric on K
invariant for the action of SL(T"). To verify the existence of F, we can, in view of
the transitivity of the action of SL(T'), take m = my. Then the stabilizer P, consists

of the matrices
L M ) )
( 0 R ) (L, R invertible).

Now my € K* ~ M, where the identification is
Ar—s ( i)

A RA(L+ MA)™.

with the action
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We identify the tangent space at my with Ms; then the tangent action of the element
of the stabilizer above is then

A (2 tRA(L+tMA)™" = RAL™'.
dt )

The map

q: A= (: ?) — det(A) = ad — By
is a nondegenerate quadratic form on M, which changes into cq where ¢ =
det(R)det(L)™! under the above tangent action. Moreover, as the subgroup of
the stabilizer defined by M = 0,R,L € SL(2) has no characters, any quadratic
form that is changed into a multiple of itself by elements of this subgroup will have
to be invariant under it, and as the action of this subgroup is already irreducible,
such a form has to be a multiple of g. We may then take F); to be the set of nonzero
multiples of ¢. It is easy to construct a holomorphic metric on K* that defines the
conformal structure. The flat metric

u=dadd — dBdy
on K* is invariant under the translations, and, as the translations are already

transitive on K*, y has to define the conformal structure on K*. The form of the
metric on K* is not the usual flat one; but if we write

a B\ (2423 2l —ix?
v 6 )  \azt+iz? 2°—23

dads — dBdy = (dz°)? — (dz')? — (dz?)? — (dx®)?

then

the right side of which is the usual form of the metric.

We now turn to what happens over the reals where the story gets more in-
teresting. Any conjugation of T' defines a real form of 7" and hence defines a real
form of E. The corresponding real form of K is simply the Klein quadric of the
real form of T'. For our purposes we need a conjugation of E that does not arise
in this manner. We have already seen that real Minkowski space can be identified
with the space of 2 x 2 Hermitian matrices in such a way that SL(2) acts through
A — gAg*. So it is appropriate to start with the conjugation

(5 3)—(53)
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on K*. Since the Pliicker coordinates of the corresponding plane are

(17 —Q, _Bu 67 _’77a6 - ﬁfy)

it is immediate that the conjugation 8 on E defined by

determines a conjugation on P(FE) preserving K that extends the conjugation de-
fined above on K*. This is clearly unique and we shall write 6 again for it. Let

Er={ecE|e =¢}.

Then FEg is a real form of E; y € Egr if and only if yi12, Y23, Y34, Y14 are real and
Y31 = Ya2a. The restriction Qr of ) to ER is then real and is given by

Qr(Y) = Y12y34 + Y23y14 + Y31931 (y € ERr)

which is real and has signature (4,2). Let Kgr be the fixed point set of § on K.
Then Kg is the image of the set of zeros of Q on Er. In fact, let u € F be such
that its image lies in Kg, then u? = cu for some ¢ # 0; since @ is involutive, we
must have |c| = 1, and so we can write ¢ = d/d for some d with |d| = 1. Then for
v = d~'u we have v’ = v. Thus

Kr ={[y] |y € Er,Qr(y) = 0}.

We also note at this time that SO(ER)? is transitive on Kgr. In fact, in suitable
real coordinates (u,v) with u € R* v € R?, the equation to KR is u-u — v-v = 0;
given a nonzero point (u,v) on this cone we must have both v and v nonzero and
so without changing the corresponding point in projective space we may assume
that wu = vw = 1. Then we can use SO(4,R) x SO(2,R) to move (u,v) to
((1,0,0,0),(1,0)).

Now ¢ induces an involution Q' —— Q' % on the space of quadratic forms on
E: Q’e(u) = Q(u?)™". Since Q and Q? coincide on Egr they must be equal, i.e.,
Q = Q°. Hence g% := g0 lies in SO(Q) if and only if g € SO(Q). So we have a
conjugation g — g% on SO(E). It is easy to check that the subgroup of fixed points
for this involution is SO(ER), the subgroup of SO(E) that leaves Er invariant.
Since SL(T) is simply connected, 6 lifts to a unique conjugation of SL(T"), which we
shall also denote by 6. Let

G = SL(T)".
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We wish to show the following:

(1) G is connected and is the full preimage of SO(Er)? in SL(7T) under the
(spin) map SL(T) — SO(ER)".

(2) There is a Hermitian form (, ) of signature (2,2) on 7" such that G is the
subgroup of SL(T") preserving it, so that G ~ SU(2, 2).

(3) A plane in T' defines a point of Kg if and only if it is a null plane with
respect to (, ) and that G acts transitively on the set of null planes.

The differential of the spin map is the identity on the Lie algebra and so,
whether G is connected or not, the image of G under the spin map is all of SO(ER)°.
We shall first prove that G is the full preimage of SO(ER )?, and for this it is enough
to show that —1 € G°. Consider, for z € C with |z| = 1,

d(z) = diagonal (z,%, 2, Z).
Its action on F is by the matrix
v(z) = diagonal (1,1, 2%, 1,2%,1).

Then v(z) leaves Fr invariant and so lies in SO(ER)? for all z. If h is the map
SL(T) — SO(E) and h(g)? = h(g), then g¢ = +g. Hence §(2)? = £6(z) for all z.
By continuity we must have the + sign for all z and so §(z) € G for all z, hence
§(z) € G for all 2. But §(1) = 1,5(—1) = —1, proving that —1 € G°.

Now it is known that any real form of sl(4) is conjugate to one of
sl(4,R),su(p,q)(0 < p < ¢q,p+ q=4) and hence any conjugation of sl(4) is conju-
gate to either X —— X% or to X —— —FX*F where F is the diagonal matrix
with p entries equal to 1 and ¢ entries equal to —1. The corresponding conjugations
of SL(4) are g — ¢°°™ and g — Fg¢*~'F respectively. The fixed point groups
of conjugations of SL(4) are thus conjugate to SL(4,R) and SU(p,q). But these
are all connected?. So G is connected. Furthermore if K is a maximal compact
subgroup of G, then G goes onto a maximal compact subgroup of SO(4,2) with
kernel {+} and so, as the dimension of the maximal compacts of SO(4,2), which
are all conjugate to SO(4) x SO(2), is 7, the dimension of the maximal compacts
of G is also 7. But the maximal compacts of SL(4,R),SU(4),SU(1,3),SU(2,2) are
respectively SO(4),SU(4), (U(1) x U(3))1, (U(2) x U(2)); where the suffix 1 means
that the determinant has to be 1, and these are of dimension 6,15,9,7 respec-
tively. Hence G ~ SU(2,2). However a calculation is needed to determine the
Hermitian form left invariant by G and to verify that the planes that are fixed by
0 are precisely the null planes for this Hermitian form. It is interesting to notice
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that the images of the real forms SL(4,R),SU(4),SU(1, 3), SU(2, 2) are respectively
SO(3,3),50(6),S0"(6), and SO(4,2). In particular the real form SO(5,1) is not
obtained this way.

Let g be the Lie algebra of G. If Z is an endomorphism of 7" its action p(Z)
on E is given by e; Aej — Ze; Nej +e; AN Zej. If Z = (zij)1<i j<a, the matrix of
p(Z) in the basis e12, €23, €14, €34, €31, €24 18

211 + 222 —213 224 0 —293 —214
—231 292 + 233 0 —Z224 —Z221 234
242 0 211 + 244 213 —243 212
0 —Z42 231 233 + 244 Z41 232
—Z232 —Z212 —234 214 Z33 + 211 0
—Z41 243 221 223 0 292 + 244

The condition that Z € g is that the action of this matrix commutes with 6. If ©
is the matrix of 6, this is the condition

p(2)0 = Op(Z).
oo(19) (1)

2= (o p)

A=A, DJy, = J,D, BJ, = B, JoC = C.

Now
and so, writing

we get

Remembering that ) z;; = 0 these reduce to the conditions

211 + 222,220 + 233 € R

213, %24, 231, 242 € R
1/2
299 + 244 € (—1)'?R,
and
214 = 723, 234 = —Z21, 212 = —Z43, 232 = Z41-

It is not difficult to check that these are equivalent to saying that Z must be of the
form

A B s .
( o A*) B, C Hermitian, A arbitrary
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where * denotes adjoints and all letters denote 2 x 2 matrices. If

0 —if
r=(i )

FZ*+ZF =0.

In other words, the Lie algebra g of G is the same as the fixed point set of the
conjugation

then this amounts to

J— —FZ*F

and so
7%= _—F7Z*F  (Z esl(T)).

This means that
w—1
¢ =F¢*'F (g € SL(T)).

Let us write (, ) for the usual positive definite Hermitian form on C* and let
F(u,v) = (Fu,v) (u,v € C*).

Then F' is a Hermitian form and G is the group that leaves it invariant. This
Hermitian form has signature (2, 2); indeed, if T* are the 2-dimensional eigenspaces
of F for the eigenvalues 1, then T'= T+ @ T~ and for v = u™ +u~ with u* € T+,
we have

F(u,u) = ([[u*|* = [[u” )
where || - || is the usual norm in C*. This finishes the proof that G ~ SU(2, 2).

The plane 7 is certainly a null plane for F. As G is transitive on Kg (because
SO(ER) is transitive), it follows that all the planes that are fixed by 6 are null
planes for F'. There are no other null planes. To see this, we note that Fm is
orthogonal to 7m and is also a null plane. Define f3 = —iF' fy, f4 = —iF'fs. Then
a simple calculation shows that (f;) is an ON basis for 7" such that fi, fo span 7
and (f1, f3) = (f2, fa) = @ while all other scalar products between the f; vanish. If
g € U(4) takes the e; to f;, we have g-mg = w. But then g € U(2,2) also, and if
its determinant is not 1, we change g to h = cg for some scalar so that det(h) = 1;
then h € SU(2,2) and h takes mg to w. Thus 7 is fixed by 6. All of our claims are
thus proved.

Recall that Kg is the fixed point set of the Klein quadric K with respect to
the conjugation 6. Then real Minkowski space (corresponding to Hermitian A in
M) is imbedded as a dense open set KPX{ of Kgr. If

g:(]l\;/. Aé) € SL(T)
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is to leave K invariant the condition is that L+ M A is invertible for all Hermitian
A, and we have seen that this is equivalent to requiring that M = 0 and L be
invertible. If moreover g € G the conditions reduce to saying that the subgroup Pr
leaving K§ invariant is the set of all matrices of the form

(]\%L L*0_1> (N Hermitian, det(L) € R)

with the action on K§ given by
A— N4 L TAL7L

This is just the real Poincaré action. The conformal metric on K becomes (dx®)? —
(dzt)? — (dz?)? — (dx®)? which is real and of signature (1,3) on Kg. Since det(A)
goes over to det(A) det(L) ™2 it follows that we have a real conformal structure which
is invariant under GG. The group G thus acts conformally and transitively on Kg,
and the subgroup that leaves real Minkowski invariant the inhomogeneous Lorentz
group (plus the dilations). The Lie algebra of SU(2,2) is isomorphic to s0(2,4)
which is thus viewed as the conformal extension of the Poincaré Lie algebra.

Conformality in higher dimensions. The above considerations can be general-
ized considerably. In fact it is true that R™ " affine Minkowski space of signature
(m,n), can be imbedded as a dense open subset of a compact manifold which has
a conformal structure and on which the group SO(m + 1,n + 1) acts transitively
and conformally, and further that the Poincaré group (= the inhomogeneous group
ISO(m,n)? = R™" x’ SO(m,n)?) can be imbedded inside SO(m + 1,1+ 1) in such
a fashion that the action of ISO(m,n)® goes over to the action of SO(m+1,n+1)°.
For m = 1,n = 3 we obtain the imbedding of the usual Poincaré group inside
SO(2,4)° treated above. Throughout we assume that 0 < m < n and n > 1.

We start with the imbedding of ISO(m, n)? in SO(m + 1,n + 1)°. Let V be a
real vector space of dimension m + n + 2 with a nondegenerate symmetric bilinear
form (, ) of signature (m + 1,n + 1) given on it. Let Q be the “light cone”of V,
namely the variety of nonzero elements p of V' such that (p,p) = 0;

Q={peV|p#0,(p,p) = 0}.

We write H = SO(V)?. In a linear basis for V in which the quadratic form of V'
becomes

Q=ag4+... 422 —yi—...—y2

the equation defining €2 is a homogeneous quadratic polynomial and so defines a
quadric cone in the projective space P(V) ~ RP™T"*1 of V, stable under the
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action of SO(V'). We write [2] for this cone and in general [p] for the image in
projective space of any nonzero p € V. Since the gradient of () is never zero at any
point of Q it follows that 2 and [Q2] are both smooth manifolds and that the map
Q — [Q] is submersive everywhere. Clearly dim([Q?]) = m + n. The action of H
on () gives rise to an action of H on [Q]. Let p € Q and let Q,, (resp. [2],) be the
tangent space to €2 (resp. [€2]) at p (resp. [p]). Finally, let H, be the stabilizer of p
in H. In what follows we shall fix p and choose ¢ € € such that (¢,p) = 1. This is
always possible and we write W), for the orthogonal complement of the span of the
linear span of ¢, p. It is easy to see that V = Rp ® Rq® W,,.

Notice first that the tangent map €, — [(2], has kernel Rp and so ( , )
induces a quadratic form on [€],. It is immediate from the above decomposition of
V that W, ~ [Q], and so [{2], has signature (m,n) with respect to this quadratic
form. If p’ is any other point of 2 above [p], then p’ = Ap(\ # 0) and the quadratic
form induced on [2], gets multiplied by A? if we use p’ in place of p. Moreover if we
change p to h-p for some h € H the quadratic forms at h-[p] are the ones induced
from the quadratic forms at [p] by the tangent map of the action of h. It follows
that we have a conformal structure on [Q] and that the action of H is conformal.

We shall first verify that H° acts transitively on [Q]. We use coordinates and
write the equation of €2 as

=yt (P =ag oyt =Yg )

Clearly x := (xg,...,Zm),y := (Yo, - - -, Yn) are both nonzero for any point of 2. So
without changing the image in projective space we nay assume that 22 = y? = 1.
Then we can use the actions of SO(m + 1,R) and SO(n + 1,R) to assume that
x = (1,0,...,0),y = (1,0,...,0); in case m = 0 we have to take x as (+1,0,...,0).
So the transitivity is proved when m > 0. If m = 0 we change y to (£1,0,...,0) so
that in all cases any point of [{2] can be moved to the image of (1,0...,0,1,0,...,0).
This proves transitivity and hence also the connectedness of [(2].

We shall now show that Hg ~ ISO(m,n)° giving us an imbedding of the latter
in SO(m + 1,n + 1)°. We proceed as in Chapter 1, Section 5. Let h € H, and
write V), be the tangent space to € at p so that V), is the orthogonal complement
to p. Then h leaves V), stable and so we have a flag Rp C V}, C V stable under h.
We claim that h-¢ — ¢ € V). Certainly h-q = bg + v for some v € V,,. But then
1 =(¢,p) = (h-q,p) = b showing that b = 1. It is then immediate that h-r —r €'V,
for any r. We write t(h) for the image of h-q — ¢ in W, := V,,/Rp ~ W,. On the
other hand h induces an action on V,,/Rp which preserves the induced quadratic
form there and so we have a map H) — SO(W]) which must go into SO(W})°.
So we have the image r(h) € SO(W})" of h. We thus have a map

J :h— (t(h),r(h)) € ISO(W})".
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We claim that J is an isomorphism. First of all J is a homomorphism. Indeed, let
h,h' € HY). Then h'-q = g+ t(h') + c¢(h')p where t(h') € W, so that hh/-p — ¢ =
t(h) + r(h)-t(h') mod Rp, showing that J(hh') = J(h)J(R'). It is obvious that J is
a morphism of Lie groups. Now the dimension of the Lie algebra of H,, which is the
dimension subspace {L € Lie(H) | Lp = 0}, is easily computed to be dim ISO(m, n);
for this one can go to the complexes and work in the complex orthogonal groups
and take p to be the point (1,4,0,...,0), and then it is a trivial computation. Hence
if we prove that .J is injective we can conclude that it is an isomorphism. Suppose
then that J(h) is the identity. This means that h-¢ = q + a(h)p, and further, that
for any v € V,, h-v = v+ b(h)p. Taking the scalar product of the first relation with
h-q we find that 0 = (q,q) = (h-q, h-q) = 2a(h), giving h-q = q. Taking the scalar
product of the second relation with h-q we find (v, q) = (h-v, h-q) = (v+b(h)p,q) =
(v,q) + b(h), giving b(h) = 0. So h-v = v, proving that h = 1. We thus have

ISO(m,n)? ~ H) < SO(m + 1,n+1)°.

For h € H)) we also write t(h) and r(h) for the elements of ISO(W)) that are
respectively the translation by ¢(h) and action by r(h) in W,

The tangent space V,, of {2 at p intersects (2 in a cone; we write C), for it and
Cip) for its image in [Q]. Clearly H), fixes Cp,). Let Ay, = [Q]\ Cp,). Then Ay, is an
open dense subset of [€], stable under HS; the density is an easy verification. We
wish to show that there is an isomorphism of Ay, with WI’) in such a manner that
the action of H)) goes over to the action of ISO(W}).

Let T' and M be the preimages under J in Hg of the translation and linear
subgroups of ISO(W})). Now [q] € A}, and we shall first prove that for any [r] € A,
there is a unique h € T such that the translation t(h) takes [g] to [r]. Since [r] € Ay,
we have (r,p) # 0 and so we may assume that (r,p) = 1. Hence t/ =r—¢ € V,, and
hence defines an element ¢ € W. There is then a unique h € T' such that t(h) = t,
i.e., J(h) is translation by t. We claim that J(h) takes [¢] to [r]. By definition of
h we have h-q — q has t as its image in W,. Then r — q and h-q — ¢ have the same
image in W), and so h-q —r € V, and has image 0 in W. So h-q = r + bp. But then
0= (q,q9) = (h-q,h-q) = (r,r) + 2b(r,p) = 2b showing that b = 0. In other words,
the translation group 7" acts simply transitively on Ap,. We thus have a bijection
h-[q] — t(h) from Ap, to W,. It is an easy check that the action of H] on Ap,
goes over to the action of ISO(W))).

The metric on W induced from V' has signature (m,n) as we saw earlier. We
can regard it as a flat metric on W, and so transport it to Ay, and it becomes
invariant under the action of Hg . Clearly it belongs to the conformal structure on
[€2]. So all of our assertions are proved.
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3.4. The superconformal algebra of Wess and Zumino. In 1974 Wess
and Zumino? constructed a real super Lie algebra whose even part contains the
conformal extension 50(4,2) ~ su(2,2) of the Poincaré Lie algebra considered above.
The (complexified) Wess-Zumino algebra was the first example constructed of a
simple super Lie algebra.

A word of explanation is in order here about the word contains above. Ideally
one would like to require that the super extension have the property that its even
part is ezactly so(4,2). This turns out to be impossible and for a super extension of
minimal dimension (over C) the even part of the super extension becomes s0(4,2) ®
R where the action of the elements of R on the odd part of the super extension
generates a rotation group (“compact R-symmetry”).

Let us operate first over C. The problem is then the construction of super Lie
algebras whose even parts are isomorphic to sl(4), at least up to a central direct
factor. We have already come across the series sl(p|q) of super Lie algebras. The
even part of g = sl(p|q) consists of complex matrices

(v v)

tr(X) = tr(Y).

where X,Y are p x p,q x ¢ and

Thus the even part is isomorphic to sl(p) @ sl(q) @ C. In particular, the even part
of 51(4,1) is s[(4) & C. The elements of the odd part of sl(4|1) are matrices of the
form

<[25 g) (a,b column vectors in € C4)

so that the odd part is the module 4 & 4*. Now [g1, g1] is stable under the adjoint
action of s[(4) and has nonzero intersection with both sl(4) and the one-dimensional
center of gg. It is then immediate that [g1,g1] = go. At this time it is noteworthy
that the even part is not precisely s[(4) but has a one dimensional central component
with basis element R given by

=

Il
S OO Owi
O O oOw O
O owr O O
Qwrr O O© O
wke O O O O
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We note the following formulae. If we write

(X7x):()é 2) (tr(X) = z) (ayb):(bOT 8)

then
(X, ), (a,b)] = (X —2)a, —(X —2)Tb), [(a,b), (a’,1)] = (ab/ +a'bT,67d +¥'" ).

In particular, the projections X (a,b), R(a,b) of [(a,b), (a,b)] on sl(4), CR respec-
tively are given by

X(a,b) = 2ab” — (1/2)(bTa)I,  R(a,b) = (3/2)(bTa)R;

note that X (a, b) has trace 0 as it should have. R acts nontrivially on the odd part;
indeed, ad R is —1 on 4 and +1 on 4%, as is seen easily from the above formulae.

We shall first show that there does not exist a super Lie algebra § with the
properties: (1) ho = s((4) and b spinorial, and (2) [h1, h1] has a nonzero intersection
with ho (then we must have that this commutator is all of hy). The spinorial
condition means that h; should be the sum of copies of 4 and 4*. It is not possible
that h; contains only copies of 4. To see this, note that 4 ® 4 cannot contain
the trivial representation as 4 and 4* are not equivalent, and so, as its dimension
is 16, it cannot contain the adjoint representation either which has dimension 15.
We thus see that both 4 and 4* must occur in the odd part. So, for a particular
choice of subspaces of type 4 and 4*, the space h; = sl(4) ® 4 ® 4* is a super Lie
algebra with the same properties as . Since the even part is exactly s[(4) we must
have a sl(4)-map from 4 ® 4* into s[(4) satisfying the cubic condition for super Lie
algebras. We claim that this is impossible. To see this notice that such a map is
projectively unique and so has to be a multiple of the map obtained from the map
[, ] of the super Lie algebra s((4|1) by following it with the projection on the s((4)
factor. From the formula above we find that

[(a,b), X (a,b)] = (=(3/2)(b" a)a, +(3/2)(b" a)b)

which is obviously not identically zero. So there is no super Lie algebra with prop-
erties (1) and (2). The dimension of any super Lie algebra with properties (1) and
(2) above with the modification in (1) that the even part contains sl(4) must then
be at least 24; if it is to be 24 then the even part has to be the direct sum of sl(4)
and an one-dimensional central factor. We shall now show that up to isomorphism,
g is the only super Lie algebra in dimension 24 of the type we want. Let [, |’ be
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another super bracket structure on g such that [, ]’ coincides with [, ] on sl(4) x g.
Then ad’(R) will act like a scalar —a on the 4 part and a scalar 3 on the 4* part.
Moreover, if Zyg, Zp1 denote projections of an element Z € gy into sl(4) and CR
respectively, then there must be nonzero constants ~, ¢ such that

[Y1,Ys]" = ~[Y1, Ya]oo + 6[Y1, Ya]ou (Y1,Ys € g1).

Thus
[(a,b), (a,b)] = vX(a,b) + 6R(a,b).

The cubic condition then gives the relations
a= 0,7 =ad.
Thus there are nonzero «,d such that

R,Y] = a[R,Y]
[V1,Y2) = ad[Y1, Yaloo + 0[Y1, Yalo1

If 7 is the linear automorphism of g such that
7(Z)=Z(Z €51(4)), T(R)=aR, 7(Y)=(ad)2Y(Y €g1),

then
T([X1, Xo]) = [7(X1), 7(X2)] (X1, X2 € g).

We thus have

Theorem 3.4.1. There is no super Lie algebra whose even part is sl(4) and is
spanned by the commutators of odd elements. Moreover sl(4|1) is the unique (up to
isomorphism) super Lie algebra of minimum dimension such that sl(4) is contained
i the even part and is spanned by the commutators of odd elements.

The real form. We now examine the real forms of g. We are only interested in
those real forms whose even parts have their semisimple components isomorphic
to su(2,2). We shall show that up to an automorphism of g there are only two
such and that the central factors of their even parts act on the odd part with
respective eigenvalues Fi, +i on the 4 and 4* components. The two have the same
underlying super vector space and the only difference in their bracket structures is
that the commutator of two odd elements in one is the negative of the corresponding
commutator in the other. They are however not isomorphic over R. One may call
them isomers.
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The unitary super Lie algebras. We begin with a description of the general
unitary series of super Lie algebras. Let V' be a complex super vector space. A
super hermitian form is a morphism

f:VerV —C

of super vector spaces over R which is linear in the first variable and conjugate-linear
in the second variable such that

fo Cvyv = fconj-

This means that the complex-valued map (u,v) — f(u,v) is linear in u, conjugate-
linear in v, has the symmetry property

f(’U,U) - (_1)p(U)p(’U)f(u7v>7
and the consistency property
flu,v) =0 (u,v are of opposite parity).

Thus f (resp. if) is an ordinary Hermitian form on Vj x V; (resp. Vi x V7). Suppose
that f is a nondegenerate super Hermitian form, i.e., its restrictions to the even and
odd parts are nondegenerate. We define the super Lie algebra su(V; f) to be the
super vector space spanned by the set of all homogeneous Z € sl(V') such that

f(Zu7 1}) = _(_1)p(Z)p(u)f(u7 ZU)

It is not difficult to check that the above formula defines a real super Lie algebra.
Let V = CPl9 with V) = CP,V; = C? and let f4 be given by

fi((uo,ul), (Uo,vl)) = (FU(),U()) + ii(Gul,vl)

I, 0 (I, 0
r=(5 ) =% )

Here I; is the unit ¢t X ¢ matrix. We denote the corresponding super Lie algebra by
su(r,p — r|s,q — s). To see that this is a real form of sl(p|q) we shall construct a
conjugation of sl(p|q) whose fixed points form su(r,p — r|s,q — s). Let

with

. ( ) . ( —FX'F ﬂFE;G)
= A\BT Y +i(FAG)T -GY G)°
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It is a simple calculation to verify that o4 are conjugate-linear and preserve the
super bracket. Hence they are conjugations of the super Lie algebra structure and
their fixed points constitute real super Lie algebras. We denote them by su(r,p —
r|s,q — s)+ = su(CPl9 : f1) where fu is defined as above. In particular

su(r,p—rls,q—s)+ = { <BX;“ é) | X = —FYTX,Y = —G’?TG,A = iiFEG}.

Notice that we can take B to be a completely arbitrary compler matrix of order
q X p, and then A is determined by the above equations. In particular, changing
B to iB we see that the underlying super vector spaces of the two real forms are
the same and that they are in fact isomers in the sense we defined earlier. It is not
difficult to show that they are not isomorphic over R.

We return to the case of g = sl(4|1). In this case let
gR,:I: = 511(2, 2‘1, O)j:-

This is the precise definition of the super Lie algebras discovered by Wess and
Zumino. They are the real forms defined by the conjugations

oo (X @) L (-FX'F +iFb p_ (1 0
AN +i(Fa)l -z )’ 0 —1)°
We shall now show that up to an automorphism of g these are the only real forms
whose even parts have their simple components ~ su(2, 2).

In the first place suppose b is such a real form. Write V' for the super vector
space with V) = C*,V; = C, with the standard unitary structure. The restriction

of ho to Vj is the Lie algebra of elements X such that X = _HX'H where H
is a Hermitian matrix of signature (2,2). By a unitary isomorphism of V; we can

change H to F' where
(I 0
F= ( 0 —12>

Let 7 be the conjugation of s[(4|1) that defines . Then 7 and o coincide on su(2,2).
Now, on g1, we have ad(X) = Xad(X)A\~! for A = 7,0 and X € su(2,2). So
T = po where p is a linear automorphism of g; that commutes with the action of
su(2,2) on g1. Thus p must be of the form
(a,b) — (kyra, k2b)
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for nonzero scalars ki, ko. In other words 7 is given on g; by
(a,b) — (k‘lFE, nga) (klk‘_g = 1),

the condition on the k’s is a consequence of the fact that 7 is an involution. The
condition

[(a7 b>T7 (a/7 b/)T] = [(CL, b)? (alv b/)]T

plus the fact that the commutators span gy shows that on gy one must have

(X 0 bk FX'F 0
T — .
0 =z 0 k1koT
Taking x = 0 we find that k1ky = —1 since 7 = ¢ on su(2,2). Thus ky = ir, ke =
ir~! where 7 is a nonzero real number, and

(X a —_FX'F irFb
T'(bT x)'—>(z’7“_1F6 . (07 reR).
Let 6 be the linear automorphism of V' = C*/! which is |r|'/2] on V; and I on V.
We write 6 also for the corresponding automorphism of g. It is a simple calculation
that
T = HUsgn(T)e_l.

Thus all real forms of g of the type we are interested are conjugate to gr,+ by an
automorphism of g coming from an automorphism of C*1.

Theorem 3.4.2. Any real form of sl(4|1) whose even part has simple component
~ su(2,2), is conjugate to one of su(2,2[1,0)4.

3.5. Modules over a supercommutative super algebra. In the theory of
manifolds, what happens at one point is entirely linear algebra, mostly of the tangent
space and the space of tensors and spinors at that point. However if one wants an
algebraic framework for what happens on even a small open set one needs the theory
of modules over the smooth functions on that open set. For example, the space of
vector fields and exterior differential forms on an open set are modules over the
algebra of smooth functions on that open set. The situation is the same in the
theory of supermanifolds also. We shall therefore discuss some basic aspects of the
theory of modules over supercommutative algebras.

Let A be a supercommutative super algebra over the field k (of characteristic
0 as always). Modules are vector spaces over k on which A acts from the left; the
action
a®m—a-m (a€e Ame M)
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is assumed to be a morphism of super vector spaces, so that

pla-m) = p(a) +p(m).

We often write am instead of a - m. As in the classical theory left modules may
be viewed as right modules and vice versa, but in the super case this involves sign
factors; thus M is viewed as a right module for A under the action

m-a=(=1)P@rmg . m (a€e Aym e M).

A morphism M — N of A-modules is an even k-linear map 7" such that T'(am) =
aT'(m). For modules M, N one has M ® N defined in the usual manner by dividing
M ®j N by the k-linear subspace spanned by the relations

ma@n=m®ean.

The internal Hom Hom(M, N) is defined to be the space of k-linear maps T from M
to N such that T'(am) = (—=1)PMP@¢T(m). It is easily checked that Hom(M, N)
is the space of k-linear maps 7" from M to N such that T'(ma) = T'(m)a. Thus

T € (Hom(M,N))y <= T(am)=aT(m)
T € (Hom(M, N)); < T(am) = (—1)*YaT(m).

Hom(M, N) is again a A-module if we define
(aT)(m) = aT(m).

If we take N = A we obtain the dual module to M, namely M’,
M’ = Hom(M, A).

In all of these definitions it is noteworthy how the rule of signs is used in carrying
over to the super case the familiar concepts of the commutative theory.

A free module is an A-module which has a free homogeneous basis. If
(€i)1<i<p+q 18 a basis with e; even or odd according as i <porp+1<i<p+gq,
we denote it by API9, and define its rank as p|q. Thus

APl = Aei & ... & Aepiq (e; even or odd as i < or > p).

To see that p,q are uniquely determined, we use the argument of “taking all the
odd variables to 0”. More precisely, let

J = the ideal in A generated by A;.
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Then
J:Al@A%, A% CA(), A/JﬁAo/A%

All elements of J are nilpotent and so 1 ¢ J, i.e., J is a proper ideal. Now A/J is
a commutative ring with unit and so we can find a field F' and a homomorphism of
A/J into F. Then APl9 @ F is FPl9, a super vector space of dimension p|g. Hence
p and ¢ are uniquely determined.

Morphisms between different AP!9 can as usual be described through matrices,
but a little more care than in the commutative case is necessary. We write elements
of APl4 as m =", ;2" so that

l’l

m «——

rPta

This means that m is even (resp. odd) if and only if the x* are even (resp. odd)
for i < p and odd (resp. even) for i > p, while for m to be odd, the conditions are

reversed. If
T:APl — A" T ¢ Hom(M,N)

T@j = Z elt;

J

then

so that T may be identified with the matrix (t;), composition then corresponds to
matrix multiplication. The matrix for 7" is then of the form

A B
C D
and T is even or odd according as the matrix is of the form
even odd or odd even
odd even even odd
where “even” etc refer to matrices whose elements are all even etc. If A = k,
there are no odd elements of A and so we recover the description given earlier. In
the general case Hom(Ap‘q,AI”'q ) is a super algebra and the associated super Lie

algebra is denoted by gla(p|q). Because there are in general nonzero odd elements
in A the definition of the supertrace has to be slightly modified. We put

Str(T) = tr(A) — (—1)" (D), T:(é g).
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It can be checked that
str(TU) = (—1)PDPWstr(UT).
Let M be a free module over A of rank p|q with basis e; where the e; are even
for i < p and odd for i > p. Let M’ = Hom(M, A). Let e, € M’ be defined by
ei(e;) =02

Then
ple;))=0(1<i<p), pleg)=1p+1<i<p+gq)

and (e}) is a free homogeneous basis for M’ so that M’ ~ APl7 also. For m/ €
M’ ,m € M we write
m'(m) = (m',m).

If T € Hom(M, N) we define 7" € Hom(N’, M) by

(T'n',m) = (=1)PDPO) (o ).

If y
B
(e p)
then , .
T = (_ABt gt> (T even)
At _Ct
T — ( e ) (T 0dd)

as can be easily checked. Unlike the commutative case, T —— T’ is not of period 2
but of period 4. We have

p(S/) — p(S), (ST)f _ (_1)p($’)p(T)T/S/.

Derivations of super algebras. Let A be a super algebra which need not be
associative. A derivation of A is a k-linear map D(A — A) such that

D(ab) = (Da)b + (—1)P PP @q(Db).

Notice the use of the sign rule. If D is even this reduces to the usual definition but
for odd D this gives the definition of the odd derivations. Let D :=: Der(A) be the
super vector space of derivations. Then D becomes a super Lie algebra if we define

[D1, Dy] = Dy Dy — (—=1)PPVIPD2) D,y Dy
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3.6. The Berezinian (superdeterminant). One of the most striking discoveries
in super linear algebra is the notion of superdeterminant. It was due to Berezin
who was a pioneer in super geometry and super analysis, and who stressed the
fact that this subject is a vast generalization of classical geometry and analysis.
After his untimely and unfortunate death the superdeterminant is now called the
Berezinian. Unlike the classical determinant, the Berezinian is defined only for
invertible linear transformations; this is already an indication that it is more subtle
than its counterpart in the classical theory. It plays the role of the classical Jacobian
in problems where we have to integrate over supermanifolds and have to change
coordinates. At this time we shall be concerned only with the linear algebraic
aspects of the Berezinian.

In the simplest case when A = k and T' € End(M) is even, the matrix of T is

A 0

0 D)°
If the relation det(e®) = e"X) in the commutative situation is to persist in the
super commutative situation where the supertrace replaces the trace, one has to

make the definition
Ber(T) = det(A) det(D)™*,

U 0
0o Vv
must have D invertible. In the general case when we are dealing with modules over
a general supercommutative super algebra A, we first observe the following lemma.

since the supertrace of the matrix X = is tr(U) —tr(V). Thus already we

Lemma 3.6.1. If

T— (é g) € End(M)

s even, then T is invertible if and only if A and D are invertible matrices over the
commutative ring Ao, i.e., det(A) and det(D) are units of Ap.

Proof. As in a previous situation we do this by going to the case when the odd
variables are made 0. Let J = A; + A? be the ideal in A generated by A;, and
let A = A/J. For any matrix L over A let L be the matrix over A obtained by
applying the map A — A to each entry of L.

We claim first that L is invertible if and only if L is invertible over A. If L
is invertible it is obvious that L is invertible. Indeed, if LM = 1 then LM = 1.
Suppose that L is invertible. This means that we can find a matrix M over A such
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that LM = I + X where X is a matrix over A such that all its entries are in J.
It is enough to prove that I + X is invertible, and for this it is sufficient to show
that X is nilpotent, i.e., X" = 0 for some integer r > 1. There are odd elements
o1,...,0on such that any entry of X is of the form ), a;o; for suitable a; € A. If
r = N +1, it is clear that any product 0;,0, ...0;, = 0 because two of the o’’s have
to be identical. Hence X" = 0. This proves our claim.

This said, we return to the proof of the lemma. Since T is even, A, D have
even entries and B, C' have odd entries. Hence

(1 5)

so that T is invertible if and only if A and D are invertible, which in turn happens
if and only if A and D are invertible. The lemma is proved.

For any T as above we have the easily verified decomposition

(g g) - (é Bli_l) (A_BOD_lc 1%) <D—11C (1)) (+)

Since we want the Berezenian to be multiplicative this shows that we have no
alternative except to define

Ber(T) = det(A — BD'C)det(D) ™! T = (é IB)) (A, D even).

We take this as the definition of Ber(7"). With this definition we have
I 0 I B
Ber(T) =1 T_(C' I)’ (O I)’ (B,C,odd ).

The roles of A and D appear to be different in the definition of Ber(X). This is
however only an apparent puzzle. If we use the decomposition

A BY ([ 1 0\/[/A 0 1 A'B
¢ D) \cAat 1)\0 D-—ca'B)\0 1

the we obtain

Ber(X) = det(D — CA'B) " det(4) X — (é g) .
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That the two definitions are the same will follow after we have shown that Ber is
multiplicative and has the obvious definition on the even (block) diagonal elements.
Notice that all the matrices whose determinants are taken have even entries and so
the determinants make sense. In particular, Ber(7') is an element of Ay.

Let GL4(p|q) denote the group of all invertible even elements of End(RP!4).

We then have the basic theorem.

Theorem 3.6.2. Let
o (A B
- \C D
be an even element of End(RP!9). Then:

(a) T is invertible if and only if A and D are invertible.
(b) Ber(X) is an element of Ag. If X,Y € GLa(p|q), then

Ber(XY') = Ber(X)Ber(Y) (X,Y € GLa(plq)).
In particular, Ber(X) is a unit of Af.

Proof. The first statement has been already established. We now prove (b). Let
G = GLA(p|q) and let G*,G% G~ be the subgroups of G consisting of elements of
the respective form g7, ¢°, g~ where

. (1 B o (A 0 ~ (1 0
9 =\o 1) 9= \o ) 9 = \c 1)

From (%) we see that any element g € G can be expressed as a triple product
g=97g"g~. We then have Ber(g¥) = 1 and Ber(g) = Ber(g°) = det(A) det(D)~!.
The triple product decompositions of g g, ¢%g, g¢°, gg~ are easy to obtain in terms
of the one for g and so it is easily established that Ber(XY) = Ber(X)Ber(Y') for
all Y if X € Gt,G°, and for all X if Y € G—,G°. The key step is now to prove
that

Ber(XY') = Ber(X)Ber(Y) (%)
for all X if Y € GT. It is clearly enough to assume that X € G~. Thus we assume
that 1 0 1 B

o) = 7))
Now

1 B
B|—><O 1)
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maps the additive group of A; homomorphically into GT, and so we may assume
in proving (*) that B is elementary, i.e., all but one entry of B is 0, and that one is
an odd element 3. Thus we have

1 0 1 FE
X—(C, 1), Y—(O 1) (E elementary).

Then

1 E ) )
XY = <c 1+0E) Ber(XY) = det(l — E(1+ CE)™*C)det(1 + CE)™"

so that we have to prove that
det(1 — E(14+CE)~'C)det(1 + CE)™' = 1.

Since F has a single nonzero entry (3, which is odd, all entries of any matrix of the
form EFX, XFE are divisible by 3. Hence the product of any two elements of any
two of these matrices is 0. This means, in the first place, that (CE)? = 0, and so

(1+CE)"'=1-CE

and hence
1-E(1+CE)"'C=1-E(1-CE)C=1-EC.

If L is any matrix of even elements such that the product of any two entries of L is
0, then a direct computation shows that

det(1+ L) =1+ tr(L).

Hence

det(1 — E(14+ CE)~'C) = det((1 — EC)) = 1 — tr(EC).
Moreover

det((14+ CE)™!) = (det(1 + CE))™' = (1 + tr(CE))~".
Hence

det(1 — E(14+CE)~'C)det(1 + CE)™' = (1 — tr(EC))(1 + tr(CE)) ™ .
But, as C, E have only odd entries, tr(CE) = —tr(EC) so that
det(1 — E(14+CE)~'C)det(1 + CE)™' = (1 + tr(CE))1 + tr(CE)) ' =1
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as we wanted to prove.

The proof of the multiplicativity of Ber can now be completed easily. Let G’
be the set of all Y € G such that Ber(XY) = Ber(X)Ber(Y) for all X € G. We
have seen earlier that G’ is a subgroup containing G~,G® and we have seen just
now that it contains G* also. Hence G’ = G, finishing the proof of the theorem.

Berezinian for odd elements. Odd elements of End(A”I9) are not invertible
unless p = q. In this case the odd element

A B
T = (C D) (A, D odd, B, C even)

is invertible if and only if

c D 0 I
=5 5) = (5

which is even, is invertible. We define
Ber(T') = Ber(JT).

It is then easily verified that the multiplicative property extends to include odd
invertible elements as well.

Let M be a free module of rank p|q over A. Then M ~ APl and any invertible
End (M) can be represented by a matrix X~. If we choose another basis for M, the
matrix for X changes to X'~ = CX~C~! where C is some invertible even matrix.
Hence Ber(X~) = Ber(X’'™). If we define Ber(X) as Ber(X ™), then Ber(X) is well
defined and gives a homomorphism

Ber : Aut(M) — A = GL4(1/|0)

where A is the group of units of Ay. The following properties are now easy to
establish:

(a) Ber(X 1) = Ber(X) %
(b) Ber(X’) = Ber(X).
(c) Ber(X @ Y) = Ber(X)Ber(Y).

3.7. The categorical point of view. The category of vector spaces and the cat-
egory of super vector spaces, as well as the categories of modules over commutative
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and supercommutative rings are examples of categories where there is a notion of
tensor product that is functorial in each variable. Such categories first appeared in
the work of Tannaka who proved a duality theorem for compact nonabelian groups
that generalized the Pontryagin duality for abelian groups. Now the equivalence
classes of irreducible representations of a nonabelian compact group do not form
any reasonable algebraic structure, and Tannaka’s great originality was that he con-
sidered for any compact Lie group G the category Rep(G) of all finite dimensional
unitary G-modules where there is an algebraic operation, namely that of ®, the
tensor product of two representations. If g € G, then, for each unitary G-module
V' we have the element V' (g) which gives the action of g on V; V(g) is an element
of the unitary group U (V') of V, and the assignment

V—Vi(g)

is a functor compatible with tensor products and duals. The celebrated Tannaka
duality theorem? is the statement that G can be identified with the group of all such
functors. The first systematic study of abstract categories with a tensor product
was that of Saavedra®. Subsequently tensor categories have been the object of study
by Deligne-Milne”, Deligne®, and Doplicher and Roberts®. In this section we shall
give a brief discussion of how the point of view of tensor categories illuminates the
theory of super vector spaces and super modules.

The basic structure from the categorical point of view is that of an abstract
category C with a binary operation ®,

®:CxC—C, XY — XQ®Y,

where X ® Y is the “tensor product”of X and Y. We shall not go into the precise
details about the axioms but confine ourselves to some remarks. The basic axiom
is that the operation ® satisfies the following.

Associativity constraint: This means that there is a functorial isomorphism
(XRY)Z~X®(Y®2)

satisfying what is called the pentagon axiom involving four objects.

Commutativity constraint: There is a functorial isomorphism
XY ~2YeX
satisfying the so-called hexagon axiom involving three objects.
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Unit constraint: There is a unit object 1 with an isomorphism 1 ~ 1 ® 1 such that
X — 1® X is an equivalence of categories of C with itself. In particular, we have
unique functorial isomorphisms

X~1®X, X~X®I1.

To this one adds the general assumption that C is an abelian category. For any
object X we write End(X) for the ring Hom(X, X). The category is said to be
k-linear, k a field, if K C End(1). Then all Hom(X,Y) become vector spaces over k
and End(X) become k-algebras.

In the category of vector spaces or modules over a commutative ring with unit,
the unit object is the ring itself, and the commutativity isomorphism is just the
map

UKV — VR U.

In the super categories it is the map
U@ v — (—1)PWPO)y @y,

In the general case one can use the associativity and commutativity constraints to
define the tensor products of arbitrary finite families of objects in a natural manner
and actions of the permutation group on tensor powers of a single object. We have
done this in detail in the category of super vector spaces already.

In order to do anything serious one has to assume that the category C admits
the so-called internal Hom, written Hom. Before we do this we take time out to
describe a general method by which objects are defined in a category. Suppose 7
is any category. For any object A the assignment

T — Hom(T, A)
is then a contravariant functor from 7 to the category of sets. If A, B are objects in
7 and f(A — B) is an isomorphism, it is immediate that for any object T', there
is a functorial bijection
Hom(T, A) ~ Hom(T, B), x — fx.
Conversely, suppose that A, B are two objects in 7 with the property that there is
a functorial bijection

Hom(T, A) ~ Hom(T, B).
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Then A and B are isomorphic; this is the so-called Yoneda’s lemma. Indeed, taking
T = A, let f be the element of Hom(A, B) that corresponds under the above
bijection to id4; similarly, taking T = B let g be the element of Hom(B, A) that
corresponds to idg. It is then an easy exercise to show that fg = idg,gf = id4,
proving that A and B are uniquely isomorphic given this data. However if we have
a contravariant functor F' from 7 to the category of sets, it is not always true that
there is an object A in the category such that we have a functorial identification

F(T) ~ Hom(T, A).

By Yoneda’s lemma, we know that A, if it exists, is determined up to a unique
isomorphism. Given F, if A exists, we shall say that F is representable and is
represented by A.

This said, let us return to the category C. We now assume that for each pair
of objects X,Y the functor

T — Hom(T' ® X,Y)

is representable. This means that there is an object Hom(X,Y") with the property
that
Hom(7,Hom(X,Y)) = Hom(T ® X,Y)

for all objects T. This assumption leads to a number of consequences. Using
X ~1® X we have

Hom(X,Y) = Hom(1, Hom(X,Y)).

In the vector space or module categories Hom is the same as Hom. However, in
the super categories, Hom is the space of even maps while Hom is the space of
all maps. If we take T' to be Hom(X,Y) itself, we find that corresponding to the
identity map of Hom(X,Y") into itself there is a map

evyy : Hom(X,Y)® X — Y.

This is the so-called evaluation map, so named because in the category of modules
it is the map that takes L ® v to L(v). It has the property that for any ¢ €
Hom(T ® X,Y’), the corresponding element s € Hom(7, Hom(X,Y")) is related to
t by

evyy o (s®id) =t.

Moreover, if X7, X5, Y7, Y5 are given, there is a natural map

HOl’Il(Xl,Yl) X HOI’I’I(XQ,YVQ) ~ HOII](Xl X XQ,Yl (%9 sz)
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Finally we can define the dual of any object by
X" =Hom(X,1), Hom(T, X*) = Hom(T ® X, 1).
We have the evaluation map
evy ;=evy 1 X ®X — 1.

Using the commutativity isomorphism we then have the map

XX —1
which gives a map
X — X,
An object is called reflexive if
X=X

Already, in the category of vector spaces, only finite dimensional spaces are
reflexive. More generally free modules of finite rank are reflexive. In the category
of modules over a supercommutative k-algebra A, the free modules API9 are easily
seen to be reflexive. If we assume that all objects are reflexive, we obtain a category
which is very close in its properties to categories of finite dimensional objects. Such
categories are called rigid.

Given a map f(X — Y') we can define naturally its transpose f*(Y* — X*).
For any X we have a map

X*®Y — Hom(X,Y);
in fact, it is the map that corresponds to the composite map
X'oYoX~X'oXoy 289 10y oY,
In case X is reflexive this map is an isomorphism. The inverse map can be defined

as the transpose of
X®Y" — Hom(Hom(X,Y),1).

if we can define this map. To do this one needs to define a natural map
X®Y"®Hom(X,Y) —1
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and this is just the composite map

eVny®id

XYY" ®@Hom(X,Y) ~>Hom(X, V) X®Y" — YY" ~Y"'®Y — 1.

For reflexive X we have, in addition to the evaluation map evy, its transpose, the
coevaluation map, namely,

0:1 — X X"

For X reflexive, we also have
Hom(X,Y) =Hom(1® X,Y) = Hom(1l,Hom(X,Y)) = Hom(1, X* ® Y).
Thus for any f(X — Y') we have the map
0(f): 1 —X"®Y.

If Y = X we then have the composite

Tr(f) vy o d(f) € End(1).

We have thus a categorical way to define the trace of any element of End(X) of any
reflexive X.

Let us see how Tr reduces to the supertrace in the category of modules over a
supercommutative k-algebra A with unit. We take

X = APl
In this case we can explicitly write the isomorphism
Hom(AP!9Y) ~ (API)* @ Y.

Let (e;) be a homogeneous basis for API? and let p(i) = p(e;). Let (&7) be the dual
basis for (APl9)* so that &’ (e;) = §;;. The map

(Ap|q)* RY ~ Hom(Ap|q, Y)
is then given by

E@Y — legy,  tegy(z) = (~1)PPWe(a)y.
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A simple calculation shows that any homogeneous f € Hom(AP!7,Y) can be ex-
pressed as

f= Z(—l)p(j)“’(f)p(j)fj @ f(ej).
Take X =Y let f € Hom(X, }]’) Then p(f) = 0 and so
3(f) =D (1P @ f(ey).
J
Suppose now f is represented by the matrix (M ]Z) so that
f(ej) = ZGZM;

Then o .
5() = S—1PE @ e,M]

iJ
so that, as p(M;) = p(e;) = p(j),
Tr(f) = evx (5(f) = S (~1)PDo,Mi= S Mi— S M.
i a €even b odd

We have thus recovered our ad hoc definition. This derivation shows also that the
supertrace is independent of the basis used to compute it.

Even rules. In the early days of the discovery of supersymmetry the physicists
used the method of introduction of auxiliary odd variables as a guide to make correct
definitions. As an illustration let us suppose we want to define the correct symmetry
law for the super bracket. If X,Y are odd elements, we introduce auxiliary odd
variables &, 7 which supercommute. Since £X and nY are both even we have

[§X,nY] = —[nY,£X].
But, using the sign rule, we get
X nY] ==X, Y], [nY,EX] = —nelY, X]
so that, as é&n = —né, we have
(X,Y] =Y, X].
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A similar argument can be given for the definition of the super Jacobi identity. These
examples can be generalized into a far-reaching principle from the categorical point
of view.

The even rules principle. For any vector space V over k£ and any supercommu-
tative k-algebra B we write

V(B) = (V ® B)o = the even part of V ® B.
Clearly B — V/(B) is functorial in B. If
fVix...xVy —V
is multilinear, then, for any B, we have a natural extension
fB:Vi(B) x ... x Vy(B) — V(B)
which is Bp-multilinear and functorial in B. The definition of fg is simply

fe(brvr,...,byvy) = (=1)™" =D 2p by (v, .., on)

where the b; € B,v; € V; are homogeneous and m is the number of b; (or v;) which
are odd. The system (fp) is functorial in B. The principle of even rules states that
any functorial system (fg) of Bg-multilinear maps

fB:Vi(B) x ... x Vy(B) — V(B)
arises from a unique k-multilinear map
fx...xVy —V.

The proof is quite simple; see'®. The proof just formalizes the examples discussed
above. It is even enough to restrict the B’s to the exterior algebras. These are just
the auxiliary odd variables used heuristically.

The categorical view is of course hardly needed while making calculations in
specific problems. However it is essential for an understanding of super linear al-
gebra at a fundamental level. One can go far with this point of view. As we have
seen earlier, one can introduce Lie objects in a tensor category and one can even
prove the Poincaré-Birkhoff-Witt theorem in the categorical context. For this and

other aspects see'?.
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Everything discussed so far is based on the assumption that k£ has characteristic

0. In positive characteristic the main results on the Tannakian categories require

interesting modifications

10

11

11
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4. ELEMENTARY THEORY OF SUPERMANIFOLDS

4.1. The category of ringed spaces.
4.2. Supermanifolds.

4.3. Morphisms.

4.4. Differential calculus.

4.5. Functor of points.

4.6. Integration on supermanifolds.

4.7. Submanifolds. Theorem of Frobenius.

4.1. The category of ringed spaces. The unifying concept that allows us to
view differentiable, analytic, or holomorphic manifolds, and also algebraic varieties,
is that of a ringed space. This is a pair (X, Ox) where X is a topological space and
Ox (written as O when there is no doubt as to what X is) is a sheaf of commutative
rings (with units) on X. For instance, let X be a Hausdorff second countable space
carrying a smooth structure and let C*°(U — C°°(U)) be the sheaf of rings where,
for each open set U C X, C*°(U) is the R-algebra of all smooth functions on U.
Then (X,C%) is a ringed space which is locally isomorphic to the ringed space
associated to a ball in R™ with its smooth structure. To formulate this notion more
generally let us start with a topological space X. For each open U C X let R(U)
be an R-algebra of real functions such that the assignment

U+— R(U)

is a sheaf of algebras of functions. This means that the following conditions are
satisfied:

(1) Each R(U) contains the constant and if V' C U then the restriction map
takes R(U) into R(V).
(2) If U is a union of open sets U; and f; € R(U;), and if the (f;) are com-

patible, i.e., given 4, j, f; and f; have the same restriction to U; N Uj;, then
the function f such that f; is the restriction of f to U; belongs to R(U).
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We call (X, R) a ringed space of functions. If (X, R) and (Y, S) are two such spaces,
a morphism between (X, R) and (Y, S) is a continuous map (X — Y’) such that
the pullback map 9* takes S(V) into R(1)~(V)) for each open set V C Y; here

W™ (9)(x) = g(¥(x)) (g€ SV)).

We have thus obtained the category of ringed spaces of functions. If (X, R) is a
ringed space of functions and Y C X is an open set, the space (Y, Ry) is also a
ringed space of functions if Ry is the restriction of R to Y, i.e., for any open set
V CY,Ry(U)=R(U). Werefer to (Y, Ry) as the open subspace of (X, R) defined
by Y; the identity map from Y to X is then a morphism.

In order to define specific types of ringed spaces of functions we choose local
models and define the corresponding types of ringed spaces of functions as those
locally isomorphic to the local models. For example, to define a smooth manifold
we start with the ringed spaces (R", C2°) where

Ce:Ur— C°(U),

C2°(U) being the R-algebra of smooth functions on U. Then a differentiable or a
smooth manifold can be defined as a ringed space (X, R) of functions such that for
each point x € X there is an open neighborhood U of x and a homeomorphism
of h of U with an open set U~ C R"™ such that h is an isomorphism of (U, Ry)
with the ringed space of functions (U™, C°|U™), i.e., if V. C U is open, the algebra
R(V) is precisely the algebra of all functions g o h where g is a smooth function
on h(V). To define an analytic or a complex analytic manifold the procedure is
similar; we simply replace (R™,C>°) by (R", A,) or (C", H,,) where A,, (resp. H,)
is the sheaf of algebras of analytic (resp. complex analytic) functions. It is usual
to add additional conditions of separation and globality on X, for instance, that X
be Hausdorff and second countable.

In algebraic geometry, Serre pioneered an approach to algebraic varieties by
defining them as ringed spaces of functions locally isomorphic to the ringed spaces
coming from affine algebraic sets over an algebraically closed field. See Dieudonne!
for the theory of these varieties which he calls Serre varieties. It is possible to go
far in the Serre framework; for instance it is possible to give quite a practical and
adequate treatment of the theory of affine algebraic groups.

However, as we have mentioned before, Grothendieck realized that ultimately
the Serre framework is inadequate and that one has to replace the coordinate rings
of affine algebraic sets with completely arbitrary commutative rings with unit, i.e.,
in the structure sheaf the rings of functions are replaced by arbitrary commutative
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rings with unit. This led to the more general definition of a ringed space leading to
the Grothendieck’s schemes. It turns out that this more general notion of a ringed
space is essential for super geometry.

Definition. A sheaf of rings on a topological space X is an assignment
U+— R(U)
where R(U) is a commutative ring with unit, with the following properties:

(1) If V. C U there is a homomorphism from R(U) to R(V'), called restriction
to V', denoted by ry; for three open sets W C V C U we have riyyryy =
T™wu-.

(2) If U is the union of open sets U; and f; € R(U;) are given, then for the
existence of f € R(U) that restricts on U; to f; for each i, it is necessary
and sufficient that f; and f; have the same restrictions on U;NU;; moreover,
f, when it exists, is unique.

A ringed space is a pair (X, O) where X is a topological space and O is a sheaf of
rings on X. O is called the structure sheaf of the ringed space. For any open set U
the elements of O(U) are called sections over U. If it is necessary to call attention
to X we write Ox for O.

If x € X and U,V are open sets containing x, we say that two elements a €
OU),b e O(V) are equivalent if there is an open set W with z € W C U NV such
that a and b have the same restrictions to W. The equivalence classes are as usual
called germs of sections of O and form a ring O, called the stalk of the sheaf at x.
The notion of a space is then obtained if we make the following definition.

Definition. A ringed space is called a space if the stalks are all local rings.

Here we recall that a commutative ring with unit is called local if it has a unique
maximal ideal. The unique maximal ideal of O, is denoted by m,. The elements of
O, \ m, are precisely the invertible elements of O,.

The notion of an open subspace of a ringed space is obtained as before; one
just restricts the sheaf to the open set in question. In defining morphisms between
ringed spaces one has to be careful because the rings of the sheaf are abstractly
attached to the open sets and there is no automatic pullback as in the case when
the rings were rings of functions. But the solution to this problem is simple. One
gives the pullbacks also in defining morphisms. Thus a morphism from (X, Ox) to
(Y, Oy) is a continuous map 1 from X to Y together with a sheaf map of Oy to
Ox above v, i.e., a collection of homomorphisms

Uy Oy (V) — Ox (¥~ (V))  (V open CY)
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which commute with restrictions. The notion of isomorphism of ringed spaces fol-
lows at once. We have thus obtained the category of ringed spaces. If the objects
are spaces we require that the pullback, which induces a map Oy ) — Ox s, is
local, i.e., it takes the maximal ideal my ;) of Oy,y(,) into the maximal ideal m, of
Ox -

In the case when the rings O(U) are actually rings of functions with values
in a field k, the pullbacks defined earlier are in general the only ones possible. To
see this, assume that X and Y are ringed spaces of functions and that the stalks
are local rings. For x € X, the elements of Ox , vanishing at x form an ideal
I, and so is contained in m,. Since I, has codimension 1, being the kernel of
the evaluation map f —— f(z), we must have I, = m,. Then if an element has a
nonzero value at a point, its restriction to some open set V' containing x is invertible
in Ox (V). Now suppose that we have an arbitrary pullback ¢* defined as above.
Fix z € X and let ¢¥(z) = y. If ¥v*(9)(z) # g(¢(x)) for some g € S(V), we may, by
adding a constant to g assume that ¢¥*(g)(z) = 0,¢9(¢)(z)) # 0. So g is invertible
on some V', hence 9*(g) is invertible in an open neighborhood of z, contradicting
the assumption that ¢*(g)(z) = 0. This also shows that in this case the locality
condition is automatically satisfied.

Using very general results from commutative algebra one can represent any
commutative ring with unit as a ring of “functions”on some space, even though the
field in which these functions take their values will in general vary from point to
point. Indeed, the space is the set of prime ideals of the ring, and at any prime
ideal we have the field of quotients of the integral domain which is the ring modulo
the prime ideal; the value of an element of the ring at this prime ideal is its image
in this field. But, as we explained in Chapter 2, this representation need not be
faithful; there will be elements which go to the zero function. For instance this is
the case for nilpotent elements. This fact makes the discussion of schemes more
subtle.

To get super geometric objects we know that we have to replace everywhere
the commutative rings by supercommutative rings. Thus a super ringed space is
a topological space X with a sheaf of supercommuting rings with units, called the
structure sheaf. The restriction homomorphisms of the sheaf must be morphisms
in the super category and so must preserve the gradings. The definition of mor-
phisms of super ringed spaces is exactly the same as for ringed spaces, with the
only change that the pullback maps (¢j,) must be morphisms in the category of
supercommutative rings, i.e., preserve the gradings. We thus obtain the category of
super ringed spaces. For any two objects X, Y in this category, Hom(X,Y) denotes
as usual the set of morphisms X — Y. A superspace is a super ringed space such
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that the stalks are local supercommutative rings. A supermanifold is a special type
of superspace.

Here we must note that a supercommutative ring is called local if it has a
unique maximal homogeneous ideal. Since the odd elements are nilpotent, they are
in any homogeneous maximal ideal and so this comes to saying that the even part
is a commutative local ring.

4.2. Supermanifolds. To introduce supermanifolds we follow the example of
classical manifolds and introduce first the local models. A super domain UP!9 is the
super ringed space (UP, Coop|q) where UP? is an open set in R? and C*°P!7 is the sheaf
of supercommuting rings defined by

CoPle . v ¢(V)[6Y,6%,...,09  (V C U open)

where the 67 are anticommuting variables (indeterminates) satisfying the relations

01 =0, 007 = 070" (i £ ) = 00T = 070" (1< 1i,j < q).

Thus each element of C*°P19(V) can be written as

Z fro!

IC{1,2,...,q}
where the f; € C*°(V) and 0! is given by
0f =002 ... 0 (I={ir,... .00}, 01 <...<ip).

The dimension of this superdomain is defined to be p|g. We omit the reference to the
sheaf and call UP!9 itself the superdomain. In particular we have the super domains
RP19. A supermanifold of dimension plq is a super ringed space which is locally
isomorphic to RPI?. Morphisms between supermanifolds are morphisms between
the corresponding super ringed spaces. We add the condition that the underlying
topological space of a supermanifold should be Hausdorff and second countable. The
superdomains RP!9 and UPl? are special examples of supermanifolds of dimension
plg. An open submanifold of a supermanifold is defined in the obvious way. The
U?l9 are open submanifold of the RP!.

The definition of supermanifold given is in the smooth category. To yield
definitions of real analytic and complex analytic supermanifolds we simply change
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the local models. Thus a real analytic supermanifold is a super ringed space locally

isomorphic to Z‘n" which is the super ringed space with

U — API(U) = A(U)[FY, ..., 0

as its structure sheaf where A(U) is the algebra of all real analytic functions on
U. For a complex analytic supermanifold we take as local models the spaces CPl4
whose structure sheaves are given by

CP|Q(U) = H(U)[Ql, e ,gq]a

where H(U) is the algebra of holomorphic functions on U. Actually one can even
define, as Manin does?, more general geometric objects, like superanalytic spaces,
and even superschemes.

Examples. R?17: We have already seen RPI9. The coordinates z; of R are called
the even coordinates and the 67 are called the odd coordinates.

GL(1]1): Although we shall study this and other super Lie groups in more
detail later it is useful to look at them at the very beginning. Let G be the open
subset of R? with z; > 0,22 > 0. Then GL(1]1) is the open submanifold of the
supermanifold R?? defined by G. This is an example of a super Lie group and for
making this aspect very transparent it is convenient to write the coordinates as a

matrix:
xt ot
02 22/

We shall take up the Lie aspects of this example a little later.

GL(p|q): We start with R +7°12P4 whose coordinates are written as a matrix
A B
C D

A= (aij), D= (dap)

where

are the even coordinates and
B = (big), C = (caj)

are the odd coordinates. If G is the subset where det(A)det(D) # 0, then G is

open and the supermanifold GL(p|q) is the open submanifold of RP’+4°12P4 defined
by G. Here again the multiplicative aspects will be taken up later.
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Exterior bundles of vector bundles on a classical manifold and their re-
lation to supermanifolds. Let M be a classical manifold and let V' be a vector
bundle on M. Then we have the exterior bundle E of V which is also a vector
bundle on M. If V, is the fiber of V' at x € M, then the fiber of E at x is A(V}),
the exterior algebra of V.. Let O be the sheaf of sections of £. Then locally on
M the sheaf is isomorphic to UP!9 where p = dim(M) and ¢ = rank (V), the rank
of V' being defined as the dimension of the fibers of V. Indeed, if V is the trivial
bundle on N with sections 6;, then the sections of E are of the form ), f;0; where
0r = 0;, \...N\0;_ so that the sections over NV of E can be identified with elements
of C*(N)[y,...,0,]. Thus (M,0) is a supermanifold. Let us write E” for this su-
permanifold. Clearly every supermanifold is locally isomorphic to a supermanifold
of the form E”; indeed, this is almost the definition of a supermanifold. The extent
to which supermanifolds are globally not of the form E’ is thus a cohomological
question. One can prove (not surprisingly) that any differentiable supermanifold is
isomorphic to some E°, and that this result is no longer true in the analytic category
(see Manin’s discussion?). However, even in the differentiable category we cannot
simply replace supermanifolds by the supermanifolds of the form E?. The point is
that the isomorphism M ~ E” is not canonical; indeed, as we shall elaborate later
on, supermanifolds have many more morphisms than the exterior bundles because
of the possibility, essential in the applications to physics, that the even and odd
coordinates can be mixed under transformations. In other words, between two su-
permanifolds E?, Eg there are more morphisms in general than the morphisms that
one obtains by requiring that they preserve the bundle structure.

The imbedded classical manifold of a supermanifold. If X is a supermani-
fold, the underlying topological space is often denoted by |M|. We shall now show
that there is a natural smooth structure on |M| that converts it into a smooth
manifold. This gives the intuitive picture of M as essentially this classical manifold
surrounded by a cloud of odd stuff. We shall make this more precise through our
discussion below.

Let us first observe that if R is a commutative ring, then in the exterior algebra
E = R[&,...,& ], an element

3280+28j§j+25jm5j€m+---7
J j<m

where the coefficients sg,s; etc are in R, is invertible in F if and only if sq is
invertible in R. The map s — s is clearly a homomorphism into R and so if s is
invertible, then sq is invertible in R. To prove that s is invertible if sq is, it is clear
that by replacing s with 3513 we may assume that sg = 1; then s =1 — n where n

7



is in the ideal generated by the &; and so is nilpotent, so that s is invertible with
inverse 1 4+ ) ., n™. Taking R = C*°(V) where V is an open neighborhood of
the origin 0 in R?, we see that for any section s of E, we can characterize sq(0) as
the unique real number A such that s — A is not invertible on any neighborhood of
0. We can now transfer this to any point x of a supermanifold M. Then to any
section of Op; on an open set containing x we can associate its value at x as the
unique real number s™(z) such that s — s™(z) is not invertible in any neighborhood
of x. The map
s+— s~ (x)

is a homomorphism of O(U) into R. Allowing x to vary in U we see that

~

SH— S

is a homomorphism of O(U) onto an algebra O'(U) of real functions on U. It is

clear that the assignment
Ur— O(U)

is a presheaf on M. In the case when (U, Oy) is actually (V,Oy) where V is an
open set in R? we see that Of, = C{° and so is actually a sheaf. In other words,
for any point of M there is an open neighborhood U of it such that the restriction
of O’ to U is a sheaf and defines the structure of a smooth manifold on U. So, if we
define O™ to be the sheaf of algebras of functions generated by O’, then O™ defines
the structure of a smooth manifold on M. We write M~ for this smooth manifold.
It is also called the reduced manifold and is also written as M;eq. It is clear that
this construction goes through in the real and complex analytic categories also. For
M = Ul we have M~ = U.

One can also describe the sheaf in another way. If we write
j(U):{s‘swzoonU}
then it is clear that 7 is a subsheaf of @. We then have the exact sequence
0 —J —0—0"—0

showing that O™~ is the quotient sheaf O/J. The construction above exhibits O~
explicitly as a sheaf of algebras of functions on M.

From our definition of morphisms and the sheaf map O — O~ it is now clear
that the identity map M~ — M is a morphism of the classical manifold M~ into
the supermanifold M. Since the pullback is surjective this is an imbedding and
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so justifies the intuitive picture that M is essentially the classical manifold M~
surrounded by a cloud of odd stuff. Actually we can go further.

We introduce the sheafs J" for r = 1,2,... and define
M" = (M,0/J")

so that M = M~. Then one can think of M" as the r'* infinitesimal neighborhood
of M~ in M. The sequence

MY = M~ M2 M3, ...
actually terminates with
M = M.

This is the same as saying that
J =0,

To see this we can work locally and take M = UP 19, The sections of J over an open
subset V of U are elements of the form

g = Zsjﬁj
J

where s; are sections over V; it is obvious that if we take a product oy...0, of
such elements, the product is 0 if » > ¢. Notice however that the M" are not
supermanifolds; they are in general only superspaces in the sense of Manin.

Suppose now we have a morphism
v: M — N

of supermanifolds. Let ¢* be the pullback On — Oy;. If t is a section of Oy
defined around y = ¥ (z)(x € M) and s = ¥*(t), then s — s~ (z) is not invertible in
any neighborhood of z and so ¢t — s™(x) is not invertible in any neighborhood of v,
showing that

() (x) =t ((x)).

In particular

V' IN C Tm-

This shows that we have a morphism
Y~ MY — N©
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of classical manifolds associated to ¥ (M — N). Clearly the assignment ¢p — ¢~
commutes with composition and so the assignment

M — M~

is functorial. More generally for any fixed » > 1, the assignment
M — M"

is also functorial, in view of the relation

vIN C Ty

Remark. If M = E° where F is the exterior bundle of a vector bundle over
a classical manifold N, the O(U) are actually modules over C*>°(U) for U open
in N and so we have maps C*°(U) — O(U). This means that we have a map
M — M~ as well as the imbedding M~ — M. In other words we have a
projection M —— M™. This makes it clear why this is such a special situation.

Construction of supermanifolds by gluing. It is clear from the definition of
supermanifolds that general supermanifolds are obtained by gluing superdomains.
However the gluing has to be done more carefully than in the classical case because
the rings of the sheaf are not function rings and so the gluing data have to be sheaf
isomorphisms that have to be specified and do not come automatically.

Let X be a topological space, let X =[], X; where each X; is open and let O,
be a sheaf of rings on X; for each ¢. Write X;; = X; N X;, Xy, = X; N X; N X,
Let
fij 1 (X5, 041 X5:) — (Xij, Oi] Xij)
be an isomorphism of sheafs with

~

o= id x., = the identity map on X;; = X;;.

Ji

To say that we glue the ringed spaces (X;, O;) through the f;; means the construction
of a sheaf of rings O on X and for each ¢ a sheaf isomorphism

fi (X3, 01X;) — (X3, 04 X5),  fi7 = id x,

such that
fig = fif;!

10



for all 4,j. The conditions, necessary and sufficient, for the existence of (O, (f:))
are the so-called gluing conditions:

(1) fii= id on O;.
(2) fijfji = id on O;|X;;.
(3) fijfirfri = id on O;| Xyji.
The proof of the sufficiency (the necessity is obvious) is straightforward. In fact

there is essentially only one way to define the sheaf O and the f;. For any open set
U C X let O(U) be the set of all (s;) such that

S; € OZ(UﬂXz), S; = fij(sj)

for all 4,j. O(U) is a subring of the full direct product of the O,(U N X;). The f;
are defined by

fi : (Sz) — S;

for all i. It is easy but a bit tedious to verify that (O, (f;)) satisfy the require-
ments. If (O, (f!)) are a second system satisfying the same requirement, and
sl = fI7'(s;), the s/ are restrictions of a section s’ € @ (U) and (s;) — &' is
an isomorphism. These isomorphisms give a sheaf isomorphism @ — O’ compati-
ble with te (fi), (f/). The details are standard and are omitted. Notice that given

the X;, O;, fij, the data O, (f;) are unique up to unique isomorphism.

For brevity we shall usually refer to the f;; as isomorphisms of super ringed

spaces
fij : in = Xij7 Xij - (Xz'j, Oz|X1 N X])

above the identity morphisms on X; N X;.

We now consider the case when the family (X;) is closed under intersections.
Suppose we have a class R of open subsets of X closed under intersections such
that each R € R has a sheaf of rings on it which makes it a ringed space and X is
the union of the sets R. Then for these to glue to a ringed space structure on X
the conditions are as follows. For each pair R, R’ € R with R’ C R there should be
an isomorphism of ringed spaces

)‘RR’ : R/ ~ RR/

where Ry is the ringed space R’ viewed as an open subspace of R, and that these
Ar'r should satisfy

ARR" = ARR'AR'R" (RN CR C R)

11



In this case if Y is a ringed space there is a natural bijection between the morphisms
f of X into Y and families (fr) of morphisms R — Y such that

fr = [RARR/ (R' C R).

The relation between f and the fgr is that fr is the restriction of f to R. In the
other direction, the morphisms from Y to X are described as follows. First of all
we must have a map (Y~ — X); then the morphisms g of S into X above ¢
are in natural bijection with families (gr) of morphisms from Yz :=¢~*(R) into R
such that

Jr’ = ARR'YR-

Example 1: Projective superspaces. This can be done over both R and C. We
shall work over C and let X be the complex projective n-space with homogeneous
coordinates z'(i = 0,1,2,...,n). The super projective space ¥ = CP"? can now
be defined as follows. Heuristically we can think of it as the set of equivalence
classes of systems

(2. ., 2"t e9)

where equivalence is defined by
(2. 2T e 0T = N2 20 0Y)

whenever A € C is nonzero. For a more precise description we take the reduced
manifold to be X. For any open subset V' C X we look at the preimage V' of V in
C™ 1\ {0} and the algebra A(V') = H(V")[#!,...,09] where H(V') is the algebra
of holomorphic functions on V’. Then C* acts on this super algebra by

t:y fr(2)0" — > et (te CX).
I I
Let

Oy (V) = A(V)C"

be the subalgebra of elements invariant under this action. It is then immediately
verified that Oy is a sheaf of supercommuting C-algebras on X. Let X! be the
open set where z* # 0 and let V above be a subset of X*. Then V can be identified
with an open subset V; of the affine subspace of C"*! where z* = 1. Then

A(V') ~ H(W)[OY,...,0%.

12



This shows that Y is a complex analytic supermanifold. This is the projective
superspace CP"4, For a deeper discussion of these and other grassmannians and

flag supermanifolds see Manin?.

Products. The category of supermanifolds admits products. For this purpose we
start with the category of ringed spaces and introduce the notion of categorical
products. Let X;(1 < i < n) be spaces in the category. A ringed space X together
with (“projection”) maps P; : X — X is called a product of the X,

X=X x...xX,,
if the following is satisfied: for any ringed space Y, the map
f'—> (Plofv"'apnof)

from Hom(S, X) to [[, Hom(S, X;) is a bijection. In other words, the morphisms f
from Y to X are identified with n-tuples (f1,..., f,) of morphisms f;(Y — X;)
such that f; = P;o f for all 7. It is easy to see that if a categorical product exists, it
is unique up to unique isomorphism. Notice that this is another example of defining
an object by giving the set of morphisms of an arbitrary object into it.

We shall now show that in the category of supermanifolds (categorical) products
exist. Let X;(1 < i < n) be supermanifolds. Let X~ = X7” x ... x X be the
product of the classical manifolds associated to the X;. We wish to construct a
supermanifold X and morphisms P;(X — X;) such that P is the projection

7
X~ — X and (X, (F;)) is a product of the X;. If X; = Uf”qi with coordinates
(z},..., 20,0}, ... 0% then their product is UP!? where p = Y, pi,q = >, ¢;, with
coordinates (z7,0™); for the projection P; we have

1774

Pz*xz = xg,Pi*an =6".
Suppose now the X; are arbitrary. Let R be the set of rectangles R in X~, R =
Uir X ... x Upg, such that the U,r are isomorphic to coordinate superdomains;
we choose some isomorphism for each of these. Then each R € R can be viewed
as a supermanifold with projections P;gz. Suppose now that R' C R(R,R' € R)
and Pjgjp is the restriction of P;g to R'; then (R',(Pjgg/)) is also a product
supermanifold structure on R’. Because of the uniquely isomorphic nature of the
products, we have a unique isomorphism of supermanifolds

)\RR’ . R/ >~ RR/

such that
Pirir' = Arr' Pir-

13



If now R” C R’ C R we have
ARR" Pigi = Pigp|pr

while
AR'RAR'R"Pir" = Arr' Pip/\r" = PiR|R

Hence by the uniqueness of the \’s we get

ARR/ AR/R// — ARR// .

The discussion above on gluing leads at once to the fact that the rectangles
glue together to form a supermanifold X, the projections P;r define projections
P;(X — X;) and that (X, (P;)) is a product of the X;. We omit the easy details.

4.3. Morphisms. The fact that the category of supermanifolds is a very viable
one depends on the circumstance that morphisms between them can be described
(locally) exactly as in the classical case. Classically, a map from an open set in R™
to one in R™ is of the form
(ml,...,xm) — (yl,...,yn)

where the y* are smooth functions of the ', ..., 2™. In the super context the same
description prevails. To illustrate what we have in mind we shall begin by discussing
an example. This example will also make clear the point we made earlier, namely,
that a supermanifold should not be thought of simply as an exterior bundle of some
vector bundle on a classical manifold.

A morphism RY? — R'2: What do we do when we describe smooth map
between two manifolds? We take local coordinates (z'),(y?) and then define the
morphism as the map

(z") — (¥')
where the 37 are smooth functions of the x*. It is a fundamental fact of the theory of
supermanifolds, in fact it is what makes the theory reasonable, that the morphisms

in the super category can also be described in the same manner. Before proving
this we shall look at an example.

Let M = RY2. We want to describe a morphism v of M into itself such that
¥~ is the identity. Let 1* be the pullback. We use t,0',0? as the coordinates
on M and t as the coordinate on M~ = R. Since 9*(t) is an even section and
(™)*(t) = t, it follows that

V*(t) =t + 0162
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where f is a smooth function of ¢. Similarly
w*(HJ) = gjel + hj92

where g;, h; are again smooth functions of . However it is not immediately obvious
how * should be defined for an arbitrary section, although for sections of the form

a+ b10" + by6?

where a, by, by are polynomials in t the prescription is uniquely defined; we simply
replace t by ¥*(t) in a,by,bs. It is already reasonable to expect by Weierstrass’s
approximation theorem that ¢* should be uniquely determined. To examine this
let us take the case where

V) =t+0'0°, () =6 (j=1,2).

If g is a smooth function of ¢ on an open set U C R we want to define ;;(g).
Formally we should define it to be g(t + 6'6?) and this definition is even rigorous if
g is a polynomial as we observed just now. For arbitrary g let us expand g(t +616?)
as a formal Taylor series(!) as

gt +0"6%) = g(t) + ¢'(t)6'6?

wherein the series does not continue because (816?)? = 0. We shall now define 13;(g)
by the above formula. It is an easy verification that 1/{; is then a homomorphism

O (U) — C(U)[6, 67

If
= go + 10" + g20° + g120'6?

then we must define
Vi (9) = ¢ (90) + ¥ (91)0" + " (92)0% + " (912)0" 0.
It is then clear that ¢;; is a homomorphism
Cx(U)[0',0°] — C>=(U)[0",6%]

with '
vpt) =t Yp(l;) =0(j =1,2).
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The family (¢;;) then defines a morphism R!?> — R2. Tt is obvious that this
method goes through in the general case also when f, g1, g2 are arbitrary instead of
1 as above.

To see that the pullback homomorphism * is uniquely defined we must prove
that 7 (g) = g + ¢'0'6? for g € C°(U). Now 1;;(g) must be even and so we can
write

¥*(g9) = g + D(g)0"6>.

Clearly D is an endomorphism of C*°(U). The fact that ¢* is a homomorphism now
implies that D is a derivation. But D(t) = 1 and so D and d/dt are two derivations
of C*°(U) that coincide for ¢t. They are therefore identical. So D = d/dt, showing
that ¢7,(g9) = g + ¢g'0'6%.

This example also shows that the supermanifold R'? admits more self mor-
phisms than the exterior bundle of rank 2 over R. Thus the category of exterior
bundles is not equivalent to the category of supermanifolds even in the differen-
tiable case, as we have already observed. Automorphisms such as the one discussed
above are the geometric versions of true Fermi-Bose symmetries characteristic of
supersymmetry where the even and odd coordinates are thoroughly mixed.

The main result on morphisms can now be formulated.

Theorem 4.3.1. Let UPIY be an open submanifold of RP19. Suppose M is a super-
manifold and 1 is a morphism of M into UPI4. If

fi=v*(t"), g =v*(0) (1<i<p1<j<q)

then the f; (g;) are even (odd) elements of Op(M). Conversely, if fi, g; € On (M)
are given with f; even and g; odd, there is a unique morphism (M — UPl) such
that

fi=v ("), g =v*(0?) (1<i<p1<j<q).

Only for the converse does one need a proof. In some sense at the heuristic level
the uniqueness part of this theorem is not a surprise because if a morphism is given
on the coordinates z*, 67, then it is determined on all sections of the form >, pro!
where the pr are polynomials in the z?, and clearly some sort of continuity argument
should imply that it is determined uniquely for the sections where the p; are merely
smooth. In fact (as Berezin did in his original memoirs) this argument can be made
rigorous by introducing a topology - the usual one on smooth functions - on the
sections and showing first that morphisms are continuous. But we shall avoid the
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topological arguments in order to bring more sharply into focus the analogy with
schemes by remaining in the algebraic framework throughout as we shall do (see
the paper of Leites?). In this approach the polynomial approximation is carried out
using the Taylor series only up to terms of order ¢, and use is made of the principle
that if two sections have the same Taylor series up to and including terms of order
q at all points of an open set, the two sections are identical. So, before giving the
formal proof of the theorem we shall formulate and prove this principle.

Let M be a supermanifold and let O = O, be its structure sheaf. Let m € M~
be a fixed point. We can speak of germs of sections defined in a neighborhood of
m. The germs form a supercommutative R-algebra O,,, = O . For any section f
defined around m let [f],, = [f] denote the corresponding germ. We have previously
considered the ideal J,,, = Jar,m of germs [f] such that [f~] = 0. We now introduce
the larger ideal Z,, = Zps , of germs for which f~(m) =0, i.e.,

T = Taton = {[flm | £7(m) = 0}.

By the definition of a supermanifold there is an isomorphism of an open neighbor-
hood of m with UPl9. Let z*, 67 denote the pullbacks of the coordinate functions of
UPl4, We may assume that 2°~ (m) = 0(1 < i < p).

Lemma 4.3.2. We have the following.

(1) Zas.m is generated by (2], [07]m. Moreover if (M — N) is a morphism,
then for anyn € N and any k > 0,

V' (ZNn) C Ihgm (M € M,dh(m) =n).

(2) If k> q and f is a section defined around m such that [f]m, € IF, for all
m’ in some neighborhood of m, then [f],, = 0.

(3) For any k and any section f defined around m there is a polynomial P =
Py .m in the [2'],[07] such that

f-Pe1F.

Proof. All the assertions are local and so we may assume that M = UP|9 where
U is a convex open set in RP and m = 0. By Taylor series where the remainder is
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given as an integral, we know that if g is a smooth function of the z’ defined on
any convex open set V containing 0, then, for any k£ > 0,

1 )
+Zm3 ig)( k' Z 1. xjk(ajl...ajkg)(O)-i—Rk(w)

where

Rk(x> - y Z ot T 191112 Jk410

the g;,j,...j,,, being smooth functions on V' defined by

1
9j1j2-drt1 (z) = /O (1- t)k(ajl s 8jk+1g>(tx)dt'
Take first £k = 0 and let g(0) = 0. Then

g=> 'g;.
j

If now f = fo+ > ; fr07 is in O(V) and fo(0) = 0, then taking g = fo we obtain
the first assertion in (1). For the assertion about 1 we have already seen that it is
true for k = 1 (the locality of morphisms). Hence it is true for all k.

Let us first remark that because any section h can be written as Y, hs0!, it
makes sense to speak of the evaluation h(n) = >, hy(n)6! at any point n; this is
not to be confused with h™~(n) which is invariantly defined and lies in R while h(n)
depends on the coordinate system and lies in R[#*, ..., 04]. To prove (2) let k > ¢
and let us consider Z. Any product of k elements chosen from x!,... P 6% ... 04
is zero, unless there is at least one z7. So

75 € ) 2710,
J

Therefore, if [f] € I} then

f(0)=0 (%)
where f(0) is the evaluation of the section at 0. Suppose now f is in O and lies
in ZF for all n in some open neighborhood N of 0. Then (x) is applicable with 0

replaced by n. Hence
f(n)=0 (n€N).
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This proves that the germ [f] is 0.

To prove (3) we take any section defined around 0, say f =), fr0%. Fix k > 1.
Writing f; = gr + Ry where gy is the Taylor expansion of f; at 0 and R; is in the
ideal generated by the monomials in the x7 of degree k, it follows at once that for
P =5 g/0" and R =3, Ri6" we have f = P + R. Going over to germs at 0 we
see that [P] is a polynomial in the [z]’s and [f]’s while [R] is in the ideal Z¥. This
proves (3).

Proof of Theorem 4.3.1. We are now in a position to prove (converse part of)
Theorem 4.3.1.

Uniqueness. Let 1;(i = 1,2) be two pullbacks such that ¥ (u) = ¢3(u) for
u = x,67. This means that 1" = ¥3. We must prove that 1} (u) = 3 (u) for
all w € C®(U)[0',...,0%. This equality is true for all polynomials in ¢, 67. Let
u € O(V) where V is an open set contained in U. Write g = ¢ (u) — 5 (u). Let
k > n where M has dimension m|n. Let € M and let y = 7" (x) = 3 (x) € U. By
(3) of the Lemma we can find a polynomial P in the z*, 6 such that [u], = [P],+[R],
where [R], is in Z}'. Applying ¢; to this relation, noting that ¢} ([P],) = ¢5([P],),
we obtain, in view of (1) of the Lemma, that [g], € Z}; . But x € M is arbitrary
except for the requirement that it goes to y € U under 97" = 15". Hence g = 0 by
(2) of the Lemma.

Ezxistence. We write M as a union of open sets W on each of which we have co-
ordinate systems. In view of the uniqueness it is enough to construct the morphism
W — U and so we can take M = W. We follow the method used in the example
of the morphism R!'? — R!? discussed earlier. It is further enough, as in the
example above, to construct a homomorphism C*(U) — O(W), taking z* to fi;
such a homomorphism extends at once to a homomorphism of C*(U)[6%,. .., 69]
into O(W) which takes 67 to g;. Write f; = r; + n; where r; € C°(W) and
N = 11>1 nire! (here y", p° are the coordinates on W). If g € C°°(U) we define
1*(g) by the formal Taylor expansion

1
Qp*(g) = g(’l“l +nq,.. -Tp + np) = Z %(879)(7’1, .. ,rp)rﬂ
Y

the series being finite because of the nilpotency of the n;. To verify that g — 1*(g)
is a homomorphism we think of this map as a composition of the map

1
A:gr— Z %(avg)TV
gl
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from C>°(U) to C>(U)[T*,..., T, the T" being indeterminates, followed by the
substitution ¢ — r;, followed by the specialization 7% — n,. Since all these are
homomorphisms we are done.

The theorem is fully proved.

Remark. This theorem shows that morphisms between supermanifolds can be
written in local coordinates in the form

1 m pl n 1 ) 1 q
a0 0 — gy P e

where y?, o’/ are even and odd sections respectively. The theory of supermanifolds
thus becomes very close to the theory of classical manifolds and hence very rea-
sonable. Also, the fact that Taylor series of arbitrary order were used in the proof
suggests that it is not possible to define supermanifolds in the C* category for finite
k unless one does artificial things like coupling the number of odd coordinates to
the degree of smoothness.

The symbolic way of calculation. This theorem on the determination of mor-
phisms is the basis of what one may call the symbolic way of calculation. Thus,
if M, N are supermanifolds where (x%,67) are coordinates on M and (y",*) are
coordinates on N, we can think of a morphism (M — N) symbolically as

(.’L‘,@) - (y,go), Yy = y(:r;,theta), ¥ = 90('7779)

which is an abuse of notation for the map * such that

V(y") =y (x,0) € O (M), ¥ (%) = ¢*(2,0) € Opn(M);1.

We shall see later how useful this symbolic point of view is in making calculations
free of pedantic notation.

4.4. Differential calculus. The fundamental result is the differential criterion for
a system of functions to form a coordinate system at a point. This leads as usual
to results on the local structure of isomorphisms, immersions, and submersions.

Derivations and vector fields. Let us first look at derivations. Recall that a
derivation of a k-superalgebra B (k a field of characteristic 0) is a k-linear map
D : B — B such that

D(ab) = (Da)b + (—1)PPP(@) q(Dp) (a,b € B).
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Let R be a commutative k-algebra with unit element and let A = R[6!,..., 0]
as usual. Then R is a supercommutative k-algebra and one has the space of k-
derivations of R. If 0 is a derivation of R it extends uniquely as an even derivation
of A which vanishes for all the #?. We denote this by 0 again. On the other hand if

we fix 7 there is a unique odd derivation of A which is 0 on A and takes 67 to §;;6".
We denote this by 9/00¢. Thus

SNUED DCHNEN b Sy Sy AT B A

I Jé1 Jél J¢l

If M is a supermanifold one can then define vector fields on M as derivations of the
sheaf Q). More precisely they are families of derivations (Dy) : O(U) — O(U)
which are compatible with restrictions. The derivations form a sheaf of modules
over the structure sheaf O. It is called the tangent sheaf of M is analogy with
what happens in the classical case. Let us denote it by 7M. To see what its local
structure is let us now consider the case M = UPl4. If R = C°°(U) we thus have
derivations

9 9
oz’ 007

on O(U). We shall now show by the technique of polynomial approximation used
earlier that the derivations of O(U) form a module isomorphic to the free module
APl9 where A = O(U), with basis as the partials listed above. Indeed, let D be
any derivation (even or odd) of O(U) and let us write y!,...,y™ for the entire
set of coordinates z',...,09(m = p+ q). Let a;j = Dy’; we wish to show that
D =3",a;0/0y’ (the freeness is clear since this derivation must take y’ to a; and
so is 0 only if the a; are all 0). Let D’ be the derivation D — 3, a;0/0y?. Then
D'yl = 0 for all j and so, by the derivation property D’P = 0 for all polynomials
in the y/. Suppose now that f € O(U) and u € U. Then there is a polynomial
Py in the y/ such that for ¢ = f — P, [9]. € ZF. Hence [D'f], = [D’gl.,. But
[D'gly, € ZF~! and so, if k > ¢ + 1, we can conclude that [D'f], € ZJ + 1. Since
u € U is arbitrary, we have D' f = 0.

Thus the tangent sheaf 7M on M is locally isomorphic to the free module
O(U)P4. Tt is thus an example of a vector bundle on the supermanifold on M, i.e.,
a sheaf of @-modules on M which is locally isomorphic to Ol for suitable r, s.

Once the partial derivatives with respect to the coordinate variables are defined,
the differential calculus on supermanifolds takes almost the same form as in the
classical case, except for the slight but essential differences originating from the
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presence odd derivations. For explicit formulas we have

EDINTED TR < DOV TED WATL B WATE
1

JEl J¢l J¢1

Tangent space. The tangent map of a morphism. Let M be a supermanifold
and let m € M. Then as in the classical case we define a tangent vector to M at m
as a derivation of the stalk O,, into R. More precisely a tangent vector £ at m is a
linear map

£E:0, —R
such that

E(fg) = &(f)glm) + (—1)POPD f(m)e(g)  (f.9 € Om).

If 2%, 67 are local coordinates for M at some point, the tangent space has

(aii)m’(%)m

as a basis and so is a super vector space of dimension p|g; this is done in the same
way as we did the case of vector fields by polynomial approximation. This is thus
true in general. We denote by T, (M) the tangent space of M at m. If ¢»(M — N)
is a morphism of supermanifolds and ,m € M,n = ¢(m) € N, then

{r—Eo”
is a morphism of super vector spaces from T, (M) to T;,(N), denoted by di,,:
Ay, : T (M) — T, (N).
This is called the tangent map of ¢ at m. It is obvious that the assignment
Y — dim,

preserves composition in the obvious sense. In local coordinates this is a consequence
of the chain rule which we shall derive presently in the super context.

Let us now derive the chain rule. Let
e yrla . yymin
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be a morphism and let (y7) (z*) be the coordinates on UPI? (V™I") where we

are including both the even and odd coordinates in this notation. Then for any
f € O(V) we have

o (f o*(z*) [ of .
8y(i i - zk: 35 )¢ (82’“) . (chain rule)

If we omit reference to ¢* as we usually do in classical analysis, this becomes the

familiar .
9 92* 0
o ~ 2 Oy 0

This is proved as before. Let D be the difference between the two sides. Then D is
a derivation from O(V) to O(U) in the sense that

D(fg) = (Df)g + (—1)*PPF)d(Dg),

where p(D) is just the parity of , and it is trivial that Dz* = 0 for all k. Hence
D = 0. The argument is again by polynomial approximation.

In the above formula the coefficients have been placed to the left of the deriva-
tions. This will of course have sign consequences when we compose two morphisms.
Let

Vv:U—V, p:V—TMW, T = p.

Let (y*), (27), (t™) be the coordinates on U, V, W respectively. If we write p(y*) for
the parity of y* and so on, then the parity of 92" /9y* is p(z") + p(y*). The chain
rule gives

atm ™ k m k m atm 8ZT
R —_1)PED @)+ )+ 1) +p(y")p(#™) 22
dyk Z( ) dz" Oy

r

if we remember that p(z")? = 1. Hence if we define

82

_1)eGE)+Dp(y")
(1) o

Zrk =
and also

mo— ()™ +DpN CE L m (™) + D)) CE
,T ( ) 8Zr Y 7k ( ) 8yk. Y

then we have



So if we write

then composition corresponds to matrix multiplication. In terms of even and odd
coordinates z*, 6’ for U and y®, ™ for V with

v (y*) = fs, P(e") = gn

of  _9f
oz 00

we obtain

For computations involving the tangent map this refinement has no effect. In fact,
with respect to the bases

(a), (o), (3, (55),

<%No(m) %N()(m))

as it should be, since dv,, is an even map.

the matrix of di,, is

Differential criteria. Let us work with a supermanifold M and let m € M. Let

fh"'?.fpagla"-vgq

be sections of O with f; even and g; odd, defined around m. Then there is an open
neighborhood V' of m and a unique morphism v of the supermanifold V into RP¢
such that

V) =fi, Y(#)=g; (1<i<pl1<j<yg).

We say that the (f;, gj) form a coordinate system for M at m if 1) is an isomorphism
of a neighborhood of m with an open submanifold of R?!7.

Theorem 4.4.1. The following are equivalent.
(1) The (fi,g;5) form a coordinate system for M at m.

(2) v is an isomorphism of supermanifolds from a neighborhood of m in M to

a neighborhood of (m) in RPI4,
(3) dn, is a linear isomorphism of T, (M) with Ty (y)(IN).
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(4) We have . .
o (22 oy a (22) 0.

Proof. The equivalence (1) <= (2) is just the definition. Also it is obvious that
(3) <= (4). The implication (2)==(3) is also easy; if n = ¥(m) and ¢ is the inverse
of ¥, then dy,dv,, = di,,dp, = 1 showing that di,, is a linear isomorphism. So
it remains to prove that (3)==(2). In this proof we shall use either (3) or (4)
interchangeably. We also suppose that M = UPl.

Since det(df~/0x)~(m) # 0, we know that (f7",...,f,") form a system of
coordinates for the classical manifold M~ near m and so f17,..., 7, 0',...,0%is a

system of coordinates for UP at m. So we may assume (after shrinking U) that
fi=xi(T)

where J is the ideal generated by the 6. Now
9= > Finb0" > Firm00™ +
k km

where fji, fjrm etc are smooth functions defined near m. By assumption the matrix
(f57.) is invertible at m and hence near m. So

R T Lo, @jzzfjkgk
k

is again a system of coordinates. So we may assume that
=07(T?).
9j
So we have a morphism

v:U—V

such that . _ . .
Wy’ = fi=a'(T), ¢ =6(T7)
and we wish to prove that ¢* is an isomorphism on a suitably small neighborhood

of m. Note that the reduced morphism is the identity so that U = V. Let u be
the morphism V' — U such that p*(z%) = y*, u*(6#7) = 7. The morphism g is not
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the inverse of ¢ that we are after but is like a parametriz, i.e., pi is close to the
identity in some sense. Actually

Yt =1+N

where N is nilpotent. We shall in fact show that N9T! = 0. Let 7 be the morphism
wp from U to U so that 7* = ¢*u* =1+ N. Clearly N1 = 0 while

Nz'=0(J)  N# =0(J%).

Since 7*(07) = 07 (J?) it follows that 7*(#?) € J and hence, as 7* is a homomor-
phism, 7*(J) € J. Thus 7*(J%) c J* for all k > 1. By definition 7~ = p~9~ is
the identity and so it is clear that 7*(g) = ¢g(J) for all g € O(V). We now claim
that N maps J* into J**! for all £ > 1. Since N is not a homomorphism we have
to do this for each k. This means showing that 7%(g) = g(J**!) if g € J*. Take
g = h87 where |J| > k. Then 7*(g) = 7*(h)7*(67). Now

THO 07 = (07 + Br) .. (07 + B)
where the 3; € J? and so
T*<¢9J) = HJ(jr+1).
Hence, if |J| =1 > k,

7(g) = 7 (h)T*(07) = (h + w)(0” +¢)
where w € J and & € J**! so that
m™(9) = 9(T*)  (geTH).

Thus N maps J¥* into J*t1 for all k, hence N9t1 = 0.

The fact that N = 0 for r > ¢ implies that 1 + N is invertible, indeed,
(1+N)~t =3 (—=1)*N*. Let v* be the inverse of 7*. Thus ¢*u*1v* = 1 showing
that ¢* has a right inverse. So there is a morphism ¢ from V to U such that
w1y = 1y. On the other hand, as the invertibility of dy follows from the above
relation, we can apply the preceding result to ¢ to fine a morphism 1)’ such that
V' =1y. So ¢ = ' = 1. Thus 1 is an isomorphism.

Corollary 4.4.2 If (M — N) is a morphism such that di,, is bijective every-
where, then v~ maps M onto an open subspace N' of N; if V™ is also one-one,
then v is an isomorphism of M with N’ as supermanifolds.
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Local structure of morphisms. The above criterion makes it possible, exactly
as in classical geometry, to determine the canonical forms of immersions and sub-
mersions. The general problem is as follows. Let M, N be supermanifolds and let
m € M,n € N be fixed. Let ¢ be a morphism from M to N with ¢(m) = n. If
v (7) is a local automorphism of M (N) fixing m(n) then ¢’ =" o1 o~ is also a
morphism from M to N taking m to n. We then say that ¢ ~ 1)’. The problem is
to describe the equivalence classes. The representatives of the equivalence classes
are called local models. Clearly the linear maps di,, and di)], are equivalent in
the sense that dv], = ¢'di,,g where g (¢’) is an automorphism of T,,,(M) (T,,(N)).
The even and odd ranks and nullities involved are thus invariants. The morphism
Y is called an immersion at m if di,, is injective, and a submersion at m if di,, is
surjective. We shall show now that the local models for an immersion are

M=Urle (2" 07), N=MxVE0eVv), (%67, 0")

with
W™ s m—s (m,0)

vFrat s 2t 00— 07y, ok 0.
We shall also show that for the submersions the local models are projections, namely
N=Urld (207), M=NxV'ls  (a'y° 070"

with
Y~ (myv) —m

V* it a0 — 6.

Theorem 4.4.3. The above are local models for immersions and submersions.

Proof. Immersions. Let ¢(UPTTl9Ts — VPl4) be an immersion at 0 € U, with
(2%,607) as coordinates for U and (u%,£%) as coordinates for V. Write 1*(g) = g*.
Since diy, is separately injective on T,, (M )o and T, (M); we see that the matrices

(3““*) (8€s*>
i ) j
07 )1 <i<pi<a<pir 0 )1 cjcqi<s<qrs

have ranks respectively p and ¢ at m. By permuting the u” and £° we may therefore
assume that the matrices

% 8§*
(‘9“ ) (85 )
i ’ '
97" )1 <i<pi<r<p 007 ] <jcqi<s<q
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which are composed of the first p columns of the first matrix and the first ¢ columns
of the second matrix are invertible at m. This means that

* *
TR 7L S o
form a coordinate system for UPI9 at m. We may therefore assume that
" =2"(1 <r <p), £ =01,

However u"*(r > p),£°"(s > ¢) may not map to 0 as in the local model. Let
't = ZgT1017 SS* _ Z hngJ
I J
where g,1, hsy are C>®-functions of z!,...,zP. Let

w' = Zgﬂ(ul, o uP)E(r > p), n® = Zhﬂ(ul, L uP)E (s > q).
I J

Then ¥* maps v'” = u” —w"(r > p) and £° = £ —n°(s > q) to 0. It is obvious
that
ul, oo P /P g gt e

is a coordinate system at 1)(m). With this coordinate system the morphism ¢ is in
the form of the local model.

Submersions. Let 1) be a submersion of VP*7lats on M = UPIY with m =
0,9(m) =n = 0. Let (2°,67) be the coordinates for UPI? and (y?, ") coordinates
for VPrlats  The map dyy is surjective separately on To(M)g and To(M);. So the

matrices
(83:”) (aei*)
a ) b
O ) 1<a<piri<i<p 99° )1 ch<qrsi<i<q

have ranks respectively p and ¢ at 0. We may therefore assume that the submatrices
composed of the first p rows of the first matrix and of the first ¢ rows of the second
matrix are invertible at 0. This means that

1*

p* p+l p+r ol* q* ,,q+1 q+s
. ,ulT yPT 00 . .

R PP e P

form a coordinate system for VPT™9%$ at 0. The morphism is in the form of the
local model in these coordinates. This proves the theorem.
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4.5. Functor of points. In algebraic geometry as well as in supergeometry, the
basic objects are somewhat strange and the points of their underlying topological
space do not have geometric significance. There is a second notion of points which
is geometric and corresponds to our geometric intuition. Moreover in the supergeo-
metric context this notion of points is essentially the one that the physicists use in
their calculations. The mathematical basis for this notion is the so-called functor
of points.

Let us first consider affine algebraic geometry. The basic objects are algebraic
varieties defined by polynomial equations

pr(zt,...,2") =0 (rel) ()

where the polynomials p, have coefficients in C and the 2z are complex variables. It
is implicit that the solutions are from C™ and the set of solutions forms a variety with
its Zariski topology and structure sheaf. However Grothendieck focussed attention
on the fact that one can look for solutions in A™ where A is any commutative C-
algebra with unit. Let V(A) be the set of these solutions; V(C) is the underlying
set for the classical complex variety defined by these equations. The elements of
V(A) are called the A-points of the variety (x). We now have an assignment

V:A— V(A

from the category of commutative C-algebras with units into the category of sets.
This is the functor of points of the variety (x). That the above assignment is
functorial is clear: if B is a C-algebra with a map A — B, then the map A" —
B™ maps V(A) into V(B). It turns out that the functor V contains the same
information as the classical complex variety, and the set of morphisms between two
affine varieties is bijective with the set of natural maps between their functors of
points. The set V(A) itself can also be described as Hom(C[V], A). Obviously an
arbitrary functor from C-algebras to sets will not rise as the functor points of an
affine variety or the algebra of polynomial functions on such a variety (by Hilbert’s
zeros theorem these are the algebras which are finitely generated over C and reduced
in the sense that they have no nonzero nilpotents). If a functor has this property
it is called representable. Thus affine algebraic geometry is the same as the theory
of representable functors. Notice that the sets V(A) have no structure; it is their
functorial property that contains the information residing in the classical variety.

Now the varieties one encounters in algebraic geometry are not always affine;
the projective ones are obtained by gluing affine ones. In the general case they are
schemes. The duality between varieties and algebras makes it clear that for a given
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scheme X one has to understand by its points any morphism from an arbitrary
scheme into X. In other words, given a scheme X, the functor

S +—— Hom(S, X) (S an arbitrary scheme)

is called the functor of points of X; it is denoted by X (.5). Heuristically we may
think of X (.S) as points of X parametrized by S. This notion of points is much closer
to the geometric intuition than the points of the underlying space of a scheme. For
example, the underlying topological space of the product of two schemes X,Y is
not the product of X and Y; however, this is true for S-points: (X x Y)(S) ~
X (S) x Y(S) canonically. A functor from schemes to sets is called representable if
it is naturally isomorphic to the functor of points of a scheme; the scheme is then
uniquely determined up to isomorphism and is said to represent the functor. In
many problems, especially in the theory of moduli spaces, it is most convenient to
define first the appropriate functor of points and then prove its representability.

We take over this point of view in supergeometry. The role of schemes is played
by supermanifolds and the role of affine schemes or their coordinate rings is played
by supercommutative algebras. If X is a supermanifold, its functor points is

S+— X(9) (S a supermanifold)

where
X (S) =Hom(S, X) = set of morphisms S — X.

If X,Y are supermanifolds then (X x Y)(S) ~ X(5) x Y(5) canonically. A mor-
phism ¢ from R into X is really a point of X~ is the classical sense; indeed, if
U is open in X~ the odd elements of O(U) must map to 0 under ¢* and so ¢*
factors through to a homomorphism of O~ into R. To define morphisms that see
the odd structure of X we must use supermanifolds themselves as domains for the
morphisms. Later on, when we treat super Lie groups we shall see the usefulness
of this point of view.

Consider the simplest example, namely RP19. If S is a supermanifold, the S-
points of RPl9 are systems (z!,...,zP,0',...,0%) where 2° € Og(S)o, 67 € Os(S);.
This is not any different from the heuristic way of thinking of RP? as the set of all
systems (z1,...,2P,0% ... 09) where the x' are even variables and the §’ are odd
variables. One can think of RPl? as a “group”with the group law

(,0) + (2',0") — (x +2',0 + 6").

At the level of S-points this is exactly a group law; the symbols denote elements
of Og(S) of the appropriate parity. Thus the informal or symbolic way of thinking
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and writing about supermanifolds is essentially the same as the mode of operation
furnished by the language of the functor of points.

4.6. Integration on supermanifolds. Integration on supermanifolds consists of
integrating with respect to both the even and odd variables. For the even variables
it is the standard classical theory but integration in anticommuting variables is new
and was discovered by Berezin who also discovered the change of variables formula.

The integral on an exterior algebra

A=R[0,...,07

A— R, ar—>/a=/adq9,

uniquely determined by the following properties:

is a linear function

/ef:o (1] < q), /eQ:1, Q=1{1,2,....q}.

We use the notation

Q=1{12,...,q}

throughout this section. Thus integration is also differentiation, and
/: (0/009)(0/00°1) ... (8/96Y).
For a superdomain UP!9 the integral is a linear form
0.(U) — R, s»—>/s:/sdpa:dq9

where the suffix ¢ means that the sections are compactly supported; the integral is
evaluated by repeated integration. Thus

/23101 :/SQ dPx.
I

[o= ]

Sometimes we write



to emphasize that the integration is over U. Thus the integral picks out just the
coefficient of 09 and integrates it in the usual way with respect to the even variables.
This might seem very peculiar till one realizes that any definition should be made
in such a way that one has a nice formula for changing variables in the integral.
Now the Berezinian is the replacement of the determinant in the super context and
we shall see that this definition of the integral is precisely the one for which one can
prove a change of variables formula exactly analogous to the classical one, with Ber
replacing det.

Statement of the change of variables formula. Let
e pprla _, yrla

be an isomorphism of supermanifolds. In symbolic notation we write this transfor-
mation as

(z,0) — (y,¢);

if (z,0) are coordinates for U and (u, &) are coordinates for V, this means that
P (u') = y'(@,0), P (€)= ¢ (z,0).
We then have the modified tangent map with matrix

_ ([ 0y/ox —0y/00
Ty = (8@/8x D00 )

Notice that y is even and ¢ is odd so that this matrix even, i.e., has even elements in
the diagonal blocks and odd elements in the off diagonal blocks. It is also invertible
because ¢ is a super diffeomorphism. Hence its Berezinian makes sense. We then
have the following theorem.

Theorem 4.6.1. For all compactly supported sections s € Oy (V'), we have
/ s = / Y™ (s)Ber(Jv).
14 U

The proof of this remarkable formula is a little involved. It is mostly a question of
accommodating the odd variables in the classical formula for change of variables.
The method of proving this is to exhibit the diffeomorphism 1 as a composition of
simpler diffeomorphisms and then use the multiplicative property of both J and
Ber to reduce the proof to the case of the simpler diffeomorphisms.
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We can already make a simplification. Since ¥~ is a diffeomorphism of the
reduced manifolds associated to UP!4 and V?9, we can introduce the diffeomorphism
7 from U4 to VP19 which is defined by

T (13,0) - (y~79)
For this change of variables the theorem is just the classical change of variables

formula; and as 714 is an isomorphism of UP!Y with itself we may replace 1 by
7714, Thus we may assume that

U=V, y(z,0) =z (mod J).

Here we recall that J is the ideal in Oy (U) generated by the 67.

The purely odd case. We first deal with the case p = 0. Thus we are dealing
with isomorphisms of R°9 with itself, i.e., automorphisms of the exterior algebra
A=R[#,...,09]. In the general case of such a transformation § — ¢ we have

o= Z ci;07 (mod J°)
J
where the matrix (c;;) is invertible. By a linear transformation we can make it the
identity and so we may assume that

¢ =60 (mod J%) (1<i<q).

Consider first the case in which 1 changes just one of the coordinates, say 0'.
Thus we have

P — 901:91—#04, ¢j:9j(j>1).
Then da/00! is even and lies in J?2. Write
05:016"'_77 5;76R{927-~~79q]~

Then
= 8&/8«91 =0

and
Ber(Jy) = (1+a 1) ' =1+8)""
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Notice the inverse here; the formula for the Berezinian involves the inverse of the
matrix corresponding to the odd-odd part. Thus we have to prove that

/u:/w*(u)ﬂ%—a,l)_l.

This comes to showing that

ferasom-{1 @5

We must remember that Ber is even and so commutes with everything and ¢! is
the expression obtained by making the substitution 7 —— ¢’. If r < ¢ we have

/92...9T(1+5)—1:0

because the integrand does not involve 8. Suppose we consider ¢ where |I| < ¢ and
contains the index 1, say, I = {1,2,...,7} with r < ¢. Then, with y; = v(1+3)7%,
we have

/(91(1 +B8)+0*.. 01+ 3 = /(01 +71)0%...0"

:/91...er+/7192...97“

=0,

the last equality following from the fact that the first term involves only r < ¢ odd
variables and the second does not involve #'. For the case A9 the calculation is
essentially the same. We have

/(91(1+B) +7)0%... 01 +B8)" = /(91 +71)0%...07 = 1.

Clearly this calculation remains valid if the transformation changes just one
odd variable, not necessarily the first. Let us say that such transformations are of
level 1. A transformation of level r then changes exactly r odd variables. We shall
establish the result for transformations of level r by induction on r, starting from
the case » = 1 proved just now. The induction step is carried out by exhibiting any
transformation of level » + 1 as a composition of a transformation of level 1 and one
of level r. Suppose that we have a transformation of level r + 1 of the form

0— o, ¢ =0 +7"
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where 7' € J3 and is 0 for i > r + 1. We write this as a composition
0 — 17—

where . . .
S 0"+~ ife<r 901-: T ifi£r+1
o' ifi>r 4y ifi=r4+1

with a suitable choice of 4’. The composition is then the map

0 — ¢
where , ,
' 0"+~ ifi<r
o' =90 44/ (r) ifi=r+1
6 ife>r+1.

Since § — 7 is an even automorphism of the exterior algebra it preserves J2 and
is an automorphism on it, and so we can choose 4" such that +'(r) = 4"*!. The
induction step argument is thus complete and the result established in the purely
odd case, i.e., when p = 0.

The general case. We consider the transformation
(.CIZ,G) B (Zﬁ@)? y=x (mOd ‘72)

This can be regarded as the composition

(CE,H) - (Z,T) - (y,g@)
where
z=x, T=p, and y=1y(z,9), p=r1
So it is enough to treat these two cases separately.

Case 1: (x,0) — (z,¢). If o denotes this map, then we can think of o as a
family (o) of z-dependent automorphisms of R[#!, ..., 09]. Clearly

Ber(Jo)(z) = Ber(Joy,)

and so the result is immediate from the result for the purely odd case proved above.

Case 2: (z,0) — (y,0) with y = z (mod J?). Exactly as in the purely odd
case we introduce the level of the transformation and show that any transformation
of this type of level r 4+ 1 is the composition of a transformation of level 1 with one

35



of level r. Indeed, the key step is the observation that if 7 is a transformation of
level r, it induces an automorphism of 7?2 and so, given any v € J? we can find a
v € J? such that v = 7/(7). We are thus reduced to the case of level 1. So we may
assume that

yt =2t +y(x,0), y=2(i>1), ¢ =6,

In this case the argument is a little more subtle. Let 1 denote this transfor-

mation. Then
Ber(Jy) = 14 0v/0x" =1+ 7,1.

Note that there is no inverse here unlike the purely odd case. We want to prove
that for a compactly supported smooth function f one has the formula

/f(ml + vy, 2%, 2P)0 (14 vy, dPadi) = /f(x)efdpxdqe.
Clearly it is enough to prove that
/f(xl +,2%, .. 2P)(1 + 0v/0z")dPx = /f(x)dpx. (%)

The variables other than 2! play no role in () and so we need to prove it only for
p = 1. Write = 2!. Thus we have to prove that

[Harnsido= [ e (0 =dv/de).
We expand f(z + ) as a Taylor series which terminates because v € J?2. Then,
/f(w + ) (1 +7)de =) % /f(’”)'f(l + 7 )da
>0
= /fdgc + Z & i o /f(rﬂ)v”ldx + ; % /f(T),Yr,y/dx
1

/ (DY (4 1) S0y ) da

because

/ (f(T-l-l),yT‘—Fl + (7,, + 1>f(T)")/T’)//) dr = 0
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as we can see by integrating by parts.
This completes the proof of Theorem 4.6.1.

There is no essential difficulty in now carrying over the theory of integration to
an arbitrary supermanifold M whose reduced part is orientable. One can introduce
the so-called Berezinian bundle which is a line bundle on M such that its sections
are densities which are the objects to be integrated over M. Concretely, one can
define a density given an atlas of coordinate charts (z, ) covering M as a choice of

a density
§(x,0)dPzd?0

for each chart, so that on the overlaps they are related by

5(y(:L‘, 0)? 90(*757 ‘9))Ber(<]¢) = 5(% 90)

where 1 denotes the transformation

Y (2,0) — (¥, ).

We do not go into this in more detail. For a more fundamental way of proving the
change of variable formula see*. See also 5.

4.7. Submanifolds. Theorem of Frobenius. Let M be a supermanifold. Then
a submanifold of M (sub supermanifold) is a pair (N, j) where N is a supermanifold,
Jj(N — M) is a morphism such that j~ is an imbedding of N~ onto a closed or
locally closed submanifold of M~ and j itself is an immersion of supermanifolds.
From the local description of immersions it follows that if n € N it follows that
the morphisms from a given supermanifold S into N are precisely the morphisms f
from S to M with the property that f~(S~) C j~(N™~). Let M = U7 with 0 € U,
and let
fioeos fryg1y ooy Gs

be sections on U such that

(1) the f; are even and the g; are odd

5) ()
oxt )’ 007

have ranks r and s respectively at 0.

(2) the matrices

This is the same as requiring that there are even f,y1,..., fp, and odd gs11,..., 94
such that

fh"'?fpagla"'agq
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form a coordinate system at 0. Then

fi=...=fr=g=...=gs=0
defines a submanifold of UPl4,

We do not go into this in more detail. The local picture of immersions makes
it clear what submanifolds are like locally.

The theorem of Frobenius. We shall now discuss the super version of the
classical local Frobenius theorem. Let M be a supermanifold and let 7 be the
tangent sheaf. We start with the following definition.

Definition. A distribution over M is a graded subsheaf D of 7 which is locally a
direct factor.

There are some important consequences of this definition. To obtain these we
first note that in the super context Nakayama’s lemma remains valid. Let A be a
supercommutative ring which is local. Consider an arbitrary but finitely generated
A-module E. Then V = E/mFE is a finite dimensional vector space over the field
A/m. If (v;) is a basis for V and e; € F is homogeneous and lies above v;, then
the (e;) form a basis for E. This is proved exactly as in the classical case®. In our
case we apply this to the modules D,,,, 7,, of germs of elements D and 7 at a point
m of M. We can then find germs of homogeneous vector fields X! ... X2 and
Yl ..., Y% such that D,, is spanned by the X’s and 7 is spanned by the X’s and
Y’s. If r, s are the numbers of even and odd vector fields among the X’s, and p, q
the corresponding numbers for the Y’s, then we refer to r|s as the rank of D at m;
of course p + r|q + s is the dimension c|d of M. If we assume M is connected, then
the numbers r|s are the same at all points. We say then that D is of rank r|s.

Definition. A distribution D is involutive if D,, is a (super) Lie algebra for each
point m € M.

Theorem 4.7.1. A distribution is involutive if and only if at each point there is a
coordinate system (x,0) such that D,, is spanned by 8/0x%,0/067 (1 <i <r,1<
j<s).

The “if”part is trivial. So we need to prove that if D is involutive, it has the local
structure described in the theorem.

Some lemmas on the local structure of an involutive distribution. We
need some lemmas of a local nature before we can prove the theorem. We assume
that M = UPl9 with coordinates (z,1) and m = 0.
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Lemma 4.7.2. Let X be an even wvector field whose value is a nonzero tangent
vector at the point m. Then there is a coordinate system (y,m) at m in which

X =0/

Proof. Assume that M = UPl? with m = 0, the coordinates being (z,¢). If there
are no odd variables the result is classical and so going over to the reduced manifold
we may assume that

0 0 0
X:%-l_zj:aj@-i_zpjﬁpa_fp

where a; are even, 3, are odd, and they are all in J. Here and in the rest of the
section we use the same symbol J to denote the ideal sheaf generated by the odd
elements of Oy in any coordinate system. The evenness of a; then implies that
aj € J2. Moreover we can find an even matrix b = (b,,) such that 3, = > _b,.£"
mod J2. Thus mod J? we have

) )

We now make a transformation UP|9 — UPl9 given by

(z,§) — (y,m)
where
y=xz, n=g@)§  gx)=(gor(x))

and ¢ is an invertible matrix of smooth functions to be chosen suitably. Then we
have a diffeomorphism and a simple calculation shows that

_ 0 $ 9 2
X:@—i—p’}/pa—np(mOdj)
and 5
9pr
=

We choose g so that it satisfies the matrix differential equations

0
8—51 =—gb, ¢(0)=1.

39



It is known that this is possible and that ¢ is invertible. Hence

_ 0 2
X:ay1 ( mod J%).

We now show that one can choose in succession coordinate systems such that
X becomes = 9/0x' mod J* for k = 3,4,.... This is done by induction on k.
Assume that X = 9/ mod J* in a coordinate system (x,¢). We shall then show
that if we choose a suitable coordinate system (y,7n) defined by

(2,8) — (y,m),y' =" +a;, 1" =& +5,

where a;, 3, € J¥ are suitably chosen, then X = 9/0y' mod J**!. Let
0 0 0
X =gt + 205+ Lvgg

where the g;,v, € J k. Then in the new coordinate system

) B
57 8y3 + Z (Dar/0x7) 5 + Z (98,/02)) 5= = 55+ Vs
where V; = 0 mod J k. Similarly,
9 _ A+ Z (Dar/0€") 5 + Z Gk /a/agﬂ) S
ocr b T onp p

where W, = 0 mod JF=1. Hence, as 2k > k+ 1,2k —1 > k + 1, we have
X = 9 +Z (9j + Oa;/0z") i +Z (v- + 08, /0z") 0 +Z
oyt - dyl o’

where Z = 0 mod J*!. If we now choose, as is clearly possible, the a;, 3, such
that

da;/0z' = —g;, 0B;/0x' = —,,
we see that X = 0 mod 751!, This finishes the proof.

Lemma 4.7.3. Let Y be an odd vector field such that Y? = 0 and Y spans a
distribution. Then in some coordinate system we have Y = 0/061.
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Proof. The proof is patterned after the classical proof where a single vector field
is considered. There the corresponding differential equations are written down and
solved for arbitrary initial conditions in the “time”variable ¢, the initial conditions
corresponding to t = 0. Here we do the same thing, with an odd variable §' in
place of t and with initial conditions at 8! = 0. If we write

o 0
Y = Zai(zw)ﬁ +Z%(Zﬂ7)m>
i P

then the condition for Y to generate a distribution is that

a1(0,0) # 0.

We now consider a map
RO « prla=1 __ prrle

where we use 0! as coordinate for RO, (x,60%,...,0%) for coordinates on yrla—1,
The map is given by

2=+ 0'ay(2,0,7), n''=0%1(z,0,0), 7" =6+ Hlap(x,(),n') (p>2).

Here ' = (n?,...,n%). At x = 0, the tangent map of this map has the matrix

I, * 0
0 ai1(0,0) 0
0 * Iq—l

which has nonzero determinant because a1(0,0) # 0. So we have a local isomor-
phism which we assume is defined on U by shrinking U. Under this isomorphism
the vector field 9/90' goes over to the vector field

Zazazz + Zapanp

where
af = a;(z,0,1), a'p =a,(z,0,n").

But '
ai(z,m) = a;(..., 2" +0'aj,...,0%a),0° + 6'a)).

Hence by Taylor expansion (terminating) we get
Q; = Of; + Hlﬁz
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Similarly we have
a, = a;) + Glbp.

Hence 9/00' goes over to a vector field of the form Y — 0'Z where Z is an even
vector field and we have to substitute for 1 its expression in the coordinates (z,7).
Let V' be the vector field in the (z,#)-coordinates that corresponds to Z. Then

9  n
201 +60'V —Y
where — means that the vector fields correspond under the isomorphism being
considered. Since Y? = 0 we must have (9/90" + 6'V)? = 0. But a simple compu-
tation shows that

o 2
(—+01v) =V -0'W=0

001
where W is an odd vector field. Hence V = 6'W. But then
0 1 0

as we wanted to show.

Lemma 4.7.4. The even part of D,, has a basis consisting of commuting (even)
vector field germs.

Proof. Choose a coordinate system (z%,7”) around m. Let X*(1 < i < r) be even
vector fields whose germs at m form a basis for the even part D,,,. Then the matrix
of coefficients of these vector field has the form

T=(a «a)

where a is an even r X ¢ matrix of rank r, while a is odd. Multiplying from the left
by invertible matrices of function germs changes the given basis into another and
so we may assume, after a suitable reordering of the even coordinates z, that

a= (I d p).

So we have a new basis for the even part of D,, (denoted again by X*) consisting
of vector fields of the following form:

.0 , 0 ) |
X _8zi+;aik@+zp:ﬁ“’a—w (1<i<r).
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The commutator [X*, X7] must be a combination Y, f; X" and so f; is the coef-
ficient of &/0z' in the commutator. But it is clear from the above formulae that
the commutator in question is a linear combination of 3/92%(k > r) and the 9/dn".
Hence all the f; are 0 and so the X* commute with each other.

Lemma 4.7.5. There is a coordinate system (z,0) such that the even part of Dy,
is spanned by the 90z (1 <i <r).

Proof. Let (X*)1<;<, be commuting vector fields spanning the even part of D,,.
We shall prove first that there is a coordinate system (z,7n) in which the X* have
the triangular form, i.e.,

;0 0
X =gt g

We use induction on r. The case r = 1 is just Lemma 4.7.2. Let » > 1 and assume
the result for » — 1 commuting even vector fields. Then for suitable coordinates we
may assume that

X' =

0 0 .
95 + ;aij@ (i <r).

Write 5 5
X'= D fig Lt
Then, for j < r,
0

S ) , -
(X7, X" = Z;(Xjfo@ + Zp:(Xﬂgp)a—np — 0.

Hence . '
X7 f, =0, ngp =0.

The triangular form of the X7 now implies that these equations are valid with
0/027 replacing X7 for j <r— 1. Hence the f; and g, depend only on the variables
2F(k > r,n™). So we can write

0
X" = hi— + X'’
Z t(’?zt+
t<r—1

where X’ is an even vector field whose coefficients depend only on z*(k > 7),n°. By
Lemma 4.7.2 we can change z*(k > r),n° to another coordinate system (w*(k >
r),(?) such that X’ becomes 9/0w”. If we make the change of coordinates

1 r—1 r o
2N —— 2z ,...,Z 7w7C
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it is clear that the /92" for i < r — 1 remain unchanged while X" goes over to

0 0
ERPILE

which proves what we claimed. The triangular form of the X* now shows that they
span the same distribution as the 9/0z". This proves the lemma.

Lemma 4.7.6. In a suitable coordinate system at m, there is a basis for D,, of the
form

0
0zt

where the vector fields supercommute.

(1<i<r), Y°

Proof. Take a coordinate system (z,7) in which

Ja<i<n, Y(<p<s)

span D,, where the Y” are odd vector fields. The matrix of coefficients has the

form
I, a «
( B1 B2 b )

where b is an even s X ¢ matrix of rank s. Multiplying from left and reordering the
odd variables if necessary we may assume that

b= (I,V).
Thus

anp+27’”8 J +Z ’”8 T

Since the 9/927 for j < r are already in D,,, we may remove the corresponding
terms and so we may assume that

877p +nyp]a 7 Z PTa T (*)

j>r

The commutators A
[0/0z",YP] (i <r), [Y°,Y7]
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must be of the form

DY PR

t<r p<s

and so the fy, g, are the coefficients of the associated vector fields in the coomutators.
But these coefficients are 0 and so the commutators must vanish. This finishes the
proof. The argument is similar to Lemma 4.7.3.

Remark. It should be noted that the supercommutativity of the basis follows as
soon as the vector fields Y” are in the form (x). We shall use this in the proof of
Theorem 4.7.1.

Proof of Theorem 4.7.1. For s = 0, namely a purely even distribution, we are
already done by Lemma 4.7.4. So let s > 1 and let the result be assumed for
distributions of rank r|s — 1. Let us work in a coordinate system with the property
of the preceding lemma. The span of

0
0zt

(1<i<r), YP1<p<s—1)

is also a distribution, say D’, because of the supercommutativity of these vector
fields (the local splitting is true because D = D’ @ £ where £ is the span of Y*).
We may therefore assume that Y” = 0/0n”(1 < p < s —1). Then we have

b B P

Since 9/027(1 < j <r) and 9/0n”(1 < p < s — 1) are in D,, we may assume that
in the above formula the index j is > r and the index 7 > s. We may assume that
b(m) # 0, reordering the odd variables n7 (o > s) if needed. Thus we may assume
that b = 1. Hence we may suppose that

9 9 9
PR IL TR S

j>r T>S

Y?® =

By the remark following Lemma 4.7.5 we then have
[a/azz’ys] :07 [a/anouys] :O(ZST_LO-S S_]')? (YS)Q = 0.

These conditions imply in the usual manner that the o, a; depend only on 2F(k >
r),n° (0 > s). Lemma 4.7.2 now shows that we can change z*(k > r),n" (7 > s)
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into a new coordinate system w*(k > r),(7(7 > s) such that in this system Y* has
the form 0/9C*. hence in the coordinate system

22wk (k> )t TG,
the vector fields 9 5 9
(1 < — (T <r-1
55 (z_r),anT (r<r ),aCs

span D,,. This finishes the proof.
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5. SPINORS

5.1. Prologue.

5.2. Clifford algebras and their representations.

5.3. Spin groups and spin representations.

5.4. Reality of spin modules.

5.5. Pairings and morphisms.

5.6. Image of the real spin group in the complex spin module.

5.7. Appendix: Some properties of the orthogonal groups.

5.1. Prologue. E. Cartan classified simple Lie algebras over C in his thesis in 1894,
a classification that is nowadays done through the (Dynkin) diagrams. In 1913 he
classified the irreducible finite dimensional representations of these algebras'. For
any simple Lie algebra g Cartan’s construction yields an irreducible representation
canonically associated to each node of its diagram. These are the so-called fun-
damental representations in terms of which all irreducible representations of g can
be constructed using ® and subrepresentations. Indeed, if 7;(1 < j < ¢) are the
fundamental representations and m; are integers > 0, and if v; is the highest vector
of 7;, then the subrepresentation of

T=1P™M Q... QT
generated by
v=0Y"M®... @u™

is irreducible with highest vector v, and every irreducible module is obtained in this
manner uniquely. As is well-known, Harish-Chandra and Chevalley (independently)
developed around 1950 a general method for obtaining the irreducible representa-
tions without relying on case by case considerations as Cartan did.

If g =sl(¢+ 1) and V = C*T!, then the fundamental module ; is A7(V'), and
all irreducible modules can be obtained by decomposing the tensor algebra over the
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defining representation V. Similarly, for the symplectic Lie algebras, the decomposi-
tion of the tensors over the defining representation gives all the irreducible modules.
But Cartan noticed that this is not the case for the orthogonal Lie algebras. For
these the fundamental representations corresponding to the right extreme node(s)
(the nodes of higher norm are to the left) could not be obtained from the tensors
over the defining representation. Thus for s0(2¢) with ¢ > 2, there are two of these,
denoted by S, of dimension 271, and for s0(2¢ + 1) with £ > 1, there is one such,
denoted by S, of dimension 2¢. These are the so-called spin representations; the ST
are also referred to as semi-spin representations. The case s0(3) is the simplest. In
this case the defining representation is SO(3) and its universal cover is SL(2). The
tensors over the defining representation yield only the odd dimensional irreducibles;
the spin representation is the 2-dimensional representation D'/2 = 2 of SL(2). The
weights of the tensor representations are integers while D'/2 has the weights +1 /2,
revealing clearly why it cannot be obtained from the tensors. However D'/? gener-
ates all representations; the representation of highest weight j/2 (5 an integer > 0)
is the j-fold symmetric product of D'/2, namely Symm®/ D'/2. In particular the
vector representation of SO(3) is Symm®?D'/2. In the other low dimensional cases
the spin representations are as follows.

SO(4): Here the diagram consists of 2 unconnected nodes; the Lie algebra so(4)
is not simple but semisimple and splits as the direct sum of two s0(3)’s. The group
SO(4) is not simply connected and SL(2)xSL(2) is its universal cover. The spin
representations are the representations DV/29 = 2 x 1 and D%'/2 = 1 x 2. The
defining vector representation is D/2:0x D%1/2.

SO(5): Here the diagram is the same as the one for Sp(4). The group SO(5) is
not simply connected but Sp(4), which is simply connected, is therefore the universal
cover of SO(5). The defining representation 4 is the spin representation. The
representation A4 is of dimension 6 and contains the trivial representation, namely
the line defined by the element that corresponds to the invariant symplectic form in
4. The quotient representation is 5-dimensional and is the defining representation

for SO(5).

SO(6): We have come across this in our discussion of the Klein quadric. The
diagrams for s0(6) and s[(4) are the same and so the universal covering group for
SO(6) is SL(4). The spin representations are the defining representation 4 of SL(4)
and its dual 4%, corresponding to the two extreme nodes of the diagram. The
defining representation for SO(6) is A24 ~ A24*.

SO(8): This case is of special interest. The diagram has 3 extreme nodes and
the group &3 of permutations in 3 symbols acts transitively on it. This means
that &3 is the group of automorphisms of SO(8) modulo the group of inner au-
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tomorphisms, and so &3 acts on the set of irreducible modules also. The wector
representation 8 as well as the spin representations 8% are all of dimension 8 and
S3 permutes them. Thus it is immaterial which of them is identified with the vector
or the spin representations. This is the famous principle of triality. There is an
octonionic model for this case which makes explicit the principle of triality®!3.

Dirac’s equation of the electron and Clifford algebras. The definition given
above of the spin representations does not motivate them at all. Indeed, at the
time of their discovery by Cartan, the spin representations were not called by that
name; that came about only after Dirac’s sensational discovery around 1930 of the
spin representation and the Clifford algebra in dimension 4, on which he based the
relativistic equation of the electron bearing his name. This circumstance led to
the general representations discovered by Cartan being named spin representations.
The elements of the spaces on which the spin representations act were then called
spinors. The fact that the spin representation cannot be obtained from tensors
meant that the Dirac operator in quantum field theory must act on spinor fields
rather than tensor fields. Since Dirac was concerned only with special relativity and
so with flat Minkowski spacetime, there was no conceptual difficulty in defining the
spinor fields there. But when one goes to curved spacetime, the spin modules of
the orthogonal groups at each spacetime point form a structure which will exist
in a global sense only when certain topological obstructions (cohomology classes)
vanish. The structure is the so-called spin structure and the manifolds for which
a spin structure exists are called spin manifolds. It is only on spin manifolds that
one can formulate the global Dirac and Weyl equations.

Coming back to Dirac’s discovery, his starting point was the Klein-Gordon
equation

0
@ -3 -03- 0o =—ne (0= 1%)

rH

where ¢ is the wave function of the particle (electron) and m is its mass. This
equation is of course relativistically invariant. However Dirac was dissatisfied with
it primarily because it was of the second order. He felt that the equation should be of
the first order in time and hence, as all coordinates are on equal footing in special
relativity, it should be of the first order in all coordinate variables. Translation
invariance meant that the differential operator should be of the form

D = Z’m@u
m

where the 7, are constants. To maintain relativistic invariance Dirac postulated
that
D? =95 —0f — 05 — 03 (1)
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and so his equation took the form
Dy = +ime.

Here the factor 7 can also be understood from the principle that only the ¢d, are
self adjoint in quantum mechanics. Now a simple calculation shows that no scalar
7, can be found satisfying (1); the polynomial X2 — X7 — X2 — X7 is irreducible.
Indeed, the 7y, must satisfy the equations

73 = Eu, Yu Vv + Yo Vu = O(,U 7£ 1/) (50 =leg=-1i= 17273) (2)

and so the 7, cannot be scalars. But Dirac was not stopped by this difficulty and
asked if he could find matrices v, satisfying (2). He found the answer to be yes.
In fact he made the discovery that there is a solution to (2) where the v, are 4 x 4
matrices, and that this solution is unique up to similarity in the sense that any
other solution (v],) of degree 4 is of the form (T, T~') where T is an invertible
4 x 4 matrix; even more, solutions occur only in degrees 4k for some integer k£ > 1
and are similar (in the above sense) to a direct sum of k copies of a solution in
degree 4.

Because the v, are 4 x 4 matrices, the wave function ¢ cannot be a scalar any-
more; it has to have 4 components and Dirac realized that these extra components
describe some internal structure of the electron. In this case he showed that they
indeed encode the spin of the electron.

It is not immediately obvious that there is a natural action of the Lorentz
group on the space of 4-component functions on spacetime, with respect to which
the Dirac operator is invariant. To see this clearly, let g = (¢,,,,) be an element of
the Lorentz group. Then it is immediate that

D Og_l = g_l OD/? = ’Vua/n '7/: = ZKW/‘YV'
v

Since
D/2:(gODOg_1)2:D2

it follows that
v, = S(9)7.S(9)~"

for all p, S(g) being an invertible 4 x 4 matrix determined uniquely up to a scalar
multiple. Thus
S:g9—5(g)
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is a projective representation of the Lorentz group and can be viewed as an ordinary
representation of the universal covering group of the Lorentz group, namely H =
SL(2, C). The action of H on the 4-component functions is thus

) — 9= S(g)pog™!
and the Dirac operator is invariant under this action:

Dyp? = (Dy)?.

From the algebraic point of view one has to introduce the universal algebra C'
over C generated by the symbols 7, with relations (2) and study its representations.
If we work over C we can forget the signs & and take the relations between the v,
in the form

7,3 =1 v + %y, =0 (n#v).

Dirac’s result is then essentially that C' has a unique irreducible representation,
which is in dimension 4, and that any representation is a sum of copies of this one.
Moreover, there is an action S of the group H on this representation space that is
compatible with the action of the Lorentz group as automorphisms of C. S is the
spin representation.

The Clifford algebra, as the algebra over R with n generators
€1,€2,...,€En

and relations
ef = —1, eres +ese. =0 (r # s)

goes back to a paper of Clifford? in 1878 where it is viewed as a generalization
of the quaternion algebra (for n = 2 it is the quaternion algebra). Their deeper
significance became clear only after Dirac’s discovery® of the spin representation,
but only in dimensions 3 and 4. In 1935, R. Brauer and H. Weyl wrote a seminal
paper? in which they studied various questions concerning the spinors and spin
representations over the real and complex field but in arbitrary dimensions and
in the definite and Minkowski signatures. The geometric aspects of spinors were
treated by Cartan in a book® published in 1938. The general algebraic study of
spinors in arbitrary fields was carried out by C. Chevalley in his bookS. The theory
of spinors in arbitrary dimensions but for positive definite quadratic forms was
developed in a famous paper of Atiyah, Bott, and Shapiro’ where they carried
out many applications. In recent years, with the increasing interest of physicists
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in higher dimensional spacetimes, spinors in arbitrary dimensions and arbitrary
signatures have come to the foreground.

The foundation of the theory of spinors lies in the theory of Clifford algebras
and their representations. We do this in §2. In §3 we take up the theory of spin
groups and spin representations; the key here is to view the spin group as embedded
in the group of units of the even part of the Clifford algebra and to view the spin
representations as modules for it. In §4 we study reality questions concerning the
spin modules which are critical for applications in physics. Here we follow Deligne®
and obtain the basic results as consequences of the theory of super Brauer groups,
generalizing the classical theory of the ordinary Brauer group of a field. The theory
is developed over an arbitrary field of characteristic 0 but we also include a shorter
treatment based on” in which the main results on the reality of the spin represen-
tations are obtained more quickly. The concern in §5 is with pairings between spin
modules and the vector and other exterior modules of the orthogonal group. The
last section is an appendix where we discuss some well-known properties of orthog-
onal groups including Cartan’s theorem that the reflections generate the orthogonal
groups.

Our treatment leans heavily on that of Deligne®. One of its highlights is the
study of the Clifford algebras and their representations from the point of view of
the super category. This makes the entire theory extremely transparent. For those
who are familiar with the physicists’ language and formalism the paper of Regge’
is a useful reference.

5.2. Clifford algebras and their representations. Tensors are objects functo-
rially associated to a vector space. If V is a finite dimensional vector space and

TS — V*®T ® V®s

then the elements of T™° are the tensors of rank (r,s). V is regarded as a module
for GL(V) and then T"° becomes also a module for GL(V'). Spinors on the other
hand are in a much more subtle relationship with the basic vector space. In the
first place, the spinor space is attached only to a vector space with a metric. Let us
define a quadratic vector space to be a pair (V, Q) where V is a finite dimensional
vector space over a field k of characteristic 0 and () a nondegenerate quadratic form.
Here a quadratic form is a function such that

Q(x) = CI)(x, 'T)

where ® is a symmetric bilinear form, with nondegeneracy of () defined as the
nondegeneracy of ®. Thus

Q(r +y) =Q(z) + Qy) +2®(z,y).
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Notice that our convention, which is the usual one, differs from that of Deligne®
where he writes ® for our 2®. A quadratic subspace of a quadratic vector space
(V,Q) is a pair (W, Qw ) where W is a subspace of V' and Q is the restriction of @
to W, with the assumption that Q) is nondegenerate. For quadratic vector spaces
(V,Q), (V',Q") let us define the quadratic vector space (V & V', Q & Q') by

Qo Q) (z+2)=Q)+ Q) (xeV,a"eV’).

Notice that V and V' are orthogonal in V @& V’. Thus for a quadratic subspace
W of V we have V. = W @ W+ as quadratic vector spaces. Given a quadratic
vector space (V, Q) or V in brief, we have the orthogonal group O(V'), the subgroup
of GL(V') preserving @, and its subgroup SO(V') of elements of determinant 1. If
k = C and dim(V') > 3, the group SO(V') is not simply connected, and Spin(V') is
its universal cover which is actually a double cover. The spinor spaces carry certain
special irreducible representations of Spin (V). Thus, when the space V undergoes a
transformation € SO(V) and ¢~ is an element of Spin(V') above g, the spinor space
undergoes the transformation corresponding to g~. The spinor space is however
not functorially attached to V. Indeed, when (V, Q) varies, the spinor spaces do
not vary in a natural manner unless additional assumptions are made (existence of
spin structures). This is the principal difficulty in dealing with spinors globally on
manifolds. However, in this chapter we shall not treat global aspects of spinor fields
on manifolds.

The Clifford algebra C(V,Q) = C(V) of the quadratic vector space (V,Q) is
defined as the associative algebra generated by the vectors in V' with the relations

v? = Q(v)1 (veV).

The definition clearly imitates the Dirac definition (1) in dimension 4. The relations
for the Clifford algebra are obviously equivalent to

zy +yz =20(z,y)l  (z,yeV).

Formally, let T'(V') be the tensor algebra over V, i.e.,

T(V)=Pver

r>0
where VY = k1 and multiplication is ®. If
tm,y:$®y+y®x_2@(xay)1 (x,yEV)
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then
cV)y=T\V)/I

where [ is the two-sided ideal generated by the elements ¢, ,. If (e;)1<i<y is a basis
for V, then C'(V') is generated by the e; and is the algebra with relations

€i€j + €;€; = 2@(61',6]') (Z,j = 1,2, . ,'ﬁ,).

The tensor algebra T'(V') is graded by Z but this grading does not descend to
C(V') because the generators t, , are not homogeneous. However if we consider the
coarser Zy—grading of T'(V') where all elements spanned by tensors of even (odd)
rank are regarded as even (odd), then the generators ¢, , are even and so this grading
descends to the Clifford algebra. Thus C(V) is a super algebra. The point of view
of super algebras may therefore be applied systematically to the Clifford algebras.
Some of the more opaque features of classical treatments of Clifford algebras arise
from an insistence on treating the Clifford algebra as an ungraded algebra. We shall
see below that the natural map V' — C(V) is injective and so we may (and shall)
identify V' with its image in C'(V): V C C(V) and the elements of V' are odd.

Since C(V) is determined by @ the subgroup of GL(V') preserving @ clearly
acts on C (V). This is the orthogonal group O(V) of the quadratic vector space V.
For any element g € O(V) the induced action on the tensor algebra T descends to
an automorphism of C (V).

The definition of the Clifford algebra is compatible with base change; if k C £’
and Vi := K ®, V', then
C(Vi)=C(V)p =k @ C(V).

Actually the notions of quadratic vector spaces and Clifford algebras defined above
may be extended to the case when k is any commutative ring with unit element
in which 2 is invertible. The compatibility with base change remains valid in this
general context. We shall however be concerned only with the case when £ is a field
of characteristic 0.

By an orthonormal (ON) basis for V' we mean a basis (e;) such that
<I>(e7;, €j) = 513
If we only have the above for i # j we speak of an orthogonal basis; in this case

Q(ei) # 0 and e;ej + eje; = 2Q(e;)d;5. For such a basis, if k is algebraically closed,
there is always an ON basis. So in this case there is essentially only one Clifford
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algebra (), for each dimension m. If k is not algebraically closed, there are many
Clifford algebras. For instance let k = R. Then any quadratic vector space (V, Q)
over R is isomorphic to RP? where p,q are integers > 0, and R?¢ is the vector
space RP1? with the metric

2 2 _ 2 2
Qz) =21+ ... +2, — Ty — - — Ty

The numbers p, ¢ are invariants of (V, Q) and we refer to either (p,q) or p — q as
the signature of V or ). Thus, for £ = R, we have, as ungraded algebras,

CR*")~cC, CR")~RaeR CR*?)~H CR")~M?*(R)

where H is the algebra of quaternions and M?(R) is the 2 x 2 matrix algebra over
R.

Basic elementary properties. Some of the basic elementary properties of Clifford
algebras are as follows. For general k, C(V) has dimension 24™(V) and if dim(V) =
n, then the elements

lie; =e€5,€iy...€; (I =A{i1,...,ir i1 <...<ip, 1 <r<n)

form a basis for C(V). If we change @ to —@Q, we obtain C(V)°PP the algebra
opposite to C(V):
C(V,=Q) = C(V)°PP. (3)

Notice here that we are speaking of opposite algebras in the super category. Let
V, V' be quadratic vector spaces. We then have the important relation

CVeVH)=CV)eCV" (4)

as super algebras, the tensor product being taken in the category of super algebras.
We remark that this relation is not true if the tensor product algebra is the usual one
in ungraded algebras; indeed, as V and V' are orthogonal, their elements anticom-
mute in C(V @& V') but in the ordinary tensor product they will have to commute.
This is again an indication that it is essential to treat the Clifford algebras as objects
in the category of super algebras.

We shall first establish (4). If A is an associative algebra with unit and (W, R)
is a quadratic vector space, then in order that a linear map L(W — A) extend to
amap C(W) — A it is necessary and sufficient that L(w)? = R(w)1 for all w € A,
and that for A a super algebra, this is a map of super algebras if L(w) is odd for
all w e W. Let

(W,R)=(V,Q) e (V,Q), A=C(V)aC(V'), Lvov)=vel+lc.
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Since v,v" are odd, (1®v")(v® 1) = —v ® v/, and so we have
(v1+1v)? =Rvev)l

so that L extends to a map of C(V @ V') into C(V) ® C(V'). To set up the inverse
map note that the inclusions V, V! C V@V’ give even maps h, h’ of C(V),C(V') —
C(V @ V') and hence a linear map a ® a’ — h(a)h/(a’) of C(V) ®@ C(V') into
C(V @ V'). Since h,h’ preserve parity, this map will be a morphism of super
algebras if for a,b € C(V) and a’,b" € C(V’) we can show that

(bW (') = (=1)POPIR (' )h(D).
This comes down to showing that for v; € V,v} € V' we have

vy vl = (=D)L vk Ly
in C(V@V'). This is obvious since, by definition, v; and v anticommute in V@& V.
It is trivial to check that the two maps thus constructed are inverses of each other;
indeed, the compositions in either order are the identities at the level of the vectors
and so are the identities everywhere. Thus (4) is proved.

At this stage we can conclude that C'(V') has dimension 2" where n = dim(V).
In fact, if V' has dimension 1 and v is nonzero in V' with Q(v) = a # 0, then C(V)
is the span of 1 and v so that it has dimension 2; for arbitrary V' of dimension n it
follows from (4) that C' (V') has dimension 2". In particular, if (e;)1<i<n is a basis
of V', then

lier =€5,€iy...€;, (I ={it,...,0p} i1 <...<ip, 1 <r<n)

form a basis for C'(V). This implies at once that the natural map V — C(V) is
injective so that we shall assume from now on that V- C C'(V).

We shall now prove (3). The identity map of V' lifts to a morphism of T'(V)
onto C(V)°PP as super algebras. We claim that this lift vanishes on the kernel
of T(V) — C(V~) where we write V'~ for (V,—Q). It is enough to show that
for x € V, the image of z ® x + Q(z)1 in C(V)°PP is 0. But this image is the
element —2? + Q(z)1 in C(V) and so is 0. Thus we have a surjective morphism
C(V7) — C(V)°PP. Since the dimensions are equal this is an isomorphism.

The Clifford algebra and the exterior algebra. The Clifford algebra is filtered
in a natural way because the tensor algebra which sits above it is filtered by rank
of tensors. Thus C = C(V) acquires the filtration (C,) where C, is the span of
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elements of the form vy ...vs where v; € V and s < r. Let C'®" be the associated
graded algebra. Clearly C{" = V. If v € V, then v? € Cjy and so v? = 0 in C¥.
Hence we have a homomorphism of C® onto the exterior algebra A(V') preserving
degrees, which is an isomorphism because both spaces have dimension 24™(V) Thus

C8 ~ A(V) (as graded algebras).

It is possible to construct a map in the reverse direction going from the exterior
algebra to the Clifford algebra, the so-called skewsymmetrizer map

1
Arvi A AU — 525(0)1)0(1)...710(7”)

where the sum is over all permutations o of {1,2,...,r}, (o) is the sign of o, and
the elements on the right side are multiplied as elements of C (V). Indeed, the right
side above is skewsymmetric in the v; and so by the universality of the exterior
power, the map A is well-defined. If we choose a basis (e;) of V such that the e; are
mutually orthogonal, the elements e;, ...e;_ are clearly in the range of A so that A
is surjective, showing that

A A(V) ~C(V)

is a linear isomorphism. If we follow A by the map from C” to C®" we obtain the
isomorphism of A(V) with C®" that inverts the earlier isomorphism. The definition
of A makes it clear that it commutes with the action of O(V) on both sides. Now
A(V) is the universal enveloping algebra of V' treated as a purely odd Lie super
algebra, and so A is analogous to the symmetrizer isomorphism of the symmetric
algebra of a Lie algebra with its universal enveloping algebra.

Center and super center. For any super algebra A its super center sctr(V) is
the sub super algebra whose homogeneous elements x are defined by

Ty — (_1)p(w)p(y)y$ -0 (y € A).

This can be very different from the center ctr(V) of A regarded as an ungraded
algebra. Notice that both sctr(V) and ctr(V') are themselves super algebras.

Proposition 5.2.1. We have the following.
(i) sctr(C(V)) = k1.
(i) ctr(C(V)) =kl if dim(V) is even.

(iii) If dim(V) = 2m+1 is odd then ctr(C(V)) is a super algebra of dimension
1|1; if € is a nonzero odd element of it, then > = a € k\ (0) and ctr(V) =
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kle]. In particular it is a super algebra all of whose nonzero homogeneous
elements are invertible and whose super center is k. If (e;)o<i<am 1S an
orthogonal basis for V, then we can take € = egey .. .eam. If further €2 =
+1, then €2 = (—1)™T91 where q is the number of i’s for which e? = —1.

Proof. Select an orthogonal basis (e;)1<i<y, for V. If I C {1,2,...,n} is nonempty,

then
—(=plf (G en
(=it G ¢
Let z = ), arer be a homogeneous element in the super center of C (V') where the

sum is over I with parity of I being same as p(x). The above formulae and the
relations xe; = (—l)p(‘r)ejx imply, remembering that e; is invertible,

erej = ag jejer where ay ; = {

(ar; — (=1)P@)a; = 0.

If we choose j € I, then, ar; = —(—1)P®), showing that a; = 0. This proves (i).
To prove (ii) let  above be in the center. We now have xze; = e;x for all j. Then,
as before,

(&[,j — 1)&] =0.

So ar = 0 whenever we can find a j such that ay; = —1. Thus a; = 0 except
when dim(V') =2m +1is odd and I ={0,1,...,2m}. In this case € = epe; ... eanm
commutes with all the e; and so lies in ctr(V'). Hence ctr(V) = kl[e]. A simple
calculation shows that

e’ = (=1)"Q(eo) - - - Q(e2m)

from which the remaining assertions follow at once.

Remark. The center of C(V) when V has odd dimension is an example of a
super division algebra. A super division algebra is a super algebra whose nonzero

homogeneous elements are invertible. If a € k is nonzero, then k[¢] with € odd and

€2 = al is a super division algebra since ¢ is invertible with inverse a~!e.

Proposition 5.2.2. Let dim(V) = 2m + 1 be odd and let D = ctr(V). Then
CV)y=C(V)"D~C(V)"®D

as super algebras. Moreover, let eq € V be such that Q(eg) # 0, W = eg, and Q'
be the quadratic form —Q(eo)Qw on W; let W' = (W,Q’"). Then

CV)*t =~ C(W')
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as ungraded algebras.

Proof. Let (e;)o<i<2m be an orthogonal basis for V' so that ej,..., ez, is an
orthogonal basis for W. Let € = e ... ey, so that D = k[e]. In the proof r, s vary
from 1 to 2m. Write f. = ege,. Then f,.fs = —Q(eg)eres so that the f, generate
C(V)*. If v, € C(V)T is the product of the e;(j # p) in some order, vy, = ce,
where ¢ # 0, and so D and C(V)* generate C(V). By looking at dimensions we
then have the first isomorphism. For the second note that f,.fs + fsfr = 0 when
r # s and f2 = —Q(eo)Q(e,), showing that the f,. generate the Clifford algebra
over W'.

Structure of Clifford algebras over algebraically closed fields. We shall
now examine the structure of C(V) and C(V)* when k is algebraically closed.
Representations of C'(V) are morphisms into End(U) where U is a super vector
space.

The even dimensional case. The basic result is the following.

Theorem 5.2.3. Let k be algebraically closed. If dim(V') = 2m is even, C(V) is
1somorphic to a full matriz super algebra. More precisely,

C(V) ~ End(S) dim(S) = 2m~tj2m1,

This result is true even if k is not algebraically closed provided (V,Q) ~ (V1,Q1) ®
(‘/17 _Ql)

This is a consequence of the following theorem.

Theorem 5.2.4. Suppose that k is arbitrary and V = U @® U* where U is a vector
space with dual U*. Let

Q(u+u*) = (u,u”) (we U, u* e U").

Let S = AU™* be the exterior algebra over U*, viewed as a super algebra in the usual
manner. Then S is a C(V)-module for the actions of U and U* given by

p(u™)  l— u* AL, O(u) : € — O(u)l (¢esS)

where O(u) is the odd derivation of S that is characterized by O(u)(u*) = (u,u*).
Moreover the map C(V) — End(S) defined by this representation is an isomor-
phism.
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Theorem 5.2.4 —> Theorem 5.2.3. If k is algebraically closed we can find an
ON basis (e)1<j<om. If fF =2"2[e, +iey,](1 <7 < m), then

O(fE fEy =0,  O(fE fF) =6 (%)

Let UT be the subspaces spanned by (f). We take U = UT and identify U~ with
U™ in such a way that

(ut u™)y =20(ut,u") (ut e U*).

Then
Qut +u”) = (ut,u”)

for u* € UT, and we can apply Theorem 5.2.4. If k is not algebraically closed but
(V.Q) = (V1,Q1) ® (Vi,—Q1), we can find a basis (ej)1<j<a2m for V such that the
e; are mutually orthogonal, (e;)i1<j<m span Vi @0 while (€,,1;)1<j<m span 0@ V1,
and Q(ej) = _Q(eerj) = aj # 0. Let fr+ =er t+ emir, [y = (2ar)_1(6r - €m+r)~
Then the relations (%) are again satisfied and so the argument can be completed as
before.

Proof of Theorem 5.2.4. It is clear that u(u*)? = 0. On the other hand d(u)?
is an even derivation which annihilates all u* and so is 0 also. We regard S as
Zs—graded in the obvious manner. It is a simple calculation that

pw(u*)o(u) + O(u)pu(u*) = (u,u*)1 (u e Uu* € UY).

Indeed, for g € S, by the derivation property, 0(u)u(u*)g = 0(u)(u*g) = (u,u*)g —
p(u*)0(u)g which gives the above relation. This implies at once that

(O(u) + p(u)* = Qu+ u")1

showing that
rou+4ut — d(u) + p(u®)

extends to a representation of C'(V') in S. Notice that the elements of V' act as odd
operators in S and so r is a morphism of C(V') into End(S5).

We shall now prove that r is surjective as a morphism of ungraded alge-
bras; this is enough to conclude that r is an isomorphism of super algebras since
dim(C(V)) = 224mU") = dim(End(S)) where all dimensions are of the ungraded
vector spaces. Now, if A is an associative algebra of endomorphisms of a vector
space acting irreducibly on it, and its commutant, namely the algebra of endo-
morphisms commuting with A, is the algebra of scalars k1, then by Wedderburn’s
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theorem, A is the algebra of all endomorphisms of the vector space in question. We
shall now prove that r is irreducible and has scalar commutant. Let (u;) be a basis
of U and uj the dual basis of U*.

The proof of the irreducibility of r depends on the fact that if L is a subspace of
S invariant under all O(u), then 1 € L. If L is k1 this assertion in trivial; otherwise
let g € L be not a scalar; then, replacing g by a suitable multiple of it we can write

g=ur+ Z ajuy I ={i1,...,ip}, p>1.
JAL|J|<|]

As
O(ug,)...0(usy )g =1

we see that 1 € L. If now L is invariant under C(V), applying the operators p(u*)
to 1 we see that L = S. Thus S is irreducible. Let 7" be an endomorphism of
S commuting with r. The proof that 7" is a scalar depends on the fact that the
vector 1 € S, which is annihilated by all d(u), is characterized (projectively) by
this property. For this it suffices to show that if ¢ € S has no constant term, then
for some u € U we must have d(u)g # 0. If g = Z|[|2P aruj where p > 1 and
some a; with |J| = p is nonzero, then O(uj)g # 0 for j € J. This said, since
O(u;)T1 = TO(u;)1 = 0 we see that T1 = ¢l for some ¢ € k. So replacing T by
T — cl1 we may assume that T'1 = 0. We shall now prove that T'= 0. Let T'1 = v*.
Then, as T' commutes with all the pu(u*), we have, Tu* = u* A v* for all u* € U*.
So it is a question of proving that v* is 0. Since T' commutes with d(u) we have,
for all u € U,
O(uw)Tu" =T (u,u*) = (u,u™)v*

while we also have
O(u)Tu* = d(u)(u* Av*) = (u,u™)v* —u* A d(u)v™.

Hence
u* A O(u)v* =0 (we Uu* eU").

Fixing u and writing w* = 0(u)v*, we see that u* Aw* = 0 for all u* € U*. A simple
argument shows that the only elements that are killed by p(u*) for all u* € U* are
the multiples of the element of the highest degree in St. But w* = O(u)v* is
definitely a linear combination of elements of degree < dim(U*). Hence 9(u)v* = 0.
As w is arbitrary, we must have v* = ¢l for some constant ¢. Then Tu* = cu* for

1 This is dual to the earlier characterization of k1 as the common null space of all the 6(u)
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all v* and as T'1 = 0 we must have ¢ = 0 so that 7" = 0. This finishes the proof
that » maps C(V') onto End(S).

Remark 1. Write V = U & U* as a direct sum of V; = U; ® U} (i = 1,2) where
dim(U;) # 0. Then
C(V)=C(h) @ C(V2)

while an easy calculation shows that
=711

where r; is the representation of C(V;) defined above. Induction on m then reduces
the surjectivity of r to the case when dim(U) = dim(U*) = 1 where it is clear
from an explicit calculation. The proof given here, although longer, reveals the
structure of S in terms of the operators of multiplication and differentiation which
are analogous to the creation and annihilation operators in Fock space. In fact the
analogy goes deeper and is discussed in the next remark.

Remark 2: The analogy with the Schrodinger representation. There is
an analogy of the Clifford algebra with the Heisenberg algebra which makes the
representation r the fermionic analogue to the Schrodinger representation. If V is
an even vector space with a symplectic form ® then the Heisenberg algebra H (V')
associated to (V, ®) is the algebra generated by the commutation rules

xy —yx = 2®(x,y)1 (x,y € V). (H)

For any symplectic & we can always write V = U @ U* with ® vanishing on U x U
and U* x U* and 2®(u,u*) = (u,u*). The algebraic representation of H(V) is
constructed on the symmetric algebra Symm(U™*) with u* acting as the operator
of multiplication by u* and w acting as the (even) derivation O(u). The splitting
V =U @ U* is usually called a polarization of V. The commutation rule (H) is the
bosonic analogue of the fermionic rule

zy +yz = 20(z,y)1 (€)

which defines the Clifford algebra. The analogy with the Clifford situation is now
obvious. Unlike in the bosonic case, the polarization does not always exist in the
fermionic case but will exist if k is algebraically closed. The vector 1 is called the
Clifford vacuum by physicists. Notice that it is canonical only after a polarization
1s chosen. Indeed, there can be no distinguished line in S; otherwise S would be
attached functorially to V and there would be no need to consider spin structures.
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Remark 3. For any field k the quadratic vector spaces of the form (V1,Q1) &
(V1,—Q1) are called hyperbolic. When k is real these are precisely the quadratic
vector spaces R™™ of signature 0.

From the fact that the Clifford algebra of an even dimensional quadratic space is
a full matrix super algebra follows its simplicity. Recall the classical definition that
an algebra is simple if it has no proper nonzero two-sided ideal. It is classical that
full matrix algebras are simple. We have, from the theorems above, the following
corollary.

Corollary 5.2.5. For arbitrary k, if V is even dimensional, then C(V') is simple
as an ungraded algebra.

Proof. C(V) is simple if it stays simple when we pass to the algebraic closure k of
k. So we may assume that k is algebraically closed. The result then follows from
the fact that the ungraded Clifford algebra is a full matrix algebra.

Classically, the algebra E (V') of all endomorphisms of a vector space V has the
property that V is its only simple module and all its modules are direct sums of
copies of V', so that any module is of the form V@ W for W a vector space. We wish
to extend this result to the super algebra End(V) of any super vector space. In
particular such a result would give a description of all modules of a Clifford algebra
C(V) for V even dimensional and k algebraically closed.

We consider finite dimensional modules of finite dimensional super algebras.
Submodules are defined by invariant sub super vector spaces. If A, B are super
algebras and V, W are modules for A and B respectively, then V' ® W is a module
for A ® B by the action

a®b:v®w— (—1)POPO gy @ bw.

In particular, if B = k, V®W is a module for A where A acts only on the first factor.
Imitating the classical case we shall say that a super algebra A is semisimple if all
its modules are completely reducible, i.e., direct sums of simple modules. Here, by a
simple module for a super algebra we mean an irreducible module, namely one with
no nontrivial proper submodule. If a module for A is a sum of simple modules it is
then a direct sum of simple modules; indeed, if V =" Vi where the V; are simple
submodules, and (U;) is a maximal subfamily of linearly independent members of
the family (V}), and if U = @U; # V, then for some j, we must have V; ¢ U, so
that, by the simplicity of V;, V; N U = 0, contradicting the maximality of (U;). In
particular a quotient of a direct sum of simple modules is a direct sum of simple
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modules. Now any module is a sum of cyclic modules generated by homogeneous
elements, and a cyclic module is a quotient of the module defined by the left regular
representation. Hence A is semisimple if and only if the left regular representation
of A is completely reducible, and then any module is a direct sum of simple modules
that occur in the decomposition of the left regular representation.

With an eye for later use let us discuss some basic facts about semisimplicity
and base change. The basic fact is that if A is a super algebra, M is a module for
A, and k' /k is a Galois extension (possibly of infinite degree), then M is semisimple
for A if and only if M’ := k' ®;, M is semisimple for A’ := k’ ®, A. This is proved
exactly as in the classical case. In physics we need this only when £ = R and
k' = C. For the sake of completeness we sketch the argument. Let G = Gal(k'/k).
Then elements of G operate in the usual manner (¢ ® m — ¢ ® m) on M’ and the
action preserves parity. To prove that the semisimplicity of M implies that of M’
we may assume that M is simple. If L’ C M’ is a simple submodule for A’, then
> e L'9 is G—invariant and so is of the form k'’ ®; L where L C M is a submodule.
So L = M, showing that M’ is semisimple, being a span of the simple modules L'9.
In the reverse direction it is a question of showing that if L} C M’ is a G-invariant
submodule, there exists a G-invariant complementary submodule L. It is enough
to find an even map f € Endy/ (M’) commuting with A and G such that

FIM'YCL,,  f()={forall ¢ €L, (+)

We can then take L) to be the kernel of f. By the semisimplicity of M’ we can
find even f; satisfying (%) and commuting with A; indeed, if L} is a complementary
submodule to L}, we can take f; to be the projection M — L} mod Lj. Now f;
is defined over a finite Galois extension k' /k and so if H = Gal(k” /k) and

= 1 H| > hfint
heH

then f commutes with A and H and satisfies (x). But, if ¢ € G and h is the
restriction of ¢ to k”, then gfg~' = hfh~! = f and so we are done. In particular,
applying this result to the left regular representation of A we see that A is semisimple
if and only if A’ is semisimple.

It is also useful to make the following remark. Let A be a super algebra and
S a module for A. Suppose M is a direct sum of copies of S. Then M ~ S @ W
where W is a purely even vector space. To see this write M = ®1<;<,M; where
t; + S — M, is an isomorphism. Let W be a purely even vector space of dimension
r with basis (w;)i1<i<,. Then the map

Z U; QWi —— Z ti(u

1<i<r 1<i<r
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is an isomorphism of S ® W with M.

For any super vector space V, recall that IIV is the super vector space with the
same underlying vector space but with reversed parities, i.e., (IIV)q = V1, (IIV); =
Vo. If V is a module for a super algebra A, so is IIV. If V is simple, so is IIV.
Notice that the identity map V — IIV is not a morphism in the super category
since it is parity reversing. One can also view IIV as V ® k%11, Let

E(V) = End(V)

for any super vector space V. If dimV; > 0 (i = 0,1), then E(V)", the even part
of E(V), is isomorphic to the algebra of all endomorphisms of the form

A 0

0 D
and so is isomorphic to E(Vy) @ E(V1), and its center is isomorphic to k @ k. In
particular, the center of F(V)* has two characters y;(i = 0,1) where the notation

is such that 1 is (c1,¢2) — ¢;. So on V the center of E(V)1 acts through (x1, x2)
while on IIV it acts through (x2, x1)-

Proposition 5.2.6. For k arbitrary the super algebra E(V') has precisely two simple
modules, namely V' and IIV. Every module for E(V') is a direct sum of copies of
either V- or IIV. In particular, E(V') is semisimple and any module for E(V') is of
the form V@ W where W is a super vector space.

Proof. The ungraded algebra E(V) is a full matrix algebra and it is classical that
it is simple, V is its only simple module up to isomorphism, and any module is a
direct sum of copies of V. The proposition extends these results to the super case
where the same results are true except that we have to allow for parity reversal.

Let W be a simple module for E(V'). Since E(V) is simple as an ungraded
algebra, W is faithful, i.e., the kernel of E(V') acting on W is 0. We first show that
W is simple for E (V') regarded as an ungraded algebra. Indeed, let U be a subspace
stable under the ungraded E(V). If u = ug + u; € U with u; € W;, and we write

any element of E(V) as
(A B
9=\c b

then for gu = v = vy + v1 we have vg = Aug + Buyi,v; = Cug + Duy. Taking
A=1,B=C =D =0 we see that ugp,u; € U. Hence U has to be graded and so
U =0 or V. Hence we have an isomorphism ¢(W — V') as ungraded modules for
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the ungraded E(V'). Write t = to + t; where p(¢;) = i. Then tga + t1a = aty + aty
for all a € E(V). As p(aty) = p(toa) = p(a) and p(at1) = p(tia) = 1 + p(a)
we see that atg = tga and at; = tya. If ty # 0, then ¢y is a nonzero element of
Hom gy (W, V) as super modules and so, by the simplicity of V' and W, we must
have that ¢ is an isomorphism. Thus W ~ V. If t; # 0, then t; € Hom(W,IIV) and
we argue as before that W ~ IIV. We have thus proved that a simple E(V)-module
is isomorphic to either V or IIV.

It now remains to prove that an arbitrary module for E(V) is a direct sum of
simple modules. As we have already observed, it is enough to do this for the left
regular representation. Now there is an isomorphism

VeV ~EV), VRV Ryt w— v (w)v

of super vector spaces. If L € E(V), it is trivial to verify that Ry, ,« = LR, ,+, and
so the above isomorphism takes L ® 1 to left multiplication by L in E(V'). Thus it
is a question of decomposing V ® V* as a E(V')-module for the action L — L ® 1.
Clearly V @ V* = @« V ® ke* where e* runs through a homogeneous basis for V*.
The map v — v®e* is an isomorphism of the action of E(V') on V' with the action
of E(V) on V ® ke*. But this map is even for e* even and odd for e* odd. So the
action of E(V) on V ® ke* is isomorphic to V for even e* and to IIV for odd e*.
Hence the left regular representation of E(V) is a direct sum of r copies of V' and
s copies of IIV if dim(V') = r|s. The direct sum of r copies of V is isomorphic to
V @ W, where W, is purely even of dimension r. Since IV ~ V @ k1 the direct
sum of s copies of IIV is isomorphic to V' ® W; where Wj is a purely odd vector

space of dimension s. Hence the left regular representation is isomorphic to V@ W
where W = W, & W.

Theorem 5.2.7. Let V be an even dimensional quadratic vector space. Then the
Clifford algebra C(V') is semisimple. Assume that either k is algebraically closed or

k is arbitrary but V is hyperbolic. Then C(V) ~ End(S), C(V) has ezxactly two
simple modules S,11S, and any module for C(V') is isomorphic to S @ W where W
is a super vector space.

Proof. By Theorem 3 we know that C' (V) is isomorphic to End(S). The result is
now immediate from the proposition above.

In which the vector space is odd dimensional. We shall now extend the above
results to the case when V' has odd dimension. Let D be the super division algebra
k[e] where € is odd and €2 = 1. We first rewrite Proposition 2 as follows.
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Theorem 5.2.8. Let dim(V) = 2m + 1 and let k be algebraically closed. Then
ctr(C(V)) ~ D and, for some purely even vector space Sy of dimension 2™,

C(V) ~ End(Sy) ® D, C(V)" ~ End(Sy) (dim(Sy) = 2™).

Proof. If (e;)o<i<om is an ON basis for V and e = i"ege; . . . €a,, where i = (—1)1/2,

then ¢ is odd, €2 = 1, and ctr(C(V)) = D = k[e], by Proposition 1. The theorem
is now immediate from Proposition 2 since C'(V)™ is isomorphic to the ungraded
Clifford algebra in even dimension 2m and so is a full matrix algebra in dimension
2m.

Let k be arbitrary and let U be an even vector space of dimension r. Write
E(U) = End(U). Let A be the super algebra E(U)® D so that the even part A™ of
A is isomorphic to E(U). We construct a simple (super) module S for A as follows.
S=U®®U where Sy =U @0 and S; = 0@ U (or vice versa). F(U) acts diagonally
and € goes to the matrix ((1) (1)) It is obvious that S is simple. Notice that S is
not simple for the ungraded algebra underlying A since the diagonal (as well as the
anti-diagonal) are stable under A. S can be written as U ® k'I' where AT acts on

0 1 .
1 0). The action

of D on k'l' is also isomorphic to the left regular representation of D on itself.

the first factor and D on the second with ¢ acting on k'I! by <

Proposition 5.2.9. Let k be arbitrary. Then, S is the unique simple module for
A= FEU)® D where U is a purely even vector space over k. Any simple module
for A is a direct sum of copies of S and so is isomorphic to S @ W where W is a
purely even vector space.

From this is we get the following theorem.

Theorem 5.2.10. IfV is an odd dimensional quadratic vector space, then C(V) is
semisimple. For k algebraically closed, C(V') ~ End(Sp) ® D has a unique simple
module S = Sy ® D up to isomorphism; and any module of C(V') is isomorphic to
S ®@ W where W is a purely even vector space.

Proof. Theorem 10 follows from Proposition 9 and Theorem 8. It is therefore
enough to prove Proposition 9.

Let T be a simple module for A. As AT ~ E(U), we have Ty ~ alU, T} ~ bU as
AT-modules for suitable integers a,b > 0. But the action of ¢ commutes with that

21



of AT and €% = 1, so that e(Ty — T1) is an isomorphism of A*—modules. Hence
we must have a = b > 1. But if R is a submodule of T, R & R is stable for A
and so it has to equal T. Thus a = b = 1, showing that we can take Top =17 = U
and € as (x,y) — (y,z). But then T'= S. To prove that any module for A is a
direct sum of copies of S it is enough (as we have seen already) to do this for the
left regular representation. If AT = ®1<j<,A; where A; as a left At—module is
isomorphic to U, it is clear that A; ® D is isomorphic to U ® kUl ~ S as a module
for A, and A = ®;(4,; ® D).

Representations of C(V)*. We now obtain the representation theory of
C(V)* over algebraically closed fields. Since this is an ungraded algebra the theory
is classical and not super.

Theorem 5.2.11. For any k, C(V)*1 is semisimple. Let k be algebraically closed.
If dim(V) =2m + 1, C(V)T ~ End(Sy) where Sy is a purely even vector space of
dimension 2™, and so C(V)" has a unique simple module Sy. Let dim(V) = 2m,
let O(V) ~ End(S) where dim(S) = 2m~12m~1 and define ST to be the even and
odd subspaces of S; then C(V)" ~ End(ST) ®End(S™). It has ezactly two simple
modules, namely S*, with End(S*) acting as 0 on ST, its center is isomorphic to
k@ k, and every module is isomorphic to a direct sum of copies of S*.

Proof. Clear.

Center of the even part of the Clifford algebra of an even dimensional
quadratic space. For later use we shall describe the center of C'(V)" when V is
of even dimension D and k arbitrary. Let (e;)1<i<p be an orthogonal basis. Let

€D+1 = €1€2...€D.

We have
€D416; = —€i€D41-

Then
ctr (C(V)T) =k ®kepy1.

Moreover, if the e; are orthonormal, then

ep1 = ()P

It is in fact enough to verify the description of the center over k and so we may
assume that k is algebraically closed. We may then replace each e; by a suitable
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multiple so that the basis becomes orthonormal. Since ep,; anticommutes with
all e;, it commutes with all e;e; and hence lies in the center of C(V)T. If a =
>_i1) even @re€r lies in the center of C(V)T and 0 < |I| < D, then writing I =
{i1,...,42,}, we use the fact that e; anticommutes with e;, es if s ¢ I to conclude
that a;y = 0. Thus a € k1 © epy.

5.3. Spin groups and spin representations. In this section we shall define the
spin groups and the spin representations associated to real and complex quadratic
vector spaces V. We treat first the case when k = C and then the case when k = R.

Summary. The spin group Spin(V') for a complex V is defined as the universal
cover of SO(V) if dim(V) > 3. As the fundamental group of SO(V) is Zs when
dim(V) > 3 it follows that in this case Spin(V') is a double cover of SO(V). If
dim(V') =1 it is defined as Z,. For dim(V') = 2, if we take a basis {x, y} such that
O(x,z) = P(y,y) = 0 and ®(z,y) = 1, then SO(V) is easily seen to be isomorphic
to C* through the map
t— (t 0 )
0 ¢t *)

The fundamental group of C* is Z and so SO(V') in this case has a unique double
cover which is defined as Spin(V). For any V we put C = C(V) for the Clifford
algebra of V and Ct = C(V)7 its even part. We shall obtain for all V' a natural
imbedding of Spin(V') inside C'* as a complex algebraic group which lies as a double
cover of SO(V); this double cover is unique if dim(V) > 3. So modules for C*
may be viewed by restriction as modules for Spin(V). The key property of the
imbedding is that the restriction map gives a bijection between simple C*T-modules
and certain irreducible Spin(V)-modules. These are precisely the spin and semi-
spin representations. Thus the spin modules are the irreducible modules for C*, or,
as we shall call them, Clifford modules. The algebra C* is semisimple and so the
restriction of any module for it to Spin(V') is a direct sum of spin modules. These
are called spinorial modules of Spin(V).

Suppose now that V is a real quadratic vector space. If V = RP9, we denote
SO(V) by SO(p, q); this group does not change if p and ¢ are interchanged and so
we may assume that 0 < p < ¢q. If p = 0 then SO(p, q) is connected; if p > 1, it
has 2 connected components (see the Appendix). As usual we denote the identity
component of any topological group H by H?. Let V¢ be the complexification of
V. Then the algebraic group Spin(V¢) is defined over R, and so it makes sense to
speak of the group of its real points. This is by definition Spin(V') and we have an
exact sequence

1 — {£1} — Spin(V) — SO(V)? — 1.
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If dim(V) = 1, Spin(V') = {£1}. If V has signature (1, 1), then Spin(V') has two
connected components. In all other cases it is connected and forms a double cover
of SO(V)°. If dim(V) > 2 is of signature (p,q) # (1,1), then for min(p,q) < 1,
SO(p, q) has Z5 or Z as its fundamental group, and so has a unique double cover; and
Spin(V') is that double cover. If p,q are both > 2, then Spin(p, q) is characterized
as the unique double cover which induces a double cover of both SO(p) and SO(q).
Finally, if dim(V) > 3, Spin(V) is the universal cover of SO(V)? if and only if
min(p, ¢) < 1.

The relationship between the spin modules and modules for CT persists in the
real case. The spinorial modules are the restriction to Spin(V') of C*-modules. One
can also describe them as modules of Spin(V') which are direct sums of the complex
spin modules when we complexify.

Spin groups in the complex case. Let V be a complex quadratic vector space.
A motivation for expecting an imbedding of the spin group inside C* may be given
as follows. If g € O(V), then g lifts to an automorphism of C' which preserves parity.
If V' has even dimension, C' = End(S), and so this automorphism is induced by
an invertible homogeneous element a(g) of C = End(S), uniquely determined up
to a scalar multiple. It turns out that this element is even or odd according as
det(g) = £1. Hence we have a projective representation of SO(V') which can be
lifted to an ordinary representation of Spin(V') (at least when dim(V) > 3), and
hence to a map of Spin(V') into CT”. It turns out that this map is an imbedding,
and further that such an imbedding can be constructed when the dimension of V
is odd also. Infinitesimally this means that there will be an imbedding of so(V')
inside CZF where C’Z“ is the Lie algebra whose elements are those in C* with bracket
[a,b] = ab — ba. We shall first construct this Lie algebra imbedding and then
exponentiate it to get the imbedding Spin(V) — C+”.

To begin with we work over £k = R or C. It is thus natural to introduce the
even Clifford group T'" defined by

I ={ueCt” |uWu ' cV}

where C*™ is the group of invertible elements of Ct. T't is a closed (real or
complex) Lie subgroup of C*”. For each u € I'T we have an action

a(u) v i—s uou! (veV)

on V. Since
Quvu )1 = (uvu™)? = wu™! = Q(v)1
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we have

a:TT — O(V)
with kernel as the centralizer in CT™ of C, i.e., k*.

If A is any finite dimensional associative algebra over k, the Lie algebra of A*
is A;, where Ay, is the Lie algebra whose underlying vector space is A with the
bracket defined by [a, b], = ab — ba(a,b € A). Moreover, the exponential map from
Ap into A* is given by the usual exponential series:

n

exp(a) = e = Z % (a € A)

n>0

so that the Lie algebra of O+ ™ is C{. Thus, Lie (I'"), the Lie algebra of 't is
given by
Lie(TT) ={u € CT |uv —vu €V for all v € V}.

For the map a from T'" into O(V) the differential da is given by
do(u)(v) = uwv — vu (u € Lie(T'"),v € V).

Clearly da maps Lie(I'") into so(V') with kernel as the centralizer in C* of C, i.e.,
k.

We now claim that da is surjective. To prove this it is convenient to recall
that the orthogonal Lie algebra is the span of the momenta in its 2-planes. First let
k = C. Then there is an ON basis (e;), the elements of the orthogonal Lie algebra
are precisely the skewsymmetric matrices, and the matrices

Mei,ej = Ez — EJ (Z < ]),

where FEj; are the usual matrix units, form a basis for so(V). The M, ., are
the infinitesimal generators of the group of rotations in the (e;, e;)-plane with the

matrices
cost sint
—sint cost )’

Now a simple calculation shows that
Me, ;v = ®(ej,v)e; — (e, v)e;.
So, if we define, for any two x,y € V,
M, v = @(y,v)r — ®(x,v)y (veV),
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then M, , is bilinear in 2 and y and so the M, , € so(V) for all z,y € V and span
it. The definition of M, , makes sense for £k = R also and it is clear that the M, ,
span so(V) in this case also. As the M, , are bilinear and skew symmetric in x and
y we see that there is a unique linear isomorphism of A?(V) with so(V) that maps
TNy to My -

A3 (V) ~ s0(V), TANYy+— M,y ,.

For z,y € V, a simple calculation shows that
da(zy)(v) = zyv — vy = 2M, v € V (veV).

Hence zy € Lie(I'") and da(xy) = 2M, ,,. The surjectivity of da is now clear. Note
that xy is the infinitesimal generator of the one-parameter group exp(txy) which
must lie in T'F since zy € Lie(I'"). We have an exact sequence of Lie algebras

0 —s k — Lie(T'") 2% s0(V) — 0 (5)

where k is contained in the center of Lie (I'"). We now recall the following standard
result from the theory of semisimple Lie algebras.

Lemma 5.3.1. Let g be a Lie algebra over k, ¢ a subspace of the center of g, such
that b := g/c is semisimple. Then c is precisely the center of g, g1 := [g, 9] is a Lie
ideal of g, and g = ¢ @ g1 is a direct product of Lie algebras. Moreover g, is the
unique Lie subalgebra of g isomorphic to b and g1 = [g1,81]. In particular there
1s a unique Lie algebra injection v of b into g inverting the map g — b, and its
mage 1s g1 -

Proof. Since center of b is 0 it is immediate that ¢ is precisely the center of g. For
X,Y € g, [X,Y] depends only on the images of X,Y in h and so we have an action
of h on g which is trivial precisely on c¢. As b is semisimple it follows that there is a
unique subspace b’ of g complementary to ¢ which is stable under h. Clearly b’ is a
Lie ideal, g = ¢® b’ is a direct product, and, as h = [h, b], it follows that b’ coincides
with g1 = [g1,81]- If a is a Lie subalgebra of g isomorphic to b, then a — b is an
isomorphism so that a is stable under the action of f and hence a = g;.

The quadratic subalgebra. We return to the exact sequence (5). Since xy + yz
is a scalar, we have

da((Ya)(zy —yx)) = da((Vo)zy) = My (z,y €V).
Let us therefore define

C? = linear span of zy — yx (x,y e V) C? C Lie(I'").
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Then da maps C? onto so(V). Of course C? = 0 if dim(V) = 1. If z and y are
orthogonal, then 2y — yx = 2zy from which it follows easily that C? is the span of
the e.es (r < s) for any orthogonal basis (e;) of V' (orthogonal bases exist always,
they may not be orthonormal). We claim that C? is a Lie subalgebra of Czr which
may be called the quadratic subalgebra of C’Z“. Since 2zy = xy — yx + a scalar, we
have, for z,y,z,t € V,

[xy — yx, 2t — tz] = 4[xy, 2t] = 8 (—P(t, x)zy + P(t,y)zx — P(z,2)yt + P(y, 2)xt)
after a simple calculation. For u,v € V we have uv — vu = 2uv — 2®(u, v) so that
uv = ®(u,v) (mod C?).

Substituting in the preceding equation we find that
[xy — yx, 2t — t2] = 8([yz, xt] + [yt, zz]) = 0 (mod C?).

We now claim that k1 and C? are linearly independent. In fact, if (e;) is an orthog-
onal basis, the elements 1,e;e; (i < j) are linearly independent, proving the claim.
Since da maps C? onto so(V) it follows that

Lie(I'") = k @ C?, do: C? ~ s0(V)

and the map
Vi My — (Yo)(zy —yz)  (r,yeV) (6)
splits the exact sequence (5), i.e., it is a Lie algebra injection of so(V) into Lie (I'")
such that
do oy =1id on so(V).

We have
A(s0(V)) = C2.

Theorem 5.3.2. If dim(V) > 3, then C? = [C?,C?] is the unique subalgebra of
Lie(T'") isomorphic to so(V'), and ~y the only Lie algebra map splitting (5). If further
k = C and G is the complex analytic subgroup of It determined by C2, then (G, )
is a double cover of SO(V') and hence G ~ Spin(V'). In this case G is the unique
connected subgroup of T covering SO(V).

Proof. If dim(V') > 3, so(V) is semisimple, and so it follows from the Lemma that
the exact sequence (5) splits uniquely and

v(s0(V)) = C* = [C?,C?).
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Let k = C. The fact that G is the unique connected subgroup of I'" covering
SO(V) follows from the corresponding uniqueness of C?. It remains to show that
G is a double cover. If z,y € V are orthonormal we have (zy)? = —1 and zy =

(1/2)(zy — yz) so that
a(t) = exp{t(xy — yz)/2} = exp(txy) = (cost) 1 + (sint) xy

showing that the curve ¢ — (cost) 1 + (sint) zy lies in G. Taking ¢t = m we see
that —1 € G. Hence G is a nontrivial cover of SO(V). But the universal cover of
SO(V) is its only nontrivial cover and so G ~ Spin(V'). This finishes the proof.

Explicit description of complex spin group. Let £ = C. We shall see now
that we can do much better and obtain a very explicit description of G and also
take care of the cases when dim(V') < 2. This however requires some preparation.
We introduce the full Clifford group I" defined as follows.

Fr={ueC*n(CtucC™)|uVutcV}.

Clearly
Fr=(TnCHu((nc ), rnct=rt.

We now extend the action o of I'" on V to an action a of I" on V by
a(u)(z) = (—=1)PMygu! (uel,zeV).
As in the case of I't it is checked that « is a homomorphism from I' to O(V).
Proposition 5.3.3. We have an ezxact sequence
1 —C*1—T-5%0V)—1.

Moreover a=1(SO(V)) =T'" and

1 — C*1 —T"T-%80(V) —1
18 exact.
Proof. If v € V and Q(v) = 1, we assert that v € I'" and «(v) is the reflection
in the hyperplane orthogonal to v. In fact, v2 = 1 so that v™! = v, and, for
w eV, al)(w) = —vwv™! = —vwv = w — 2®(v,w)v. By a classical theorem
of E. Cartan (see the Appendix for a proof) any element of O(V) is a product of

reflections in hyperplanes orthogonal to unit vectors. Hence o maps I" onto O(V).
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If a(u) = 1, then u lies in the super center of C' and so is a scalar. This proves the
first assertion. By Cartan’s result, any element of SO(V') is a product of an even
number of reflections and so, if G’ is the group of all elements of the form v ... va,
where the v; are unit vectors, then G’ C I'* and o maps G’ onto SO(V'). We first
show that a(I'") = SO(V). In fact, if the image of I'" is more than SO(V) it must
be all of O(V) and so for any unit vector v € V, a(v) must also be of the form
a(u) for some u € T't. As the kernel of o is C*1 which is in C*, it follows that
v = cu where c is a scalar, hence that v € I'" which is a contradiction. If u € T and
a(u) € SO(V), then there is v’ € 't such that a(u’) = a(u) and so v = cu’ where
c is a scalar, showing that u € I'"™ already. This finishes the proof.

Let us now introduce the unique antiautomorphism [ of the ungraded Clifford
algebra which is the identity on V/, called the principal or canonical antiautomor-
phism. Thus

B(xy...¢p) =Tp... 21 (x; € V). (7)
Thus 3 preserves parity. We then have the following theorem which gives the explicit

description of Spin(V') as embedded in C*+”™ for all dimensions.

Theorem 5.3.4. The map © — z[3(x) is a homomorphism of T' into C*1. Let G
be the kernel of its restriction to I'T.

(i) If dim(V) =1, then G = {£1}.

(i) If dim(V) > 2, then G is the analytic subgroup of Ct™ defined by C? and
(G, ) is a double cover of SO(V).

In particular,

Spin(V)~G={zeCt" |zVa~t CV, zf(z) =1}. (8)

Proof. Given z € I" we can, by Cartan’s theorem, find unit vectors v; € V' such
that a(z) = a(vy) ... a(v,) and so x = cv; ... v, for a nonzero constant c. But then

zB(z) = vy ... 00, .. v = P
so that 23(z) € C*1. If 2,y € O+, then
zf3(x)(yB(y)) = 2(yB(y))B(x) = zyB(zy).

Hence z —— z((z) is a homomorphism of I" into C*1. Let G be the kernel of the
restriction to I'" of this homomorphism.
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If dim(V) = 1 and e is a basis of V, then CT is C so that 't = C*. Hence
zB(x) = 22 for x € C* and so G = {+1}.

Let now dim(V) > 2. If g € SO(V) we can find v € I'" such that a(u) = g.
If ¢ € C* is such that uB(u) = 21 it follows that for v = ¢7tu € I't and a(v) =
a(u) = g. We thus see that & maps G onto SO(V). If u € G and a(u) = 1, then
u is a scalar and so, as uB(u) = u? = 1, we see that u = £1. Since 1 € G it
follows that o maps G onto SO(V') with kernel {+1}. We shall now prove that G is
connected; this will show that it is a double cover of SO(V'). For this it is enough
to show that —1 € G°. If x,y € V are orthogonal, we have, for all t € C,

t?’L
n!

Blexpltey) = 32 Lo = 2

n>0 n>0

(yx)" = exp(tyx).

Hence, for all t € C,

exp(tzy)B(exp(tzy)) = exp(tzy) exp(tyz) = exp(tzy) exp(—tzy) = 1.

Thus exp(tzy) lies in G° for all t € C. If z,y are orthonormal, then (zy)? = —1
and so we have
exp(txy) = (cost) 1 + (sint) xy

as we have seen already. Therefore —1 = exp(rzy) € G°. Hence G is a double cover
of SO(V), thus isomorphic to Spin(V).

The fact that G is the analytic subgroup of I't defined by C? when dim(V) > 3
already follows from Theorem 2. So we need only consider the case dim(V') = 2.
Let z,y € V be orthonormal. Then exp(txy) € G for all t € C. But

exp(twy) = exp(t(zy — yx)/2)
so that 2y — yz € Lie(G). Hence Lie(G) = Czy = C(zy — yx) = C2. Since it is a
connected group of dimension 1 it follows that it is identical with the image of the
one-parameter group t — exp(tzy).
We write Spin(V) for G.
Proposition 5.3.5. Let V' be arbitrary. Then

Spin(V) = {x =V1Ug... Vg, v; €V, Q(v;) = 1}. 9)
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Proof. The right side of the formula above describes a group which is contained in
Spin(V') and its image by « is the whole of SO(V') by Cartan’s theorem. It contains
—1 since —1 = (—u)u where u € V' with Q(u) = 1. So it is equal to Spin(V').

Spin groups for real orthogonal groups. We now take up spin groups over the
reals. Let V be a quadratic vector space over R. Let Vg be its complexification.
Then there is a unique conjugation x ——°% on the Clifford algebra C'(Vc) that
extends the conjugation on Vi, whose fixed points are the elements of C(V'). This
conjugation commutes with 4 and so leaves Spin(V¢) invariant. The corresponding
subgroup of Spin(Vg) of fixed points for the conjugation is a real algebraic Lie
group, namely, the group of real points of Spin(Vg). It is by definition Spin(V):

Spin(V) = {z € Spin(Vg),z = 2°°™ }. (10)
Clearly —1 € Spin(V') always. If dim(V) = 1, we have
Spin(V') = {£1}.
Lemma 5.3.6. Let dim(V) > 2 and let x,y € V be mutually orthogonal and
Q(z),Q(y) = £1. Then ¥ € Spin(V)? for all real t. Let J,, be the element

of SO(V') which is —1 on the plane spanned by x,y and +1 on the orthogonal
complement of this plane. Then

e =1 (QQWY) >0)  ale"H) = Jpy (Q)Qy) <0).
In the second case €™V = —1.
Proof. We have already seen that e'*¥ lies in Spin(V¢) for all complex t. Hence
for ¢ real it lies in Spin(V') and hence in Spin(V)°. Suppose that Q(z)Q(y) > 0.
Then (zy)? = —1 and so
e = (cost) 1+ (sint) xy
for real ¢. Taking ¢ = m we get the first relation. Let now Q(x)Q(y) < 0. We have
a(eitny) = eitda(zy) — (2itMa.y
Since Q(x)Q(y) < 0, the matrix of M, , on the complex plane spanned by x and y
is
“(10)

31



from which it follows that a(e!*®¥) is 1 on the complex plane orthogonal to x and
y, while on the complex span of x and y it has the matrix

1 0 . 0 1
cos2t(0 1>i281n2t<1 O)'

Taking t = /2 we get the second relation. Since (zy)? = 1 we have,
e"¥ = (cosht) 1+ (sinht) zy
for all complex ¢, so that /™Y = —1.

Theorem 5.3.7. Let V be a real quadratic vector space and let Spin(V') be the
group of real points of Spin(Vg). Then:
(i) If dim(V') =1 then Spin(V) = {£1}.
(i) If dim(V') > 2, Spin(V) always maps onto SO(V)Y. It is connected except
when dim(V') = 2 and V' is indefinite. In this exceptional case

(Spin(V),SO(V)°, )

12

(R*,0) (o(u) = u?).

(iii) In all other cases Spin(V') is connected and is a double cover of SO(V)°. If
V = RP9, then Spin(p, q) := Spin(V') is characterized as the unique double
cover of SO(V)? when one of p,q < 2, and as the unique double cover
which is nontrivial over both SO(p) and SO(q), when p,q > 2. In partic-
ular, Spin(V) is the universal cover of SO(V)? if and only if dim(V) > 3
and p =0,1.

Proof. We need only check (ii) and (iii). The Lie algebra map
doc: (Va)(zy — yx) — Ma,y

maps Lie(I'") onto s0(V). So, a maps Spin(V)? onto SO(V)?, and Spin(V) into
SO(V') with kernel {£1}. Since the group SO(V') remains the same if we interchange
p and ¢ we may suppose that V=R, , where 0 <p < g and p+¢q > 2.

First assume that p = 0. Then SO(V) is already connected. We can then
find mutually orthogonal z,y € V with Q(z) = Q(y) = —1 and so, by the Lemma
above, —1 € Spin(V)?. This proves that Spin(V) is connected and is a double cover
of SO(V).
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Let 1 < p < q. We shall first prove that Spin(V) maps into (hence onto)
SO(V)°. Suppose that this is not true. Then the image of Spin(V) under « is the
whole of SO(V). In particular, if z,y € V are mutually orthogonal and Q(z) =
1, Q(y) = —1, there is u € Spin(V') such that a(u) = J,,. By the Lemma above
a(el™/2)2y) = J,. also, and so u = £e(i"/2)*¥_ This means that e(i"/2)*¥ € Spin(V)
and so must be equal to its conjugate. But its conjugate is e(="/2)%¥ which is its
inverse and so we must have e!™¥ = 1, contradicting the Lemma.

Assume now that we are not in the exceptional case (ii). Then ¢ > 2 and
so we can find mutually orthogonal z,y € V such that Q(z) = Q(y) = —1. The
argument for proving that Spin(V) is a double cover for SO(V)? then proceeds as
in the definite case.

Suppose now that we are in the exceptional case (ii). Then this last argument
does not apply. In this case let z,y € V be mutually orthogonal and Q(x) =
1, Q(y) = —1. Then (xy)?> = 1 and Spin(Vg) coincides with the image of the
one-parameter group e’V for t € C. But e'*¥ = (cosht) 1+ (sinh¢) zy and such an
element lies in Spin(V') if and only if cosh¢, sinht are both real. Thus

Spin(V) = {+£a(t) |t € R} a(t) = cosht 1 4 sinht zy.
On the other hand,
a(+a(t)) = M=y = (cosh 2t) 1 + (sinh 2t) M,

so that SO(V)? is the group of all matrices of the form

cosh 2t  sinh 2¢
m(t) = (sinh 2t cosh Qt) (tER).

This is isomorphic to R} through the map m(t) — e*, while Spin(V) ~ R*
through the map +a(t) — +e’. The assertion (ii) now follows at once.

It remains only to characterize the double cover when V' is not exceptional. If
p = 0, the fundamental group of SO(V)? is Z when ¢ = 2 and Z, when ¢q > 3; if
p = 1, the fundamental group of SO(V)? is Z, for ¢ > 2. Hence the double cover
of SO(V)? is unique in these cases without any further qualification. We shall now
show that when 2 < p < ¢, Spin(p, q) is the unique double cover of Sy = SO(p, q)°
with the property described. If S is a double cover of Sy, the preimages L,, L,
of SO(p),SO(q) are compact and for L,(r = p,q) there are only two possibilities:
either (i) it is connected and a double cover of SO(r) or (ii) it has two connected
components and L2 ~ SO(r). We must show that L,, L, have property (i) and
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Spin(p, q) is the unique double cover possessing this property for both SO(p) and
SO(q).

To this end we need a little preparation. Let g be a real semisimple Lie algebra
and let Gy be a connected real Lie group with finite center (for instance a matrix
group) and Lie algebra g. Let us consider the category G of pairs (G, ) where G
is a connected real semisimple Lie group and 7 a finite covering map G — Go; G
then has finite center also. Morphisms f : (Gy,m1) — (G2, 72) are finite covering
maps compatible with the m;(i = 1,2). We generally suppress the maps 7 in the
discussion below. If G;(i = 1,2) are two objects in G there is a third group G that
covers both G; finitely, for instance the fiber product G; xg, G2. Any G in G has
maximal compact subgroups; these are all connected and mutually conjugate, and
all of them contain the center of G. If f : G; — G5 and K is a maximal compact
of G;, then f(Kj) (resp. f~!(K3z)) is a maximal compact of Gg (resp. Gip). Fix
a maximal compact Ky of Gy. Then for each G in G the preimage K of Kj is a
maximal compact of G and the maps G; — G2 give maps K; — Ky with the
kernels of the maps being the same. Suppose now that G,G;(i = 1,2) are in G and
G — @G; with kernel F;(i = 1,2). It follows form our remarks above that to prove
that there is a map Gy — G4 it is enough to prove that there is a map K; — Ko.
For the existence of a map K; — K5 it is clearly necessary and sufficient that
Fy C Fs.

In our case Gy = SO(p,q)°, Ko = SO(p) x SO(q). Then Spin(p,q) is in the
category G and K, ,, the preimage of Ky, is a maximal compact of it. Since both p
and g are > 2, it follows from the lemma that —1 lies in the connected component of
the preimages of both SO(p) and SO(q). So if K, is the preimage of SO(7)(r = p, q),
then K, — SO(r) is a double cover. Let G be a double cover of Gy with preimages
L, Ly, L, of SO(p),SO(q), Ko with the property that L, is connected and L, —
SO(r) is a double cover. We must show that there is a map G; — Spin(p, q)
above Gy. By our remarks above this comes down to showing that there is a map
L,, — K, 4, above Kj. Since the fundamental group of SO(r) for r > 2 is Z
for r = 2 and Zs for r > 3, SO(r) has a unique double cover and so we have
isomorphisms L, ~ K, above SO(r) for r = p, q.

The Lie algebra of Ky is the direct product of the Lie algebras of SO(p) and
SO(g). This implies that L, L,, as well as K, K,, commute with each other
and L,, = L,L,, K, , = K,K,. Let M,, = Spin(p) x Spin(g). Then we have
unique maps M, , — Ly, 4, K, , with Spin(r) ~ L,, K, (r = p,q). To show that
we have an isomorphism L,, ~ K, , it is enough to show that the kernels of
M, — L, g4, Ky are the same. The kernel of M, , — Ky is Zy X Zy. Since
Spin(r) ~ L,, K, it follows that the kernels of M, , — L, ,, K, 4, which are both
nontrivial, have the property that their intersections with Spin(p) x 1 and 1 x Spin(q)
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are trivial. But Zs X Zs has only one nontrivial subgroup that has trivial intersection
with both of its factors, namely the diagonal. The uniqueness of this subgroup gives
the map L, , ~ K, , that we want. This finishes the proof.

Remark. The above discussion also gives a description of K, ;, the maximal com-
pact of Spin(p,q)°. Let us write &, for the nontrivial element in the kernel of
K, — SO(r)(r = p,q). Then

Kpq=Kp,x Ky/Z Z ={1,(ep,eq9)}-

Thus a map of K + p x K, factors through to K, , if and only if it maps ¢, and ¢,
to the same element.

We shall now obtain the analog of Proposition 5 in the real case.
Proposition 5.3.8. For p,q > 0 we have

Spin(p, ¢) = {v1 ... vaqw1 ... wap | v, w; € V,Q(v;) =1, Q(w;) = —1}. (10)

Proof. By the results of Cartan® (see the Appendix) we know that the elements of
SO(p, q)° are exactly the products of an even number of space-like reflections and
an even number of time-like reflections; here a reflection in a hyperplane orthogonal
to a vector v € V with Q(v) = %1 is space-like or time-like according as Q(v) = +1
or —1. It is then clear that the right side of (10) is a group which is mapped by «
onto SO(p,q)°. As it contains —1 the result follows at once.

Spin representations as Clifford modules. We consider the following situation.
A is a finite dimensional associative algebra over the field k& which is either R or C.
Let A* be the group of invertible elements of A. Then A* is a Lie group over k and
its Lie algebra is Ay, which is A with the bracket [a,b] = ab — ba. The exponential

map is the usual one:
n

a
exp(a) = e* = Z g

n>0

Let g C AL be a Lie algebra and G the corresponding analytic subgroup of A*.
We assume that A is generated as an associative algebra by the elements of g. The
exponential map g — G is the restriction of the exponential map from A; to A*.
A finite dimensional representation p(r) of g(G) is said to be of A-type if there is
a representation pu(m) of A such that p(m) restricts to p(r) on g(G). Since g C A
and generates A as an associative algebra, we have a surjective map U(g) — A,
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where U(g) D g is the universal enveloping algebra of g, which is the identity on g.
So the representations of g of A-type, which are just the A-modules, are precisely
those whose extensions to U(g) factor through the map U(g) — A. We now have
the following elementary result.

Proposition 5.3.9. Let g generate A as an associative algebra. If r is a repre-
sentation of G of A-type, then p = dr is a representation of g of A-type and every
representation of g of A-type is uniquely obtained in this manner. Restriction to
G is thus a fully faithful functor from the category of A-modules to the category of
modules for G of A-type.

Proof. Given r and its extension m, we have, for p = dr the formula p(a) =
(d/dt)—o(r(e'))(a € g). Let u(b) = (d/dt)mo(m(e™))(b € A). Since m(e) —
e!™m®) it follows that p(b) = m(b) while obviously p extends p. Hence p is of A-
type. Conversely, let p be of A-type and u a representation of A that restricts to
p on g. Let r be the restriction of p to G. Then, for a € g, we have, (dr)(a) =
(d/dt)i—o(p(e'®)) = u(a) = p(a). Hence r is of A-type and dr = p. Since g generates
A as an associative algebra, it is clear that the extensions m(u) are unique, and it
is obvious that restriction is a fully faithful functor.

The imbedding
viso(V) — CF, Mgy — (3p)(zy — yx)

has the property that its image generates C* as an associative algebra. Indeed,
if (e;) is an ON basis for V, 7(Me, ;) = e;e; and these generate C*. Hence the
conditions of the above proposition are satisfied with G = Spin(V),g = so(V)
(identified with its image under v) and A = C*. By a Clifford module we mean
any module for so(V') or Spin(V'), which is the restriction to Spin(V') or so(V') of
a module for CT. Since we know the modules for C*, all Clifford modules are
known. These are, in the even dimensional case, direct sums of S*, and in the odd
dimensional case, direct sums of S.

Identification of the Clifford modules with the spin modules. We shall now
identify S* and S as the spin modules. In the discussion below we shall have to
use the structure theory of the orthogonal algebras. For details of this theory see'?,
Chapter 4.

dim(V) = 2m: We take a basis (e;)1<i<2m for V such that the matrix of the

quadratic form is
0 I
I 0)/)°
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Thus
D(er, emar) =1 (I1<r<m)

and all other scalar products between the e’s are zero. In what follows we use

r,s,r’,... as indices varying between 1 and m. The matrices of so(V') are those of
the form
(é _it) (B'=-B, C' = ~C)

where A, B, C, D are m X m matrices. In the usual structure theory of this classical
algebra the Cartan subalgebra is the set of diagonal matrices ~ C™ via

(a1, Q) — diag (a1,...,Gn, —Q1, ..., —0p).

We write E;; for the usual matrix units of the m x m matrix algebra and define

E’. 0 > <0 E’ —E’) ( 0 o)
E;; = ( v , F = Pq | G. = .
J 0 -E) P4 0 0 pq E,,—E, 0

Then the E;j, Fpq, Gpq are the root vectors with corresponding roots a; — aj, a, +
aq, —(ap + a4). For the positive system of root vectors we choose

Ezg(l < .])7 qu(p < Q)-
Writing M, ,, for M., .., it is easy to check that
Mymys = Ers,  Mys=Frs, Mpirmts = Grs, Mrmyr = Epr.
Thus the positive root vectors are
My mys (r<s), M.s(r<s).

The linear functions corresponding to the fundamental weights at the right extreme
nodes of the Dynkin diagram are

6F == (o) (a1 4+ ag + ... + Gm_1 £ a).

Since the +a; are the weights of the defining representation in C?™, the weights of
the tensor representations are those of the form

kiai + koas + ... + knam,
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where the k; are integers, and so it is clear that the irreducible representations with
highest weights 6= cannot occur in the tensors; this was Cartan’s observation. We
shall now show that the representations with highest weights 6% are none other than
the CT-modules ST viewed as modules for so(V) through the injection so(V) —
i

The representation of the full algebra C' as described in Theorem 2.4 acts on
AU* where U* is the span of the e,,;s. The duality between U, the span of the e,
and U* is given by (e, et s) = 20,5. The action of C't is through even elements and
so preserves the even and odd parts of AU*. We shall show that these are separately
irreducible and are equivalent to the representations with highest weights §%. To
decompose AU* we find all the vectors that are killed by the positive root vectors.
It will turn out that these are the vectors in the span of 1 and es,,. So 1 generates
the even part and ey, the odd part; the respective weights are 6,5~ and so the
claim would be proved.

The action of C' on AU* is as follows:
e u* — J(ey)(u"), Emar P U — €miyr AuT.
The injection v takes M, , to (1/1)(zy — yz) and so we have

Y(Mymar) = (V2)eremer — (1), Y( M) = (Lo)erey (1 < t,u < 2m).

We now have

V(M ngr)L = 1/2, Y(Mrmtr)eam = ((Y2) = Orm)e2m.

Let us now determine all vectors v killed by

V(Mr,m—ks); V(Mr,s) (’l“ < 8).

As diag(ai,...,am, —a1,...,—Am) = . ap My mir we see that 1 has weight 6T
while es,,, has weight d~. Since 1 is obviously killed by the positive root vectors we
may suppose that v has no constant term and has the form

v = E CIEm+1-
[7]>1

We know that v is killed by all d(ej,)0(ej,)(1 < ji < jo < m). If we apply
J(ej,)0(ej,) to a term e,,45 with |I| > 2, we get €4/ if I contains {j1, jo} where
I' =TI\ {j1,j2}, or 0 otherwise, from which it is clear that ¢; = 0. So

v = E CjCmtj-
J
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Since y(My m+s)v = 0 for r < s we conclude that ¢, = 0 for r < m.

dim(V) = 2m + 1: We take a basis (e;)o<t<om with the e;(1 < ¢ < 2m) as
above and e a vector of norm 1 orthogonal to them. If f; = iege;, then ff; = eses
and so C'" is generated by the (f;) with the same relations as the e;. This gives the
fact already established that C is the full ungraded Clifford algebra in dimension
2m and so is a full matrix algebra. It has thus a unique simple module S. We wish
to identify it with the irreducible module with highest weight § corresponding to
the right extreme node of the diagram of so(V). We take the module S for C* to
be A(F') where F' is the span of the f,,+s, with f,. acting as 9(f,.) and f,,1, acting
as multiplication by f,,+,. Then, as e;e,, = fi fu, 7 is given by

Mr,s — (1/2>f7"fs Mm—l—r,m+s = (1/2)fm—|—7"fm+87 Mr,m—H“ = (1/2>f7"fm+r - (1/2)
while
MO,S — (_i/2)f55 MO,m+s — (_i/Z)fm+s-

We take as the positive system the roots a, —as, —(a, +as), —a, so that the positive
root vectors are

Mm+T,S (T' < 8)7 M’r‘,s (7" < 3), MO r-

)

It is easy to show, as in the previous example, that 1 is of weight § and is killed by

V(MT,S) (7” #* S), V(Mm—H",S)

so that it generates the simple module of highest weight §. To prove that this is all
of S it is enough to show that the only vectors killed by all the positive root vectors
are the multiples of 1. Now if v is such a vector, the argument of the previous case
shows that v = al + bfa,,. But then J(f,,)v = b = 0. This finishes the proof.

Let V be a complex quadratic vector space of dimension D. Then for D odd
D—1
the spin mo%ule has dimension 272 while for D even the semispin modules have
dimension 22 . Combining both we see that

dimension of the spin module(s) = o721 (D>1) (11)
in all cases where [z] is the largest integer < x.
Remark. The identification of the spin modules with Clifford modules has a very
important consequence. If V' is a quadratic space and W a quadratic subspace, it is

obvious that the restriction of a C'(V)*-module to C(W)™* splits as a direct sum of
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simple modules and so the restriction of a spinorial module for Spin(V') to Spin(W)
is spinorial. There are many situations like this occuring in physics and one can

explicitly write down some of these “branching rules”®.

Centers of the complex and real spin groups. We shall now determine the
centers of the spin groups, both in the complex and real case. Let us first consider
the case of a complex quadratic space V of dimension D > 3. If D is odd, SO(V)
has trivial center and so is the adjoint group, and its fundamental group is Z,. As
Spin(V') is the universal cover of SO(V'), its center is Zs.

In even dimensions the determination of the center of Spin(V') is more delicate.
If V' above has even dimension D = 2m, the center of SO(V) is Zs, consisting
of £1, I being the identity endomorphism of V. Its preimage in Spin(V'), say
Z, is the center of Spin(V'), and is a group with 4 elements, hence is either Z,
or Zo ® Zs. We shall now determine in terms of D when these two possibilities
occur. For this we need to use the obvious fact that the center of Spin(V) is
the subgroup that lies in the center of C(V)*. We have already determined the
center of C(V)*. If (e;)1<i<p is an orthonormal basis and epi1 = ejes...ep,
then the center of C(V)* is spanned by 1 and epi1. Now e}, = (=1)™, epy1
anticommutes with all e;, and B(epy1) = (—1)™epy1, so that x = a + bepyq lies
in the spin group if and only if zVa~! C V and z8(z) = 1. The second condition
reduces to a® + b? = 1, ab(1 + (—=1)™) = 0, while the first condition, on using
the fact that 27! = 3(x), reduces to ab(l — (—1)™) = 0. Hence we must have
ab = 0,a® + b> = 1, showing that

center(Spin(V)) = {£1,+ep41}.

If m is even, €7, ; = 1 and so the center is Zy & Zy. For m odd we have e7,_; = —1
and so the center is Z, generated by +ep1. Thus,
Z, it D=2k+1
center(Spin(V)) ~ { Z, it D=4k +2
Zy®d7Zy if D=4k

Suppose now that V' is a real quadratic vector space of D. If D is odd it is
immediate that the center of Spin(V') is {£1} ~ Zs. Let now D be even and let
V = R%® where a < b and a +b = D. If a,b are both odd, —I ¢ SO(a) x SO(b)
and so the center of SO(V)? is trivial. This means that the center of Spin(V) is
{£1} ~ Zs. Suppose that both a and b are even. Then —I € SO(a) x SO(b) and so
the center of Spin(V)Y consists of +-1. Hence the center of Spin(V') has 4 elements
and so coincides with Z, the center of Spin(Vc). Thus we have the following:

Zo if D=2k+1or D=2k a,bodd

center of Spin(R™?) ~ { Z, if D =2k, a,b even.
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5.4. Reality of spin modules. For applications to physics, the theory of spin
modules over C, is not enough; one needs the theory over R. Representation theory
over R is a little more subtle than the usual theory over C because Schur’s lemma
takes a more complicated form. If V' is a real vector space and A C Endg (V) is
an algebra acting irreducibly on V', the commutant A’ of A, namely the algebra of
elements of Endg (V) commuting with A, is a division algebra. Indeed, if R € A’,
the kernel and image of R are submodules and so each is either 0 or V. So, if
R # 0, then both are 0 and so R is bijective, hence invertible, and R~! € A’.
Now R, C, H are all division algebras over R, H being the algebra of quaternions.
Examples can be given to show that all three arise as commutants of simple modules
of R—algebras. For instance, if A denotes anyone of these, it is a simple module for
the left regular representation, and its commutant is isomorphic to A°PP ~ A. A
classical theorem of Frobenius asserts that these are the only (associative) division
algebras over R. So simple modules for a real algebra may be classified into 3 types
according to the division algebra arising as the commutants in their simple modules.
The main goal of this section is to determine the types of the simple modules for
the even parts of the Clifford algebras of real quadratic vector spaces. The main
result is that the types are governed by the signature of the quadratic space mod 8.
This is the first of two beautiful periodicity theorems that we shall discuss in this
and the next section.

It is not difficult to see that the types depend on the signature. Indeed, if we
replace V' by V @ W where W is hyperbolic, then C(V @ W) ~ C(V) ® C(W)
and C (W) is a full endomorphism super algebra of a super vector space U. One
can show that the simple modules for C'(V) and C(V & W) are S and S ® U and
the commutants are the same. Hence the types for C(V) and C(V & W) are the
same. Since two spaces Vi, Vo have the same signature if and only if we can write
Vi =V aW, fori= 1,2 where the W, are hyperbolic, it is immediate that the types
of C(V1) and C(V,) are the same. A little more work is needed to come down to the
even parts. However one needs a much closer look to see that there is a periodicity
mod 8 here.

We shall actually work over an arbitrary field k of characteristic 0 and specialize
to kK = R only at the very end. All algebras considered in this section are finite
dimensional with unit elements and all modules are finite dimensional. k D k is the
algebraic closure of k.

The Brauer group of a field. If A is an associative algebra over k and M is a
module for A, we write Ay; for the image of A in Endg(M). If M is simple, then
the commutant D = A, of A in M is a division algebra as we have seen above.
However, unlike the case when k is algebraically closed this division algebra need
not be k. The classical theorem of Wedderburn asserts that A, is the commutant
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of D, i.e.,
AM = EndD(M).

We can reformulate this as follows. The definition m - d = dm(m € M,d € D)
converts M into a right vector space over D°PP | the division algebra opposite to D.
Let (m;)1<i<r be a DPP-basis for M. If we write, for any a € Ayr, amj; = >, m;-a,5,
then the map

a— (aij)

is an isomorphism of A,; with the algebra M"(D°PP) of all matrices with entries
from D°PP:

Anr = M7 (DPP) =~ M" (k) @ D°PP.
Here, for any field k', M" (k') is the full matrix algebra over k’.

The classical theory of the Brauer group is well-known and we shall now give
a quick summary of its basic results. We shall not prove these here since we shall
prove their super versions here. Given an associative algebra A over k and a field
k' O k we define
A = k' R A.

We shall say that A is central simple (CS) if Ay is isomorphic to a full matrix
algebra: B
ACS <= Az~ M"(k).

Since
Mr(k,/) ®MS(]€/) ~ MTS(kJ)
it follows that if A, B are CS algebras so is A ® B. Since
Mr(k/)opp ~ MT(k/)

it follows that for A a CS algebra, A°PP is also a CS algebra. The basic facts about
CS algebras are summarized in the following proposition. Recall that for an algebra
A over k and a module M for it, M is called semisimple if it is a direct sum of
simple modules. M is semisimple if and only if M := M ®;, k is semisimple for
Ar = k®p A. A itself is called semisimple if all its modules are semisimple. This
will be the case if A, viewed as a module for itself by left action, is semisimple. Also

we have an action of A ® A°PP on A given by the morphism ¢ from A ® A°PP into
Endy(A) defined as follows:

t(a®b): x+— azxb (a,x € A,b e A°PP).

Proposition 5.4.1. The following are equivalent.
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(i) A is CS.

(ii) t: A® A°PP ~ Endy(A).

(iii) ctr(A) =k and A is semisimple.

(iv) A= M"(k) ® K where K is a division algebra with ctr(K) = k.
)

(v) ctr(A) =k and A has no proper nonzero two-sided ideal.

In this case A has a unique simple module with commutant D and A ~ M" (k) ®
D°PP . Moreover, if M is any module for A and B 1is the commutant of A in M,
then the natural map A — Endg(M) is an isomorphism:

A~ Endg(M).

Finally, in (iv), K°PP is the commutant of A in its simple modules.

An algebra A over k is central if its center is k, and simple if it has no nonzero
two-sided ideal. Thus CS is the same as central and simple. Two central simple
algebras over k are similar if the division algebras which are the commutants of
their simple modules are isomorphic. This is the same as saying that they are
both of the form M"(k) ® K for the same central division algebra K but possibly
different r. Similarity is a coarser notion of equivalence than isomorphism since A
and M7 (k) ® A are always similar. Write [A] for the similarity class of A. Since
M7 (k) has zero divisors as soon as r > 1, M"(k) ® K and K cannot both be
division algebras unless » = 1, and so it follows that for central division algebras
similarity and isomorphism coincide. Thus each similarity class contains a unique
isomorphisms class of central division algebras. On the set of similarity classes we
now define a multiplication, the so-called Brauer multiplication, by the rule

[A[B] = [A® B].

Since
(M"(kE)® A) @ (M*(k)® B) = M" (k) ® (A® B)

it follows that Brauer multiplication is well-defined. In particular, if F/, F' are two
central division algebras, there is a central division algebra G such that ' ® F' is
the full matrix algebra over G, and

The relations
[M" (k) ® A] = [4], AR B~B®QA A® A°PP ~ M"(k) (r = dim(A))
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show that Brauer multiplication converts the set of similarity classes into a com-
mutative group with [k] as its identity element and [A°PP] as the inverse of [A].
This group is called the Brauer group of the field k and is denoted by Br(k). If k
is algebraically closed, we have Br(k) = 1 since every CS algebra over k is a full
matrix algebra. For £ = R we have

Br(R) = Z».

In fact R and H are the only central division algebras over R (note that C as an
R-algebra is not central), and H is therefore isomorphic to its opposite. Hence the
square of the class of H is 1. For our purposes we need a super version of Brauer’s
theory because the Clifford algebras are CS only in the super category. However
the entire discussion above may be extended to the super case and will lead to a
treatment of the Clifford modules from the perspective of the theory of the super
Brauer group.

Central simple (CS) super algebras over a field. For any field k£ and any
u € kX let D = Dy, be the super division algebra k[e] where ¢ is odd and £? = u.
It is obvious that the isomorphism class of Dy, depends only on the image of u in
k:x/kxz. Clearly

Dzlj’f = Dy _y.

In particular, if Dy := Dy, 1, then D°PP = k[£"] where £° is odd and 0% = 1Tk
is algebraically closed, Dy is the only super division algebra apart from k. To see
this let B be a super division algebra over k algebraically closed. If u is an odd
nonzero element, it is invertible and so multiplication by w is an isomorphism of B
with Bg. But By is an ordinary division algebra over k and so is k itself, so that
dim(B;) = 1. As u? is nonzero and even, we have u? = al, and so replacing u by
e = a /%y, we see that B = Dj,. If there is no ambiguity about k we write D for
Dy.. Because of this result we have

D ~ D°PP (k algebraically closed ).

In imitation of the classical case and guided by the Clifford algebras we define
a super algebra A over k to be central simple (CS) if

A=~ M"(E) or ~ M™ ® Dx. (CS)

From our results on Clifford algebras we see that the Clifford algebra C(V) of
a quadratic vector space over k is always central simple in the super category.
We shall prove presently the super version of Proposition 1 that will allow us to
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define the notions of similarity for CS super algebras and of Brauer multiplication
between them, and prove that this converts the set of similarity classes of CS super
algebras over a field into a commutative group, the super Brauer group of the field.
An explicit determination of the super Brauer group of R will then lead to the
classification of types of simple Clifford modules over R. This was first done by C.
T. C. Wall®.

We begin with some preparatory lemmas. If A, B are super algebras over k
and V, W are modules for A, B respectively, recall V ® W is a module for A ® B if
we define

(a ®b)(vew) = (—1)POPM gy @ buw.

Let A be a sub super algebra of Endg (V). The supercommutant A’ of A is the
super algebra whose homogeneous elements x are defined by

azx = (—1)P@P@)gq (a € A).

We must distinguish this from the super algebra, denoted by A/, which is the

ordinary commutant, namely consisting of elements = € Endy (V') such that az = zv
for all a € A. We often write A, for A regarded as an ungraded algebra. Note
however that A" and A}, have the same even part. If A is a super algebra and V' a
super module for A, we write Ay for the image of A in Endg (V).

Lemma 5.4.2. We have
(A® B)ygw = Ay @ Byy.

Furthermore,
sctr(A ® B) = sctr(A) ® sctr(B).

Proof. We may identify A and B with their images in the respective spaces of
endomorphisms. It is an easy check that A’ ® B’ C (A ® B)’. We shall now prove
the reverse inclusion. First we shall show that

(A®1) = A’ @ Endg(W). (%)

Let c =3 ;a; ®b; € (A® 1)" where the b; are linearly independent in Endg(W).
Then c(a®1) = (—=1)PP@) (g 1)c for a in A. Writing this out and observing that
p(c) = p(a;) + p(b;) for all j we get

3 (—1yp@rtn [aaj — (—1)P@P(a) g q] @ b; = 0.

J
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The linear independence of the b; implies that a; € A’ for all j, proving (*). If
now ¢ € (A® B)' we can write ¢ =, a; ® b; where the a; are in A" and linearly
independent. Proceeding as before but this time writing out the condition that
c€ (1®B)" we get b; € B for all j. Hence ¢ € A’ ® B’. The second assertion is
proved in a similar fashion.

Our next result is the Wedderburn theorem in the super context.

Lemma 5.4.3. Let A a super algebra and V' a semisimple module for A. Then,

primes denoting commutants,
Ay = A

Proof. We may assume that A = Ay. Let v;(1 < j < N) be homogeneous nonzero
elements in V. It is enough to prove that if L € A”, then there is a € A such that
avj = Lv; for all j. Consider first the case when N = 1. Since V is a direct sum
of simple sub super modules it follows as in the classical case that any sub super
module W has a complementary super module and hence there is a projection
V — W, necessarily even, that lies in A’. Applying this to the submodule Av,
we see that there is a projection P(V — Aw;) that lies in A’. By assumption L
commutes with P and so L leaves Av; invariant, i.e., Lv; € Avy. This proves the
assertion for N = 1. Let now N > 1. Consider VY = V ® U where U is a super
vector space with homogeneous basis (e;)1<;j<n where e; has the same parity as
v;. Then VN being the direct sum of the V ® ke;, is semisimple, and so is itself
semisimple. By Lemma 2, (A® 1) = A" ® k. Let v = Zj v; ® e;. Then v is even
and by what has been proved above, given L € A” we can find a € A such that
(Le1v=(a®1)v,ie.,

ZLUJ' ®ej = Zavj ® e;.
This implies that Lv; = av; for all j, finishing the proof.

Lemma 5.4.4. If A is a super algebra and M a simple super module for A, then
the super commutant of Ay is a super division algebra. If B is a super division
algebra over k which is not purely even, and V' is a super vector space, then

End,(V)® B ~ Endk(V’) ® B

where V' is the ungraded vector space V and Endg (V") is the purely even algebra of
all endomorphisms of V'. In particular

M (k)@ B~ M"* @ B.
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Proof. Let L be a homogeneous element of A’,. Then the kernel and image of L
are sub super modules and the argument is then the same as in the classical Schur’s
lemma. For the second assertion we begin by regarding B as a module for B°PP by

bt = (—1)POP )y,

Clearly the commutant of this module is B acting by left multiplication on itself.
By Lemma 1 we therefore have, on V ® B,

(1 ® B°°P) = Endy(V) ® B.

Choose now 1 # 0 in B;. Let v; form a basis of V' with v;(i < r) even and v;(i > )
odd. Then, the even elements

Ul®17"'7UT®17UT+1®n7"';vr+s®n
form a B°PP-basis of V' ® B. This implies that
VeoB~V' ®B

as B°PP-modules. Since the commutant of 1 ® B°PP in V' ® B is End (V') ® B the
result follows.

One can see easily from the definition that if A, B are CS super algebras, then
so are A ® B and A°PP. To see this write M"* = M"*(k), D = Dy, Dy, = Dy 1.
We then have the following.

Mr|5<k.) ® Mp\q(k,) ~ Mrp+sq|rq+8p<k)
M"5(k) @ (M™(k) ® Dy,) ~ M™1"(k) @ Dy, ~ M™+9) (k) @ Dy,
(M™(k) @ Di) @ (M™ @ Dy)°PP ~ M™ (k) @ M (k) ~ Mmrimn (k).

Taking k instead of k and remembering that D°PP ~ D we see that A ® B is CS if
A, B are CS. In the second relation we are using Lemma 4. The verification of the
third comes down to seeing that

Dy, @ D{PP ~ M1,

This last relation is proved as follows. For any super algebra A, we have an action
t =14 of A® A°PP on A given by

tla@b)(z) = (=1)POP@azb  (a,2 € A be APP).
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Thus
t: A® A°PP — Endy(A)

is a morphism of super algebras. In the special case when A = D}, we can compute
t explicitly and verify that it is an isomorphism. In the basis 1,e for Dy we have,
for the action of t,

t(1®1):((1) ?) t(1®5):<(1) ‘01),
t(5®1):<(1) é) t(a@a):((l) _01>

So the result is true in this case. To see that the opposite of a CS super algebra is
also CS we first prove that

Endy (V)PP ~ End (V).
Let V* be the dual of V' and for T' € End (V) let us define T* € Endy(V*) by
(T*v*)(v) = (=1)PTIPCy*(T).
It is then easily checked that p(T™) = p(T') and
(T\T»)* = (_1>p(T1)p(T2)T2*T1*

which proves that the map 7' —— T* is an isomorphism of Endy(V) with
Endj (V*)°PP. However we have, noncanonically, V ~ V* and so

Endy (V) ~ Endy (V)PP ~ End (V)°PP.
Next, as D ~ D°PP for k algebraically closed, we have
(M™ ® D)°PP ~ M™ ® D

where we are using the easily proved fact that (A ® B)°PP ~ A°PP ) BOPP,

We shall now prove the super version of Proposition 1. Recall that for a super
algebra, the complete reducibility of all its modules is equivalent to the complete
reducibility of the left regular representation, and that we have called such super
algebras semisimple.

Proposition 5.4.5. The following are equivalent.
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Proof. (i) = (ii). Since the map t is already well-defined, the question of its
being an isomorphism can be settled by working over k. Hence we may assume that
k is already algebraically closed. We consider two cases.

Case 1: A ~ M"ls. Let E;; be the matrix units with respect to the usual
homogeneous basis of k”*. Then

t(Eij @ Eqe) : Eyn — (_1)[p(q)+p(€)][p(m)+p(n)]5jm5ani£,

and so t(E;; ® Eq) takes Ej, to £E; and E,,, to 0 if (m,n) # (j,¢). This proves
that the image of ¢ is all of End;(A). Computing dimensions we see that ¢ is an
isomorphism.

Case 2: A ~ Endg (V) ® D where V is a purely even vector space. We have
already verified that t is an isomorphism when V = k, i.e., A = D. If we write
tasB,ta,tp for the maps associated to A® B, A, B, then a simple calculation shows
(after the identifications (A ® B) ® (A ® B)°PP ~ (A ® A°PP) ® (B ® B°PP) and
tagB ~ta ®tB) that

tagB =1tA ®1B.

Hence the result for A = Endy (V) ® D follows from those for Endy and D.

(ii) = (iv). Let 2 € sctr(A4). Then za = (—1)P@P(@zq for all a € A. We now
assert that  ® 1 is in the super center of A ® A°PP. In fact,

(1) (a®b)=za®b=(—1)P@PWgz @b = (—1)PEPE®Y) (4 @ p)(z @ 1)

proving our claim. So x ® 1 € k, showing that x € k. We must now show that the
left regular representation of the super algebra A is completely reducible. Let L
be a (graded) subspace of A stable and irreducible under left translations. Then,
under our assumption (ii), the spaces t(a ® b)[L] = Lb span A as b varies among
the homogeneous elements of A. This means that the spaces Lb span A. Right
multiplication by b is a map of L with Lb commuting with the left action and so Lb
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is a quotient of L or IIL according as b is even or odd, thus irreducible as a super
module for the left regular representation. Thus A is the sum of simple sub super
modules for the left action and hence A is semisimple.

(iv) = (ii). We begin by remarking that if L and M are simple nonzero sub super
modules of A under the left action, then M = Lb for some homogeneous b € A if
and only if either M ~ L or M ~ IIL. Indeed, if M = Lb then left multiplication by
b is a nonzero element of Hom 4 (L, M) if b is even and Hom 4 (IIL, M) if M is odd,
and hence is an isomorphism. For the reverse result, write A = L & L; ... where
L,Ly,... are simple sub super modules of A for the left action. Let T'(L — M)
be a homogeneous linear isomorphism L ~ M as A-modules. Define T as 0 on
Lq,.... Then T is homogeneous and commutes with left action. If 71 = b, then b
is homogeneous and T'a = ab. Hence M = Lb as we wished to show.

This said, let us write A = ©A; where the A; are simple sub super modules
of A for the left action. We write ¢ ~ j if A; is isomorphic under left action to A;
or IIA;. This is the same as saying, in view of our remark above, that for some
homogeneous b, A; = A;b; and ~ is an equivalence relation. Let I,J,... be the
equivalence classes and A; = ®;crA;. Each Aj is graded and Ay does not change if
we start with another A; with ¢ ~ j. Moreover A; is invariant under left as well as
right multiplication by elements of A and so invariant under the action of A ® A°PP.
We now claim that each Aj is irreducible as a super module under the action of
A ® A°PP. To show this it is enough to prove that if M is a graded subspace of Aj
stable and irreducible under the left action, then the subspaces Mb for homogeneous
b span A;. Now A; is a sum of submodules all equivalent to A; for some i € I,
and so M has to be equivalent to A; also. So, by the remark made at the outset,
A; = Mbg for some homogeneous by; but then as the A;b span Aj it is clear that
the Mb span A;. Thus A; is a simple module for A ® A°PP. Since A = ), Ay it
follows that the action of A ® A°PP on A is semisimple. So Lemma 3 is applicable
to the image R of A ® A°PP in Endy(A). Let T € R’ and T'1 = . The condition
on T is that
t(a @ b)T = (_1)p(T)p(t(a®b))Tt(a @ b) (%)

for all a,b € A. Since t(a @ b)(z) = +axb it follows that p(t(a @ b)) = p(a®@ b) =
p(a) 4+ p(b). Moreover as T'1 = ¢, we have p(T') = p(¢). Hence applying both sides
of (%) to 1 we get

(=1)POPO) gpp = (—1)POR@+POI (o).
Taking a = 1 we see that Tb = ¢b so that the above equation becomes

(—=1)POPO gpp = (—1)PAP)FPOB)ggp,
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Taking b = 1 we get al = (—1)P(@P@) (g, showing that ¢ lies in the super center of
A. So ¢ € k. But then R” = Endy(A) so that the map ¢ : A® A°PP — Endj(A) is
surjective. By counting dimensions we see that this must be an isomorphism. Thus
we have (ii).

(iv) = (v). It is enough to prove that (v) follows from (ii). But, under (ii), A,
as a module for A ® A°PP, is simple. Since 2-sided homogeneous ideals are stable
under t, we get (v).

(v) = (vi). By (v) we know that any nonzero morphism of A into a super algebra
is faithful. Take a simple module M for A. Its super commutant is a super division
algebra D and by Lemma 3 we have Ay = Endp(M). The map A — Ay is
faithful and so

A~ Endp(M).

This implies that
A~ M(k)® K, K = D°PP.

Since the super center of a product is the product of super centers we see that the
super center of K must reduce to k. Thus we have (vi).

(vi) = (i). It is enough to prove that if K is a super division algebra whose
super center is k, then K is CS. Now the left action of K on itself is simple and
so semisimple. Thus K is semisimple. We now pass to the algebraic closure k of
k. Then K = K _ is semisimple and has super center k. Thus K satisfies (iv), and
hence (v) so that any nonzero morphism of K is faithful. Let M be a simple module
for K and FE the super commutant in M. Then, with F = E°°P, K ~ M"l* @ F.
For F there are only two possibilities: F' = k, D. In the first case K ~ M"!® while
in the second case K ~ M"7* ® D by Lemma 4. Hence K is CS.

(iii) <= (i). It is enough to prove (i) = (iii) when k is algebraically closed. It
is only a question of the semisimplicity of A as an ungraded algebra. If A = M7
then the ungraded A is M"*% and so the result is clear. If A = M™ ® D, then it
is a question of proving that the ungraded D is semisimple. But as an ungraded
algebra, D ~ k[u] where u? =1 and so D ~ k @ k, hence semisimple.

For the converse, let us suppose (iii) is true. Let us write A,, for A regarded as
an ungraded algebra. We shall show that A is semisimple as a super algebra. This
will give us (iv) and hence (i). We shall assume that k is algebraically closed. We
first argue as in the proof of (iv) = (ii) above that A, is semisimple as a module
for A, @ APP. Take now a filtration of homogeneous left ideals

Ag=ADA D...D0A DA 11 =0
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where each M; := A;/A;11 is a simple super module. Let R be the set of elements
which map to the zero endomorphism in each M;. Then R is a homogeneous two-
sided ideal. If x € R, then xA; C A;41 for all 4, and so " = 0. Now, the ungraded
algebra A, is semisimple by assumption. Hence as R is stable under A, ® ASPP we
can find a two-sided ideal R’ such that A = R® R’. Since RR' C RN R =0 we
have RR' = R'R = 0. Write 1 = u + «' where u € R,v' € R’. Then wu’ = v'u =0
and so 1 = (u+u')" = u" + " = u'", showing that 1 € R’. Hence R = R1 = 0.
This means that A,, and hence A, acts faithfully in &;M,.

The kernel of A in M; and M; are the same if either M; ~ M; or M; ~ IIM;.
Hence, by omitting some of the M; we may select a subfamily M;(1 <1 < s) such
that for i # j we have M; ¢ M;,IIM;, and that A acts faithfully on M = ®1<;<s.
We may thus suppose that A = Ay;. Let P;,(M — M;) be the corresponding
projections. If A/ is the ordinary commutant of A, it is clear that P; € A} for all
i. We claim that P; € (A])! for all i. Let S € A!, be homogeneous. Then S[M;]
is a super module for A which is a quotient of M, or IIM,; and so is either O or
equivalent to M; or IIM;. Hence it cannot be equivalent to any M; for j # i and
so S[M;] C M; for all i. So S commutes with P; for all i. Thus P; € (A),)!, for all
i. But A, being semisimple, we have A4, = (4!,)!, and so P; € A for all i. Hence
P, e AN A" = sctr(A) = k for all i. Thus there is only one index ¢ and P; = 1 so
that M is simple. But then A = Endg (M) where K is the super commutant of A
in M. B is a super division algebra with super center k and so we have (vi). But
then as (vi) implies (i) we are done.

(vii) <= (i). The argument in the preceding implication actually proves that (vii)
implies (i). The reverse is trivial since the left action of A on itself is semisimple
and faithful if A is CS.

This completes the proof of the entire proposition.
Proposition 5.4.6. Let k be arbitrary and A a CS super algebra over k. Let M be

any module for A and let B be the commutant of A in M. Then the natural map
A — Endp(M) is an isomorphism:

A~ Endg(M).

Moreover, the commutants in the simple modules for A are all isomorphic. If B
18 such a commutant, then B a super division algebra with super center k, and
A~ M"I5(k) ® BPP. Finally, if A= M"1* @ K where K is a super division algebra
with super center k, K°PP is the commutant of A in its simple modules.

Proof. The first assertion is immediate from Lemma 3 since A is semisimple by
Proposition 5. To prove the second assertion let M, N be two simple modules for
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A. Let M, N be their extensions to k as modules for A := Az. We consider two
cases.

Case 1: A~ End(V) where V is a super vector space over k. Then M ~V ®
R, N ~V ®S where R, S are super vector spaces. Unless one of R, S is purely even
and the other purely odd, we have Hom—+(M,N) # 0. Hence Hom4 (M, N) # 0,
and so as M and N are simple we must have M ~ N. In the exceptional case we
replace N by IIN to conclude as before that M ~ IIN. So to complete the proof
we must check that the commutants of A in M and IIM are isomorphic. But parity
reversal does not change the action of A and hence does not change the commutant.

Case 2: Ay ~ End(V) ® D where V is a purely even vector space. In this case
we have seen that there is a unique simple module and so the result is trivial.

For the last assertion let A = M"l® ® K where K is a super division algebra
with & as super center. Let M = k"l* @ K viewed as a module for A in the obvious
manner, K acting on K by left multiplication. It is easy to check that this is a
simple module. The commutant is 1 ® K°PP ~ K°PP as we wanted to show.

The super Brauer group of a field. Let k£ be arbitrary. We have seen that if
A is a CS super algebra, then A is isomorphic to M"!*(k) ® B where B is a CS
super division algebra, i.e., a super division algebra with super center k. B is also
characterized by the property that B°PP is the super commutant of A in its simple
modules. Two CS super algebras A;, As are said to be similar if their associated
division algebras are isomorphic, i.e., if A; ~ M ”'Si(k') ® D where D is a central
super division algebra. Similarity is an equivalence relation which is coarser than
isomorphism and the similarity class of A is denoted by [A]. We define Brauer
multiplication of the similarity classes as before by

4] [B] = [A® B).

It is obvious that this depends only on the classes and not on the representative
super algebras in the class. This is a commutative product and has [k] as the unit
element. The relation

A® A°PP ~ Endy(A)

shows that [A°PP] is the inverse of [A]. Thus the similarity classes from a commu-
tative group. This is the super Brauer group of k, denoted by sBr(k). Our goal is
to get information about the structure of sBr(k) and the subset of classes of the
Clifford algebras inside it. We shall in fact show that

sBr(R) = Zs = Z/8Z.
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This will come out of some general information on sBr(k) for arbitrary k and special
calculations when k£ = R. We shall also show that the classes of the Clifford algebras
exhaust sBr(R). Finally by looking at the even parts of the Clifford algebras we
shall determine the types of the Clifford modules over R.

First of all we have, for k algebraically closed,
sBr(k)(k) = {[k], [D]} = Z>.
In fact this is clear from the fact that
(M"®D)® (M"® D) ~ M"™ & (D @ D°P) ~ M™ @ M ~ pm°In
so that [M™ ® D]? = 1. For arbitrary k, going from k to k gives a homomorphism
sBr(k) — Zs.

This is surjective because [Dy] goes over to [D]. The kernel is the subgroup H of
sBr(k) of those similarity classes of CS super algebras which become isomorphic
to M7!® over k. For example, the Clifford algebras of even dimensional quadratic
vector spaces belong to H. In what follows when we write A € H we really mean
[A] € H.

Fix A € H. Then, A = Az ~ Endz(S) and so, over k, A has two simple super
modules, namely S and IIS. Let dim(S) = r|s and let

I(A) = {S,TIS}.

Changing S to ILS we may assume that » > 0. We may view these as modules for
A over k. Let L denote one of these and let o € G}, := Gal(k/k). In S we take a
homogeneous basis and view L as a morphism of A into M"!*(k). Then a — L(a)®
is again a representation of A in k, and its equivalence class does not depend on the
choice of the basis used to define L?. L7 is clearly simple and so is isomorphic to
either S or ILS. Hence Gy, acts on I(A) and so we have a map a4 from Gj to Zs
identified with the group of permutations of I(A). If A is purely even, i.e., s = 0,
then it is clear that S7 ~ S for any o € Gi. So aa(0) acts as the identity on I(A)
for all o for such A. Suppose now that A is not purely even so that » > 0,s > 0.
Let Z*+ be the center of A+ and Z its extension to k, the center of A" Then Z*
is canonically isomorphic, over k, to k @ k, and has two characters x1, x2 where the
notation is chosen so that Z " acts on S by x1 @ x2; then it acts on ILS by x2 ® x1.
So in this case we can identify I(A) with {x1, x2} so that S +— ILS corresponds to
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(x1,x2) — (x2,Xx1). Now Gy acts on Z" and hence on {x1,x2}, and this action
corresponds to the action on I(A). In other words, if we write, for any k—valued
character x of Z*, x° for the character

X7(z) =x(2)7 (€27,

then o fixes the elements of I(A) or interchanges them according as

(XT,x3) = (x1,x2) or (X7,x3) = (X2, X1)-

Proposition 5.4.7. The map A — a4 is a homomorphism of H into the group
Hom(Gy, Zs). It is surjective and its kernel K is Br(k). In particular we have an

exact sequence
1 — Br(k) — H — E*/(E*)> — 1.

Proof. For any simple module S of a super algebra A, the identity map is an odd
bijection interchanging S with ILS, while for arbitrary linear homogeneous maps we
have p(z®y) = p(x)+p(y). So, if Ay, Ay € H and {S;,I1S;} are the simple modules
for A;, then A; ® As € H and its simple modules are S; ® Sy ~ I1S] @ 159, I1(S7 ®
Sy) ~ S1 @ 115y ~ 1157 ® Sy. This shows that aa,ga,(0) = aa,(0)aa, (o) for all
o€ Gp.

To prove the surjectivity of A —— a4 let f € Hom(Gg,Z3). We may assume
that f is not trivial. The kernel of f is then a subgroup of Gy of index 2 and so
determines a quadratic extension k' = k(y/a) of k for some a € k* \kXQ. We must
find A € H such that the corresponding a4 is just f, i.e., S ~ S if and only if
o fixes b = \/a. Let V = k @ k with the quadratic form Q = 22 — ay?. If fi, fo
is the standard basis for V, then Q(f1) = 1,Q(f2) = —a while ®(f1, f2) = 0. Let
e1 =bf1 + fao,ea = (1/4a)(bfy — f2). Then, writing @, ® for the extensions of @,
to V! = k' ®;, V, and remembering that Q(z) = ®(z,x), we have Q(e1) = Q(e2) =0
and ® (e, ez) = 1. The simple module S for C(V’) has then the basis {1, ex} with

6!—)01 6}—)00
! 0 0)° 2 1 0/

Since 2bf, = e1 + 4aeq, 2fs = e; — 4aes, we have

0 1/2b 0 1/2
f1H<2a/b 0)’ f2H<—2a 0)'
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The algebra C(V')" = k'[f1 f2] is already abelian and so coincides with k' @ ZT.

In the module S we have
—a/b 0
f1f2 | — < O a/b> .

If now o is the nontrivial element of Gal(k’/k), then o changes b to —b, so that in

S? we have /b 0
a

S? ~ 118

Thus

which is exactly what we wanted to show.

It remains to determine the kernel K of the homomorphism A —— «a4. Cer-
tainly A is in K if it is purely even. Suppose that A is not purely even and A
isomorphic to M7!® with 7 > 0,s > 0. Using the characters of 7" to differentiate
between S and IIS we see that for a4 to be the identity element of Hom(Gy, Zs2)
it is necessary and sufficient that x¢ = x; on Z*, i.e., the x; take their values
in k. So they are k-valued characters of Z*. It is then obvious that the map
(x1,X2) : ZT — k @ k is an isomorphism. Conversely if ZT ~ k @ k it is obvious
that a4 is the identity. So we obtain the result that A lies in K if and only if either
A is purely even or the center of its even part is isomorphic over k to k @ k.

We shall now prove that K is isomorphic to Br(k). For A in K let D be a
super division algebra with super center k such that [A] = [D]. Then DT, which is
a division algebra over k, cannot contain a subalgebra isomorphic to k£ & k and so
D must be purely even. For any purely even division algebra D with center k, the
algebra A = M T"S(k) ® D is, for s = 0, purely even and is a classical central simple
algebra in the similarity class of the central division algebra D, while for s > 0,

At ~ (M) T @ D ~ (M" (k) ® D) & (M*(k) ® D)

and so its center is >~ k @ k. Thus the elements of K are the precisely the classical
similarity classes of purely even division algebras with center £ with multiplication
as Brauer multiplication. So the kernel is isomorphic to Br(k).

To complete the proof it only remains to identify Hom(Gy, Zz) with k* /(k*)2.
The nontrivial elements in Hom(Gy,Z2) are in canonical bijection with the sub-
groups of G of index 2, and these in turn are in canonical bijection with the
quadratic extensions of k, and so, by standard results in Galois theory, in corre-
spondence with k% /(k*)2. We need only verify that this correspondence is a group
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map. Given a € kX, make a fixed choice of \/a in k and write b = /a. For o € G},
b/b% is independent of the choice of the square root of a and so it depends only
on a. Let xq(0) = b/b”. Then, as b° = +b it follows that y, takes values in Z.
Moreover, the map a —— ¥, is a group homomorphism and x, = 1 if and only if
a € (k*)2. Thus we have the group isomorphism

kX /(kX)? ~ Hom(GYy, Zs).

This finishes the proof.

We suggested earlier that when & = R the type of Clifford modules of a real
quadratic vector space depends only on the signature. For arbitrary k there is a
similar result that relates the super Brauer group with the Witt group of the field.
Recall that W (k), the Witt group of k, is the group F'// R where F is the free additive
abelian group generated by the isomorphism classes of quadratic vector spaces over
k and R is the subgroup generated by the relations

VeW —-[V]=0

where V}, is hyperbolic, i.e., of the form (V1,Q1) @ (V1,—Q1). If L is an abelian
group and V —— f(V) a map of quadratic spaces into L, it will define a morphism
of W(k) into L if and only if

fVaeW,)=fV).

We write [V]y for the Witt class of V. As an example let us calculate the Witt
group of R. Any real quadratic space V of signature (p, q) is isomorphic to RP%;
we write sign(V') = p — ¢. It is obvious that in W(R),

R™w = -R"hw,  [R]w = (p - )[R"]w.
Clearly sign(V3,) = 0 and so sign(V @ V},) = sign(V'). Thus sign induces a morphism
s from W(R) into Z. We claim that this is an isomorphism. To see this let ¢ be the

morphism from Z to W (R) that takes 1 to [R}%]y,. Clearly st(1) = 1 and so st is
the identity. Also s([RP9])y ) = p — ¢ so that

ts([RPw) =tp —q) = (p — q)t(1) = (p — )R"°|w = [R? Yy
by what we saw above. So ts is also the identity. Thus
W(R) ~Z.
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Now we have a map

Vi—[C(V)]

from quadratic spaces into the super Brauer group of k£ and we have already seen
that C'(V3) is a full matrix super algebra over k. Hence [C(V},)] is the identity and
SO

[C(VaVy)]=[C(V)eC(Vi)]=[CV)].

Thus by what we said above we have a map
f:W(k) — sBr(k)

such that for any quadratic vector space V/,

The representation theory of the even parts of CS super algebras. For
applications we need the representation theory of the algebra C'T where C is a
Clifford algebra. More generally let us examine the representation theory of algebras
AT where A is a CS super algebra over k. If A is purely even there is nothing more
to do as we are already in the theory of the classical Brauer group. Thus all simple
modules of A over k have commutants D°PP where D is the (purely even) central
division algebra in the similarity class of A. So we may assume that A is not purely
even. Then we have the following proposition.

Proposition 5.4.8. Let A be a CS super algebra which is not purely even and write
A= M”'S(k) ® B where B is the central super division algebra in the similarity class
of A. Then we have the following.

(i) If B is purely even, At ~ M"(B) & M*(B) where M?(B) = M? ® B.
(ii) If B is not purely even, then

A~ M™5(B), AT ~ M™5(BT).

In particular, A" is always semisimple as a classical algebra, and the types of its
simple modules depend only on the class of A in sBr(k). In case (i) A has two
simple modules both with commutants B°PP while in case (ii) A has a unique simple
module with commutant BT°PP.

Proof. Obvious.
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Remark. It must be noted that when B is not purely even, BT need not be central.

The case of the field of real numbers. Let us now take ¥ = R. Then
R*/R** = Z, while Br(R) = Zj also. Hence, by Proposition 7,

sBr(R)| = 8.

On the other hand, as W(R) ~ R, there is a homomorphism f of Z into sBr(R)
such that if V is a real quadratic space, then

[C(V)] = [(sign(V))

where sign(V') is the signature of V. Since sBr(R) is of order 8 it follows that the
class of C'(V') depends only on the signature mod 8.

It remains to determine sBr(R) and the map V' — [C(V')]. We shall show that
sBr(R) is actually cyclic, i.e., it is equal to Zg = Z/8Z, and that f is the natural
map Z — Zg. We shall show that R[e] has order 8. If V' is a real quadratic space
of dimension 1 containing a unit vector, C'(V) is the algebra R[e] where € is odd

and €2 = 1. Its opposite is R[e’] where €° is odd and e = 1.
R[e]PP = R[¢"].

Both R[e] and R[eY] are central super division algebras and so, as the order of
sBr(R) is 8, their orders can only be 2, 4 or 8. We wish to exclude the possibilities
that the orders are 2 and 4. We consider only R[e]. Write A = RJe].

By direct computation we see that A ® A is the algebra Rley,es] where the
g; are odd, 5? = 1, and 169 = —e9e7. We claim that this is a central super
division algebra. It is easy to check that the super center of this algebra is just
R. We claim that it is a super division algebra. The even part is Rlejeq], and as
(e162)% = —1 it is immediate that it is ~ C, hence a division algebra. On the other
hand (ue; + vez)? = u? +v? and so uey + veg is invertible as soon as (u, v) # (0,0).
Thus Rle, €2] is a central super division algebra. We claim that its square, namely
the class of [A]* is nontrivial and in fact is purely even and represented by H, the
purely even algebra of quaternions. First of all if [A]* were trivial we should have

[A]? = [A°PP]? which would mean that the corresponding super division algebras
must be isomorphic. Thus Rl[e1,e2] ~ R[e1%,62°]. Then we should be able to
find a,b € R such that (ag; + bez)? = a? + b*> = —1 which is impossible. So

[A]* # 1. Hence [A] must be of order 8, proving that sBr(R) is cyclic of order 8
and is generated by R[e].
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The central super division algebras corresponding to the powers [R[e]]™(0 <
m < 7) are thus the representative elements of sBr(R). These can now be written
down. For m = 2 it is Rley,e2]. Now, [R[e]]? becomes isomorphic over C to
D® D ~ M"Y If we go back to the discussion in Proposition 7 we then see
that [A]?2 € H and [A]* € Br(R); as [A]* is a nontrivial element of Br(R), the
corresponding division algebra must be purely even and isomorphic to H. Thus for
m = 4 it is purely even and H. For m = 6 it is the opposite of the case m = 2
and so is R[eY,€3]. We now consider the values m = 3,5,7. But [A]7 = [A°PP]
and [A]® = [A°PP]3. Now [A]® = [A]* - [A] and so H ® R[e] is in the class [A]°, H
being viewed as purely even. It is immediate that H ® R[e] = H @ He is already a
super division algebra and so is the one defining the class [A]5. Consequently, [A4]?
corresponds to the super division algebra H ® R[c"]. We have thus obtained the
following result.

Theorem 5.4.9. The group sBr(R) is cyclic of order 8 and is generated by [R[e]]. If
V is a real quadratic space then [C(V)] = [R[e]]¥8"(Y) where sign(V) is the signature
of V.. The central super division algebras D(m) in the classes [R[e]]™(0 < m < 7)
are given as follows.

D(m)

3

R

Rle]
R[él, 82]
R[]

H

H® Re]
Re], &3]
R[]

N O Ul W~ O

In the above Rleq, €3] is the (super division) algebra generated over R by e1,e9 with

e =1 (j = 1,2), e1e2 = —ege1, while R[eY,eY] is the (super division) algebra
generated over R by 9,9 with 5?2 =-1(=1,2), 9§ = —4eY.

Reality of Clifford modules. We are now in a position to describe the repre-
sentation theory of the Clifford modules over R, namely the types of the simple
modules for C(V)"™ where V is a real quadratic vector space. Here we have to go
from C'(V') to C(V)" and we use Proposition 8 for this purpose. We must remember
during the following discussion that the dimension and signature of a real quadratic
vector space are of the same parity. The only purely even central super division
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algebras over R are R and H. If the class of C(V') corresponds to R (resp. H), then
Proposiiton 8 shows that C(V)" has two simple modules with commutant R (resp.
H). From Theorem 9 we see that this happens if and only if sign(V') = 0 (mod 8)
(resp. = 4 (mod 8)) and the corresponding commutant is R (resp. H). For the
remaining values of the signature, the class of C'(V') is not purely even. For the
values (mod 8) 1, 3, 5, 7 of the signature of V, the commutant of the simple module
is respectively R, H, H, R and for these values C" has a unique simple module with
commutant respectively R, H, H, R. For the values 2, 6 (mod 8) of the signature of
V, C(V)* has a unique simple module with commutant C. Hence we have proved
the following theorem.

Theorem 5.4.10. Let V' be a real quadratic vector space and let s = sign(V') be its
signature. Then C(V)T is semisimple and the commutants of the simple modules
of C(V)T, which are also the commutants of the simple spin modules of Spin(V),
are given as follows:

s mod 8 commutant
0 R, R

1, 7 R

2,6 C

3,5 H

4 H, H

Remark. One may ask how much of this theory can be obtained by arguments of
a general nature. Let us first consider the case when dim(V') is odd. Then C(V)§
is a full matrix algebra. So we are led to the following general situation. We have a
real algebra A with complexification A, which is a full matrix algebra. So Ac has
a unique simple module S and we wish to determine the types of simple modules
of A over R. The answer is that A also has a unique simple module over R, but
this may be either of real type or quaternionic type. To see this we first make the
simple remark that if M, N are two real modules for a real algebra and M¢c, N¢ are
their complexifications, then

HOIIIAC<M(3,N(3) 7& 00— HOIIIA(M, N) 7& 0.

Indeed, there is a natural conjugation in the complex Hom space (f(m) = f(m))
and the real Hom space consists precisely of those elements of the complex Hom
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space fixed by it, so that the real Hom spans the complex Hom over C. This proves
the above implication. This said, let Sg be a real simple module for A and S¢ its
complexification. If Sg is of type R, then S¢ is simple and so ~ S. If S’ is another
simple real module of type R, its complexification S is also >~ S, and so by the
remark above, Hom(Sg, S’) # 0 showing that S’ ~ Sg. If S’ were to be of type H,
its commutant is of dimension 4 and so Si = 25; but then 2S5 has two real forms,
namely, 25gr, S’, hence Hom(S’,25r) # 0, a contradiction. If S’ is of type C its
commutant is of dimension 2 and so the same is true for S¢; but the commutant in
aS is of dimension a?, so that this case does not arise. Thus A has also a unique
simple module but it may be either of type R or type H. Now, for a Clifford algebra
C over R of odd dimension, C’é is a full matrix algebra and so the above situation
applies. The conclusion is that there is a unique simple spin module over R which
may be of type R or H.

In the case when V' has even dimension 2m, the argument is similar but slightly
more involved because the even part of the Clifford algebra now has two simple
modules over the complexes, say S*. In fact, if

S:C(V)c ~End (CT””'T"‘I)

then

(ST (a) 0
sw=("4" §l) @ecmy

and S* are the two simple modules for C(V)&. However these two are exchanged
by inner automorphisms of the Clifford algebra that are induced by real invertible
odd elements. Let g be a real invertible odd element of C(V'). Then

sw=(3 §)

and we find

Sgag ) = (G pgeyg)  @eC0N)
so that
St~ 8= §9~8" (§%(a) = SF(gagt),a € C(V)E).

If now g is real, i.e., g € C(V), then the inner automorphism by g preserves C(V)*
and exchanges S*. Such g exist: if u € V has unit norm, then u? = 1 so that u is
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real, odd, and invertible (u~! = u). The situation here is therefore of a real algebra

A with complexification Ac which is semisimple and has two simple modules S+
which are exchanged by an automorphism of A. In this case A has either two or
one simple modules: if it has two, both are of the same type which is either R or
H. If it has just one, it is of type C.

To prove this we remark first that if S’ is a simple module for A, Sg is S, ST®
S~,2S5* according as 9’ is of type R, C, H. This statement is obvious for the real
type. If the type is C the commutant has dimension 2; the complexification is
mSt @ nS~, whose commutant has dimension m? + n? and this is 2 only when
m=n=1. If §" is of type H, the commutant is of dimension 4 and m? + n? =4
only for m = 2,n =0 or m = 0,n = 2. This said, assume first that Sgr is a simple
module for A of type R. Then its complexification is either ST or S~. Using the
automorphism g we obtain a second simple module of type R whose complexification
is the other of S. So we have simple modules Sfji of type R with complexifications
S*. There will be no other simple modules of type R, and in fact, no others of
other types also. For, if S’ is simple of type C, its complexification is ST @& S~
which has 2 real forms, namely Sf_{ ® Sg as well as S’ which is impossible by our
remark. If S’ is quaternionic, the same argument applies to 25+ @ 25~.

If A has a simple module of complex type, it has to be unique since its com-
plexification is uniquely determined as S* @ S—, and by the above argument A
cannot have any simple module of type R. But A cannot have a simple module of
type H also. For, if S’ were to be one such, then the complexification of S’ is 25%,
and the argument using the odd automorphism ¢ will imply that A will have two
simple modules S;_—LI with complexifications 25%; but then 25* @ 25~ will have two
real forms, Si; @ Sg and 25’ which is impossible.

Finally, if Sgr is of type H, then what we have seen above implies that A has
two simple modules of type H and no others.

However these general arguments cannot decide when the various alternatives
occur nor will they show that these possibilities are governed by the value of the
signature mod 8. That can be done only by a much closer analysis.

The method of Atiyah—Bott—Shapiro. They worked with the definite case,
and among many other things, they determined in” the structure of the Clifford
algebras and their even parts over the reals. Now all signatures are obtained from
the definite quadratic spaces by adding hyperbolic components. In fact,

RPP RO P (< p< m m
rea— {RVERI OIS 0<g <y, RO =R
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It is therefore enough to determine the types of the Clifford algebras where the
quadratic form is negative definite. This is what is done in”. We shall present a
variant of their argument in what follows. The argument is in two steps. We first
take care of the definite case, and then reduce the general signature (p,q) to the
signature (0,¢’).

We first consider only negative definite quadratic vector spaces and it is always
a question of ungraded algebras and ungraded tensor products. We write C,, for
the ungraded Clifford algebra of the real quadratic vector space Rg ,. It is thus
generated by (e;)1<j<m with relations
e? =—-1(1<j<m), eres+ese, =0(r#s).

Let us write M" for the matrix algebra M"(R). The algebra generated by ey, es
with the relations
e% = e% =1, ejes+ege; =0,

is clearly isomorphic to M? by

elﬁ(o 1)} e2?)(1 0 >
1 0 0 -1
On the other hand, if . = R[e] where e? = +1, then
F+~R&R, a+be— (a+ba—0b), _~C, a-+ber— a+ib.

Hence for any algebra A, we have

AR FL = Ale]=Aa A.
Finally we have the obvious isomorphisms of Clifford algebras

Ci~C, (Cy~H.

In what follows we write C for the complex numbers viewed as an R-algebra.

We consider first the case when m = 2n is even. Then we know that the center

of Cy, is R. Let
f1 =€1...62pn-2€2n—1, f2 =€1...€62n—2€2n.

It is then immediate that the f; commute with the e;(1 < j < 2n — 2), while
f=£E=E0" fifo+ faf1 =0.
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Hence the algebra A,, generated by fi, fo is isomorphic to Cy if n is odd and to M?
if n is even. Moreover

C2n - CY2n—2 & An-

We therefore have
Ciny2 = Can @ H, Cun = Can—2 ®@ M>.

Using the fact that H® H = H® H° = M* we obtain

Cin=Cino®@M? =Cln_sQM?*QH=Clp_¢ @M @H = Cyp,_g @ M6

Cingo =Cin @H =Clp_s @ M"Y @H = Cy_g @ M'°.
Thus we have the periodicity
Consg = Cop @ M.

Moreover,

Co=H,Ci=HoM? Co=HoM*®@H=M® Cs=M>0 M*= M.
We thus obtain the following table:

C,=H C,=M@H

06 = M8 Cg = M6 C2n+8 = an.

We take up next the C,, with odd m = 2n + 1. Take the basis as ¢;(0 < j <
2n + 1) and let

Y = €0€1 ...€E2q.

Then by Proposition 2.1. v commutes with all the e;(1 < j < 2n) and
’)/2 — (_1)n—|—1‘

Moreover,
Cont1 >~ Cop, Cont1 >~ Cy, @ R[Y]

by Proposition 2.2. Hence we have
Cint1 = Cusn ® C, Cin+t3 = Cany2 @ F = Cypyo ® Capyo.
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Thus, writing A for C or F, we have
Conto = Conys ® A= Cop @ AQ M'® = Cyp iy @ M'°

since 2n + 9 and 2n + 1 have the same residue mod 4. So there is again periodicity
mod 8. Now C5 = H® C ® M? while H® C, viewed as a complex algebra, is just
M?(C) = M? ® C, so that C5 = M* ® C. Hence we have the following table:

C;=C
Cs=M*®C

C3s=HoH

Cr = M®® M8 Caonto = Copt1 @ M1C.

Combining the odd and even cases we thus have finally the table:

C,=C C,=H
C:=HaoH Cy=M>H Crsg = Cpy
Cs=M*®C Ce = M8

Cr=M3a M8 Cg = M6,

It only remains to determine the structure of the even parts. We have

C:+1 = Chn

since the epe;(1 < j < n) generate Ct 1 and they generate also Cy,. Also

Ci =R.
Hence we have the table:
Cf =R cy=cC
Cy=H C/f=HoH Clg=Ch o M®
CH=M?>oH Cqy =M*'®C
ct = M*® Cf = M3 @ M.

We now take up the case of the general signature (p,q). Once again it is a

matter of ungraded algebras and tensor products. We write C,, , for the ungraded
Clifford algebra of RP?, namely, the algebra with generators e;(1 <i < D =p+q)
and relations e? = g;, e;e; + eje; = 0(i # j); here the g; are all £1 and exactly g of
them are equal to —1. We also write, for typographical reasons, M(r) for M"(R),
and 24 for A @ A. By convention Cp o = C’afo =R.
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We first note that C’;{’q is generated by the g, = eje,.(2 < r < D), with the
relations

97% = —€1&p, 9r9s +3gsgr =0 (T #* 5)'

If both p and ¢ are > 1 we can renumber the basis so that ¢; takes both values +1,
and in case one of them is 0, we have no choice about the sign of £1. Hence we have

C;r:q = C;TP = Cpﬂ*l = C(bpfl (p7q Z O7p + q 2 1)
with the convention that when p or ¢ is 0 we omit the relation involving C, ; where
one of a,b is < 0.

First assume that D is even and > 2. Then C, , is a central simple algebra.
As in the definite case we write

fi=ei...ep_2ep_i, fo=e1...ep_2ep.

Then it is immediate that the f; commute with all the e;(1 < ¢ < D — 2), while
fifo+ fafi =0 and

D

fi=(-1)="te;...ep_sep_1, f2=(-1) €1...ED_2ED.

If e;(j = D —1,D) are of opposite signs, the algebra generated by fi, fo is C11
while the algebra generated by the e;(1 <i <D —2)is Cp_1 4_1. Hence we get

Cp,qg = Cp—1,4-1 ® M(2).
Repeating this process we get

C = Co,q—p @M(2P) (1 <p<gq, D=p+q is even)
P4 Cpogo®@M(27) (1< g<p, D=p+q is even).

Let us now take up the case when D is odd. Let v = ejes...ep. By Proposi-
tions 2.1 and 2.2, 7% = (=1)* 3~ and C, , = C, @ctr(Cyp, ) while ctr(Cp 4) = R[]
We have already seen that Cf = C) 41 while R[y] = R ® R or C according as

q — p is of the form 4/ 4 3 or 4/ + 1. Hence

o ZC’;q ifp—qg=40+1
pa— 1 Cf,©C ifp—q=40+3.

From this discussion it is clear that the structure of C), ; can be determined for all
b,q.
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We are now in a position to determine the types of the simple modules of C’; q

using our results for the algebras Cy, and Caf ., especially the periodicity mod 8

established for them. It is enough to consider the case p < q.

D odd: If p < g, then C’;f ¢ = Cpq—1 18 a central simple algebra and so has a unique
simple module. Since C), ;1 = Cp g—p—1 ® M(2P), it is immediate that the type of
the simple modules of C';f ¢ 18 determined by ¢ — p mod 8; it is R or H according as
q—p=1,7Tmod 8 or ¢ —p=3,5mod 8.

D even: We first assume that 0 < p < ¢ so that ¢ > p+ 2. Then

ct —C _ QCP,Q*Q ifg—p=4
pa = VPt T 0 o ®C ifg-p=40+42.

Since Cp q—2 = Cp g—p—2 ® M (2P) it is now clear that C’;q has two simple modules,
both with the same commutant, when ¢ —p = 0, 4 mod 8, the commutant being R
when ¢ — p =0 mod 8, and H when ¢ — p =4 mod 8. If g — p =2, 6 mod 8, there
is a unique simple module with commutant C.

There remains the case p = ¢. In this case C’+p is a direct sum of two copies of
M (2P~1) and so there are two simple modules of type R.

Theorem 10 is now an immediate consequence. The following table summarizes

the discussion.

q —p mod 8

N O Ot s W N = O

Cp»q

M(QD/Q)
M@2P-V/2)g C
M(z(D—Z)/Z) ® H
2M(2P=3/2) o H
M(2(D—2)/2) ® H
M(z(D—l)/Z) ® C
M(QD/Q)
2M(2(D—1)/2>
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p,q

2M (2(P=2)/2)
M(2(P—1)/2)
M(Z(D—Z)/Z) ® C
M(2(P-3/2) g H
2M 2PN/ o H
M(z(D—3)/2) o H
M(@2P=2/2y g C
M(2(P=1/2),



5.5. Pairings and morphisms. For various purposes in physics one needs to
know the existence and properties of morphisms

S1®8y — A"(V)  (r>0)

where S, S5 are irreducible spin modules for a quadratic vector space V and A" (V)
is the " exterior power with A°(V) = k, k being the ground field. For applications
to physics the results are needed over £k = R, but to do that we shall again find
it convenient to work over C and then use descent arguments to come down to R.
Examples of questions we study are the existence of Spin(V')-invariant forms on
S1 x S and whether they are symmetric or skewsymmetric, needed for writing the
mass terms in the Lagrangian; the existence of symmetric morphisms S ® S — V
as well as S® S — A"(V') needed for the construction of super Poincaré and super
conformal algebras we need; and the existence of morphisms V' ® S; — S5 needed
for defining the Dirac operators and writing down kinetic terms in the Lagrangians
we need. Our treatment follows closely that of Deligne®.

We begin by studying the case r = 0, i.e., forms invariant under the spin groups
(over C). Right at the outset we remark that if S is an irreducible spin module,
the forms on S, by which we always mean nondegenerate bilinear forms on S x S,
define isomorphisms of S with its dual and so, by irreducibility, are unique up to
scalar factors (whenever they exist). The basic lemma is the following.

Lemma 5.5.1. Let V' be a complex quadratic vector space and S a spinorial module,
i.e., a C(V)T-module. Then a form (-,-) is invariant under Spin(V') if and only if

(as,t) = (s, 8(a)t)  (s,t € S,a€C(V)T) (*)
where [3 is the principal antiautomorphism of C(V).

Proof. We recall that 8 is the unique antiautomorphism of C(V') which is the
identity on V. If the above relation is true, then taking a = g € Spin(V) c C(V)*
shows that (gs,t) = (s,g7't) since B(g) = g~!. In the other direction, if (-,-) is
invariant under Spin(V), we must have (as, t)+ (s, at) = 0 for a € C? ~ Lie(so(V)).
But, for a = uv — vu where u,v € V, we have #(a) = —a so that (as,t) = (s, f(a)t)
for a € C2. Since C? generates C(V)T as an associative algebra we have ().

It is not surprising that information about invariant forms is controlled by
antiautomorphisms. For instance, suppose that U is a purely even vector space and
A = End(U); then there is a bijection between antiautomorphisms (3 of A and forms
(+,-) on U defined up to a scalar multiple such that

(as,t) = (s, B(a)t) (s,teU,ac A).
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In fact, if (-, -) is given, then for each a € A we can define 3(a) by the above equation
and then verify that § is an antiautomorphism of A. The form can be changed to
a multiple of it without changing . In the reverse direction, suppose that (§ is an
antiautomorphism of A. Then we can make the dual space U* a module for A by
writing

(as™)[t] = s7[6(a)t]

and so there is an isomorphism Bg : U ~ U* of A-modules. The form

(s,2) := Bg(s)[{]

then has the required relationship with 3. Since Bg is determined up to a scalar,
the form determined by [ is unique up to a scalar multiple. If (s,t)" := (¢, s), it
is immediate that (as,t)’ = (s, 37 !(a)t)’ and so (-,-)’ is the form corresponding to
71, In particular, 3 is involutive if and only if (+,-)" and (-, -) are proportional, i.e.,
(+,-) is either symmetric or skewsymmetric. Now suppose that U is a super vector
space and A = End(U); then for even 8 U* is a super module for A and so is
either isomorphic to U or its parity reversed module IIU, so that Bg above is even
or odd. Hence the corresponding form is even or odd accordingly. Recall that for
an even (odd) form we have (s,t) = 0 for unlike(like) pairs s,t. Thus we see that
if A~ M"!* and 8 is an involutive even antiautomorphism of A, we can associate
to (A, 8) two invariants coming from the form associated to (3, namely, the parity
(A, 3) of the form which is a number 0 or 1, and the symmetry o(A, ) which is
a sign £, + for symmetric and — for skewsymmetric forms.

In view of these remarks and the basic lemma above we shall base our study
of invariant forms for spin modules on the study of pairs (C(V),3) where C(V)
is the Clifford algebra of a complex quadratic vector space and  is its principal
antiautomorphism, namely the one which is the identity on V. Inspired by the
work in §4 we shall take a more general point of view and study pairs (A, 3) where
A is a CS super algebra over C and 3 is an even involutive antiautomorphism
of A. If A = C(V) then the symbol g will be exclusively used for its principal
antiautomorphism. The idea is to define the notion of a tensor product and a
similarity relation for such pairs and obtain a group, in analogy with the super
Brauer group, a group which we shall denote by B(C). It will be proved that
B(C) ~ Zg, showing that the theory of forms for spin modules is governed again by
a periodicity mod 8; however this time it is the dimension of the quadratic vector
space mod 8 that will tell the story. The same periodicity will be shown to persist
for the theory of morphisms.

If (A;,3;)(i = 1,2) are two pairs, then
(A, B8) = (A1, 51) @ (A2, B2)
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is defined by

A=A1® A, B=p® P, Blar ® ag) = (—1)P@P2) 3, (a1) ® Ba(as).

The definition of 3 is made so that it correctly reproduces what happens for Clifford
algebras. In fact we have the following.

Lemma 5.5.2. If V;(i = 1,2) are quadratic vector spaces and V- =V, @ Vs, then

Proof. If u;(1 <i <p) e Vi,v;(1 <j<q) € Vs, then

Blug...Uup...v1...0g) =Vg...01Up...u = (—1)PIB(uy ... up)B(v1...0q)

which proves the lemma.

We need to make a remark here. The definition of the tensor product of two
(B’s violates the sign rule. One can avoid this by redefining it without altering the
theory in any essential manner (see Deligne®), but this definition is more convenient
for us. As a result, in a few places we shall see that the sign rule gets appropriately
modified. The reader will notice these aberrations without any prompting.

For the pairs (A, 3) the tensor product is associative and commutative as is
easy to check. We now define the pair (A, 3) to be neutral if A ~ M"!* and the form
corresponding to B which is defined over C"!* is even and symmetric. We shall say
that (A, ), (A’,3") are similar if we can find neutral (By, 1), (B2, 32) such that

(A,8) ® (B1,51) ~ (A, ') @ (Bz, ().

If (A,f) is a pair where A ~ M"l5, we write 7(A, 3),0(A, 3) for the parity and
symmetry of the associated form on C"l*. When we speak of the parity and sign
of a pair (A, ) it is implicit that A is a full matrix super algebra. Notice that on
a full matrix super algebra we can have forms of arbitrary parity and symmetry.
Indeed, forms are defined by invertible matrices x, symmetric or skewsymmetric, in
the usual manner, namely ¢, (s,t) = s”zt. The involution (3, corresponding to z is

Bula) =z 'az  (a € M"F).
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Note that 3, is even for x homogeneous and involutive if z is symmetric or skewsym-
metric. We have the following where in all cases (3, is even and involutive:

A=M"" = (é ?) , @, = even and symmetric

0 I

:TlT:
AM,x(IO

) , @, =odd and symmetric
0 J -1 0

0 I
-1 0

A= M2 = (J 0) , J = ( 0 I) , g = even and skewsymmetric

A= M = ( > , gz = odd and skewsymmetric.

Lemma 5.5.3. Let 7, 0; be the parity and symmetry of (A;, 5;)(i = 1,2). Then for
the parity ™ and symmetry o of the tensor product (A1 ® Az, 1 ® () we have

T =T + T2, o= (—-1)""0gy0s.

Proof. It is natural to expect that the form corresponding to 31 ® (32 is the tensor
product of the corresponding forms for the ;. But because the definition of the
tensor product has violated the sign rule one should define the tensor product of
forms with suitable sign factors so that this can be established. Let A; = End(S;).
Let us define

(Sl ® 527t1 ® t2) = 0(817827t17t2>(817t1)(827t2)

where C' is a sign factor depending on the parities of the s;,t;. The requirement
that this corresponds to 1 ® B now leads to the equations

C(s1, 59, B1(a1)t1, Ba(ag)tz) = (—1)PL2WETPEDTODIC (0151, ags9, 11, o)
which is satisfied if we take
C(s1, 89, t1,t2) = (—1)Pls2)Pls)+p)]
Thus the correct definition of the tensor product of two forms is
(51 ® 8, t1 @ tg) = (—1)PEDPEDTPEI] (g 11)(s55,15).
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If (s,t) # 0 then m = p(s) + p(t) and so choosing (s;,t;) # 0 we have m = p(s1) +
p(s2) + p(t1) + p(ta) = m + m2. For o we get

o= (_1)[p(81)+p(t1)][p(82)+p(t2)10102 = (=1)""2g 0.

It follows from this that if the (A;, 3;) are neutral so is their tensor product.
From this we see that similarity is an equivalence relation, obviously coarser than
isomorphism, and that similarity is preserved under tensoring. In particular we can
speak of similarity classes and their tensor products. The similarity classes form
a commutative semigroup and the neutral elements form the identity element of
this semigroup. We denote it by B(C). The parity and symmetry invariants do
not change when tensored by a neutral pair so that they are really invariants of
similarity classes.

We wish to prove that B(C) is a group and indeed that it is the cyclic group
Zs of order 8. Before doing this we define, for the parity group P = {0, 1} and sign
group ¥ = {+£1}, their product P x ¥ with the product operation defined by the
lemma above:

(71701)(7@,02) = (7T1 + 7o, (—1)7T17r20102)-

It is a trivial calculation that P x 3 is a group isomorphic to Z4 and is generated
by (1,4). Let By(C) be the semigroup of classes of pairs (A, 3) where A ~ M"ls.
The map

v: (A L) — (7, 0)

is then a homomorphism of By(C) into P x ¥. We assert that ¢ is surjective. It
is enough to check that (1,+) occurs in its image. Let V5 be a two-dimensional
quadratic vector space with basis {u, v} where ®(u,u) = ®(v,v) = 0 and ®(u,v) =
1/2, so that u? = v? = 0 and wv + vu = 1. Then C(V5) ~ M via the standard
representation that acts on C @ Cuv as follows:

0 0 0 1
UN(l 0).1»—>v, vi— 0, UN(O 0).1»—>O, vi— 1.

The principal involution § is given by

(0= (-0 o)) (o)

The form corresponding to (3 is then defined by the invertible symmetric matrix

((1) (1)) and so is odd and symmetric. Thus (C'(V3),3) gets mapped to (1,+) by

73



. Thus ¢ is surjective. Moreover the kernel of ¢ is just the neutral class. Hence
By(C) is already a group isomorphic to Z4 and is generated by the class of the
Clifford algebra in dimension 2. In particular the parity and symmetry of the forms
determine the class of any element of By(C).

Proposition 5.5.4. B(C) is a group isomorphic to the cyclic group Zg of order 8
and is generated by the class of the Clifford algebra in dimension 1, namely (Cle], 3),
where € is odd and €2 = 1, and 3(¢) = e. The subgroup Bo(C) ~ Z, is generated
by the class of the Clifford algebra in dimension 2.

Proof. If A is a complex CS super algebra which is not a full matrix algebra, then
it is of the form M" @ Cle] and so AQ A ~ M n*In*  Thus the square of any element
z in B(C) is in By(C) and hence z® = 1. This proves that B(C) is a group and
B(C)/By(C) ~ Zy. The square of the class of the Clifford algebra in dimension 1
is the Clifford algebra in dimension 2 which has been shown to be a generator of

By(C). Thus (Cle], 5) generates B(C) and has order 8.

Corollary 5.5.5. The inverse of the class of (Cle],3) is the class of (Cle], %)
where 3°() = —¢.

Proof. Since Cle] is its own inverse in the super Brauer group sBr(C), the inverse in
question has to be (C[e], 3') where 3 = 3 or 3°. The first alternative is impossible
since (Cle], #) has order 8, not 2.

There is clearly a unique isomorphism of B(C) with Zg such that the class
of (Cle], B) corresponds to the residue class of 1. We shall identify B(C) with Zg
through this isomorphism. We shall refer to the elements of By(C) as the even
classes and the elements of B(C) \ By(C) as the odd classes. For D-dimensional
Vp the class of (C(Vp), ) is in By(C) if and only if D is even. Since the class of
(C(Vp), B) is the D™ power of the class of (C(V41),3) = (Cle],8), it follows that
the class of (C'(V3), ) is 1 and hence that (C'(Vp),3) and (C(Vp4s), 3) are in the
same class, giving us the periodicity mod 8. The structure of invariant forms for
the Clifford algebras is thus governed by the dimension mod 8. The following table
gives for the even dimensional cases the classes of the Clifford algebras in terms of
the parity and symmetry invariants. Let D = dim(V') and let D be its residue class
mod 8.
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Table 1

w/
3
Q

=N O
_— O = O
~ 4

However for determining the nature of forms invariant under Spin(V') we must
go from the Clifford algebra to its even part. We have the isomorphism C(Vp) ~
End(S) where S is an irreducible super module for C'(Vp). The above table tells us
that for D = 0,4 there is an even invariant form for S, respectively symmetric and
skewsymmetric. Now under the action of C(Va,,)" we have S = St & S~ where
S* are the semispin representations. So both of these have invariant forms which
are symmetric for D = 0 and skewsymmetric for D = 4. For D = 2,6 the invariant
form for S is odd and so what we get is that S* are dual to each other. In this case
there will be no invariant forms for S* individually; for, if for example ST has an
invariant form, then S* is isomorphic to its dual and so is isomorphic to S~ which
is impossible. When the form is symmetric the spin group is embedded inside the
orthogonal group of the spin module, while in the skew case it is embedded inside
the symplectic group. Later on we shall determine the imbeddings much more
precisely when the ground field is R. Thus we have the table

Table 2

D forms on S*

0 symmetric on S*

2 S* dual to each other
4 skewsymmetric on S*
6 S* dual to each other

We now examine the odd classes in B(C). Here the underlying algebras A are
of the form M ® Z where M is a purely even full matrix algebra and Z is the center

75



not super center) of the algebra, wit ~ Cle|:
f the algeb ith Z ~C
A~ AT ® Z, Z = Cle], € odd, €% = 1.

Note that Z is a super algebra. If § is an even involutive antiautomorphism of A
then 3 leaves Z invariant and hence also Z*. It acts trivially on Z* = C and as a
sign s(3) on Z~. We now have the following key lemma.

Lemma 5.5.6. We have the following.

(i) Let (A,B), (A", () be pairs representing an odd and even class respectively
in B(C). Then
s(B®B') = (=1)"s(B)
where ©' is the parity of the form corresponding to (3. In particular the
sign s(B) depends only on the similarity class of (A, ().

(ii) With the identification B(C) ~ Zg (written additively), the elements x ™, x
of B(C) corresponding to (A™,8) and (A, 3) respectively are related by

vt =1z —s5(8)1.

In particular the similarity class of (A1, 8) depends only on that of (A, (3).

Proof. Let (A”,3") = (A, B)®(A’,3"). The center of A” is again of dimension 1|1.
If A’ is purely even, then Z is contained in the center of A” and so has to be its
center and the actions of 3, 5" are then the same. Suppose that A’ = M"!* where

r,s > 0. Let
(1 0 /
77—(0 _1>€A.

It is trivial to check that 7 commutes with A’" and anticommutes with A’~, and
that it is characterized by this property up to a scalar multiple. We claim that e®mn
lies in the odd part of the center of A”. This follows from the fact that ¢ and 7
commute with A ® 1 and 1 ® A'", while they anticommute with 1 ® A’~. Hence
€ ® 1 spans the odd part of the center of A”. Now

B"(e®@n) = p(e)® 6 (n).

The first factor on the right side is s(3)e. On the other hand, by the characterization
of 7 mentioned above, we must have 3'(n) = ¢n for some constant ¢, and so to prove
(i) we must show that ¢ = (—1)™ . If the form corresponding to /3 is even, there

76



are even s,t such that (s,t) # 0; then (s,t) = (ns,t) = (s,ent) = ¢(s,t), so that
¢ = 1. If the form is odd, then we can find even s and odd ¢ such that (s,t) # 0;
then (s,t) = (ns,t) = (s,ent) = —c(s,t) so that ¢ = —1. This finishes the proof of
(1).

For proving (ii) let z,2",z be the elements of B(C) corresponding to
(A,B), (AT, B),(Z,3) respectively. Clearly x = =zt + 2. If s(8) = 1, (Z,8) is
the class of the Clifford algebra in dimension 1 and so is given by the residue class
of 1. Thus t =z — 1. If s(3) = —1, then (Z, 3) is the inverse of the class of the
Clifford algebra in dimension 1 by Corollary 5 and hence z* = = + 1.

For the odd classes of pairs (A, 3) in B(C) we thus have two invariants: the
sign s(3) and the symmetry s(A™) of the form associated to the similarity class of
(AT, 3). We then have the following table:

Table 3
Residue class s(AT) s(83)
1 + +
3 _ _
5 - +
7 + -

To get this table we start with (Cle], 3) with () = e for which the entries are
+,+. For 7 the algebra remains the same but the involution is 3° which takes e
to —e, so that the entries are +, —. From Table 1 we see that the residue class 4
in By(C) is represented by any full matrix super algebra with an even invariant
skewsymmetric form; we can take it to be the purely even matrix algebra M = M?
in dimension 2 with the invariant form defined by the skewsymmetric matrix

0 1

-1 0)°
Let By be the corresponding involution. Then 5 is represented by (M, [y) ®
(Clel, B). Using Lemma 3 we see that the signs of the form and the involution are

—,+. To get the invariants of the residue class 3 we remark that as 3 =4 — 1 it is
represented by (M, Bar) @ (Cle], 8°) and so its invariants are —, —.
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If D =2m+1isodd, (C(Vp),3) is similar to the D*®® power of the class of
(Cle], 8). Hence there is periodicity in dimension mod 8 and the invariants for the
residue classes of D mod 8 are the same as in the above table. For the symmetry
of the Spin(V)-invariant forms we simply read the first column of the above table.
We have thus the following theorem.

Theorem 5.5.7. The properties of forms on the spin modules associated to complex
quadratic vector spaces V depend only on the residue class D of D = dim (V') mod
8. The forms, when they exist, are unique up to scalar factors and are given by the
following table.

D forms on 9, S*

0 symmetric on ST

1, 7 symmetric on S

2,6 S* dual to each other
3,5 skewsymmetric on S
4 skewsymmetric on ST

When S* are dual to each other, there are no forms on S* individually.

Forms in the real case. We shall now extend the above results to the case of
real spin modules. The results are now governed by both the dimension and the
signature mod 8.

We are dealing with the following situation. Sg is a real irreducible module
for C(V)* where C(V) is the Clifford algebra of a real quadratic vector space V;
equivalently Sgr is an irreducible module for Spin(V'). The integers p,q are such
that V ~ R?9, D = p+¢q,Y = p — q, D and ¥ having the same parity. D,%
are the residue classes of D, 3 mod 8. We write o for the conjugation of Sc that
defines Sgr, Sc being the complexification of Sg. If Sgr is of type R then S¢ is the
irreducible spin module S or S*; if Sg is of type H then Sc = S ® W where S
is an irreducible complex spin module and dim(W) = 2, C(V)* acting on Sc only
through the first factor. If Sg is of type C, this case occuring only when D is even,
then Sc =ST @ S5~

Let A be the commutant of the image of C(V)" in End(Sg). Then A ~ R, H,
or C. We write A; for the group of elements of norm 1 in A. Notice that this is
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defined independently of the choice of the isomorphism of A with these algebras,

and
A, ~ {+1},SU(2),T

in the three cases, T being the multiplicative group of complex numbers of absolute
value 1. If § is any invariant form for Sg, and a € A1,

aB: (u,v) — Bla  u,a” 1)

is also an invariant form for Sgr. Thus we have an action of A; on the space of
invariant forms for Sg. We shall determine this action also below. Actually, when
A = R, we have A; = {+1} and the action is trivial, so that only the cases
A = H, C need to be considered.

The simplest case is when Sg is of type R. This occurs when ¥ = 0,1,7. If
> = 1,7 then D is odd and the space of invariant bilinear forms for S is of dimension
1. It has a conjugation B +— B¢ defined by B(s,t) = B(s%,t)%" and if B is a real
element, then B spans this space and is an invariant form for Sg. The symmetry of
the form does not change and the conclusions are given by the first column of the
first table of Theorem 10 below. If ¥ = 0 the conclusions are again the same for
the spin modules Sfji for D =0,4. When D = 2,6, ST are in duality which implies
that Sﬁ are also in duality. We have thus verified the first column of the second
table of Theorem 10 below.

To analyze the remaining cases we need some preparation. For any complex
vector space U we define a pseudo conjugation to be an antilinear map 7 of U such
that 72 = —1. For example, if U = C? with standard basis {ej, e2}, then

T :.€1 /—— €9, € —— —€1

defines a pseudo conjugation. For an arbitrary U, if 7 is a pseudo conjugation
or an ordinary conjugation, we have an induced conjugation on End(U) defined by
a — Ta7r~! (conjugations of End(U) have to preserve the product by definition). If
we take 7 to be the conjugation of C? that fixes the e;, then the induced conjugation
on End(C?) = M?(C) is just a — a°™ with the fixed point algebra M?(R), while
for the pseudo conjugation 7 defined above, the induced conjugation is given by

()5

so that its fixed points form the algebra of matrices of the form

(%5 2) @rco
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If & = ag +ia1, 8 = az +ias, (a; € R), then

o . .
(_B g) — ag + a1i + asj + ask

is an isomorphism of the above algebra with H and the elements of H; correspond
to SU(2). If U = C?™, then, with (e;) as the standard basis,

T € Emtjy Emtj T TE (I<j<m)

is a pseudo conjugation. Pseudo conjugations cannot exist if the vector space is odd
dimensional. Indeed, on C, any antilinear transformation is of the form z s cz™,
and its square is z — |c|?z, showing that it can never be —1. The same argument
shows that no pseudo conjugation of an arbitrary vector space U can fix a line. If
T is a pseudo conjugation on U, then for any nonzero u, the span U’ of u, Tu is of
dimension 2 and stable under T', and so T" induces a pseudo conjugation on U/U’;
an induction on dimension shows that pseudo conjugations do not exist when U is
odd dimensional. Any two conjugations of U are equivalent; if U; are the real forms
defined by two conjugations o;(i = 1,2), then for any element g € GL(U) that
takes U; to Us we have go1g~!' = 05. In particular any conjugation is equivalent
to the standard conjugation on C™. The same is true for pseudo conjugations
also. Indeed if dim(U) = 2m and 7 is a pseudo conjugation, let W be a maximal
subspace of U such that W N 7(W) = 0; we claim that U = W @ 7(W). Otherwise,
ifug W :=War(W), and L is the span of v and 7u, then LNW' is 7-stable and
so has to have dimension 0 or 2, hence has dimension 0 as otherwise we will have
L Cc W'. The span W; of W and u then has the property that Wy N 7(W;) = 0,
a contradiction. So U = W @ 7(W). It is then clear that 7 is isomorphic to the
pseudo conjugation of C?™ defined earlier.

Lemma 5.5.8. Any conjugation of End(U) is induced by a conjugation or a pseudo
congugation of U which is unique up to a scalar factor of absolute value 1.

Proof. Choose some conjugation 6 of U and let a — a’ be the induced conjugation
of End(U):

a’ = 6a#, a’u = (au’)? (u e U,a € End(U)).
Let a — a* be the given conjugation of End(U). Then a +— (a?)* is an automor-
phism and so we can find an € GL(U) such that (a’)* = zaz~!. Replacing a by
a? this gives a* = xa’r71. So a = (a*)* = x2%a(r2?)~! showing that z2? = cl
for a constant ¢, and hence that za? = 22 = ¢1. Thus c is real, and replacing «
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by |¢|='/?2 we may assume that 2z’ = £1. Let 7 be defined by u™ = zu®(u € U).
Then 7 is antilinear and 72 = 41. Clearly * is induced by 7. If 7/ is another such,
then 77717 induces the identity automorphism on End(U) and so 7 = c7’ where c
is a scalar. Since 72 = |¢|*7"? we must have |c| = 1.

For any conjugation or pseudo conjugation « of U we write & for the induced
conjugation a — caa~! of End(U).

Lemma 5.5.9. Let Sr be of type H and let Sc, S, W, o be as above. Then o = TR,
where T (resp. T1) is a pseudo conjugation of S (resp. W). T and 71 are unique
up to scalar factors of absolute value 1 and T commutes with the action of C(V)™.
Conversely if S is an irreducible spin module for Spin(Ve) and Spin(V) commutes
with a pseudo conjugation, the real irreducible spin module(s) is of type H.

Proof. The complexifications of the image of C'(V)" in End(Sgr) and its commutant
are End(S) ~ End(S) ® 1 and End(W) ~ 1 ® End(W) respectively. Hence the
conjugation o of End(S¢) induced by o leaves both End(S) and End(W) invariant.
So, by the above lemma there are conjugations or pseudo conjugations 7,7 on S, W
inducing the restrictions of o on End(S) and End(W) respectively. Since End(S)

and End(W) generate End(Sc) we have 0 =7 ®@ 7 = (7 @ 71). It follows that for
some ¢ € C with |c| = 1 we must have 0 = ¢(7 ® 71). Replacing 71 by ¢r; we may
therefore assume that ¢ = 7 ® 71. Since o commutes with the action of C'(V)*
and C(V)* acts on S ® W only through the first factor, it follows easily that 7
commutes with the action of C(V)T. Now the subalgebra of End(W) fixed by 7 is
H and so 7y must be a pseudo conjugation. Hence, as ¢ is a conjugation, 7 must
also a pseudo conjugation.

For the converse choose a W of dimension 2 with a pseudo conjugation 7 — 1.
Let 7 be the pseudo conjugation on S commuting with Spin(V'). Theno =7®7—1
is a conjugation on S ® W commuting with Spin(V') and so 2S5 has a real form Sg.
This real form must be irreducible; for otherwise, if S is a proper irreducible
constituent, then S”¢ ~ S which will imply that S has a real form. So Spin(V)
must commute with a conjugation also, an impossibility. This proves the entire
lemma.

Suppose now that S has an invariant form. The space of these invariant forms
is of dimension 1, and 7, since it commutes with C(V)*, induces a conjugation
B+ B™ on this space where B7(s,t) = B(s",t7)°". Hence we may assume that
S has an invariant form B = B7. The space of invariant forms for S ® W is now
B® J where J is the space of bilinear forms for W which is a natural module for A,
and which carries a conjugation, namely the one induced by 71. We select a basis
e1, ez for W so that 71(e1) = e2, 71(e2) = —ey. Then A; = SU(2) and its action on
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W commutes with 7;. Clearly J = J; & J3 where Jj, carries the representation k of
dimension k, where J; is spanned by skewsymmetric forms while J3 is spanned by
symmetric forms, and both are stable under 7. Hence

Hom(Sr ® Sr,C) =B ® J™

where B = B7 is an invariant form for S and J™ is the subspace of J fixed by
the conjugation induced by 7. For a basis of J; we can take the symplectic form
bp = b}" given by bg(e1,e2) = 1. Then Bro = B ® by is invariant under ¢ and
defines an invariant form for Sgr, fixed by the action of A;, and is unique up to a
scalar factor. If b;, j = 1,2, 3 are a basis for J3', then Br ; = B®b; are symmetric
invariant forms for Sgr, defined up to a transformation of SO(3). The symmetry of
Br,o is the reverse of that of B while those of the Bgr ; are the same as that of
B. This takes care of the cases ¥ = 3,5, D arbitrary, and ¥ = 4, D = 0, 4. In the
latter case the above argument applies to Slj{.

Suppose that ¥ =4, D =2, 6. Then ST and S~ are dual to each other. We
have the irreducible spin modules Sfi{ with complexifications Sé = S* ® W and
conjugations 0 = 7% @ 75 (with the obvious notations). The invariant form

B:SéxSé—>C

is unique up to a scalar factor and so, as before, we may assume that B = B

where
+ — conj

(7)) (5% € S5)-

For any form b(W* x W~ — C) such that b°°™ = b where the conjugation is with

respect to Tli ,

BM(st s7) = B((sT)"

Bb:SE@aWT xSgeW™ — C
is an invariant form fixed by ¢ and so restricts to an invariant form
J’_ —
Thus S;{ and Sy are in duality. As before there are no invariant forms on Sfi{ X Sfj;

separately.

In this case, although there is no question of symmetry for the forms, we can
say a little more. We may clearly take W+ = W~ = W, 7" = 7; = 7. Then we can
identify the H;-actions on WW* with the standard action of SU(2) on W = Ce;+Ces
where 7(e1) = ez, 7(ea) = —e1. The space of forms on Sf; x Sg is then B* @ J™
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where BT = B*" is a basis for the space of forms on St x S~. We then have a
decomposition

Hom(SE ® Sg.R) = (B* © J7) & (B* @ Jp).

We have thus verified the second column in the two tables of Theorem 10 below.

The case ¥ = 2,6 when the real spin modules Sg are of type C remains. In
this case Sc = ST @ S~ and is self dual. We have a conjugate linear isomorphism
u— u* of ST with S~ and

o:(u,v") — (v,u")

is the conjugation of Sc¢ that defines Sg. The space of maps from S¢ to its dual is of
dimension 2 and so the space spanned by the invariant forms for Sc is of dimension
2. This space as well as its subspaces of symmetric and skewsymmetric elements are
stable under the conjugation induced by o. Hence the space of invariant forms for
Sr is also of dimension 2 and spanned by its subspaces of symmetric and skewsym-
metric forms. If D = 0 (resp. 4), ST admit symmetric (resp. skewsymmetric)
forms, and so we have two linearly independent symmetric (resp. skewsymmetric)
forms for Sg. If D = 2,6, S* are dual to each other. The pairing between ST then
defines two invariant forms on ST @ S~, one symmetric and the other skewsymmet-
ric. Hence both the symmetric and skewsymmetric subspaces of invariant forms for
Sc have dimension 1. So Sr has both symmetric and skewsymmetric forms.

It remains to determine the action of A; = T on the space of invariant forms
for Sg. For b € T its action on Sy is given by

(w, u*) — (bu, b*Mu*).

D = 0,4. In this case the space of invariant forms for St is nonzero and has a
basis 3. The form .
g (utv") — Blu,v)*™

is then a basis for the space of invariant forms for S~. The space of invariant forms
for Sc is spanned by 3, 3* and the invariant forms for Sg are those of the form

Be = cf + i (c € C).
The induced action of T is then given by
ﬁc — Bb_QC‘
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Thus the space of invariant forms for Sgr is the module 2 for 7" given by

o i, [ ©08 20 sin 26
' —sin20 cosf

with respect to the basis 31, §;. In particular there are no forms fixed by 7.

D = 2,6. In this case we have a bilinear duality of S* given by
(u,v*) — (u,v*).
The space of invariant forms for S¢ is spanned by
((u,v*), (', 0"")) — (u,v"™) & (', v*).
The space of invariant forms for Sg is then spanned by
(u,u*), (W', u'")) — (u,u'™) £ (u,u*).

Clearly these are both invariant for the action (u,u*) — (bu, b<™u*).

We now have the following Theorem. Note that when Slj{ are dual, there are no
forms on Sfji individually. For the second columns in the two tables k denotes the
representation of dimension k for SU(2) while for the third column in the second
table the number k denotes the representation of 7" in which e goes over to the
rotation by 2kf. The notation +[k|] means that the space of forms with symmetry
+ carries the representation [k] of A;. When there is no number attached to a

symmetry it means that the form is unique up to a real scalar factor.

Theorem 5.5.10 The forms for the real irreducible spin modules are given by
the following tables. Here D, denote the residue class of D,> mod 8, and dual
pair means that Sﬁ are dual to each other. Also + and — denote symmetric and

skewsymmetric forms, and d.p. means dual pair.

D\S 1,7(R) 3,5(H)
1,7 + —[1], +[3]
3,5 — +[1], —[3]
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D\X 0(R,R) 4(H,H) 2,6(C)

0 + —[1], +[3] +[2]

4 - +[1], —[3] —[2]

2, 6 d.p. d.p.[1] & [3] +[0], —[0]

Morphisms from spinors, spinors to vectors and exterior tensors. As
mentioned earlier we need to know, for real irreducible spin modules Si, S5, the
existence of symmetric morphisms 57 ® S5 — V in the construction of super
spacetimes, and more generally morphisms S; ® S; — A"(V) in the construction
of super Poincaré and super conformal algebras. We shall now study this question
which is also essentially the same as the study of morphisms A™(V) ® S — So
(for » = 1 these morphisms allow one to define the Dirac or Weyl operators). Here
again we first work over C and then come down to the real case.

Let D = dim(V'). We shall first assume that D is even. In this case we have the
two semispin modules ST and their direct sum Sy which is a simple super module
for the full Clifford algebra. Write p for the isomorphism

p:C(V)~End(Sy)  dim(Sy) =2P/2~12P/2)-1
Since (ST)* = ST or ST where * denotes duals, it is clear that Sy is self dual. Since
—1 € Spin(V') goes to —1 in Sy it follows that —1 goes to 1 in Sy® .Sy and so Sy ® Sy
is a SO(V)-module. We have, as Spin(V')-modules,
So X S() ~ So & SE; ~ End(So)

where End(Sy) is viewed as an ungraded algebra on which g € Spin(V) acts by
t — p(g)tp(g)~t = p(gtg™?'). Since p is an isomorphism of C(V) with End(Sp)
(ungraded), it follows that the action of Spin(V') on C'(V') is by inner automorphisms
and so is the one coming from the action of the image of Spin(V') in SO(V'). Thus

So @ So ~ C(V).

Lemma 5.5.11. If D is even then Sy is self dual and
So ® So =~ 2 (®g<r<pja_1A"(V)) & AP2(V).
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In particular, as the A" (V') are irreducible for r < D/2 — 1, we have,

dim (Hom(Sy ® So, A"(V))) =2 (0<r < D/2—1).

Proof. In view of the last relation above it is a question of determining the SO(V')-
module structure of C(V'). This follows from the results of Section 2. The Clifford
algebra C' = C(V) is filtered and the associated graded algebra is isomorphic to
A = A(V). The skewsymmetrizer map (see Section 2)

A:A—C
is manifestly equivariant with respect to Spin(V') and so we have, with A” = A™(V),
AA= @OgrgDAT ~(C (1)

is an isomorphism of SO(V)-modules. If we now observe that A” ~ AP~" and that
the A" are irreducible for 0 < r < D/2 — 1 the lemma follows immediately.

Suppose now A, B, L are three modules for a group G. Then Hom(A, B) ~
Hom(A ® B*,C), where o(A — B) corresponds to the map (also denoted by «)
of A® B* — C given by

ala®@b) = b"(a(a)).

So
Hom(A® B,L) ~ Hom(A® B® L*,C) ~ Hom(B ® L*, A™).

If A and L have invariant forms we can use these to identify them with their duals,
and obtain a correspondence

Hom(A ® B, L) ~ Hom(L ® B, A) v ey
where the corresponding elements 7/, v of the two Hom spaces are related by
(Yt ®b),a) = (Y (a®b),l) (a€Abe B, LeL).
We remark that the correspondence 4’ « v depends on the choices of invariant forms
on A and L. We now apply these considerations to the case when G = Spin(V') and
A= B =5y, L=A". The invariant form on V lifts to one on A". Now the Clifford
algebra C' = C(V) is isomorphic to End(Sy) and so, the theory of the B-group
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discussed earlier associates to (C, 3) the invariant form (-,-) on Sy x Sy for which
we have (as,t) = (s, 3(a)t)(a € C'). We then have a correspondence

"YI 7, ’)// S HOH’I(SO &® S(), AT),’}/ € HOHI(AT ® So, So)

such that
(Y(s®t),v)=(y(v®s),t) (s,teSvel).

Let (see Section 2) A be the skewsymmetrizer map (which is Spin(V)-
equivariant) of A onto C. The action of C' on Sy then gives a Spin(V')-morphism

Yo 1V ® s — A(v)s.

Let Ty be the element of Hom(Sy ® Sy, A™) that corresponds to 7. We then have,
with respect to the above choices of invariant forms,

(To(s®t),v) = (A(v)s, t) = (s, B(A\(v))t) (s,t € S,veA"). (%)

Note that I'g, o are both nonzero since A\(v) # 0 for v # 0. To the form on Sy we
can associate its parity 7 and the symmetry o. Since A(v) has parity p(r), it follows
that (A(v)s,t) = 0 when p(r) + p(s) + p(t) + # = 1. Thus I'o(s ® t) = 0 under the
same condition. In other words, I'y is even or odd, and

parity (I'o) = p(r) + .

Since

BAW)) = (=1)"""VE ) (veA)

it follows that I'g is symmetric or skewsymmetric and
symmetry (I') = (=1)""—Y/24,

The parity and symmetry of I'g are thus dependent only on D.

In case I'g is even, i.e., when m = p(r), I'g restricts to nonzero maps
. 5% x 8% — A",

To see why these are nonzero, suppose for definiteness that ' = 0. Then T'g(s®t) =
0 for s € ST,t € ST and so (A\(v)s,t) =0 for s € ST,t € Sp,v € A”. Then A\(v) =0
on ST for all v € A" which is manifestly impossible because if (e;) is an ON basis
for V.and v = e;, A... ANe;,, then A\(v) = ¢;, ...e;, is invertible and so cannot

I
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vanish on ST. The maps I'* may be viewed as linearly independent elements of
Hom(Sy ® Sp, A”). Since this Hom space has dimension 2 it follows that T'",T'~
form a basis of this Hom space. It follows that

Hom(S* ® S*,A") = CI'#, Hom(S* ® ST,A") = 0.

If 7 = p(r) = 0 then ST are self dual. Let 4= be the restrictions of 7y to S*
and
Hom(A"™ ® S, Si) = CH7F, Hom (A" ® S, SF) = 0.

From Table 1 we see that 7 = 0 when D = 0,4, and then o = +, — respectively.
Thus T'* have the symmetry (—1)""=1/2 and —(—1)"("=1/2 respectively in the two
cases.

If 7 = p(r) = 1 then S* are dual to each other, ¥* map A" ® ST to ST, and
we argue similarly that

Hom(A” ® 5%, 5F) = Cy*,  Hom(A” ® $*,5%) = 0.

We see from Table 1 that m = 1 when D = 2,6 with 0 = +, — respectively. Thus
I'+ have the symmetry (—1)"("=1/2 and —(—1)"("=1/2 respectively in the 2 cases.

If T is odd, i.e., when m = p(r) + 1, the discussion is entirely similar. Then I',
is 0 on ST ® S* and it is natural to define I'* as the restrictions of I'y to S* ® SF.
Thus

. 5% x §F — A"

and these are again seen to be nonzero. We thus obtain as before

Hom(S* ® ST,A") = CI'#, Hom(S* ® S*,A") = 0.

If m=1,p(r) =0 then S+ are dual to each other, and
Hom(A" ® ST, Si) = nyi, Hom(A" ® S, SF) = 0.

This happens when D = 2,6 and there is no symmetry.
If 7= 0,p(r) =1 then ST are self dual, ¥ maps A" ® S* to ST, and

Hom(A” ® S=,5T) = Cy¥, Hom(A" ® S*,8%) = 0.
This happens when D = 0,4 and there is no symmetry.
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This completes the treatment of the case when D, the dimension of V, is even.

We turn to the case when D is odd. As usual the center Z of C(V) now enters
the picture. We have Z = Cle] where ¢ is odd, e2 =1, and C(V) = C = Ot ® Z.
The even algebra C is isomorphic to End(S) where S is the spin module and S& S
is the simple super module for C' in which C'" acts diagonally and ¢ acts as the

matrix ((1) é) The basic lemma here is the following.

Lemma 5.5.12. If D is odd then S is self dual and
S® S~ Do<r<(p-1)2\"

is the decomposition of S®S into irreducible components under SO(V'). In particular
the maps

S@S A", AT@S——S

are unique up to a scalar factor.

Proof. The skewsymmetrizer isomorphism A of A(V) with C' takes A®Ve" :=
@OSkS(D_l)/QAQk onto C*. We have

S®S ~End(S) ~ CT ~ A%V,
But now r and D —r have opposite parity and so exactly one of them is even. Hence
AT 2 Bo<r<(p—1) 20"
This proves the decomposition formula for § ® S and gives
dim(Hom(S ® S,A")) = dim(Hom(A" ® S, S)) = 1.

The rest of the discussion is essentially the same as in the case of even D. The
form (-,-) on S is such that (as,t) = (s, 8(a)t) for all a € C*,s,t € S.

If r is even, we have \(v) € Ct for all v € A", and so the map v : v®s — A(v)s
is a nonzero element of Hom(A” ® .S, S). We then obtain I' € Hom(S® .S, A™) defined
by

(T(s®t),v) = (A(v)s,t) (s,t € S,v e A", r even ).

There is no question of parity as S is purely even and
symmetry (T) = (—1)""1/%4
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where o is the symmetry of (-,-). We use Table 3 for the values of o which depend
only on D. Since Hom(S ® S, A") has dimension 1 by Lemma 12, we must have

Hom(S ® S,A") = CT, Hom(A" ® S,S) = C.
The symmetry of I' is (—1)"("=1/2 or —(—1)"("=1)/2 according as D = 1,7 or 3, 5.
If 7 is odd, eA(v) € CT for all v € A” and so, if we define
Ve 1V ® s — eX(v)s,

then
0# 7. € Hom(A" ® S, S).

We now define I'. by
(Te(s®@t),v) = (eA(v)s, 1) (s,t € S,ve A", r odd)
and obtain as before
Hom(S ® S,A") = CI';, Hom(A" ® S, S) = Cr..

To calculate the symmetry of I'. we must note that § acts on € by [(e) = s(f)e
and so

(eA()s, 1) = s(B)(=1) "~V 2 (s, eA(0)1).

Hence
symmetry (I') = (—1)"""D/25(3)0.

We now use Table 3 for the values of o and s(3). The symmetry of . is (—1)r(r=1)/2
or —(—1)""=1/2 according as D = 1,3 or 5, 7.

We can summarize our results in the following theorem. Here S7, .55 denote the
irreducible spin modules S* when D is even and S when D is odd. Alsor < D/2—1
orr < (D —1)/2 according as D is even or odd. Let

o, = (_1)7"(1"—1)/2‘
Theorem 5.5.13. For complex quadratic vector spaces V' the existence and sym-
metry properties of maps

F:Sl®52—>AT(V) v:A"® S — S
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depend only on the residue class D of D = dim(V) mod 8. The maps, when they
exist, are unique up to scalar factors and are related by

(T'(s1 ® s2),v) = (7(v ® s1), 82).

The maps v exist only when S; = Sy = S (D odd), S; = Sy =
S* (D,r both even), S; = S*,Sy = ST (D even and r odd). In all cases the
are given up to a scalar factor by the following table.

r \ D even odd
even (v @ sT) = A(v)st (v ®s) = A(v)s
odd Y(v ® st) = A(v)sT Ye(v ® s) = eA(v)s

Here ¢ is a nonzero odd element in the center of C(V) with € = 1. The maps T
do not exist except in the cases described in the tables below which also give their
symmetry properties.

D maps symmetry
r even 0 St @8t = A" oy
1, 7 S®S — A" oy
2, 6 St ® ST — A"
3,5 S®S— A" -0y
4 ST ® STt = AT —0o,
D maps symmetry
r odd 0, 4 St ® SF - A"
1, 3 S®S — A" oy
2 ST R ST - A" o,
o, 7 S®S— A" -0y
6 ST ® St = A" —0o,
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Morphisms over the reals. The story goes along the same lines as it did for
the forms. V is now a real quadratic vector space and the modules A" are real and
define conjugations on their complexifications. For a real irreducible spin module
Sr the space of morphisms Sg ® Sg — A" carries, as in the case of forms, an
action by Aj. In this case the space of morphisms A" ® Sg — Sr also carries an
action of A; and the identification of these two Hom spaces respects this action.

Let Sg be of type R, i.e., ¥ = 1,7,0. The morphisms from S®5, S*T®@S5*, S*T®
ST to A" over C span one-dimensional spaces stable under conjugation. Hence we
can choose basis elements for them which are real. The morphisms A" ® Sg — Sr
defined in Theorem 13 make sense over R (we must take ¢ to be real) and span the
corresponding Hom space over R. The results are then the same as in the complex
case. The symmetries remain unchanged.

Let Sgr be of type H, i.e., ¥ = 3,5,4. Let B(A;, Ay : R) be the space of
morphisms A; ® Ay — R. The relevant observation is that if S7, S5 are complex
irreducible spin modules and U is a Spin(V¢)-module such that dim(B(Sy, Ss :
U)) = 0 or 1, then the space of morphisms (51 ® W) ® (S2 ® W3) — U is just
B(S1,52 : U)® B(W;y, W5 : C). The arguments are now the same as in the case of
scalar forms; all one has to do is to replace the complex scalar forms by the complex
maps into V. The symmetries follow the same pattern as in the case of r = 0.

The last case is when Sg is of type C, i.e., ¥ = 2,6. The morphisms S¢ ®
Sc — A"(V¢) form a space of dimension 2, and this space, as well as its subspaces
of symmetric and skewsymmetric elements, are stable under the conjugation on the
Hom space. From this point on the argument is the same as in the case r = 0.

Theorem 5.5.14 (odd dimension). For a real quadratic vector space V' of odd
dimension D the symmetry properties of morphisms Sgr ® S — A" are governed
by the residue classes D, X as in the following table. If no number is attached to a
symmetry sign, then the morphism is determined uniquely up to a real scalar factor.

D\S 1,7(R) 3, 5(H)
reven 1,7 o8 —o,[1],0,[3]

3,5 —O0r 07«[1], _UT[3]
r odd 1, 3 oy —o,[1],0.[3]

5, 7 -0, o.[1],—0o,[3].
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Theorem 5.5.15 (even dimension). For real quadratic vector spaces V' of even
dimension D the symmetry properties of the maps Sﬁ@Sﬁ, SrR®Sr — A" are de-
scribed in the following table. The notation d.p. means that the morphism goes from
Sﬁ ® Sg to A". If no number is attached to a symmetry sign, then the morphism
1s determined uniquely up to a real scalar factor.

D\S 0(R,R) A(H, H) 2,6(C)
reven 0 oy —o,[1], 03] o [2]
2, 6 d.p. dp.[1] & [3] +[0], —[0]
4 -0y o.[1], —o,[3] —o,[2]
r odd 0, 4 d.p d.p.[1]] & [3] +[0], —[0]
2 o —o,[1],0,[3] o [2]
6 -0y o.[1], —o,[3] —o,[2].

Symmetric morphisms from spinor, spinor to vector in the Minkowski
case. An examination of the tables in Theorems 14 and 15 reveals that when V'
has signature (1,D — 1) and Sg is a real spin module irreducible over R, there
is always a unique (up to a real scalar factor) non-trivial symmetric morphism
I' : Sg ® Sg — V invariant with respect to the action of A;. Indeed, the cases

where there is a unique A;-invariant symmetric morphism Sg ® Sg — V are given
by

»=1,7,D=1,3;2=3,5,D=572=2,6D=0,4X=0,D=2,2=4,D =6

which include all the cases when the signature is Minkowski since this case corre-
sponds to the relations D £ % = 2. It turns out (see Deligne®) that this morphism
is positive definite in a natural sense. Let V* be the sets in V where the quadratic
form @ of V is > 0 or < 0, and let (-,-) be the bilinear form associated to Q.

Theorem 5.5.16. Let V be a real quadratic vector space of dimension D and
signature (1, D — 1), and let Sr be a real spin module irreducible over R. Then
there is a non-trivial Aq-invariant symmetric morphism

I':Sg@Sg —V
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which is unique up to a real scalar factor. Moreover we can normalize the sign of
the scalar factor so that for 0 # s € Sgr we have

(v,T'(s,8)) >0 (veVv™).

Finally, whether Sr is irreducible or not, there is always a non-trivial symmetric
morphism Sg ® Sg — V.

Proof. We have already remarked that the existence and (projective) uniqueness
of T" follows from the tables of Theorems 14 and 15. It is thus a question of of
proving the positivity. Write S = Sgr for brevity.

For this we give the argument of Deligne®. First of all we claim that the form
by(s,t) = (I'(s,t),v) cannot be identically 0 for any v # 0; for if this is true for
some v, it is true for all g.v(g € Spin(V)) and so, by irreducibility of S, for all
elements of V. This is a contradiction. Fix now a v € V such that Q(v) > 0. Then
b, is invariant with respect to the stabilizer K of v in Spin(V'). Because V is of
Minkowski signature, it follows that K ~ Spin(D — 1) and is a maximal compact
of Spin(V). If D = 2 so that V ~ RV®+1 3 = 0 so that we have two simple
spin modules for Spin(V), Slj{, of type R. The dimensions of Slj{ are equal to 2%%
which is also the dimension of the spin module of Spin(8k + 1). Since spin modules
restrict on quadratic subspaces to spinorial modules, the restrictions to K of Sfi{
are irreducible. But K is compact and so leaves a unique (up to a scalar) definite
form invariant, and hence b, is definite. We are thus done when D = 2. In the
general case we consider V; = V @& Vi where V; is a negative definite quadratic
space so that dim(Vy) = 2 (8). By the above result there are positive Aj-invariant
symmetric morphisms I‘(jf : ngR — Vi. Let P be the projection Vy — V. Now
the representation Sq g @ Sg g is faithful on C(Vp)™, hence on C(V)*. We claim
that Sg is contained in ZSSZR &) 280_7R. Indeed, let U be SSCR &) S(;R viewed as
a C(V)T-module. Then Ug, being faithful on C'(Vg)™, contains all the complex
irreducibles of C(Vg)t. If Sgr is of type R or C, we have Sc = S, 5% and so
Hom(Sc,Uc) # 0, showing that Hom(Sr,U) # 0. If Sg is of type H, then
Sc = 25% and so Hom(S,,2Uc) # 0. Thus we have S — SSTR or § < Sjp.
Then we can define

['(s,t) = PTZ(s,t) (s,t €S — S(;—L’R).
It is obvious that I' is positive. This finishes the proof in the general case.

5.6. Image of the real spin group in the complex spin module. From
Theorem 5.10 we find that when D = 1, = 1 the spin module Sgr is of type R
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and has a symmetric invariant form and so the spin group Spin(V) is embedded in
a real orthogonal group. The question naturally arises as to what the signature of
this orthogonal group is. More generally, it is a natural question to ask what can
be said about the image of the real spin group in the spinor space. This question
makes sense even when the complex spin representation does not have a real form.
In this section we shall try to answer this question. The results discussed here can
be found in'®. They are based on E. Cartan’s classification of the real forms of
complex simple Lie algebras'! and a couple of simple lemmas.

Let V' be a real quadratic vector space. A complex irreducible representation
of Spin(V) is said to be strict if it does not factor through to a representation of
SO(V)?. The spin and semispin representations are strict but so are many oth-
ers. Indeed, the strict representations are precisely those that send the nontrivial
central element of the kernel of Spin(V) — SO(V)? to —1 in the representation
space. If D = dim(V) = 1, Spin(V) is {1} and the only strict representation is
the spin representation which is the nontrivial character. In dimension 2, if V is
definite, we have Spin(V) = U(1) with Spin(V) — SO(V)? ~ U(1) as the map
2z — 22, and the strict representations are the characters z — 2" where n is
an odd integer; the spin representations correspond to n = +1. If V is indefi-
nite, Spin(V) = R*,SO(V)? = R, and the covering map is ¢ — ¢?; the strict
representations are the characters ¢ — sgn (¢)[t|* where z € C, and the spin rep-
resentations correspond to z = +1. In dimension 3 when Spin(V) = SL(2, C), the
strict representations are the nontrivial representations of even dimension; the spin
representation is the one with dimension 2.

Lemma 5.6.1. If D > 2, the spin representations are precisely the strict represen-
tations of minimal dimension, i.e., if a representation is strict and different from
the spin representation, its dimension is strictly greater than the dimension of the
spin representation.

Proof. We go back to the discussion of the basic structure of the orthogonal Lie
algebras in Section 3. Let g = so(V).

g = Dy: The positive roots are
ai—a; (1<i<j<{l), ap+a,(1<p<qg<¥).
If b1,...,b, are the fundamental weights then we have
bi=a1+...4a; (1<i<l—2)
while

1 1
by_1 = §(a1—|—...—|—ag,1 —a,g) by = 5((11—1—...—1—0,@,14—&5).
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For any dominant integral linear form A we write ) for the irreducible represen-
tation with highest weight A. The weights of V' are (+a;) and it is not difficult to
verify (see'?, Chapter 4) that

-1 0
ANem, (1<r<(-2), A ™ Ty, 4by, N oy, | B Top,.

The most general highest weight is A = m1by 4. .. +myb, where the m; are integers
> 0. Expressing it in terms of the a; we see that it is an integral linear combination
of the a; if and only if m,_1 and m, have the same parity, and this is the condition
that the representation 7y occurs among the tensor spaces over V. So the strictness
condition is that m,_; and m, have opposite parities. The semispin representations
correspond to the choices where m; = 0 for 1 <1i < ¢ —2 and (ms—1,m¢) = (1,0)
or (0,1). If my_; and m, have opposite parities, then one of my_1,my is odd and
so > 1. Hence

(m me) = (my,...,mp_2,me—1 —1,my)+(0,...,0,1,0) (my—y > 1)
Tyev-y £ (ml,',.’mg_l’mg—1)‘1‘(0,---,0,]—)(m[Z]_).

The result follows if we remark that the Weyl dimension formula for 7, implies that
dim(m,4,) > dim(m,) (v #0)
where p, v are dominant integral.
g = By: The positive roots are
ai—a; (1<i<j<{), ap+a,(1<p<qg<¥), a (1<i<V).

If b1,...,b, are the fundamental weights then we have

1
bi:al—l—...—l—ai(lgigé—l), bgzi(al—l—...—l—ag).

For a dominant integral A = myby + ... 4+ myb, we find that it is an integral linear
combination of the a;’s if and only if my is even. So the strictness condition is that
my should be odd. If my is odd we can write

(my,...,me) = (my,...,mg_1,mg—1)+(0,...,0,1)

from which the lemma follows again by using Weyl’s dimension formula.

Let dy = 1 and let d, (p > 1) be the dimension of the spin module(s) of Spin(p).
Recall from Section 3 that

d, =211 (p>1).
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Lemma 5.6.2. Let m be a representation of Spin(p,q) in a vector space U with
the property that m(e) = —1 where € is the nontrivial element in the kernel of
Spin(p,q) — SO(p,q)?, and let K, , be the mazimal compact of Spin(p,q) lying
above Ky = SO(p) x SO(q). If W is any nonzero subspace of U invariant under
(Kp ) then

dim(W) > dpd,.

In particular, if H is a real connected semisimple Lie subgroup of GL(U) such that
m(Kpq) C H, and L a mazimal compact subgroup of H, then for any nonzero
subspace of U invariant under L, we have

dim(W) > d,d,.

Proof. The cases p =0,1,q = 0,1, 2 are trivial since the right side of the inequality
to be established is 1. We separate the remaining cases into p = 0 and p > 0.

a) p=20,1,¢ > 3: Then K, , = Spin(q). We may obviously assume that W is
irreducible. Then we have a strict irreducible representation of Spin(g) in W and
hence, by Lemma 1, we have the desired inequality.

b) 2 < p < ¢: In this case we use the description of K, , given in the remark
following Theorem 3.7 so that €, maps on ¢ for r = p, q. We can view the restriction
of m to K, 4 as a representation p of Spin(p) x Spin(q) acting irreducibly on W.
Then p ~ p, X p, where p, is an irreducible representation of Spin(r), (r = p, q).
Since p(ep) = p(eq) = —1 by our hypothesis it follows that p,(e,) = —1,p(gq) =
—1. Hence p, is a strict irreducible representation of Spin(r), (r = p,q) so that
dim(p,) > dr, (r = p, q). But then

dim(W) = dim(p,) dim(p,) > dpd,.

This proves the first statement.

Choose a maximal compact M of H containing 7(K,, ,); this is always possible
because (K, ) is a compact connected subgroup of H. There is an element h € H
such that hLh™! = M. Since W is invariant under L if and only if h[W] is invariant
under hLh™1, and dim(W) = dim(h[W]), it is clear that we may replace L by M.
But then W is invariant under (K, ) and the result follows from the first assertion.
This finishes the proof of the lemma.

Corollary 5.6.3. Suppose 7w is the irreducible complex spin representation. Let
N = dim(7) and let H, L be as in the lemma. Then, for any nonzero subspace W
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of U invariant under L we have

. N if one of is even
dim(W) > ¢ 2 1 b, q
im(W) > { N if both p, q are odd.

In particular, when both p and q are odd, the spin module of Spin(p,q) is already
1rreducible when restricted to its maximal compact subgroup.

Proof. We can assume p is even for the first case as everything is symmetric
between p and ¢q. Let p = 2k,q = 20 or 2¢ + 1, we have d, = 2871, d, = 20=1 or
2¢ while N = 2FT=1 or 28+¢ and we are done. If p = 2k + 1,¢ = 2¢ + 1 then
d, = 2k7dq = 26 N = 28+ and hence dp,dy, = N. This implies at once that U is
already irreducible under K, ,.

Real forms. If g is a complex Lie algebra, by a real form of g we mean a real Lie
algebra go C g such that g ~ C®grgo. This comes to requiring that there is a basis of
go over R which is a basis of g over C. Then the map X +iY —— X —iY (X,Y € g)
is a conjugation of g, i.e., a conjugate linear map of g onto itself preserving brackets,
such that g is the set of fixed points of this conjugation. If GG is a connected complex
Lie group, a connected real Lie subgroup Go C G is called a real form of G if Lie(Gy)
is a real form of Lie(G). E. Cartan determined all real forms of complex simple Lie
algebras g up to conjugacy by the adjoint group of g, leading to a classification
of real forms of the complex classical Lie groups. We begin with a summary of
Cartan’s results!!. Note that if p is any conjugate linear transformation of C", we
can write p(z) = Rz° where R is a linear transformation and o : z + 2% is the
standard conjugation of C"; if R = (r;;), then the r;; are defined by pe; = " 7 e;.
We have RR = +1 according as p is a conjugation or a pseudo conjugation. We
say p corresponds to R; the standard conjugation corresponds to R = I,. If we

0o -1,
take R = I, 0
7:(z,w) — (—w,Z). If L is an endomorphism of C”, then L commutes with the
antilinear transformation defined by R if and only if LR = RL.

G = SL(n, C).

we get the standard pseudo conjugation 7 of C?" given by

The real forms are
(¢) SL(n,R), SU(a,b)(a <b,a+b=mn), (7)SU*(2m)~SL(m,H) (n=2m)

where the notation is the usual one and the symbol placed before the real form means
that it is the subgroup commuting with the conjugation or pseudo conjugation
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described. We write SU(n) for SU(0,n). It is the unique (up to conjugacy) compact
real form. The isomorphism

SU*(2m) ~ SL(m, H)

needs some explanation. If we identify C? with the quaternions H by (z,w)
z+jw then the action of j from the right on H corresponds to the pseudo conjugation
(z,w) — (=w,Zz). If we make the identification of C*™ with H™ by

(Zl,---,Zm,wl,---,wm) — (Zl +jw17"'7zm+jwm)

then we have an isomorphism between GL(m, H) and the subgroup G of GL(2m, C)
commuting with the pseudo conjugation 7. It is natural to call the subgroup of
GL(m, H) that corresponds to GNSL(2m, C) under this isomorphism as SL(m, H).
The group G is a direct product of H = G N U(2m) and a vector group. If J is as
above, then H is easily seen to be the subgroup of U(2m) preserving the symplectic
form with matrix J and so is Sp(2m), hence connected. So G is connected. On
the other hand, the condition ¢gJ = Jg implies that det(g) is real for all elements
of G. Hence the determinant is > 0 for all elements of G. It is clear then that
G is the direct product of G N SL(2m, C) and the positive homotheties, i.e., G ~
G NSL(2m,C) x RY. Thus GL(m,H) ~ SL(m, H) x R}.

G = S0(n, C).

The real forms are

(0q) SO(a,b)(a < b,a+b=mn), (17)SO*(2m) (n =2m).

04 1s the conjugation corresponding to R, = Lo 0 cif v = La .0 then
0 —Ib 0 ZIb

it is easily verified that 2SO(a,b)z ! is the subgroup of SO(n, C) fixed by o,. It is
also immediate that

979 =Iom, gJom =Jomd <= 9 9= Iom, G Jomg = Jom

so that SO™(2m) is also the group of all elements of SO(2m, C) that leave invariant
the skew hermitian form

—21Zm41 + Zm+121 — 22Zm+2 + Zma222 — ... — ZmZ2m + Z2mZm-

We write SO(n) for SO(0,n); it is the compact form.
Sp(2n, C).
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We remind the reader that this is the group of all elements g in GL(2n, C) such
that g7 Ja,,g = Jo, where Jo, is as above. It is known that Sp(2n, C) C SL(2n, C).
Its real forms are

(o) Sp(2n,R), (7,) Sp(2a,2b)(a < b,a+b=n)

where 7, is the pseudo conjugation

0 0o I, O

_ _ _ 0 0 0 -1,
T2+ JoZ, Jo= I 0 0 0
0 I, O 0

and it can be shown as in the previous case that the subgroup in question is also
the subgroup of Sp(2n, C) preserving the invariant Hermitian form ETBa’bz where

I, 0 0 0
(o0 -, 0 o0
Bap=19 I, 0
0 0 0 -1

We write Sp(2n) for Sp(0,2n). It is the compact form.

The groups listed above are all connected and the fact that they are real forms
is verified at the Lie algebra level. Cartan’s theory shows that there are no others.

Lemma 5.6.4. Let G be a connected real Lie group and let G C M where M 1is
a complex connected Lie group. If M = SO(n,C) (resp. Sp(2n,C)), then for G
to be contained in a real form of M it is necessary that G commute with either a
conjugation or a pseudo conjugation of C™ (resp. C?"); if G acts irreducibly on
C" (resp. C?"), this condition is also sufficient and then the real form containing
G is unique and is isomorphic to SO(a,b) (resp. Sp(a,b)). If M = SL(n,C),
then for G to be contained in a real form of M it is necessary that G commute
with either a conjugation or a pseudo conjugation of C™ or G leave tnvariant a
nondegenerate Hermitian form on C". If G acts irreducibly on C™ and does not
leave a mondegenerate Hermitian form invariant, then the above condition is also
sufficient and the real form, which is isomorphic to either SL(n,R) or SU*(n)(n =
2m), is then unique.

Proof. The first assertion is clear since the real forms of SO(n,C) and Sp(2n, C)
are those that commute with either a conjugation or a pseudo conjugation of the
underlying vector space. Let M = SO(n, C) or Sp(2n, C) and suppose that G acts
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irreducibly. If G commutes with a conjugation o, then the space of invariant forms
for G is one dimensional, and so this space is spanned by the given form on C" or
C?” in the two cases. This means that the given form transforms into a multiple
of itself under ¢ and hence M is fixed by o. But then G C M? showing that G
is contained in a real form of M. If there is another real form containing G, let
A be the conjugation or pseudo conjugation commuting with G. Then o~ !\ is an
automorphism of C” or C?” commuting with G' and so must be a scalar ¢ as G
acts irreducibly. Thus A\ = co, showing that M? = M?*. Let M = SL(n, C). The
necessity and sufficiency are proved as before, and the uniqueness also follows as
before since we exclude the real forms SU(a, b).

Theorem 5.6.5. Let V' be a real quadratic space of dimension D. When D =1 the
spin group is {£1} and its image is O(1). If D = 2 we have Spin(2) ~ U(1) and the
spin representations are the characters z — 2,271, while Spin(1,1) ~ GL(1,R) ~
R> and the spin representations are the characters a — a,a”'. In all other cases
the restriction of the complex spin representation(s) to Spin(V') is contained in a
unique real form of the appropriate classical group of the spinor space according to
the following tables.

N = dimension of the complex spin module(s) .

Spin(V') noncompact

real quaternionic complex
orthogonal  SO(%, &) SO*(N) SO(N,C)r
symplectic ~ Sp(N,R) Sp(5. 5) Sp(N,C)r
dual pair ~ SL(N,R) SU*(N) Su(&, &)

Spin(V') compact

real quaternionic complex

SO(N) Sp(N) SU(N)
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Proof. The arguments are based on the lemmas and corollary above. Let us
consider first the case when the Spin group is noncompact so that V' ~ RP¢ with
1 < p <gq. Let I be the image of Spin(V') in the spinor space.

Spin representation(s) orthogonal (orthogonal spinors). This means D =
0,1,7. Then I is inside the complex orthogonal group and commutes with either a
conjugation or a pseudo conjugation according as ¥ = 0,1,7 or ¥ = 3,4, 5. In the
second case I' C SO*(N) where N is the dimension of the spin representation(s).
In the first case I' C SO(a,b)? and we claim that a = b = N/2. Indeed, we first
note that p and ¢ cannot both be odd; for, if D = 1,7, p — ¢ is odd, while for
D = 0, both p + ¢ and p — ¢ have to be divisible by 8 which means that p and ¢
are both divisible by 4. For SO(a,b)? a maximal compact is SO(a) x SO(b) which
has invariant subspaces of dimension a and b, and so, by Corollary 3 above we must
have a,b > N/2. Since a + b = N we see that a = b = N/2. There still remains
the case ¥ = 2,6, i.e., when the real spin module is of the complex type. But the
real forms of the complex orthogonal group commute either with a conjugation or
a pseudo conjugation and this cannot happen by Lemma 5.9. So there is no real
form of the complex orthogonal group containing I'. The best we can apparently
do is to say that the image is contained in SO(NN, C)r where the suffix R means
that it is the real Lie group underlying the complex Lie group.

Spin representation(s) symplectic (symplectic spinors). This means that
D = 3,4,5. Here T is inside the complex symplectic group of spinor space. Then
I' commutes with either a conjugation or a pseudo conjugation according as X =
0,1,7 or ¥ = 3,4,5. In the first case I' C Sp(V,R). In the second case we have
I’ C Sp(2a, 2b) with 2a+2b = N. The group S(U(a) x U(b)) is a maximal compact
of Sp(2a,2b) and leaves invariant subspaces of dimension 2a and 2b. Moreover in
this case both of p, ¢ cannot be odd; for, if D = 3,5, p — ¢ is odd, while, for D = 4,
both p — ¢ and p + ¢ are divisible by 4 so that p and ¢ will have to be even. By
Corollary 3 above we have 2a,2b > N/2 so that 2a = 2b = N/2. Once again in
the complex case I' C Sp(N,C)r. We shall see below that there is equality for
Spin(1, 3).

Dimension is even and the spin representations are dual to each other
(linear spinors). Here D = 2,6. If the spin representations are real, then they
admit no invariant bilinear forms and the only inclusion we have is that they are
inside the special linear group of the spinor space. Hence, as they commute with
a conjugation, we have, by the lemma above, I' C SL(/N,R). If the spin represen-
tations are quaternionic, I' commutes with a pseudo conjugation 7 while admitting
no invariant bilinear form. We claim that I" does not admit an invariant Hermitian
form either. In fact, if A is an invariant Hermitian form, then s,t — h(s, 7(t)) is
an invariant bilinear form which is impossible. So we must have I' C SU* (V). If the
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real spin representation is of the complex type the argument is more interesting. Let
S be the real irreducible spin module so that S = ST @ S~. Let J be the conju-
gation in S¢ that defines S. Then JS* = S¥. There exists a pairing (-, ) between
S*. Define b(s™,tt) = (s, JtT),(sT,tt € ST). Then b is a Spin™ (V)-invariant
sesquilinear form; as S* is irreducible, the space of invariant sesquilinear forms is
of dimension 1 and so b is a basis for this space. Since this space is stable under
adjoints, b is either Hermitian or skew Hermitian, and replacing b by b if necessary
we may assume that ST admits a Hermitian invariant form. Hence I' C SU(a, b).
The maximal compact argument using Corollary 3 above implies as before that
a,b > N/2. Hence I' C SU(Z,&). This finishes the proof of the theorem when
Spin(V') is noncompact.

Spin group compact. This means that p = 0 so that D = —X. So we consider the
three cases when the real spin module is of the real, quaternionic or complex types.
If the type is real, the spin representation is orthogonal and so I' C SO(N). If the
type is quaternionic, I' is contained in a compact form of the complex symplectic
group and so I' C Sp(N). Finally if the real spin module is of the complex type,
the previous discussion tells us that I' admits a Hermitian invariant form, and so
as the action of v is irreducible, this form has to be definite (since the compactness
of v implies that it admits an invariant definite hermitian form anyway). Hence
~v C SU(N). This finishes the proof of the theorem.

Low dimensional isomorphisms.

In dimensions D = 3,4,5,6,8 the dimension of the spin group is the same as the
dimension of the real group containing its image in spinor space and so the spin
representation(s) defines a covering map. We need the following lemma.

Lemma 5.6.6. Let V be a real quadratic space of dimension D # 4. Then the spin
representation(s) is faithful except when D = 4k and V ~ R%® where both a and
b are even. In this case the center of Spin(V') ~ Zy @ Zs in such a way that the
diagonal subgroup is the kernel of the covering map Spin(V) — SO(V), and the
two semispin representations have kernels as the two subgroups of order 2 in the
center which are different from the diagonal subgroup.

Proof. If D is odd, Spin(Vc) has center C ~ Zy. Since so(Vc) is simple, the
kernel of the spin representation is contained in C. It cannot be C' as then the spin

represents would descend to the orthogonal group. So the spin representation is
faithful.

For D even the situation is more delicate. Let C be the center of Spin(V¢)
(see end of Section 3). If D = 4k + 2, we have C' ~ Z, and the nontrivial element
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of the kernel of Spin(Ve) — SO(Ve) is the unique element of order 2 in C, and
this goes to —1 under the (semi)spin representations. It is then clear that they are
faithful on C, and the simplicity argument above (which implies that their kernels
are contained in C') shows that they are faithful on the whole group.

If D =4k, then C ~ Zy & Zs. From our description of the center of Spin(V¢)
in Section 3 we see that after identifying Z, with {0, 1}, the nontrivial element z of
the kernel of the covering map Spin(Ve) — SO(Ve) is (1,1). Let 21 = (1,0), 20 =
(0,1). Since z = 2122 goes to —1 under the semispin representations S*. each of
S* must map exactly one of 21,25 to 1. They cannot both map the same z; to 1
because the representation ST @ S~ of C(Vg)™ is faithful. Hence the kernels of S*
are the two subgroups of order 2 inside C' other than the diagonal subgroup. We
now consider the restriction to Spin(V) of S*. Let V = R*® with a +b = D. If
a,b are both odd, and I is the identity endomorphism of V', —I ¢ SO(a) x SO(b)
and so the center of SO(V)? is trivial. This means that the center of Spin(V) is
Z, and is {1,z}. So the semispin representations are again faithful on Spin(V).
Finally suppose that both a and b are even. Then —I € SO(a) x SO(b) and so the
center of Spin(V)° consists of £7. Hence the center of Spin(V) has 4 elements and
so coincides with C, the center of Spin(V). Thus the earlier discussion for complex
quadratic spaces applies without change and the two spin representations have as
kernels the two Zy subgroups of C' that do not contain z. This finishes the proof of
the lemma.

The case D = 4 is a little different because the orthogonal Lie algebra in
dimension 4 is not simple but splits into two simple algebras. Nevertheless the
table remains valid and we have

Spin(0,4) — SU(2), Spin(2,2) — SL(2,R).

The groups on the left have dimension 6 while those on the left are of dimension 3,
and so the maps are not covering maps. The case of Spin(1,3) is more interesting.
We can identify it with SL(2, C)r where the suffix R means that the group is the
underlying real Lie group of the complex group. Let H be the space of 2x2 hermitian
matrices viewed as a quadratic vector space with the metric h — det(h)(h € H).

If we write _
h:(iﬂo-l-.l“s 1‘1+2$2) (z, € R)
r1 — 1T o — I3

then
det(h) = 23 — 23 — 23 — 23

so that H ~ RY3. The action of SL(2,C) on H is given by

g,h — ghg"
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which defines the covering map

SL(2,C)r — SO(1,3)".
The spin representations are

2:9—y, 2:9—79

and their images are exactly SL(2, C)R.

The following special isomorphisms follow from the lemma above. The symbol
A -2 B means that A is a double cover of B.

Spin(1,2) ~ SL(2,R)
Spin(3) ~ SU(2)

Spin(1,3) ~ SL(2,C)r



Spin(4,4) - SO(4, 4)
Spin(2, 6) — SO*(8)
Spin(8) — SO(8)

Finally, the case D = 8 deserves special attention. In this case the Dynkin
diagram has three extreme nodes and so there are 3 fundamental representations
of Spin(V') where V is a complex quadratic vector space of dimension 8. They
are the vector representation and the two spin representations. They are all of
dimension 8 and their kernels are the three subgroups of order 2 inside the center
C of Spin(V). In this case the group of automorphisms of the Dynkin diagram is
Ss, the group of permutations of {1,2,3}. This is the group of automorphisms of g
modulo the group of inner automorphisms and so is also the group of automorphisms
of Spin(V) modulo the inner automorphisms. Thus G5 itself operates on the set
of equivalence classes of irreducible representations. Since it acts transitively on
the extreme nodes it permutes transitively the three fundamental representations.
Thus the three fundamental representations are all on the same footing. This is
the famous principle of triality, first discovered by E. Cartan'3. Actually, &3 itself
acts on Spin(V).

5.7. Appendix: Some properties of the orthogonal groups. We would like
to sketch a proof of Cartan’s theorem on reflections and some consequences of it.
We work over £ = R or C and V' a quadratic vector space over k. The notations
are as in §5.3. We write however ®(u,v) = (u,v) for simplicity.

For any nonisotropic vector v € V' the reflection R, is the orthogonal trans-
formation that reflects every vector in the hyperplane orthogonal to v. It can be
computed to be given by

(z,v)
(v, 0)

Ryx=x—2 v (xeV).

By a reflection we simply mean an element of the form R, for some nonisotropic v.
Cartan’s theorem says that any element of O(V') is a product of at most n reflections
where n = dim(V). The simplest example is when V = K? with the metric such
that (e1,e1) = (e2,e2) = 0,(e1,e2) = 1. Then, for v = e; + avy where a # 0 the

reflection R, is given by
0 —a!
ne( )
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so that

fe= ((CJ 091) = RyRy, v=e1+ae,v =ei+aces.

However in the general case T' can be more complicated, for instance can be unipo-
tent, and so it is a more delicate argument. For the proof the following special case
is essential. Here V = k* with basis e, es, f1, fo where

(€i7ej):(fi7fj>:07 (e’wf]):(sl]

(L, B (0 1
(6 ) e=(5)

with I as the unit 2 x 2 matrix. In this case let

and

Rl - R82+f27 RZ - R€2+Cf27 (C 7é Oa 75 1)
Then a simple calculation shows that
S:=RoR\T:e1 —e1, f1+— f1, es — ¢ Ley fo— cfo.

Hence S is the direct sum of I and T, and so is a product of 2 reflections, showing
that T is a product of 4 reflections.

We can now give Cartan’s proof which uses induction on n = dim(V). If
T € O(V) fixes a nonisotropic vector it leaves the orthogonal complement invariant
and the result follows by induction; T is then a product of at most n — 1 reflections.
Suppose that x € V is not isotropic and the vector Tx — x is also not isotropic.
Then the reflection R in the hyperplane orthogonal to Tz — x will also send x
to Tx. So RTx = x and as z is not isotropic the argument just given applies.
However it may happen that for all nonisotropic x, Tz — x is isotropic. Then by
continuity Tx — x will be isotropic for all x € V. We may also assume that T fixes
no nonisotropic x. We shall now show that in this case n = 4¢q and T is a direct
sum of p transformations of the example in dimension 4 discussed above.

Let L be the image of V under T'— I. Then L is an isotropic subspace of V'
and so L C L*. We claim that L = L*. If v € L+ and y € V, then Tz = z + ¢ and
Ty = y+¢ where ¢, ¢’ € L. Since (T'z,Ty) = (x,y) we have (z,¢')+(y, £)+(¢, ') = 0.
But (z,¢) = (¢,¢') = 0 and so (y,¢) = 0. Thus £ = 0, showing that T" is the identity
on L. Since T cannot fix any nonisotropic vector this means that L is isotropic
and so L+ C L, proving that L = L. Thus n = 2p where p is the dimension
of L = L. In this case it is a standard result that we can find another isotropic
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subspace M such that V = L & M and (-,-) is nonsingular on L x M. Hence with
respect to the direct sum V = L & M, T has the matrix

I B
(0 I) B € Hom(M, L),

and the condition that (T'z,Ty) = (z,y) for all z,y € V gives
(Bm,m')+ (Bm',m)=0  (m,m' € M).

We now claim that B is an isomorphism of M with L. Suppose that Bm = 0 for
some nonzero m € M. We choose ¢ € L such that (m,¢) # 0 and then a constant
a such that m + af is not isotropic. Since Bm = 0 we have T'(m + af) = m + al, a
contradiction as T' cannot fix any nonisotropic vector.

Thus B is an isomorphism of M with L. The nonsingularity of B implies that
the skewsymmetric bilinear form

m,m’ — (Bm,m')

is nondegenerate and so we must have p = 2¢ and there is a basis (m;) of M such
that (Bm;,m;) = 0j4+i (1 <1 <gq). If (¢;) is the dual basis in L then the matrix
of T in the basis (¢;,m;) is

Iog  Jog . 0 I
( 0 ng ng o —Iq (o]
where I, is the unit r x r matrix. Then dim(V) = 4¢ and T is a direct sum of ¢

copies of the 4 x 4 matrix treated earlier as an example and the result for T follows
immediately. This finishes the proof. We have thus proved the following.

Theorem 5.7.1. Let V be a quadratic vector space over k =R or C of dimension
n. Then any element of O(V') is a product of at most n reflections. An element
of O(V) lies in SO(V') if and only if it is a product of an even number 2r < n of
reflections.

Connected components. We shall now determine the identity component of
O(V). Since the determinant is £1 for elements of O(V') it is clear that the identity
component is contained in SO(V'). But SO(V) is not always connected. In the
complex case it is standard that SO(V) is connected!? and so we need to consider
only the real case. We want to obtain the result as a consequence of the above
theorem of Cartan, as Cartan himself did in®. Let V = R,, ;. We may assume that
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0<p<gq. If p=0, we are in the case of the real orthogonal groups and the group
SO(V) is again connected.

First assume that p > 2. The quadratic form is

2 2 2 2
i+ T, =T — s Ty

and let (e;)1<i<ptq be the standard basis for V. Let us call a nonisotropic vector u
timelike if (u,u) > 0 and spacelike if (u,u) < 0. Let V¥ be the subspaces spanned
by (ei)i<i<p and (&;)p+i1<i<p+q- The matrix of an element T of SO(V') is of the

form
A 0
(& 5)

corresponding to the direct sum V = VT @ V~. We claim that det(A) # 0. If not,
there is a nonzero timelike vector u* such that Tu™ is spacelike, a contradiction.
So on any component of SO(V') the sign of det(7) is constant and so we already
have the parts SO(V)* where this sign is > 0 or < 0. Any element T of SO(V)
can be written as R,, ... R,, where each v; is either timelike or spacelike. But

R,R, = Rr,wR,, and R,w is like w, and so we can arrange that in the product
representation of 7" we have all the timelike and spacelike reflections together.

Any vector z with (z,z) = 1 can be written as cosh ¢ u*+sinh ¢ u~ where t > 0,
and ut € V* with (u™,u®) = £1. It is clear that u™ can be continuously joined to
e1, u~ similarly to e,41, and, then changing ¢ continuously to 0 we see that x can
be continuously joined to e;. Thus the timelike vectors form a connected domain.
A similar argument shows that the spacelike vectors also form a connected domain.
Since the map that takes a vector to the reflection in the orthogonal hyperplane is
continuous, it follows that any element 7" € SO(V') can be continuously joined to
an element of the form R¢ R; =~ where ris 0 or 1. Clearly r = 0 or 1 according
as T € SO(V)* and the cases are distinguished by whether T is the product of
an even or odd number each of timelike and spacelike reflections. So we see that
SO(V)* are themselves connected and the identity component is SO(V)* which is
characterized as the set of T expressible as a product of an even number each of
timelike and spacelike reflections.

It remains to discuss the case when p = 1. Assume that ¢ > 2. The argument
for the connectedness of the set of spacelike vectors remains valid, but for the
timelike vectors there are two connected components, depending on whether they
can be connected to +e;. For any timelike vector z = Y, z;¢; we have 23 — 23 —
e — 3334_1 > 0 and so 27 > 0, so that the sign of 21 is constant on any connected

component. But +e; define the same reflection and so the argument to determine
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the identity component of SO(V') remains valid. The case p = ¢ = 1 is trivial. We
have thus proved the following.

Theorem 5.7.2. The group SO(p,q) is connected if and only if either p or q is
0. Otherwise it has 2 connected components and the identity component consists of
those elements which can be expressed as a product of an even number each of the
timelike and spacelike reflections.

The case p = 1 deserves some additional remarks since it is the Minkowski
signature and so plays an important role in physics. To avoid trivialities let us
assume that ¢ > 2. Number the standard basis vectors as eg,eq,...,e, wWhere
(e0,e0) =1 and (ej,e;) = —1 for j =1,2,...,¢. In this case the timelike vectors
T = xpep + Zj z;e; are such that z3 > Zj x? and hence the two components are
those where ¢ > or < 0. These are the forward and backward light cones. If x is a
unit vector in the forward cone we can use a rotation in the space V'~ to move z to
a vector of the form xpeqg + x1e1; and then using hyperbolic rotations in the span
of eg,e1 we can move it to eg. Suppose now that z, 2z’ are two unit vectors in the
forward cone. We claim that (z,2’) > 1 unless x = 2/ (in which case (z,2’) = 1).
For this we may assume that x = eg. Then (x,2") = x, > 1; if this is equal to 1,
then 2/ = 0 for j > 1 and so 2’ = ep. Thus

(x,2')>1, =1 < z=2a' (z,z) = (2',2") =1, z0,2( > 0). (%)

We can now modify the argument of Theorem 1 to show that any 7' € O(1,q) is
a product of at most n = ¢ + 1 spacelike reflections. This is by induction on q.
Let T € O(1,q) and suppose that x is a timelike unit vector. If Tz = z, then the
orthogonal complement of = is a definite space of dimension n — 1 and since there
are only spacelike reflections we are through by induction. Otherwise Tx = 2’ is a
timelike vector distinct from x. Then

(x -2,z —2")=2-2(z,2") <0

by (%) so that  — 2’ is a spacelike vector. The reflection R = R,_,/ is the spacelike
and takes x to 2’ also. Hence T" = RT fixes x and induction applies once again.
Thus we have proved the following.

Theorem 5.7.3. If p = 1 < q, all elements of O(1,q) are products of at most
n = q+ 1 spacelike reflections, and they belong to SO(1,q)° if and only if the
number of reflections is even.
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6. SUPER SPACETIMES AND SUPER POINCARE GROUPS

6.1. Super Lie groups and their super Lie algebras.

6.2. The Poincaré-Birkhoff-Witt theorem.

6.3. The classical series of super Lie algebras and groups.
6.4. Super spacetimes.

6.5. Super Poincaré groups.

6.1. Super Lie groups and their super Lie algebras. The definition of a
super Lie group within the category of supermanifolds imitates the definition of Lie
groups within the category of classical manifolds. A real super Lie group G is a real
supermanifold with morphisms

m:GxG— G, i:G— G
which are multiplication and inverse, and
1:RY — @

defining the unit element, such that the usual group axioms are satisfied. However
in formulating the axioms we must take care to express then entirely in terms of the
maps m, i, 1. To formulate the associativity law in a group, namely, a(bc) = (ab)c,
we observe that a, b, c —— (ab)c may be viewed as the map I xm : a, (b, c) — a, bc
of G x (G xG) — G x G (I is the identity map), followed by the map m : z,y —
xy. Similarly one can view a,b,c — (ab)c as m x [ followed by m. Thus the
associativity law becomes the relation

mo (I xm)=mo(mxI)
between the two maps from G x G x G to G. We leave it to the reader to formulate

the properties of the inverse and the identity. The identity of GG is a point of G, eq.
It follows almost immediately from this that if G is a super Lie group, then Gieq
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is a Lie group in the classical sense. Also we have defined real super Lie groups
above without specifying the smoothness type. One can define smooth or analytic
Lie groups by simply taking the objects and maps to be those in the category of
analytic super manifolds. Similarly for complex super Lie groups.

The functor of points associated to a super Lie group reveals the true character
of a super Lie group. Let G be a super Lie group. For any supermanifold S let
G(5) be the set of morphisms from S to G. The maps m, i, 1 then give rise to maps

mg : G(S) x G(S) — G(9), is: G(S) — G(S9), lg:1g — G(S)
such that the group axioms are satisfied. This means that the functor
S+— G(9)

takes values in groups. Moreover, if T" is another supermanifold and we have a map
S — T, the corresponding map G(T') — G(S) is a homomorphism of groups.
Thus S —— G(S) is a group-valued functor. One can also therefore define a super
Lie group as a functor

S+— G(9)

from the category of supermanifolds to the category of groups which is representable
by a supermanifold G. The maps mg : G(S) x G(S) — G(S5), is : G(S) — G(S),
and lg then define, by Yoneda’s lemma, maps m,, 1 that convert G into a super
Lie group and S —— G(.5) is the functor of points corresponding to G. A morphism
of super Lie groups G — H is now one that commutes with m, i, 1. It corresponds
to homomorphisms

G(S) — H(S)

that are functorial in S. If G and H are already defined, Yoneda’s lemma assures us
that morphisms G — H correspond one-one to homomorphisms G(S) — H(S)
that are functorial in S.

The actions of super Lie groups on supermanifolds are defined exactly in the
same way. Thus if G is a super Lie group and M is a supermanifold, actions are
defined either as morphisms G x M — M with appropriate axioms or as actions
G(S)x M(S) — M(S) that are functorial in S; again Yoneda’s lemma makes such
actions functorial in S to be in canonical bijection with actions G x M — M.

Sub super Lie groups are defined exactly as in the classical theory. A super Lie
group H is a subgroup of a super Lie group if H,.q is a Lie subgroup of G,.q and
the inclusion map of H into G is a morphism which is an immersion everywhere.
One of the most usual ways of encountering sub super Lie groups is as stabilizers of
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points in actions. Suppose that G acts on M and m is a point of M;eq. Then, for
any supermanifold S, we have the stabilizer H(S) of the action of G(S) on M(S)
at the point mg of M(S). The assignment S — H(S) is clearly functorial in S. It
can the be shown that this functor is representable, and that the super Lie group
it defines is a closed sub super Lie group of G.

As in the classical case products of super Lie groups are super Lie groups. The
opposite of a super Lie group is also one.

The super Lie algebra of a super Lie group. In the classical theory the Lie
algebra of a Lie group is defined as the Lie algebra of left (or right) invariant vector
fields on the group manifold with the bracket as the usual bracket of vector fields.
The left invariance guarantees that the vector field is uniquely determined by the
tangent vector at the identity; one starts with a given tangent vector at the identity
and then translates it to each point to obtain the vector field. In the case of a super
Lie group we follow the same procedure, but much more care is required because
we have to consider not only the topological points but others also. The main point
is that if M is a supermanifold and v is a vector field on M - for instance defined
in local coordinates as Y, a;0/0z" + > b;0/067 where a;,b; are sections of the
structure sheaf locally, then v is not determined by the tangent vectors it defines
at each point.

For a super Lie group it is now a question of making precise what is a left
invariant vector field. If we are dealing with a classical Lie group G, the left invari-
ance of a vector field X is the relation £, o X = X o/, for all x € G where £, is left
translation by x, i.e.,

Xy f(zy) = (X [f)(zy)

for all z,y € G where X, means that X acts only on the second variable y. This
can also be written as
(I®X)om* =m"oX (1)

where m* is the sheaf morphism from Og to Og« g corresponding to the multipli-
cation m : G x G — G. Now this definition can be taken over to the super case
without change. The following is the basic theorem.

Theorem 6.1.1. The Lie algebra g of a super Lie group G is the set of all vector
fields X on G satisfying (1). It is a super Lie algebra of the same dimension as G.
The map X —— X; that sends X € g to the tangent vector at the identity point 1
is a linear isomorphism of super vector spaces. If T is a tangent vector to G at 1,
the vector field X € g such that X1 = 7 is the unique one such that

Xf=TeT)(m™(f)) (2)
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for all (local) sections of Og. Finally, the even part of g is the Lie algebra of the
classical Lie group underlying G, i.e.,

gdo = Lie(Gred) .

Remark. We shall not prove this here. Notice that equation (2) can be interpreted
formally as

(X ) (@) = () (f(zy)). (3)

Thus the elements of the Lie algebra of G' can be obtained by differentiating the
group law exactly as we do classically. This will become clear in the examples
we consider below. However as a simple example consider G = R!!! with global
coordinates x, . We introduce the group law

(2,0)(2',0") = (z+ 2" +600",0+0)

with the inverse

(z,0)"! = (—z,—0).

The Lie algebra is of dimension 1|1. If D,, Dy are the left invariant vector fields
that define the tangent vectors 0, = 0/0x,0p = 0/00 at the identity element 0,
and D, Dy are the corresponding right invariant vector fields, then the above recipe
yields

D, = 0,, D! =0,

T

Dy = 00, + 0y, Dg = —00, + 0y.

It is now an easy check that
[D., Dy| = 2D,

(all other commutators are zero) giving the structure of the Lie algebra. A similar
method yields the Lie algebras of GL(p|q) and SL(p|q); they are respectively gl(p|q)
and sl(p|q).

Theorem 6.1.2. For morphism f : G — G’ of super Lie groups G, G’ we have its
differential Df which is a morphism of the corresponding super Lie algebras, i.e.,
Df :g— ¢ It is uniquely determined by the relation Df(X)1, = df1(X1) where
1,1" are the identity elements of G, G’ and df; is the tangent map Ty (G) — T1v/(G’).
Moreover freq is a morphism Greqa — G4 of classical Lie groups.

The fundamental theorems of Lie go over to the super category without change.
All topological aspects are confined to the classical Lie groups underlying the super
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Lie groups. Thus, a morphism « : g — g’ comes from a morphism G — G’ if
and only if o : go — g(, comes from a morphism Gyeq — G, 4. The story is the
same for the construction of a super Lie group corresponding to a given super Lie
algebra: given a classical Lie group H with Lie algebra gg, there is a unique super
Lie group G with g as its super Lie algebra such that G,.q = H. The classification
of super Lie algebras over R and C and their representation theory thus acquires a
geometric significance that plays a vital role in supersymmetric physics.

Super affine algebraic groups. There is another way to discuss Lie theory in
the supersymmetric context, namely as algebraic groups. In the classical theory
algebraic groups are defined as groups of matrices satisfying polynomial equations.
Examples are GL(n), SL(n),SO(n), Sp(2n) and so on. They are affine algebraic va-
rieties which carry a group structure such that the group operations are morphisms.
If R is a commutative k-algebra with unit element, G(S5) is the set of solutions to
the defining equations; thus we have GL(n,R),SL(n,R),SO(n, R), Sp(2n, R). In
general an affine algebraic group scheme defined over k is a functor R — G(R)
from the category of commutative k-algebras with units to the category of groups
which is representable. Representability means that there is a commutative algebra
with unit, k[G] say, such that

G(R) = Hom (k[G], R)

for all R. By Yoneda’s lemma the algebra k[G] acquires a coalgebra structure, an
antipode, and a co unit, converting it into a Hopf algebra. The generalization to
the super context is almost immediate: a super affine algebraic groups defined over
k is a functor

R+ G(R)

from the category of supercommutative k-algebras to the category of groups which
is representable, i.e., there is a supercommutative k-algebra with unit, k[G] say,
such that

G(R) = Hom (k[G], R)

for all R. The algebra k[G] then acquires a super Hopf structure. The theory can be
developed in parallel with the transcendental theory. Of course in order to go deeper
into the theory we need to work with general super schemes, for instance when we
deal with homogeneous spaces which are very often not affine but projective. The
Borel subgroups and the super flag varieties are examples of these.

6.2. The Poincaré-Birkhoff-Witt theorem. The analog for super Lie algebras
of the Poincaré-Birkhoff-Witt (PBW) theorem is straightforward to formulate. Let
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g be a super Lie algebra and T the tensor algebra over g. We denote by I the
two-sided ideal generated by

r@y— (~1)POPWy gy —[ry]l  (z,y € )

and define
U=U(g)=T/I.

Then U is a super algebra, as I is homogeneous in the Zs-grading of 7" inherited
from that on g, and we have a natural map p : ¢ — U. The pair (U,p) has
the following universal property: if A is a super algebra with associated super Lie
algebra Ay ([z,y] = zy — (=1)P@PWyz) and f: g — Ap is a morphism of super
Lie algebras, there is a unique morphism f~ : U/ — A such that f~(p(X)) = f(X)
for all X € g. It is clear that (U, p) is uniquely determined by this universality
requirement. (U, p) is called the universal enveloping algebra of g. The PBW
theorem below will imply that p is injective. So it is usual to identify g with its
image by p inside uu and refer to U/ itself as the universal enveloping algebra of g.
For simplicity we restrict ourselves to the case when g is of countable dimension.
Thus bases can be indexed either by the set of integers from 1 to some integer N
or by the set of all integers.

Theorem 6.2.1(PBW). Let k be a commutative ring with unit in which 2 and 3
are invertible. Let g be a super Lie algebra over k which is a free k-module with a
countable homogeneous basis. Let notation be as above. then the map p of g into U
is an imbedding. If (X,),(Xa) are bases for go, g1 respectively, then the standard
monomials

X XXy, X (a1 <...<apa1 < ... <ag)

s

form a basis for U. In particular,
U ~U(go) @ Ag1)
as super vector spaces.

Remark. In recent times, as the notion of the Lie algebra has been generalized to
include Lie super algebras and quantum groups, the PBW theorem has also been
generalized to these contexts. It seems useful to point out that one can formulate
and prove a single result from which the PBW theorems in the various contexts
follow quite simply. The following treatment is nothing more than a synopsis of a
paper by George M. Bergman!. See also?.
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We work over a commutative ring k£ with unit. We wish to construct a basis
for an associative k-algebra A given by a set of generators with relations of a special
type. Let T be the tensor algebra over k determined by the generators and I the
two-sided ideal generated by the relations. In the special contexts mentioned above
there is a natural k—module of tensors spanned by the so called standard monomials
and denoted by S. The problem is to find conditions such that T'= S & I; then the
images of a basis of S in A = T'/I will furnish a basis for A. Following Bergman we
speak of words instead of monomial tensors.

Let X be a set whose elements are called letters and let W be the set of words
formed from the letters, i.e., the elements of X, including the null word 1; W is a
semigroup with 1 as unit, the product ww’ of the words w,w’ being the word in
which w is followed by w’. T is the free k-module spanned by W whose elements
will be called tensors. We are given a family (w,)sex of words and for each b € B
a tensor f, € T; we assume that for bo # bo’, w, # wes. Our interest is in the
algebra generated by the elements of X with relations

We = fo (c € X).

A word is called standard if it does not contain any of the words w, (o € X) as
a subword. Let S be the free k-module spanned by the standard words. Elements
of S will be called the standard tensors. We write I for the two-sided ideal in T’
generated by the elements w, — f,, namely, the k-span of all tensors of the form

u(wpo — fo)v (o0 € B,u,veW).
The theorem sought for is the statement that
T'=5S®1.
We shall refer to this as the basic theorem. To see how this formulation includes
the classical PBW theorem, let X = (z;) be a basis of a Lie algebra over k where
the indices ¢ are linearly ordered. Then B is the set of pairs ¢,7 with ¢ > j. The

words w, are x;x; (i > j) and f, is x;x; + [x;, z;] so that the relations defining the
universal enveloping algebra are

TiT; = X + [T, 7] (@ > 7).

A word is then standard if it is of the form z; ;, ;. wherei; <iy < ... <4, and S
is the usual k-span of standard monomials in the basis elements (z;).
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The natural way to prove the basic theorem is to show that every word is
congruent to a standard tensor mod I and that this standard tensor is uniquely
determined. We shall say that the standard tensor is a reduced expression of the
original word and the process of going from the given word to its reduced expression
a reduction procedure. The procedure of reduction is quite simple. We check if the
given word is already standard, and if it is not, then it must contain a subword
w, (0 € X) which we replace by f,; we call this an elementary reduction. We
repeat this process for the words in the tensor thus obtained. We hope that this
process ends in a finite number of steps, necessarily in a standard tensor, and that
the standard tensor thus obtained is independent of the reduction algorithm. The
ambiguity of the reduction process stems from the fact that a given word may
contain several words w, (o € ¥) as subwords and any one of them can be replaced
by f, in the next step. If the reduction process exists and is unambiguous, we have
an operator R from T to S which is a projection on S. We shall see below that
the existence and uniqueness of the reduction to standard form is equivalent to the
basic theorem.

Before going ahead let us look at an example where X has three elements
x;(i =1,2,3) and we start with the relations

[z; — xj] == wizj — xjz; = T) (ijk) is an even permutation of (123).

These are the commutation rules of the rotation Lie algebra and we know that
the PBW theorem is valid where the standard words are the ones z]'z5*z%*. But
suppose we change these relations slightly so that the Jacobi identity is not valid,
for instance let

[x1, 0] = w3, [22,23] = 1, [23,71] = 23

Let us consider two ways of reducing the nonstandard word x3xex;. We have

T3TX2X1 = 23T — x% = ToT1X3 + ToX3 — 33% = T1X2T3 — CB% + Toxg — X1 — l’g
where we start by an elementary reduction of xsxs. If we start with xox1 we get

T3LoX| = L3L 1Ly — :1:% = X1T3%2 + T3To — a:% =I1ToT3 — x% + Toxs — X1 — x§
Hence we have x1 € I. The PBW theorem has already failed. From the commuta-
tion rules we get that x3 € I so that I D I’ where I’ is the two-sided ideal generated
by x1,x3. On the other hand, all the relations are in I’ so that I C I’. Hence I = I’,
showing that T' = k[z2] @ I. Thus A ~ k[xs].
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We shall now make a few definitions. Words containing a w,(0c € X) as a
subword are of the form uw,v where u, v € W for any such we define the elementary
reduction operator Ry, as the linear operator 7' — T’ that fixes any word # uw,v
and sends uw,v to uf,v. If w, # f,, then this operator fixes a tensor if and only if
it is a linear combination of words different from ww,v. We shall assume from now
on that w, # f, for all o € ¥. A finite product of elementary reduction operators is
called simply a reduction operator. A tensor t is reduction finite if for any sequence
R; of elementary reduction operators the sequence Rit, RoRqt,..., R Rr_1... Ryt
stabilizes, i.e., for some n, Ry ... Rit = R, ... Rit for all k > n. Clearly the set
Ty of reduction finite tensors is a k-module which is stable under all elementary
reduction operators. The set of tensors which is the k-span of words different from
any word of the form ww,v(u,v € W,o € 3) is denoted by S and its elements are
called standard. These are the tensors which are fixed by all the reduction operators.
If t € T} it is easy to see that there is a reduction operator R such that Rt = s € S
s is said to be a reduced form of t. If all standard reduced forms of ¢ are the same,
t is called reduction unique and the set of all such tensors is denoted by T,. T, is
also a k-module, S C T,, C T, T, is stable under all reduction operators, and the
map that sends t € T, to its unique reduced standard form is a well defined linear
operator that is a projection from T, to S. We shall denote it by R. Clearly if
t € T, and L is a reduction operator, R(Lt) = Rt. To see that T, is closed under
addition, let ¢,t' € T;, and let to, ¢, be their reduced forms. Then t+t" € T}; if M is
a reduction operator such that M (¢t +t') = ug € S, we can find reduction operators
L,L' such that LMt = to, L'LMt' = t}, so that ug = L'LM(t +t') = to + t,
showing that t +t' € T, and R(t +t') = Rt + Rt'.

We shall now show that when T" = T, the basic theorem, namely, the assertion
that T'= S®1 is equivalent to the statement that every word is reduction finite, i.e.,
T, =T. Suppose first that T' =S P I. If t € T and R is an elementary reduction
operator, it is immediate that ¢ = Rt mod I. Hence this is true for R any reduction
operator, elementary or not, so that any reduced form s of ¢ satisfies t = s mod I.
But then s must be the projection of ¢ on S mod I. Hence s is uniquely determined
by t, showing that t € T,,. Conversely suppose that T,, = T. Then R is a projection
operator on S so that T'= S @& K where K is the kernel of R. It is now a question
of showing that K = I. Suppose that ¢t € K. Since t = Rt mod I for any reduction
operator R and 0 = Rt = Rt for some reduction operator R, it follows that ¢t € I,
showing that K C I. On the other hand, consider ¢t = uw,v where o € ¥. If R is
the elementary reduction operator R, ., we know that Rt = R(Rt) = R(ufsv).
Hence R(u(w, — f5)v) = 0, showing that R vanishes on I. Thus I C K. So K =1
and we are done.

We now have the following simple but important lemma.
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Lemma 6.2.2. Let u,v € W and t € T. Suppose that utv is reduction unique
and R is a reduction operator. Then u(Rt)v is also reduction unique and R(utv) =

R(u(Rt)v).

Proof. It is clearly sufficient to prove this when R is an elementary reduction
operator Ry, . where a,c € W and o € ¥. Let R’ be the elementary reduction
operator Rygu,co. Then R'(utv) = w(Rt)v. Since utv € T, we have u(Rt)v =
R'(utv) € T, also and R(u(Rt)v) = R(R'(utv)) = R(utv).

The basic question is now clear: when can we assert that every tensor is re-
duction unique? Since the ambiguities in the reduction process are due to several
words w, being present in a given word it is reasonable to expect that if we verify
that in the simplest possible situations where there are two such words present the
reduction is unambiguous, then it will be unambiguous in general. However it is
not obvious that the process of reduction of a tensor terminates in a finite number
of steps in a standard tensor. To ensure this we consider a partial order on the
words such that for any o € 3, f, is a linear combination of words strictly less than
Wy; it is then almost obvious that any tensor can be reduced to a standard form
in a finite number of steps. More precisely let < be a partial order on W with the
following properties (w’ > w means w < w’):

(i) 1 <w for all w# 1 in W.
(ii) w < w’ implies that vwv < uw'v for all u, w,w’,v € W.

(iii) < satisfies the descending chain condition: any sequence w, such that
wy > wo > ... 1is finite.

(iv) For any o € 3, f,, is a linear combination of words < w,-.

The descending chain condition implies that any subset of W has minimal elements.
From now on we shall assume that W has been equipped with such a partial order.
If w is a word and ¢ is a tensor, we shall write t < w if ¢ is a linear combination
of words < w. For any linear space L of tensors we write L., the subspace of L
consisting of elements which are < w.

First of all we observe that under this assumption 7y = T'. For, if some word
is not reduction finite, there is a minimal such word, say w. w cannot be standard;
if R is an elementary reduction operator with Rw # w, we must have w = ww,v
for some o € ¥ and words u,v, and R = Ry, ,. But then Rw = uf,v < w so
that Rw is in Ty. This implies that w is in Ty. We now consider the ambiguities
in the reduction process. These, in their simplest form, are of two kinds. The
ambiguity of type O, the overlap ambiguity, is a word wiwsws where the w; are
words and there are 0,7 € ¥ such that wiws = w,, wows = w,. In reducing such
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an element we may begin with wiws = w, and replace it by f, or we may begin
with wows = w, and replace it by f,. The second type is type I, the inclusion
ambiguity, which is a word wywows where wy = w,, wywows = w,. We shall say
that the ambiguities are resolvable if there are reduction operators R’, R” such that
R'(f,w3) = R" (w1 fr) € S in the type O case and R'(w; fyws) = R"(f;) € S in the
type I case. The basic result is the following.

Theorem 6.2.3(Bergman). Assume that W is equipped with an order as above.
Then the basic theorem is true if and only if all ambiguities are resolvable.

Proof. Let us assume that all ambiguities are resolvable and prove that the PBW
is valid. As we have already observed, every element of T is reduction finite and so
it comes to showing that every word is reduction unique. This is true for the null
word 1 and we shall establish the general case by induction. Let w be any word
and let us assume that all words < w are reduction unique; we shall prove that w
is also reduction unique.

Let Ry, Rs be two elementary reduction operators such that Riw # w, Row #
w. We shall prove that R — 1w and Rsw are reduction unique and have the same
reduced form. We must have Ry = Ry w,v,, and Ry = ugw vy for some o,7 € 3.
We may assume that in w the subword w, begins earlier than the subword w..
Three cases arise. First we consider the case when w, and w, overlap. Then
w = uwiwewsv where wiws = w, and wowsz = w,. By assumption there are
reduction operators R’, R" such that R'(f,ws) = R”(w1f;). On the other hand
for any elementary reduction operator Ry = Rgy,p (0 € ¥) we have the reduction
operator uRgv = Ryapy. S0 for any reduction operator R™, elementary or not,
we have a reduction operator R, such that for all t € T', uR~tv = R, t. So if
R} =R,,,,R! = Rl wehave R|(uf,ws) = R{(uwy frv). But as f, < w,, fr < w,,
we see that uf,wsv < vw,wsv = w,uw; frv < vwiw,v = w so that uf,ws and
uwq frv are both in T.,,. Since R, is well-defined on T.,, and the above two
elements can be reduced to the same element in S, they must have the same image
under any reduction operators that takes them to reduced form. In other words,
Riw and Row have the same reduced form as we wanted to prove. The case when
W, is a subword of w, is similar. The third and remaining case is when w, and w,
do not overlap. This is the easiest of all cases. We can then write w = vw,zw,v.
Then Riw = uf,rw,v, Row = uw,x frv. We can reduce w, in Ryw and w, in Row
to get uf,x frv in both cases. This element is in T, and so has a unique reduced
form. So Ryw and Row have the same reduced forms under suitable reductions, and
as these are in T, this reduced form is their unique reduced expression. Hence we
again conclude that w is reduction unique. Finally, the converse assertion that for
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PBW to be valid it is necessary that all ambiguities must be resolvable, is obvious.
This proves the theorem.

Proofs of the PBW theorem for Lie algebras and super Lie algebras. The
first application is to the classical PBW theorem for the case of Lie algebras. Let
g be a Lie algebra over a commutative ring k£ with unit as above which is free as
a k-module. Let (X;);ep be a basis for g over k. We assume that B has a total
order (this is no restriction) so that for any two indices 7,j € B we have one and
only one of the following three possibilities: ¢ < j,7 < i,1 = j; we write ¢ > j for
j<tiand i < jifiseither < j or = j5. W is the set of all words with the letters
Xi(i € B). A word X;, X,,... X, is standard if iy < iy < ... < ip,. Let [, |
be the bracket in g, so that [X;, X;] = > ¢ijmXm,Cijm € k. We take X to be
the set of pairs (4,7j) with i,j € B,i > j; and for (i,j) € Si, w; ;) = X;X; with
fa,5) = X;Xi + Y m CijmXm. To define the order in W we proceed as follows. For
any word w = X;, X, ... X;, ~we define its rank rk(w) to be m and indez i(w) to
be the number of pairs (a,b) with a < b but i, > i5. Then a word is standard in
our earlier sense if and only if it is standard in the present sense. The ordering
of words is by saying that w < w’ if either rk(w) < rk(w’) or if rk(w) = rk(w’)
but i(w) < i(w’). All the conditions discussed above are satisfied and so to prove
the PBW theorem we must check that all ambiguities are resolvable. Since all the
words in Y have rank 2 there are only overlap ambiguities which are words of length
3 of the form X, X;X; where i < j < r. We must show that the tensors

XXX+ [Xo, X51Xs, XXX, + X, [X;, X))

have identical reductions to standard forms under suitable reduction operators. The
first expression can be reduced to

XiX; X, + Xj[XT,XZ-] + [Xj,X,-]XT + [X,,,Xj]Xi
while the second reduces to
X X; X, + [XT,XZ-]XJ- + XZ-[XT,XJ-] + XT[Xj,Xz-].

The quadratic terms in these expressions admit further reduction. For a commu-
tator [X,Y] with X,Y € g and any index m € B let us write [X,Y]s,, to be the
expression in terms of the basis containing only the X, with a > m, and similarly
when > m is replaced by <, <, >. Notice now that the quadratic terms in the above
two expressions differ by the reversal of the multiplications. Now, for any index c
the reduction to standard form of [X,Y]X, and X.[X,Y] (X,Y € g) is given by

[Xv Y]XC = [X7 Y]SCXC + Xc[Xv Y]>c + HX7 Y]>C;Xc]
XC[X, Y] = XC[X, Y]>C + [X, Y]chc + [Xc, [X, Y]Sc] .
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Hence the difference between these two reduced forms is
(X, [X, Y]]

It follows from this calculation that the two reduced expressions for the word
XTXJ'XZ' differ by

(X, [XG, Xl + [XG, [ X, X))+ [XG, (X, X

which is 0 precisely because of the Jacobi identity.

The second application is when g is a Lie super algebra. Recall that g is
Zo-graded with a bracket [, | satisfying the skew symmetry condition

[X,Y] = _(_1)p(X)p(Y)[Y, X]

and the Jacobi identity which encodes the fact that the adjoint map is a represen-
tation; writing as usual adX : Y —— [X Y], the Jacobi identity is the statement
that ad[X,Y] = adXadY — (—1)P(X)P()adYadX, ie., for all X,Y,Z € g we have

[[Xa Y]v Z] - [Xv [Y7 Z]] - (_1)p(x)p(y) [Y7 [X7 ZH
In these as well as other formulae below p(X) is the parity of X which is 0 for
X even and 1 for X odd. If U is the universal enveloping algebra of g, the skew
symmetry becomes, when both X and Y are odd, the relation 2X? = [X, X]. For

this to be an effective condition we assume that 2 is invertible in the ring k£ and
rewrite this relation as

X2 = (1/2X.X]  (p(X)=1).

Furthermore, when we take X = Y = Z all odd in the Jacobi identity we get
3[X, X] = 0 and so we shall assume 3 is invertible in the ring & and rewrite this as

[[X, X],X]=0.
For the PBW theorem we choose the basis (X;) to be homogeneous, i.e., the X; are
either even or odd. Let p(i) be the parity of X;. The set ¥ is now the set of pairs
(4,7) with either ¢ > j or (¢,4) with 7 odd. The corresponding w; ;) are
wigy = XXy (i>5),  way = X7 (p(i) = 1)
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and the f(; j) are given by

gy = COPOPOXGX + X, X (0> )
fony = 1/2[X0 X (p() = 1) '

Once again the only ambiguities are of the overlap type. These are the words
X, X;X; where now we have to consider 7 < j < r. We have to consider various
case where there may be equalities. The first case is of course when ¢ < 7 < r.

i < j <r: We want to show that the reduction to standard form of X, X;X;
is the same whether we start with X, X; or X;X;. Starting with X, X; we find the

expression, with ¢ = p(i)p(j) + p(5)p(r) + p(r)p(3),
(—1)1X XX, + (X, X)X + ()PP XX, X+

. . : (1)
(_1)10(7")19(3)+1o(7")p(%)[Xj7 XX,

For the expression starting from X;X; we find

(11X X, X, + X, [X;, X;] + ()PP X, X)X+

" S
(—1)P@P()+p(r)p( )Xi[Xr,Xj]

Apart from the cubic term which is standard these expressions contain only
quadratic terms and these need further reduction. For any three indices a,b,c
we have, writing t = p(¢)p(a) + p(c)p(d),

[Xaa Xb]Xc - [Xa,Xb]SCXc + (_1)tXC[XCL7Xb]>c + [[Xa7Xb]>C7XC]
Xc[XmXb] - Xc[Xaa Xb]>c + (_1)t[Xa7Xb]§cXc + [Xca [XaaXb]gc] .

If ¢ is even the two expressions on the right side above are already standard because
the term [X,, Xp]<.X, is standard as there is no need to reduce X?2; if ¢ is odd we
have to replace X2 by (1/2)[X., X.] to reach the standard form. If E;, E5 are the
two standard reduced expressions, it follows by a simple calculation that

El - (_1)tE2 = [[XaaXb]>chc] - (_1)t[XC7 [XmXb]gc]-
Using the skew symmetry on the second term we get

By — (_1)p(6)p(a)+p(6)p(b)E2 = [[Xa, X3), X.]. (3)
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We now apply this result to the reductions of the two expressions in (1) and (2).
Let S; and Sz be the corresponding standard reductions. Using (3), we find for
S1 — S5 the expression

(X, X;], X,] — (—1)p(i)p(j)[[XT,Xi],Xj] + (—1)1’(’“)”(7)”(”?’@[[Xj,Xi],XT].
Using skew symmetry this becomes
(1, X5, Xi] = [0, [XG, Xl + (= 1)POPO X, X, X

which is 0 by the Jacobi identity.

i=j<nrpi)=—-lori<j=rp(j) =—1: These two cases are similar and
so we consider only the first of these two alternatives, namely, the reductions of
X,;X;X; with i < j and 7 odd (we have changed r to j). The two ways of reducing
are to start with X;X; or X;X;. The first leads to

XiXo X5 4+ (—DPO XX, X,] + [X;, X)X

The second leads to
(1/2)X;[ X5, Xi.

We proceed exactly as before. The reduction of the first expression is

DX X013, o 20X, Xl + (X5, Xilo g 51} (—1P0) X, X5, X))

The second expression reduces to
(1/2)[ X5, Xal <5 X5 + (1/2) XX, Xal>5 + (1/2)[X5, [, Xil <
The difference between these two is
(1/2)[[X5, Xu], X5] + (1P X, [X5, X

which is 0 by the Jacobi identity.

1 =7 =r, 1 odd: We can start with either the first X;X; or the second one.
The difference between the two reduced expressions is

(1/2)[[ X5, Xi], X
which is 0 by the Jacobi identity.
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If we order the indices such that all even induced come before the odd ones and
we use Latin for the even and Greek for the odd indices, we have a basis (X;, X4 )
and the PBW theorem asserts that the monomials

XilXig ...)(7;7,)(0(1)(0(2 ...‘XVO(S (Zl << .. <, <ag <...< Oés)
form a basis for the universal enveloping algebra of the super Lie algebra g. We

have thus finished the proof of Theorem 6.2.1.

We note that the ring £ has been assumed to have the property that 2 and 3
are invertible in it. In particular this is true if k is a Q-algebra, for instance if k is
a field of characteristic 0, or even if its characteristic is different from 2 and 3.

6.3. The classical series of super Lie algebras and groups. Over an alge-
braically closed field k one can carry out a classification of simple super Lie algebras
similar to what is done in the classical theory. A super Lie algebra g is simple if it
has no proper nonzero ideals and g # k'°. A super Lie algebra g is called classical
if it is simple and g acts completely reducibly on g1, i.e., g1 is a direct sum of irre-
ducible go-modules. Then one can obtain a complete list of these. Let us introduce,
for any field k the following super Lie algebras.

gl(p|q): This is the super Lie algebra Mf'q.
sl(p|q): This is given by
sl(plq) = {X € gl(plq) | str(X) = 0}.
We write

A(plq) = sl(p+1lg+1) if p#4q,p,q >0
Pid sip+1lg+1)/kI wherep>1 -

For A(p|q) the even parts and the odd modules or as follows.

g=Aplg) g0 =Alp) B A ®k,g1 =, @ [1 Ok
g=Aplp) : 90 = Alp) © A(p), 01 = [, ® f,,

where the f’s are the defining representations and the primes denote duals.

osp(®): Let V =V, @&V} be a super vector space and let ® be a symmetric
nondegenerate even bilinear form V XV — k. Then ® is symmetric nondegenerate
on Vg x Vy, symplectic on Vi x Vi, and is zero on V; ® V; where ¢ # 5. Then

osp(®) = {L € End(V) | ®(Lx,y) + (—1)PEP@) P (2, Ly) = 0 for all z,y € V}.
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This is called the orthosymplectic super Lie algebra associated with ®. It is an
easy check that this is a super Lie algebra. If k is algebraically closed ® has a
unique standard form and then the corresponding super Lie algebra takes a standard
appearance. The series osp(®) splits into several subseries.

B(m,n) =osp(2m + 1|2n) (m > 0,n > 1)

D(m,n) = osp(2m|2n) (m >2,n > 1)
C(n) = osp(2|2n —2) (n > 2).

The even parts of these and the corresponding odd parts as modules for the even
parts are given as follows.

g=B(m,n):go=B(m)®C(n),g1 = foms1 @ fa,
g=D(m,n): g1 = fom @ f3,
g=C(n): 91 =k® fon—2.

P(n)(n > 2): This is the super Lie algebra defined by

r={ (0 )

The )-series is a little more involved in its definition. Let us consider the super Lie
algebra gl(n + 1|n + 1) of all matrices

= 4)

and let us define the odd trace otr(g) = tr(b). Let

Q~(n) = { (Z 2) tr(b) = o}

Q(n) = Q7 (n)/klzni2.

For the even parts and the odd modules we have

tr(a) = 0,b symmetric , ¢ skew symmetric }

and let

g=P(n):go=sln+1n+1),g = Symm?*(n+1) ®A*(n+1)
g=Q(n):go = A(n), g1 = adA(n).
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Theorem 6.3.1(Kac). Let k be algebraically closed. Then the simple and classical
super Lie algebras are precisely

A(m|n), B(m|n), D(m|n),C(n), P(n), Q(n)
and the following exceptional series:

F(4),G(3),D(2]1,a) (a€k\ (0,£1).

Remark. For all of this see®

exceptional series:

. Here is some additional information regarding the

g=F(4):g0=B(3)® A(1),g1 = spin(7) ® fo,dim = 24|16
g=G3):g90=G(2)® A(1),9: = T®2,dim = 17|14
g=D(2|l,a): 91 =A1) D A1) ® A(1),91 =2®2® 2,dim = 98.

The interesting fact is that the D(2|1, «) depend on a continuous parameter.

The classical super Lie groups. We restrict ourselves only to the linear and
orthosymplectic series.

GL(p|q): The functor is S —— GL(p|q)(S) where S is any supermani-
Z where a € GL(p)(O(9)o),b €

GL(q)(O(S)p) while b, ¢ are matrices with entries from O(S);. The representing
supermanifold is the open submanifold of the affine space of dimension p? + ¢%|2pq
defined by GL(p) x GL(q).

SL(plq): The functor is S —— SL(p|q)(S) where SL(p|q)(S) is the kernel of the
Berezinian. The representing supermanifold is the submanifold of GL(p|q) defined
by the condition that the Berezinian is 1. One can also view it as the kernel of the
morphism Ber from GL(p|q) to GL(1]|0).

fold and GL(p|q)(S) consists of matrices

osp(m|2n): The functor is S —— osp(m|2n)(S) where osp(m|2n)(S) is the
subgroup of GL(m|2n)(S) fixing the appropriate even symmetric bilinear form ®.
The representability criterion mentioned earlier applies.

It is possible to describe the super Lie groups for the P and @ series also along

similar lines. See Deligne-Morgan.

6.4. Super spacetimes. Super spacetimes are supermanifolds M such that M,.q
is a classical spacetime. They are constructed so that they are homogeneous spaces
for super Poincaré groups which are super Lie groups acting on them.
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Super Poincaré algebras. We have seen an example of this, namely the super Lie
algebra of Gol’fand-Likhtman. Here we shall construct them in arbitrary dimension
and Minkowski signature. Let V be a real quadratic vector space of signature
(1, D —1). The usual case is when D = 4 but other values of D are also of interest.
For conformal theories V' is taken to be of signature (2, D —2). We shall not discuss
the conformal theories here.

The Poincaré Lie algebra is the semidirect product
go =V x's0(V).

We shall denote by S a real spinorial representation of Spin (V). We know that
there is a symmetric nonzero map

r:Sx8+—V (1)

equivariant with respect to Spin (V'); I' is projectively unique if S is irreducible.
Let
g=4go®dS.

We regard S as a gop-module by requiring that V' act as 0 on S. Then if we define
[s1,82] = '(s1, s2) (s; € 5)
then with the gg-action on g; we have a super Lie algebra, because the condition
[s,[s,s]] = —[I'(s,s),s] =0 (se9)

is automatically satisfied since I'(s,s) € V and V acts as 0 On S. g is a super-
symmetric extension of the Poincaré algebra and is an example of a super Poincaré
algebra. The Gol’fand-Likhtman algebra is a special case when D = 3 and S is the
Majorana spinor. As another example we consider the case when D = 3. Then Spin
(V)is SL(2,R) and SO(V) is its adjoint representation. Let S be the representation
of SL(2,R) in dimension 2. We have an isomorphism

[':Symm?V ~V

and then
g=g0®S

as before. In the physics literature one takes a basis (Q,) for S and a basis (P,)
(linear momenta) for V. Then

D(Qa; @) = =21, Py (T, = Iy,).
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The existence of I' in (1) and its uniqueness when S is irreducible are thus critical
for the construction of super Poincaré algebras.

The fact that I' takes values in V means that
[=VaS

is also a super Lie algebra. It is a supersymmetric extension of the abelian spacetime
translation algebra V; but [ is not abelian as I' # 0. However it is 2-step nilpotent,
namely,

[a,[b,c]] =0 (a,b,cel).
The corresponding super Lie groups will be the superspacetimes.

The super Lie group L corresponding to [ will be constructed by the exponential
map. We have not discussed this but we can proceed informally and reach a defi-
nition which can then be rigorously checked. Using the Baker-Campbell-Hausdorff
formula informally and remembering that triple brackets are zero in [, we have

exp Aexp B =exp(A+ B+ (1/2)[A, B)) (A,B €.
This suggests that we identify L with [ and define the group law by
AoB=A+ B+ (1/2)[A, B] (A, B €.

More precisely let us view the super vector space [ first as a supermanifold. If
(B,), (F,) are bases for V' and S respectively, then Hom (S, [) can be identified with
(Bu, Ta) where 3,7, are elements of O(S) which are even and odd respectively. In
a basis independent form we can identify this with

(S) = (I®O(S))o =V @ O(S) & S @ O(S);.

It is clear that [(S) is a Lie algebra. Indeed, all brackets are zero except for pairs
of elements of S ® 01, and for these the bracket is defined by

(51 ® 71,82 ® To] = —T'(s1, 82)T172 (11,72 € O(5)1).

Notice that the sign rule has been used since the s; and 7; are odd; the super Lie
algebra structure of [ is necessary to conclude that this definition converts [(.S) into
a Lie algebra. (This is an example of the even rules principle which we have not
discussed here.) We now take



and define a binary operation on L(.S) by
AoB=A+ B+ (1/2)[A, B] (A, B €1(9)).

The Lie algebra structure on [(S) implies that this is a group law. In the bases
(B,), (Fa) defined above,

(5#77_&) o (ﬂ/H,T/a) — (5;{;7/,&)

where
8= Bt By~ (U2Thyrarf, T =2 g

Symbolically this is the same as saying that L has coordinates (z*), (0*) with the
group law

(w’ 9)(1./’ 9/) — (x//’9//>

where
x//ﬂ — .CCH + .CCIM - (1/2)F5b9a0/b, 9//11 — ga + 6/0, (2)

(with summation convention). The supermanifold L thus defined by the data V, S, T
has dimension dim(V)|dim(S). It is the underlying manifold of a super Lie group
L with Lieqg = V.

Because L is a super Lie group, one can introduce the left and right invariant
differential operators on L that make differential calculus on L very elegant, just
as in the classical case. Recall that the left invariant vector fields are obtained by
differentiating the group law at z’¥ = 6’“ = 0 and for the right invariant vector
fields we differentiate the group law with respect to the unprimed variables at 0.
Let Dy, D, (D, D) be the left (right) invariant vector fields with tangent vector
0/0xt,0/00* at the identity element. Let 0,,0, be the global vector fields on L
(the invariant vector fields on the abelian group obtained by identifying L with [).
Then

D, =Dj, =9,
D, = (1/2)T*,6°9, + 8,
DI = —(1/2)T*,6°9, + O,.

It is an easy verification that
[Da, Dy] =T,

as it should be.
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When D = 3 we get the super spacetime M32. Let (F,)q=1.2 be the standard
basis for S = R? and let B,, = F, F}, (symmetric product) so that (Bgy) is a basis
for V. The super space coordinates are (y%°,0%). We have

00" = 8°
Dapy™? = (1/2)(62 6% + 8Y' 53
Doy’ = 8up0° = 0.

Also
F(Faa Fb) - Bab - Bba-

The left invariant vector fields are

Dap = Oapy Do =04+ (1/2)0°0up, DL =0, — (1/2)0" 0.

Complex and chiral superspacetimes. The super spacetime constructed when
D = 4 with S as the Majorana spinor is denoted by M**. We shall now discuss a
variant of the construction above that yields what are called chiral superspacetimes.

We take (F,) and (F;) as bases for S and S~ so that if g = (: ﬁ), then

)
a [ _ a f
9+N(7 5)’ ! N(V 3)'

Ifv=>u'F,,7=>,utF,, then

g acts on ST by

gtv=yg7m.
On S = S* @ S~ we define the conjugation o by
o(u,v) = (v,a).
Let
Ve=ST®S5, B,; = F.F}, Bay = FyF)y tensor multiplication).
The symmetric nonzero map
r:(StTesS)e((STes ) — Vo
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is nonzero only on S + ® ST and is uniquely determined by this and the relations
F(Fa, Fb) = Bab' So

lc=Vc & (S+ P S_)
is a complex super Lie algebra and defines a complex Lie group L¢ exactly as before;
the group law defined earlier extends to Lc. But now, because we are operating over

C, the subspaces
E=Veo St

are super Lie algebras over C and determine corresponding complex super Lie groups
Lé. Moreover, as I' vanishes on S* ® S*, these are abelian and the super Lie al-
gebras % are actually abelian ideals of lc. The Lé are the chiral superspacetimes;
actually we define Lé as the chiral and L5 as the antichiral superspacetime. More-
over

LC = LJCr XVe L6

where the suffix denotes the fiber product.

We have conjugations on Vg and on ST @ S~. On V¢ the conjugation is given
by

C:URUV—— VU
while the one on ST @ S~ also denoted by o, is
(u,0) — (v, 7).

The map I' is compatible with these two conjugations. Hence we have a conjugation
o on [c and hence on L. We have

L=Lg.

In other words, L may be viewed as the real supermanifold defined inside L¢ as
the fixed point manifold of o. If

yal.), ea, @b
are the coordinates on Lg, then L is defined by the reality constraint
yaiJ = yba, 0" — g,
The left invariant vector fields on L¢ are the complex derivations d,, and the Dy, D,
with .
Do =00+ (1/2)80,;,  Ds=0; + (1/2)0°0h
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where repeated indices are summed over.

Let us now go over to new coordinates

defined by . . .

yab — Zab o (1/2)90b¢a, ¢ — (,DG, 9 = Ea.
Chiral (antichiral) superfields are those sections of the structure sheaf of Lo that
depend only on z,¢ (z,%). A simple calculation shows that

Do = 08/0¢",  Ds=0/0%"

So it is convenient to use these coordinates which we can rename vy, 6, 6.

6.5. Super Poincaré groups. The super Poincaré algebra is g = go & S where
go = V @ b; here b is the Lie algebra so(V'). The Lie algebra of super spacetime is
[=V&S. Let H= Spin(V). Then H acts on [ as a group of super Lie algebra
automorphisms of [. This action lifts to an action of L on the supermanifold L by
automorphisms of the super Lie group L. The semidirect product

G=Lx"H
is the super Poincaré group. The corresponding functor is
S+— G(9)

where

G(S) = L(S) x" H(S).
This description also works for L¢, Lg with H replaced by the complex spin group.

Super field equations. Once super spacetimes are defined one can ask for the
analogue of the Poincaré invariant field equations in the super context. This is a
special case of the following more general problem: if M is a supermanifold and G is
a super Lie group acting on M, find the invariant super differential operators D and
the spaces of the solutions of the equations DW = 0 where VU is a global section of
the structure sheaf. In the case of super spacetimes this means the construction of
the differential operators that extend the Klein-Gordon and Dirac operators. The
superfields are the sections of the structure sheaf and it is clear that in terms of
the components of the superfield we will obtain several ordinary field equations.
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This leads to the notion of a multiplet and the idea that a super particle defines a
multiplet of ordinary particles. We do not go into this aspect at this time.
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