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Abstract

These are preliminary rather scrappy notes that have not yet been
proofread. Many of the sections, especially the latter ones, are still incom-
plete, contain many errors, and need a lot of further work. You have been
warned. For updated versions go to http://math.berkeley.edu/ "reb.

These are notes for a Lie Groups course Math 261AB, 2011-2012. The
course philosophy is that this is a service course, so I will emphasize
applications of Lie groups to other areas, and will concentrate more on
discussing examples than on giving complete proofs. Some of the sections
are based on some lectures I gave a few years ago, and I have used the
TeX files of notes for these lectures written by Hanh Duc Do, An Huang,
Santiago Canez, Lilit Martirosyan, Emily Peters, Martin Vito-Cruz, An-
ton Geraschenko (many of whose TeX macros I have reused), and Sevak
Mkrtchyan.
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1 Examples

A typical example of a Lie group is the group GLo(R) of invertible 2 by 2
matrices, and a Lie group is defined to be something that resembles this. Its
key properties are that it is a smooth manifold and a group and these structures
are compatible. So we define a Lie group to be a smooth manifold that is also a
group, such that the product and inverse are smooth maps. All manifolds will
be smooth and metrizable unless otherwise stated.

We start by trying to list all Lie groups.

Example 1 Any discrete group is a 0-dimensional Lie group.

This already shows that listing all Lie groups is hopeless, as there are too
many discrete groups. However we can split a Lie group into two: the component
of the identity is a connected normal subgroup, and the quotient is discrete.
Although a complete description of the discrete part is hopeless, we can go
quite far towards classifying the connected Lie groups.

Example 2 The real numbers under addition are a 1-dimensional commutative
Lie group. Similarly so is any finite dimensional real vector space under addition.



Example 3 The circle group S' of all complex numbers of absolute value 1 is
a Lie group, also abelian.

We have essentially found all the connected abelian Lie groups: they are
products of copies of the circle and the real numbers. For example, the non-
zero complex numbers form a Lie group, which (via the exponential map and
polar decomposition) is isomorphic to the product of a circle and the reals.

Example 4 The general linear group GL,,(R) is the archetypal example of a
non-commutative Lie group. This has 2 components as the determinant can be
positive or negative. Similarly we can take the complex general linear group.

The classical groups are roughly the subgroups of general linear groups that
preserve bilinear or hermitian forms. The compact orthogonal groups O, (R)
preserve a positive definite symmetric bilinear form on a real vector space. We
do not have to restrict to positiver definite forms: in special relativity we get
the Lorentz group O; 3(R) preserving an indefinite form. The symplectic group
Span(R) preserves a symplectic form and is not compact. The unitary group
U,, preserves a hermitian form on C™ and is compact as it is a closed subgroup
of the orthogonal group on R?”. Again we do not have to restrict to positive
definite Hermitian forms, and there are non-compact groups U, , preserving
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There are many variations of these groups obtained by tweaking abelian
groups at the top and bottom. We can kill off the abelian group at the top
of many of them by taking matrices of determinant 1: this gives special linear,
special orthogonal r groups and so on. (“Special” usually means determinant
1). Alternatively we can make the abelian group at the top bigger: the general
symplectic group GSp is the group of matrices that multiply a symplectic form
by a non-zero constant. We can also kill off the abelian group at the bottom
(often the center) by quotienting out by it: this gives projective general linear
groups and so on. (The word “projective” usually means quotient out by the
center, and comes from the fact that the projective general linear group acts
on projective space.) Finally we can make the center bigger by taking a central
extension. For example, the spin groups are double covers of the special orthog-
onal groups. The spin group double cover of SO3(R) can be constructed using
quaternions.

Exercise 5 If z = a + bi 4+ ¢j + dk is a quaternion show that zZ is real, where
Z =a— bi —cj — dk. Show that z + |z| = v/2Z is a homomorphism of groups
from non-zero quaternions to positive reals. Show that the quaternions form
a division ring; in other words check that every non-zero quaternion has an
inverse.

Exercise 6 Identify R?® with the set of imaginary quaternions bi + cj + dk.
Show that the group of unit quaternions S acts on this by conjugation, and
gives a homomorphism S — SO3(R) whose kernel has order 2.

A typical example of a solvable Lie group is the group of upper triangular
matrices with nonzero determinant. (Recall that solvable means the group can
be split into abelian groups.) It has a subgroup consisting of matrices with 1s
on the diagonal: this is a typical example of a nilpotent Lie group. (Nilpotent



means that if we keep killing the center we eventually kill the whole group. We
will see later that a connected Lie group is nilpotent if all elements of its lie
algebra are nilpotent matrices: this is where the name “nilpotent” comes from.)
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Exercise 7 Check that these groups are indeed solvable and nilpotent.

Exercise 8 Show that any finite group of prime-power order p™ is nilpotent,
and find a non-abelian example of order p? for any prime p. (Hint: show that
any conjugacy class not in the center has order divisible by p, and deduce that
the center has order divisible by p unless the group is trivial.)

Exercise 9 The Moebius group consists of all isomorphisms from the complex
unit disk to itself: z +— (az +b)/(cz +d) with ad —bc = 1, a = d, b = C.
Show that this is the group PSUj ;. Similarly show that the group of conformal
transformations of the upper half plane is PSLy(R). Since the upper half plane
is isomorphic to the unit disc, we see that the groups PSU; ; and PSLy(R) are
isomorphic. This illustrates one of the confusing things about Lie groups: there
are a bewildering number of unexpected isomorphisms between them in small
dimensions.

Exercise 10 Show that there is a (nontrivial!) homomorphism from SLy(R) to
the group Oz 1(R), and find the image and kernel. (Consider the action of the
group SLa(R) on the 3-dimensional symmetric square S?(R?) and show that
this action preserves a quadratic form of signature (2,1).)

Klein claimed at one point that geometry should be identified with group
theory: a geometry is determined by its group of symmetries. (This fails for
Riemannian geometry.) For example, affine geometry consists of the properties
of space invariant under the group of affine transformations, projective geometry
is properties of projective space invariant under projective transformations, and
so on. The group of affine transformations in n dimensions is a semidirect
product R".GL,(R). This can be identified with the subgroup of GL,1; fixing a
vector (sometimes called the mirabolic subgroup). For example, in 1-dimension
we get a non-abelian 2-dimensional Lie group of transformations = — ax + b
with a # 0.

What does a general Lie group look like? In general, a Lie group G can be
broken up into a number of pieces as follows.

As we mentioned earlier,the connected component of the identity, Geonn C G,
is a normal subgroup, and G/Gconn is a discrete group.

1 — Gconn — G — Gdiscrete — 1

so this breaks up a Lie group into a connected subgroup and a discrete quotient.
The maximal connected normal solvable subgroup of Geony is called the solv-
able radical Ggo). Recall that a group is solvable if there is a chain of subgroups



Gsol 2 -+ 2O 1, where consecutive quotients are abelian. Lie’s theorem tells
us that some cover of Gy, is isomorphic to a subgroup of the group of upper
triangular matrices.

Since Gyor is solvable, Gy := [Gsol, Gsol] is nilpotent, i.e. there is a chain
of subgroups Gpi1 2 G1 2 -+ 2 Gi = 1 such that G;/G;41 is in the center of
Ghit/Giy1. In fact, Gy must be isomorphic to a subgroup of the group of upper
triangular matrices with ones on the diagonal. Such a group is called unipotent.

Every normal solvable subgroup of Geonn/Gsol is discrete, and therefore in
the center (which is itself discrete). We call the pre-image of the center G.,.
Then G/G, is a product of simple groups (groups with no normal subgroups).

So a general Lie group has a chain of normal subgroups that are triv-
ial,nilpotent, solvable, connected, or the whole group, such that the quotients
are nilpotent, abelian, almost a product of simple groups, and discrete.

Example 11 Let G be the group of all shape-preserving transformations of
R* (i.e. translations, reflections, rotations, and scaling). It is sometimes called
R*-GO4(R). The R* stands for translations, the G means that we can multiply
by scalars, and the O means that we can reflect and rotate. The R* is a normal
subgroup. In this case, we have

RY-GO4(R) = G
G/Geonn = Z.)27.
RGOS (R) = Geonn

Goonn /G Geonn /G = PSO4(R)
conn sol 4 %
CS0.(R) RY-R* =G, (~ SO3(R) x SO3(R))
Gi/Gsol = Z /27
R4 . R+ - Gsol
Gsol/Gnil = ]RJF
R4 = Gnil

where GO (R) is the connected component of the identity (those transforma-
tions that preserve orientation), R* is scaling by something other than zero, and
R™T is scaling by something positive. Note that SO3(R) = PSO3(R) is simple.

SO4(R) is “almost” the product SO3(R) x SO3(R). To see this, consider
the associative (but not commutative) algebra of quaternions, H. Since ¢g =
a’® + b2 + 2 + d?2 > 0 whenever ¢ # 0, any non-zero quaternion has an inverse
(namely, G/qG). Thus, H is a division algebra. Think of H as R* and let S® be
the unit sphere, consisting of the quaternions such that ||g|| = ¢g = 1. It is easy
to check that ||pq|| = ||p]| - ||¢||, from which we get that left (right) multiplication
by an element of S® is a norm-preserving transformation of R*. So we have
a map S® x 9% — O4(R). Since S% x S? is connected, the image must lie
in SO4(R). It is not hard to check that SO4(R) is the image. The kernel is
{(1,1),(=1,-1)}. So we have S3 x S3/{(1,1), (=1, —1)} =~ SO4(R).

Conjugating a purely imaginary quaternion by some g € S® yields a purely
imaginary quaternion of the same norm as the original, so we have a homomor-
phism $? — O3(R). Again, it is easy to check that the image is SO3(R) and
that the kernel is 1, so S3/{£1} ~ SO5(R).

So the universal cover of SO4(R) (a double cover) is the Cartesian square
of the universal cover of SO3(R) (also a double cover). Orthogonal groups in
dimension 4 have a strong tendency to split up like this. Orthogonal groups
tend to have these double covers.



Exercise 12 Let G be the (parabolic) subgroup of GL4(R) of matrices whose
lower left 2 by 2 block of elements are all zero. Decompose G in an analogous
way to the example above.

So to classify all connected Lie groups we need to find the simple ones, the
unipotent ones, and find how the simple ones can act on the unipotent ones.
One might guess that the easiest part of this will be to find the unipotent ones,
as these are just built from abelian ones by taking central extensions. However
this turns out to be the hardest part, and there seems to be no good solution.
The simple ones can be classified with some effort: we will more or less do
this in the course. Over the complex numbers the complete list is given by the
following Dynkin diagrams (where the subscript in the name is the number of
nodes):

A, o— 90— ---—0o—0o
B, e—0—---—0e=>0
Ch e—0— - -—0<=o

°
D, e— 90— ---—0e—90—o

°
Es e—90o—90—90—o
°

E; e—0o—-—0-—90—90—0o

°
FEg e—0o—0—0-—90—90—0o
Fy e—0—=0—0o
Gy =X

These Dynkin diagrams are pictures of the Lie groups with the following mean-
ing. Each dot is a copy of SLs. Two dots are disconnected if the corresponding
SLss commute, and are joined by a single line if they “overlap by one matrix
element”. Double and triple lines describe more complicated ways they can in-
teract. For each complex simple Lie group there are a finite number of simple
real Lie groups whose complexification is the complex Lie group, and we will
later use this to find the simple Lie groups.

For example, slo(R) 2 sus(R), but slh(R) @ C ~ sup(R) @ C ~ sly(C).
By the way, sl5(C) is simple as a real Lie algebra, but its complexification is
5(3(C) @ sl3(C), which is not simple.

Dynkin diagrams also classify lots of other things: 3-dimensional rotation
groups, finite crystallographic reflection groups, du Val singularities, Macdon-
ald polynomials, singular fibers of elliptic surfaces or elliptic curves over the
integers,...

Exercise 13 Find out what all the things mentioned above are, and find some
more examples of mathematical objects classified by these Dynkin diagrams.
(Hint: wikipedia.)



We also need to know the actions of simple Lie groups on unipotent ones. We
can at least describe the actions on abelian ones: this is called representation
theory.

1.1 Infinite dimensional Lie groups

Examples of infinite dimensional Lie groups are diffeomorphisms of manifolds,
or gauge groups, or infinite dimensional classical groups. There is not much
general theory of infinite dimensional Lie groups: they are just too complicated.

1.2 Lie groups and finite groups

1. The classification of finite simple groups resembles the classification of
connected simple Lie groups.

For example, PSL, (R) is a simple Lie group, and PSL,(F,) is a finite
simple group except when n = ¢ = 2 or n = 2,¢ = 3. Simple finite groups
form about 18 series similar to Lie groups, and 26 or 27 exceptions, called
sporadic groups, which don’t seem to have any analogues for Lie groups.

Exercise 14 Show that the projective special linear groups PSLo(Fy4)
and PSLs(F5) are isomorphic (or if this is too hard, show they have the
same order). This gives a first hint of some of the complications of finite
simple groups: there are many accidental isomorphisms similar to this.

2. Finite groups and Lie groups are both built up from simple and abelian
groups. However, the way that finite groups are built is much more com-
plicated than the way Lie groups are built. Finite groups can contain
simple subgroups in very complicated ways; not just as direct factors.

For example, there are wreath products. Let G and H be finite simple
groups with an action of H on a set of n points. Then H acts on G"
by permuting the factors. We can form the semi-direct product G™ x H,
sometimes denoted GUH. There is no analogue for (finite dimensional) Lie
groups. There is an analogue for infinite dimensional Lie groups, which is
one reason why the theory becomes hard in infinite dimensions.

3. The commutator subgroup of a connected solvable Lie group is nilpotent,
but the commutator subgroup of a solvable finite group need not be a
nilpotent group.

Exercise 15 Show that the symmetric group S is solvable but its derived
subgroup is not nilpotent. Show that it cannot be represented as a group
of upper triangular matrices over any field.

4 Non-trivial nilpotent finite groups are never subgroups of real upper tri-
angular matrices (with ones on the diagonal).



1.3 Lie groups and algebraic groups

By algebraic group, we mean an algebraic variety which is also a group, such
as GL,(R). Any real algebraic group is a Lie group. Most of the connected Lie
groups we have seen so far are real algebraic groups. Since they are so similar,
we’ll list some differences.

1. Unipotent and semisimple abelian algebraic groups are totally different,

but for Lie groups they are nearly the same. For example R ~ {({ 1)}
is unipotent and R* ~ {(¢ a91 )} is semisimple. As Lie groups, they
are closely related (nearly the same), but the Lie group homomorphism
exp : R — R* is not algebraic (polynomial), so they look quite different

as algebraic groups.

2. Abelian varieties are different from affine algebraic groups. For example,
consider the (projective) elliptic curve y? = 3 + 2 with its usual group
operation and the group of matrices of the form (fb 2) with a2 +b% = 1.
Both are isomorphic to S! as Lie groups, but they are completely different
as algebraic groups; one is projective and the other is affine.

3. Some Lie groups do not correspond to ANY algebraic group. We give two
examples here.

The Heisenberg group is the subgroup of symmetries of L?(IR) generated by
translations (f(t) — f(t+x)), multiplication by e?™¥ (f(t) — > f(t)),
and multiplication by 2™ (f(t) — 2™ f(t)). The general element is of
the form f(t) — e>™W!*2) f(t + ). This can also be modeled as

1 =z =z 1 0 n
0 1 y / 01 0 n ez
0 0 1 0 0 1

It has the property that in any finite dimensional representation, the center
(elements with x = y = 0) acts trivially, so it cannot be isomorphic to any
algebraic group.

The metaplectic group. Let’s try to find all connected groups with Lie
algebra sl(R) = {(2Y) |a+ d = 0}. There are two obvious ones: SLs(R)
and PSLs(R). There aren’t any other ones that can be represented as
groups of finite dimensional matrices. However, if you look at SLs(R),
you’ll find that it is not simply connected. To see this, we will use Iwasawa
decomposition (which we will only prove in some special cases).

Theorem 16 (Iwasawa decomposition) If G is a connected semisim-
ple Lie group, then there are closed subgroups K, A, and N, with K
compact, A abelian, and N wunipotent, such that the multiplication map
K x AX N — G is a surjective diffeomorphism. Moreover, A and N are
simply connected.

In the case of SL,, this is the statement that any basis can be obtained
uniquely by taking an orthonormal basis (K = SO,,), scaling by positive
reals (A is the group of diagonal matrices with positive real entries), and
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Gram-Schmidt process.

The upshot is that G ~ K x A x N (topologically), and A and N do not
contribute to the fundamental group, so the fundamental group of G is
the same as that of K. In our case, K = SO2(R) is isomorphic to a circle,
so the fundamental group of SLy(R) is Z.

So the universal cover SLy(R) has center Z. Any finite dimensional rep-

resentation of SL2(R) factors through SLs(R), so none of the covers of
SLs(R) can be written as a group of finite dimensional matrices. Repre-
senting such groups is a pain.

(This seems to be repeated later....) Most of the examples of Lie groups
so far are algebraic: this means roughly that they are algebraic varieties
over the reals. Much of the theory of algebraic groups is similar to that of
Lie groups, but there are some differences. In particular some Lie groups
are not algebraic. One example is the group of upper triangular 3 by 3
unipotent matrices modulo Z. This is the Heisenberg or Weyl group: it has
a nice infinite dimensional representation generated by translations and
multiplication by e?¥® acting on L? functions on the reals. it is somewhat
easier to study the representations of its Lie algebra, which has a basis of
3 elements X, Y, Z with [X,Y] = Z. We can represent this in infinite
dimensions by putting X = x, Y = d/dx, Z = 1 acting on polynomials
(this is Leibniz’s rule!) In quantum mechanics this algebra turns up a lot
where X is the position operator and Y the momentum operator. But it
has not finite dimensional representations with Z acting as 1 because the
trace of Z must be 0.

Also abelian algebraic groups are much more subtle than abelian Lie
groups. For example, over the complex numbers, the Lie groups C, C*,
and an elliptic curve are all quite similar: they differ by quotienting out
copies of Z so look the same locally. However as algebraic groups they are
totally different and have nothing to do with each other: the first is unipo-
tent, the second is semisimple, and the third is a (complete) variety. The
point is that the maps between the corresponding Lie groups that make
them similar are transcendental functions (exponentials or elliptic func-
tions) that do not exist in the algebraic setting. Rather oddly, non-abelian
algebraic groups are easier to handle than abelian ones. The reason is that
non-abelian ones can be studied using the adjoint representation on their
Lie algebras, while for abelian ones this representation is trivial and gives
no useful information: abelian varieties are abelian algebraic groups, and
are VERY hard to understand over the rationals.

The most important case is the metaplectic group Mps(R), which is the
connected double cover of SLy(R). It turns up in the theory of modular
forms of half-integral weight and has a representation called the metaplec-
tic representation.

p-adic Lie groups are defined in a similar way to Lie groups using p-adic
manifolds rather than smooth manifolds. They turn up a lot in number theory
and algebraic geometry. For example, Galois groups act on varieties defined over



number fields, and therefore act on their (etale) cohomology groups, which are
vector spaces over p-adic fields, So we get representations of Galois groups into
p-adic Lie groups. These see much more of the Galois group than representations
into real Lie groups, which tend to have finite images.

1.4 Lie groups and Lie algebras

Lie groups can have a rather complicated global structure. For example, what
does GL,,(R) look like as a topological space, and what are its homology groups?
Lie algebras are a way to linearize Lie groups. The Lie algebra is just the tangent
space to the identity, with a Lie bracket [,] which is a sort of ghost of the
commutator in the Lie group. The Lie algebra is almost enough to determine
the connected component of the Lie group. (Obviously it cannot see any of the
components other than the identity.)

Exercise 17 The Lie algebra of GL,(R) is M, (R), with Lie bracket [A, B] =
AB — BA, corresponding to the fact that if A and B are small then the com-
mutator (1 + A)(1+ B)(1+ A)~'(1+ B)~! = 1+ [A, B]+ higher order terms.
Show that [A, B] = —[B, A] and prove the Jacobi identity

1A, B],C] + [[B,C], A] + [[C, A], B] = 0

An abstract Lie algebra over a field is a vector space with a bracket satisfying
these two identities.

We have an equivalence of categories between simply connected Lie groups
and Lie algebras. The correspondence cannot detect

e Non-trivial components of G. For example, SO,, and O,, have the same
Lie algebra.

e Discrete normal (therefore central) subgroups of G. If Z C G is any
discrete normal subgroup, then G and G/Z have the same Lie algebra.
For example, SU(2) has the same Lie algebra as PSU(2) ~ SO3(R).

If G is a connected and simply connected Lie group with Lie algebra g, then any
other connected group G with Lie algebra g must be isomorphic to G /Z, where
Z is some discrete subgroup of the center. Thus, if you know all the discrete
subgroups of the center of G, we can read off all the connected Lie groups with
the given Lie algebra.

Let’s find all the groups with the algebra so4(R). First let’s find a simply
connected group with this Lie algebra. You might guess SO4(R), but that isn’t
simply connected. The simply connected one is S3 x S% as we saw earlier (it
is a product of two simply connected groups, so it is simply connected). The
center of S is generated by —1, so the center of S3 x S3 is (Z/27Z)?, the Klein
four group. There are three subgroups of order 2

Therefore, there are 5 groups with Lie algebra soy.

Formal groups are intermediate between Lie algebras and Lie groups: We
get maps (Lie groups) to (Formal groups) to (Lie algebras). In characteristic 0
there is little difference between formal groups and Lie algebras, but over more
general rings there is a big difference. Roughly speaking, Lie algebras seem to



be the “wrong” objects in this case as they do not see enough of the group, and
formal groups seem to be a good replacement.

A 1-dimensional formal group is a power series F(z,y) = x +y + --- that
is associative in the obvious sense F(x, F(y,z)) = F(F(x,y),z). For example
F(z,y) = x + y is a formal group called the additive formal group.

Exercise 18 Show that F(z,y) = x + y + zy is a formal group, and check
that over the rationals it is isomorphic to the additive formal group (in other
words there is a power series with rational coeflicients such that F(f(z), f(y)) =
f(z +y)). These formal groups are not isomorphic over the integers.

Higher dimensional formal groups are defined similarly, except they are given
by several power series in several variables.

1.5 Important Lie groups

Dimension 1: There are just R and S* = R/Z.

Dimension 2: The abelian groups are quotients of R? by some discrete sub-
group; there are three cases: R?, R?/Z =R x S1, and R?/Z? = S x S!.

There is also a non-abelian group, the group of all matrices of the form
(8 aél ), where a > 0. The Lie algebra is the subalgebra of 2 x 2 matrices of the
form (8 & ), which is generated by two elements H and X, with [H, X] = 2X.

Dimension 3: There are some abelian and solvable groups, such as R?x R, or
the direct sum of R! with one of the two dimensional groups. As the dimension
increases, the number of solvable groups gets huge, so we ignore them from here
on.

You get the group SLs(R), which is the most important Lie group of all. We
saw earlier that SLy(R) has fundamental group Z. The double cover Mps(R)
is important. The quotient PSLs(R) is simple, and acts on the open upper half
plane by linear fractional transformations

Closely related to SLy(R) is the compact group SU;. We know that SUs ~
3, and it covers SO3(R), with kernel 1. After we learn about Spin groups, we
will see that SU; = Sping(R). The Lie algebra sus is generated by three elements
X, Y, and Z with relations [X,Y] = 2Z, [V, Z] = 2X, and [Z, X] = 2Y .}

The Lie algebras sl3(R) and sus are non-isomorphic, but when we complexify,
they both become isomorphic to slz(C).

There is another interesting 3 dimensional algebra. The Heisenberg algebra
is the Lie algebra of the Heisenberg group. It is generated by X,Y,Z, with
[X,Y] = Z and Z central. You can think of this as strictly upper triangular
matrices.

Dimension 6: (nothing interesting happens in dimensions 4,5) We get the
group SLy(C). Later, we will see that it is also called Spin, 3(R).

Dimension 8: We have SU3(R) and SL3(R). This is the first time we get a
2-dimensional root system.

Dimension 14: G5, which we will discuss a little.

Dimension 248: FEg, which we will discuss in detail.

This class is mostly about finite dimensional algebras, but let’s mention some
infinite dimensional Lie groups or Lie algebras.

1An explicit representation is given by X = (—01 (1)), Y = (? 8), and Z = (6 _OZ) The
cross product on R3 gives it the structure of this Lie algebra.
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1. Automorphisms of a Hilbert space form a Lie group.

2. Diffeomorphisms of a manifold form a Lie group. There is some physics
stuff related to this.

3. Gauge groups are (continuous, smooth, analytic, or whatever) maps from
a manifold M to a group G.

4. The Virasoro algebra is generated by L, for n € Z and ¢, with relations
[Ly, Lin) = (n = m)Lypim + Ongm,0™g5¢, Where c is central (called the
central charge). If we set ¢ = 0, we get (complexified) vector fields on S,
where we think of L, as iei”‘g%. Thus, the Virasoro algebra is a central
extension

0 — ¢C — Virasoro — Vect(S') — 0.

5. Affine Kac-Moody algebras, which are more or less central extensions of
certain gauge groups over the circle.

2 Lie algebras

Lie groups such as GL,(R) are quite complicated nonlinear objects. A Lie
algebra is a way of linearizing a Lie group, which is often easier to handle.
Roughly speaking, the addition and Lie bracket of the Lie algebra are given by
the lowest order terms in the product and commutator of the Lie group. By
a minor miracle (the Campbell-Baker-Hausdorff formula) we do not need any
higher order terms: the Lie algebra is enough to determine the group product
locally. We first recall some background about vector fields and differential
operators on a manifold. We will then define the Lie algebra of a Lie group to
be the left invariant vector fields on the group.

For any algebra over a ring we define the Lie bracket [a, b] to be ab — ba. It
satisfies the identities

e [a,b] is bilinear
e [a,b] = —[b,a
e [[a,b],c] + [[b,c],a] + [[c,a],b] = 0 (Jacobi identity)

Definition 19 A Lie algebra over a ring is a module with a bracket satisfying
the conditions above, in other words it is bilinear, skew symmetric, and satisfies
the Jacobi identity.

These conditions make sense in any additive tensor category, so for example
we can define Lie algebras of sheaves, or graded Lie algebras. An interesting
variation is Lie superalgebras, where we use the tensor category of supermodules
over a ring or field. Some authors add the non-linear condition that [a,a] = 0.

Example 20 The basic example of a Lie algebra is given by taking V' to be an
associative algebra and defining [a, b] to be ab — ba.

11



The Lie algebra of a Lie group can be defined as its tangent space at the
identity, with the Lie bracket given by the lowest order part of the commutator.
The lowest-order terms of the group law are just given by addition on the Lie
algebra, as can be seen in GL,, (R): the product of 1+€A and 1+€eB is 1+€(A+B)
to first order. However defining the Lie bracket in terms of the commutator is
a little messy, and it is technically more convenient to define the Lie algebra as
the left invariant vector fields on the manifold.

There are several different ways to think of vector fields:

e Informally, a vector field is a little tangent vector at each point.

e A vector field is informally an infinitesimal diffeomorphism, where we get
an infinitesimal diffeomorphism from a vector field by pushing each point
slightly in the direction of the vector field.

e More formally, a vector field is a section of the tangent bundle or sheaf.
e A vector field is a normalized differential operator of order at most 1
e A vector field is a derivation of the ring of smooth functions.

The last two seem less intuitive but turn out to be the easiest definitions to
work with.

Suppose we have a manifold M, with its ring R of smooth functions. A
differential operator on M should be something that in local coordinates looks
like a partial differential operator times a smooth function. It is easier to forget
about local coordinates, and just use the following key property of differential
operators: the commutator of an nth order operator with a smooth function is a
differential operator of smaller order. This is really just a form of Leibniz’s rule
for differentiating a product. We will use this to DEFINE differential operators
as follows.

Definition 21 A differential operator of order less than 0 is 0. A differential
operator of order at most n > 0 is an operator on R whose commutator with
elements of R is a differential operator of order at most n — 1.

Differential operators on R form a filtered ring D° ¢ D! ¢ D?- .-, where D" is
the differential operators of order at most n. The differential operators of order
at most 0 can be identified with the ring R (look at their action on 1), and
any differential operator can be normalized by adding a function so that it kills
1. So a differential operator can be written canonically as a function (order 0
operator) plus a normalized differential operator.

The product of differential operators of orders at most m, n has order at most
m + n. Differential operators do not quite commute with each other; however
the commutator or Lie bracket [Dy, D3] of operators of orders at most m, n has
order at most m 4+ n — 1; in other words differential operators commute “up to
lower order terms”. This means that the associated graded ring D° @ D'/D° @
D?/D'@- - - is a commutative graded ring (whose elements are sometimes called
symbols).

We will call a differential operator normalized if it kills the function 1. Dif-
ferential operators of order at most 1 can be written canonically as the sum of an
order 0 differential operator and a normalized differential operator. (However
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there is no canonical way to write an operator of order n > 1 as an operator of
order less than n and something “homogeneous” of order n.) A vector field on
a manifold is the same as a normalized differential operator of order at most 1.
Vector fields are closed under the Lie bracket, and in particular form a Lie alge-
bra. It is useful to think of a vector field as a sort of infinitesimal diffeomorphism
of the manifold: each point is moved an infinitesimal distance in the direction
of the vector at that point. Since the Lie algebra of a group can be thought of
as the “infinitesimal” elements of the group, this means that the vector fields
on a manifold are more or less the Lie algebra of the group of diffeomorphisms.

The Lie algebra of vector fields is an infinite dimensional Lie algebra, which
is too big for this course, so we cut it down.

Definition 22 The Lie algebra of a Lie group is the Lie algebra of left-invariant
vector fields on the group.

We explain what this means. The group is a manifold, so we have the Lie
algebra of all vector fields on it forming an infinite dimensional lie algebra. The
group acts on itself by left translation, and so acts on everything constructed
from the manifold, such as vector fields. We just take the vector fields fixed by
this action of left translation. It is automatically a subalgebra of the lie algebra
of all vector fields, as the group action preserves the Lie bracket.

We can also identify the Lie algebra of the group with the tangent space at
the origin. The reason is that if we pick a tangent vector at the origin, there
is a unique vector field on G given by left translating this vector everywhere.
We could have defined the Lie algebra to be the tangent space at the origin,
but then it would not have been so clear how (or why) we can define the Lie
bracket.

Now we will calculate the left invariant vector fields on the group GL,(R)
and find the Lie bracket. We will then be able to find the Lie algebras of other
groups by mapping them to GL,(R). There are obvious coordinates x;; for
GL,(R) C R™", and corresponding vector fields 0/0z;;. Of course they are
not left invariant under GL,(R): they are left invariant vector fields on the
abelian group R”Q, and have zero Lie bracket.

We let & = (x;;) be the matrix whose entries are the coordinate functions.
We can think of z as the identity function from R™ to itself, so might guess
that G acts trivially on it, but this is wrong: the point is that the two copies
of R" are not really the same as the domain is acted on by G by translations,
while the range is acted on trivially by GG. This is very confusing. The action of
an element g on z is given by right multiplying it by g~'. Next if a = (a;;) is a
matrix we can consider the matrix of differential operators with entries a;; We
consider the matrix D of differential operators x;;,0/0x;; (using the Einstein
summation convention). This acts on x as left multiplication by the matrix e;;
(with a 1 in position 4, j, other entries 0). Since left multiplication by a matrix
commutes with right multiplication we see that these differential operators all
commute with left translation on the entries of z, and therefore are left invariant
differential operators.

So we get a natural correspondence between n by n matrices and these left
invariant differential operators. Finally we can work out the Lie bracket of two
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such differential operators

) 0 00

i, ——— N = = ! B = ! iy g ———
[Tk y Li'k J=[=i ]xu Oy [i = j']x; J Ok

8ij

axj/k/
, and we see that it just corresponds to the Lie bracket
[eij,ei/jl] = [j = Z’I]eij/ — [7, = j/]ei’j

of n by n matrices e;; that have a one in position (¢, j) and are zero elsewhere.

To summarize, the Lie algebra of GL,,(R) is just M, (R), with the Lie bracket
given by [A, B] = AB — BA.

To find the Lie algebras of subgroups of general linear groups, which covers
most practical cases, we just have to find the tangent space at the identity. The
easy way to do this to to find the matrices A such that 1 + €A satisfies the
equations defining the Lie group, where €2 = 0.

Example 23 The orthogonal group consists of matrices g such that gg? = I.
So its Lie algebra consists of matrices a such that (14 ea)(1 4 ea®) = 1 to first
order in e, in other words a + a” = 0, so that a s skew-symmetric.

Example 24 The special linear group consists of matrices g such that det g = 1.
So its Lie algebra consists of matrices a such that det(1 + ea) = 1 to first order
in e. Since det(1 + ae) = 1 + Trace(a)e to first order in epsilon, the Lie algebra
consists of the matrices of trace 0.

Exercise 25 Show that the Lie algebra of the unitary group consists of skew
Hermitian matrices, which are Hermitian matrices multiplied by .

Identifying skew hermitian matrices with hermitian matrices by multiplica-
tion by 4 shows that defining [a,b] = i(ab — ba) makes Hermitian matrices into
a Lie algebra. This Lie bracket is not the only interesting algebraic structure
one can put on Hermitian matrices.

Exercise 26 Show that if ¢ and b are Hermitian then so is their Jordan product
aob = (ab+ba)/2. Show that this is a commutative but non-associative product,
satisfying the Jordan identity (xoy)o(xoxz) =z o (yo (zox)). Algebras with
these properties are called Jordan algebras.

In the early days of quantum mechanics it was hoped that a suitable Jordan al-
gebra would explain the universe, but this hope was abandoned when the simple
finite dimensional Jordan algebras were classified: they are mostly algebras of
Hermitian matrices, and none of them explain the known elementary particles.

Exercise 27 Find the Lie algebra of the group Spa, (R) of symplectic matrices.

As we mentioned before, the Lie algebra cannot detect other components
of the Lie group, or discrete normal subgroups. It is often useful to note that
discrete normal subgroups of a connected group are always in the center (proof:
the image of an element under conjugation is connected and discrete, so is just
one point). So for example, O,,, SO,, and PO,, all have the same Lie algebra.
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Subalgebras of Lie algebras B are defined in the obvious way and are ana-
logues of subgroups. The analogues of normal subgroups are subalgebras A such
that [A, B] C A (corresponding to the fact that a subgroup is normal if and only,
if aba=1b~! is in A for all @ € A and b € B) so that B/A is a Lie algebra in
the obvious way. Much of the terminology for groups is extended to Lie alge-
bras in the most obvious way. For example a Lie algebra is called abelian if the
bracket is always 0, and is called solvable if there is a chain of ideals with abelian
quotients. Unfortunately the definition of simple Lie algebras and simple Lie
groups is not completely standardized and is not consistent with the definition
of a simple abstract group. The definition of a simple lie algebra has a trap:
a Lie algebra is called simple if it has no ideals other than 0 and itself, and if
the Lie algebra is NON-ABELIAN. In particular the 1-dimensional Lie algebra
is NOT usually considered to be simple. The definition of simple is sometimes
modified slightly for Lie groups: a connected Lie group is called simple if its Lie
algebra is simple. This corresponds to the Lie group being non-abelian having
no normal subgroups other than itself and discrete subgroups of its center, so
for example SLo(R) is considered to be a simple Lie group even though it is not
simple as an abstract group.

Subgroups of Lie groups are closely related to subgroups of the Lie algebra.
Informally, we can get a subalgebra by taking the tangent space of the subgroup,
and can get a subgroup by taking the elements “generated” by the infinitesimal
group elements of the Lie algebra. However it is rather tricky to make this
rigorous, as the following examples show.

Example 28 The rational numbers and the integers are subgroups of the reals,
but these do not correspond to subgroups of the Lie algebra of the reals. It is
clear why not: the integers are not connected so cannot be detected by looking
near the identity, and the rationals are not a closed subset.

This suggests that subalgebras should correspond to closed connected sub-
groups, but this fails for more subtle reasons:

Example 29 Consider the compact abelian group G' = R?/Z?, a 2-dimensional
torus. For any element (a,b) of its Lie algebra R? we get a homomorphism of
R to G, whose image is a subgroup. If the ratio a/b is rational we get a closed
subgroup isomorphic to S' as the image. However if the ratio is irrational
the image is a copy of R that is dense in G, and in particular is not a closed
subgroup. You might think this problem has something to do with the fact that
G is not simply connected, because it disappears if we replace G by its universal
cover. However G is a subgroup of the simple connected group SU(3) so we run
into exactly the same problem even for simply connected compact groups.

In infinite dimensions the correspondence between subgroups and subalge-
bras is even more subtle, as the following examples show.

Example 30 Let us try to find a Lie algebra of the unitary group in infinite
dimensions. One possible choice is the Lie algebra of bounded skew Hermi-
tian operators. This is a perfectly good Lie algebra, but its elements do not
correspond to all the 1-parameter subgroups of the unitary group. We recall
from Hilbert space theory that 1-parameter subgroups of the unitary group cor-
respond to unbounded skew Hermitian operators (typical example: translation
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on L?(R) corresponds to d/dx, which is not defined everywhere.) So if we define
the Lie algebra like this, then 1-dimensional subgroups need not correspond to
1-dimensional subalgebras. So instead we might try to define the Lie algebra to
be unbounded skew hermitian operators. But these are not even closed under
addition, never mind the Lie bracket, because two such operators might have
no non-zero vectors in their domains of definition.

Example 31 It is reasonable to regard the Lie algebra of smooth vector fields
as something like the Lie algebra of diffeomorphisms of the manifold. However
elements of this Lie algebra need not correspond to 1-parameter subgroups. To
see what can go wrong, consider the vector field z2d/dx on the real line. If we try
to find the flow corresponding to this we have to solve dx/dt = 22 with solution
x = x9/(1 — zot). However this blows up at finite time ¢. so we do not get
a l-parameter group of diffeomorphisms. A similar example is the vector field
d/dx on the positive real line: it corresponds to translations, but translations
are not diffeomorphisms of the positive line because we fall off the edge.

So in infinite dimensions 1-parameter subgroups need not correspond to 1-
dimensional subalgebras of the Lie algebra, and 1-dimensional subalgebras need
not correspond to 1-parameter subgroups.

3 The Poincaré-Birkhoff-Witt theorem

We defined the Lie algebra of a Lie group as the left-invariant normalized dif-
ferential operators of order at most 1, and simply threw away the higher order
operators. This turns out to lose no information, because we can reconstruct
these higher order differential operators from the Lie algebra by taking the “uni-
versal enveloping algebra”, which partly justifies the claim that the Lie algebra
captures the Lie group locally.

The universal enveloping algebra Ug of a Lie algebra ¢ is the associative
algebra generated by the module g, with the relations [A, B] = AB — BA. A
module over a Lie algebra g is a vector space together with a linear map f from
g to operators on the space such that f([a,b]) = f(a)f(b) — f(b)f(a).

Exercise 32 Show that modules over the algebra Ug are the same as modules
over the Lie algebra g, and show that Ug is universal in the sense that any map
from the Lie algebra to an associative algebra such that [A, B] = AB — BA
factors through it. (Category theorists would say that the universal enveloping
algebra is a functor that is left adjoint to the functor taking an associative
algebra to its underlying Lie algebra.)

The universal enveloping algebra of a Lie algebra can be thought of as the
ring of all left invariant differential operators on the group (while the Lie algebra
consists of the normalized ones of order at most 1). Actually this is only correct
in characteristic 0: over fields of prime characteristic it breaks down because not
all left invariant differential operators can be generated by left invariant vector
fields. We can see this even in the case of the 1-dimensional abelian Lie algebra
over the integers.

Exercise 33 Show that the space of translation-invariant differential operators

. n
on Z[x] has a basis of elements 1 -4
n! dx
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So these are definitely not generated by %. If we reduce mod p we get similar
problems over fields of characteristic p. This is really a sign that in character-
istic p > 0 the Lie algebra is not the right object (and does NOT capture the
Lie group locally): the correct replacement is the algebra of all left invariant
differential operators, or something closely related such as a formal group.

We need some control over the size of the universal enveloping algebra. Sup-
pose that g is a free module over a ring. It is easy to find a good upper bound
on the size of Ug. We can filter Ug by Uy C Uy C Us - -- where U, is spanned
by monomials that are products of at most n elements of g.

Exercise 34 The associated graded ring Uy @ Uy /Uy @ --- has the following
properties: is is generated by U;, and is commutative.

Commutativity follows using AB — BA = [A, B]. So this graded algebra is a
quotient of the polynomial ring on g, which gives an upper bound on the size
of Ug.

Theorem 35 The Poincaré-Birkhoff-Witt theorem says that the map from the
polynomial ring S(g) to this graded algebra G(Ug) of U(g) is an isomorphism,
in other words there is no further collapse.

In particular the map from the Lie algebra to the UEA is injective, or in other
words we can find faithful representations of the Lie algebra.

The universal enveloping algebra is given by “generators and relations”, and
when objects are given in this way it is usually easy to find upper bounds for
the size of such objects by algebraic manipulation, but harder to show they do
not collapse further. A good way to find a lower bound on the size is to find
an explicit representation on something. Some cases of the PBW theorem are
easy: for example, if our Lie algebra is known to be the Lie algebra of a Lie
group, then the UEA should be differential operators, which come with a natural
representation on smooth functions, or we can even restrict to formal power
series expansions of smooth functions at the identity. There are enough such
functions to see that the elements g7'* g52... of the UEA are linearly independent
as they have linearly independent actions on smooth functions.

If we want to prove the PBW theorem more generally we have to work
harder: even over the reals it is not at all obvious that any Lie algebra is the
Lie algebra of a Lie group. (At first sight this seems easy: all one has to
do is find a faithful representation on a vector space, and exponentiate this
to a group action. For abelian Lie algebras this is trivial, and at the opposite
extreme when the algebra has no center it is also trivial as we can use the adjoint
representation. Every Lie algebra can be obtained by starting with these two
type and taking extensions, but it the trouble is that it is hard to show that one
can find a faithful representation of an extension of two algebras with faithful
representations.)

In general we have to build a suitable representation from the Lie algebra.
We will do this by building something that “ought” to be Ug, and then defining
an action of g on this by left multiplication and checking that it works.

Step 1: Construction of V. We choose a well-ordered basis of g and define
V' to have a basis of monomials that are formal products abc... of elements of
the basis with a <b < ¢ < ---. (There is an obvious map from V onto Ug; our
aim is to prove that it is an isomorphism.)
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Step 2: Construction of the action of g on V. Suppose a is a basis element of
g and be--- is in V. We define a(bc---) to be abc--- if a < b, and [ab](c---) +
b(a(c---) if a > b. This is well defined by induction on the length of an element
of V' and by using the fact that the basis is well ordered.

Step 3. Check that this action of g on V satisfies [a,b] = ab — ba. This
holds on ¢--- whenever b < ¢ by definition of the action, and similarly it holds
whenever a < ¢, so we can assume that both a and b are greater than ¢. We
can also assume by induction that [z, y](z) = z(y(z)) — y(z(z) for any elements
x, y of the Lie algebra and any element z of V' of length less than that of ¢---.
We calculate both sides of the identity we have to prove, pushing ¢ to the left,
as follows:

) +a([b,d(---)) (1)
(a((---)) + la, cJ(b(---) + [a, [b, )(---) + b, ] (al---)) - (2)
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—~~
[~
—~
o
-
~—
Il
o
—~
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and similarly
bla(c---)) = c(b(a(---))) + [b,c(a(---) + [b; [a, c]I(- -+ ) + [a, c](b(- -+ ))
[a,b)(c---) = e([a, b](- --)) + [[a, b, ](-- )

Comparing everything we see that

a(ble---)) = blafe---)) —[a,b](c---)

is equal to
Ha7b]7c](' ’ ) + Hb7 c],a](~ ’ ) + [[070‘]7[)](' ’ )

We finally use the Jacobi identity for g to see that this vanishes, thus showing
that we indeed have an action of g on V.

This completes the proof of the PBW theorem.

The PBW theorem shows that we have found “all” identities satisfied by the
Lie bracket, at least over fields, because any Lie algebra is a subalgebra of the Lie
algebra of some associative algebra. For Jordan algebras the analogous result is
not true. Jordan algebras are analogous to Lie algebras except that the Jordan
product a o b is ab+ ba rather than ab — ba. This satisfies identities aob =boa
and the Jordan identity. However these identities are not enough to force the
Jordan algebra to be a subalgebra of the Jordan algebra of an associative ring:
the Jordan algebras with this property are called special, and satisfy further
independent identities (the smallest of which has degree 8). There is a 27-
dimensional Jordan algebra (Hermitian matrices over the Cayley numbers) that
is not special. Another example is Lie superalgebras: here we need the extra
identity [a, [a,a]] = 0 for a odd in order to get a faithful representation in a ring.

The PBW theorem underlies the later calculations of characters of irreducible
representations of Lie algebras. These representations can be written in terms of
“Verma modules”, an Verma modules in turn can be identified with the universal
enveloping algebras of Lie algebras. The PBW theorem gives complete control
over the “size” of the Verma module, in other words its character, which in
turn leads to character formulas for the irreducible representations. A related
application is the construction of exceptional simple Lie algebras (and Kac—
Moody Lie algebras): the hard part of the construction is to show that these
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algebras are non-zero, which ultimately reduces to showing that certain universal
enveloping algebras are non-zero.

The UEA of a Lie algebra is not just an associative algebra; it is also a Hopf
algebra.

Definition 36 A Hopf algebra is a group.

In order to understand this, we need to explain what a group is. It is a set G
with an associative product, identity, and inverse. However it also has further
structure as follows. Given a group action on sets X, Y, there is an action on
X x Y given by g(z x y) = g(x) x g(y). This action is given by the diagonal
map g — g X g from G to G x G. Similarly there is an action of G on a 1-point
set, induced by a map g — * from G to a 1-point set. These extra maps are
not usually mentioned in the definition of a group, because they are uniquely
determined. There is a unique diagonal map from G to G x G so that the maps
G — G x G — G are identities. So we have a coassociative coproduct map
G +— G X G and a counit G+ 1 making G into a “cogroup”, but this structure
is boring because it is uniquely determined for any set. The reason it is unique
is that we define the product of a group using the categorical product of sets.
Similarly we can define groups in any category with products, and again the
“coalgebra” structure is uniquely determined.

Now suppose that we have a category with some sort of product operation
that is not the categorical product; for example, the tensor product of modules
over a ring. If we copy the naive definition of a group, we get the concept of
an associative algebra. However these do not behave like groups: for example,
there is not natural action on tensor products of modules, corresponding to
an action of a group on a product of sets. To get this we need to put in the
“costructure” explicitly. In other words, we need a coassociative product with
a counit, so that the coproduct is an automorphism of algebras. The inverse of
a group gives an antipode on the Hopf algebra.

So we can defined groups/Hopf algebras in any symmetric monoidal category.
In the category of sets, these are just the usual groups, while in the category of
modules over a ring we get the usual Hopf algebras.

Example 37 If G is a group, then its group ring R[G] over a commutative ring
is a Hopf algebra, with the coproduct given by g — g ® ¢ and the counit given
by g — 1.

We can ask if the group is determined by the group ring. The answer is “no” if
the group ring is considered as an associative algebra: for example, the complex
group ring of a finite abelian group is just a sum of copies of C corresponding
to the irreducible representations, so two finite abelian groups have isomorphic
group rings if and only if they have the same order. However the group can be
recovered from the Hopf algebra as the group-like elements:

Definition 38 An element of a Hopf algebra is called group-like if A(a) = a®a
and (a) = 1.

Exercise 39 Show that the group-like elements of a Hopf algebra form a group.
Show that the group-like elements of a group ring of G form a group that can be
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naturally identified with the group G. What is the group of group-like elements
of the universal enveloping algebra of a Lie algebra?

The universal enveloping algebra is not the only analogue of the group ring
for a Lie group. Another analogue, often used in analysis, is the algebra of
continuous (or smooth) functions of compact support (or L' functions, or finite
measures...) under convolution. For p-adic groups one can take the locally
constant functions with compact support. These algebras look more like the
group algebra of a finite group, but is less convenient in some ways as they need
not have a coproduct.

Example 40 The main point of all this is that the UEA of a Lie algebra is a
Hopf algebra. In other words it behaves as if it were a group or group ring, which
is of course an approximation to the Lie group of the Lie algebra. The map from
Ugto Ug®U g is given by the Leibniz formula g — 1®g+g¢x1 from calculus. This
is really just the formula telling you how to differentiate a product: %( fg) =
d%(f)g + fd%(g), where we can see the map % — % R1+1® %.

The fact that the map A extends to a ring homomorphism follows from the
universal property of the UEA.

We would like to reconstruct the Lie algebra from its universal enveloping
algebra in the same way we reconstructed a group from its group algebra.

Definition 41 An element of a Hopf algebra is called primitive if it satisfies
the Leibniz identity A(a) =a® 1+ 1Q® a.

Exercise 42 Show that the primitive elements of a Hopf algebra form a Lie
algebra.

A natural guess is that the Lie algebra consists of the primitive elements of the
universal enveloping algebra. This fails over fields of positive characteristic p:

Exercise 43 If a is primitive in a Hopf algebra of prime characteristic p > 0,
so is aP. Find the Lie algebra of primitive elements of the universal enveloping
algebra of a 1-dimensional Lie algebra over the finite field ).

Sometimes in characteristic p one works with restricted Lie algebras: these are
Lie algebras together with a ““p”th power operation” a a[p] behaving like
the p-th power of derivations.

Lemma 44 Owver a field of characteristic 0, an element of the UEA is primitive
if and only if it is in the Lie algebra.

Proof It is obvious that elements of the Lie algebra are primitive, so we need
to show that primitive elements are in the Lie algebra. By the PBW theorem,
the coalgebra structures on any two Lie algebras of the same dimension are
isomorphic, so we can just the lemma for one Lie algebra of any dimension, say
the abelian one.

Exercise 45 Show that over a field of characteristic 0, the dual of a polynomial

ring generated by primitive elements is a ring of formal power series. Show that
this is false in positive characteristic.

20



Primitive elements satisfy A(a) = 1®a+ax1,soa(fg) = a(f)n(g)+n(f)alg) =
0 whenever f and g are power series with constant term 0 (in other words in the
kernel of the counit 1), so have to vanish on all decomposable elements, those
that are products of two power series with constant term 0. The decomposable
elements span all elements whose terms of degrees less than 2 vanish, so primitive
elements have degree 1 and are therefore in the Lie algebra. [0 The proof fails

in positive characteristic because the dual algebra of the coalgebra of a UEA is
no longer a power series ring. If the coalgebra is Z[D] then the dual algebra
is Z[{x%/i!}], so reducing mod p we get an algebra generated by elements of
degrees p™ each of which has p’th power 0. This is another indication that the
UEA is the wrong object if we are not working over fields of char 0.

There is a second way to associate a Hopf algebra to a Lie group, which is in
some sense dual to the UEA, which is to take the ring of polynomial functions
on an (algebraic) Lie group. The UEA consists of (left invariant) differential
operators and is cocommutative but not usually commutative, while the ring
of (polynomial) functions is commutative but not usually cocommutative. It
works as follows: suppose that G is an algebraic group contained in R™. Then
it has a coordinate ring O(G) = R[xy. -+ ,2,]/(I) where the ideal I is the
polynomials vanishing on R. The product map G X G — G induces a dual map
O(G) — O(G) ® O(@), and similarly the unit of G induces a map O(G) — R,
so we have all the data for a commutative Hopf algebra.

Example 46 Suppose G is the general linear group SLo(R). Then the coordi-
nate ring is O(G) = RJa,b,¢,d]/(ad — bc — 1). The coproduct is given by the
group product:

ar by az by\ _ [(aiaz +bica aiby + bids
1 di ca do)  \cias +dica c1be + dida
so A(a) = a®a+b®c, A(b) = a®b+bRd, A(c) = c®a+d®b, A(d) = c®b+d®d.

The counit is given by n(a) = 1, n(b) = 0, n(c) = 0, n(d) = 1. The antipode is
S(a) =d, S(b) = —b, S(c) = —¢, S(d) = a.

Example 47 Following Quillen and Milnor, we will show that the Steenrod
algebra in algebraic topology is a sort of infinite dimensional Lie group.

First recall the original definition of the Steenrod algebra. The Steenrod
algebra is the algebra of stable cohomology operations mod 2, so can be found by
calculating the cohomology of Eilenberg—Maclane spaces, which was originally
done by H. Cartan and Serre. They showed that the Steenrod algebra is the
algebra over F, generated by elements Sq? for ¢ =1,2,3--- modulo the Adem
relations

Sq'S j_[i/Q] J—k-1 S i+j*ks k
7S¢ = ];) < o ) q q
which not even algebraic topologists are able to remember. Cartan also gave a
formula for the action of Steenrod squares on a cup product

Sq*(xUy) = > (Sq'z) U (Sg’y)

i+j=n
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which we know should be interpreted as a coproduct on the Steenrod algebra

ASq"= Y S¢' @S¢

1+j=n

In other words the Steenrod algebra is a cocommutative Hopf algebra over the
field with 2 elements. A cocommutative Hopf algebra should be thought of as
something like a (universal enveloping algebra of a Lie) group, so should be
related to the automorphisms of something. We will show that the Steenrod
algebra is in some sense the automorphism group of the 1-dimensional additive
group.

At first sight this makes no sense. The automorphism group of the additive
Lie group R is just R* which looks nothing like the Steenrod algebra. This is
because we need to look more closely at this group, where by “more closely” we
mean infinitesimally.

So first look at infinitesimal automorphisms of the real line fixing 0. These
can be written as formal power series

w»—>a0x+a1m2+~-~

with ag invertible. The product of this group is by composition of power series
(which accounts for the funny grading of the coeflicients). We can do this all over
the integers Z. Then this group is represented by the ring Z[ay, aal, ay,asg, ...,
which has a complicated coproduct map describing the group product.

Exercise 48 Find the image of ag, a1, and as under the coproduct map.

To get the Steenrod algebra, we restrict to the subgroup of automorphisms of the
line preserving the additive group structure, in other words we want the power
series f with f(z+y) = f(z)+ f(y). The problem is that there are non (except
for multiplication by constants). This is because we forgot to reduce mod p. If
we work mod a prime p there are now plenty of additive homomorphisms, in
particular the Frobenius map z — 2? and its powers z — x?" . So the group of
infinitesimal automorphisms of the additive group consists of the maps

2
T+ agT + ap_12P +ap_qaf 4 -

(with ag invertible). So the coordinate ring of the corresponding group is
F,lzo, xal, ap—1,0p2_1,---]. Now we need to find the coproduct on this corre-
sponding to composition of functions. Suppose we have two group elements

x> f(z) = apr + ap—12P + apz,lxpz +

and ,
x— g(x) = box + bp—12? + bp2_12P 4 ---

. We want to calculate f(g(x)). This is given by

i

Flo@) =3 ap_1 (O byi_ya?’ )P (3)
= ap bt 2 (4)
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so the coproduct is given by Milnor’s formula

Alapn_1) = Z Qpi_q ®a§;_1.
i+j=n
or
A(ao) = ag @ ag

Alar) = ap® a1 + a1 ® af
A(a3):ao®as+a1®af—|—a3®aé
A(CW)=ao®a7+a1®a§+a3®a%+a7®ag

We get the classical Steenrod algebra from this (for p = 2) by making 2 minor
changes: we identify ag with 1, and (following Milnor) we take the graded dual
(so that the Steenrod algebra is cocommutative rather than commutative). So,
as Quillen pointed out, the mysterious Adem relations turn out to be a disguised
form of the rule for composing two formal power series.

We can try to understand the structure of the Steenrod algebra by pretending
that it is a Lie group. So we should ask if it is solvable/nilpotent/simple. It
is graded by the non-negative integers, so it has an abelian degree 0 piece on
the top, and then the rest of it is almost nilpotent: more precisely it is pro-
nilpotent, a projective limit of nilpotent objects. So the Steenrod algebra itself
should be thought of as a pro-solvable infinite dimensional Lie group. (The
correct terminology is affine group scheme.) For any commutative R ring the
group S(R) has a decreasing filtration Sy C Sp—1 C Sp2—; C -+, where Spn_q
for n > 0 consists of the automorphisms = — x + apn,lxpn +---. So So/Sp-1
is the multiplicative group of R, and Syn_1/Spn+1_1 is the additive group of R.

4 The exponential map

If A is a matrix, we can define exp(A) by the usual power series. We should
check this converges: this follows if we define the norm of a matrix to be
sup,_o(|Az])/|z|. Then |[AB| < |A[|B| and [A+ B| < |A|+|B| so the usual esti-
mates show that the exponential series of a matrix converges. The exponential
is a map from the Lie algebra M, (R) of the Lie group GL, (R) to GL,(R). (The
same proof shows that the exponential map converges for bounded operators on
a Banach space. The exponential map also exists for unbounded self-adjoint
operators on a Hilbert space, but this is harder to prove and uses the spectral
theorem.) The exponential map satisfies exp(A+ B) = exp(A) exp(B) whenever
A and B commute (same proof as for reals) but this does NOT usually hold if A
and B do not commute. Another useful identity is det(exp(A)) = exp(trace(A))
(conjugate A to an upper triangular matrix).

To calculate the exponential of a matrix explicitly one can use the Lagrange
interpolation formula as in the following exercises.

Exercise 49 Show that if the numbers A; are n distinct numbers, and B; are
numbers, then

(A= d)(A=Dg) o (A= M)A =)
A= A)Ar—=As) (e = A)(ha — Ag) -

is a polynomial of degree less than n taking values B; at A;.

By
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Exercise 50 Show that if the matrix A has distinct eigenvalues Aj,Ag,... then
exp(A) is given by

(A—X)(A—X3)---
A —A2) (A1 — Ag) -+

(A= M)(A—A3) -
(A2 = A1) (A2 — Az) -

exp()\l)( -+ exp(A2)

(In this formula exp can be replaced by any holomorphic function.)

Exercise 51 Find exp b). The work can be reduced a little by writing

d
the matrix as a sum of a multiple of the identity and a matrix of trace 0.

In particular for every element of the Lie algebra we get a 1-parameter
subgroup exp(tA) of the Lie group. We look at some examples of 1-parameter
subgroups.

Example 52 If A is nilpotent, then exp(tA) is a copy of the real line, and its
elements consist of unipotent matrices. In this case the exponential series is
just a polynomial, as is its inverse log(1l + x), so the exponential map is an
isomorphism between nilpotent matrices and unipotent ones.

Example 53 If the matrix A is semisimple with all eigenvalues real, then it can
be diagonalized, and the image of the exponential map is a copy of the positive
real numbers. In particular it is again injective.

Example 54 If the matrix A is (_01 é) (semisimple with imaginary eigen-

values) then the image of the exponential map is the circle group of rotations.
In particular the exponential map is no longer injective.

Example 55 A 1-parameter subgroup need not have closed image: consider
an irrational line in the torus S* x S, considered as (say) diagonal matrices in

GLy(C).)

In general a 1-parameter subgroup may combine features of all the examples
above.

Exercise 56 Show that if A is in the Lie algebra of the orthogonal group (so
A+ A = 0) then exp(A) is in the orthogonal group.

One way to construct a Lie group from a Lie algebra is to fix a representation
of the Lie algebra on a vector space V', and define the Lie group to be the group
generated by the elements exp(a) for a in the Lie algebra. It is useful to do this
over fields other than the real numbers; for example, we might want to do it
over finite fields to construct the finite simple groups of Lie type. The problem
is that the exponential series does not seem to make sense. We can get around
this in two steps as follows. First of all, if we work over (say) the rational
numbers, the exponential series still makes sense on nilpotent elements of the
Lie algebra, as the series is then just a finite polynomial. The other problem
is that the exponential series contains coefficients of 1/n!, that make no sense
if n < p for p the characteristic of the field. Chevalley solved this problem as
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follows. The elements a™/n! are elements of the universal enveloping algebra
over the rationals. If we take the universal enveloping algebra over the integers
and reduce it mod p we cannot then divide a™ by n!. However we can first do
the division by n! and then reduce mod p: in other words we take the subring
of the universal enveloping algebra over the rationals generated by the elements
a™/n! for a nilpotent, and then reduce this subring mod p. Then this has well
defined exponential maps for nilpotent elements of the Lie algebra.

Another way to define exponentials without dividing by a prime p is to use
the Artin-Hasse exponential

Exercise 57 Show that a formal power series f(x) = 1+ --- with ratio-
nal coefficients has coefficients with denominators prime to p if and only if
f(zP)/f(z)? =1 mod p. Use this to show that the Artin-Hasse power series has
coeflicients with denominators prime to p.

Example 58 The exponential map need not be onto, even if the Lie group is
connected. As an example, we will work out the image of the exponential map
for the connected group SLs(R). The Lie algebra is the 2 by 2 matrices of trace
0, so the eigenvalues are of the form A\, —X for A > 0, or i\, —iA for A > 0,
or 0,0. In the first case exp(A) is diagonalizable with two positive distinct
eigenvalue with product 1. In the second case A is diagonalizable with two
eigenvalues of absolute value 1 and product 1. In the third case A is unipotent
(both eigenvalues 1) but need not be diagonalizable. If we check through the
conjugacy classes of SLy(R) we see that we are missing the following classes:
matrices with two distinct negative eigenvalues (in other words trace less than
—2), and non-diagonalizable matrices with both eigenvalues —1. So the image of
the exponential map is not even dense (or open or closed): it omits all matrices
of trace less than —2.

There is an alternative more abstract definition of the exponential map that
goes roughly as follows. For any element a of the Lie algebra of a group G
we show that there is a unique 1-parameter subgroup R — G whose derivative
at the origin is a. Then exp(a) is defined to be the value of this 1-parameter
subgroup at 1. This definition has the advantage that it works for all Lie groups,
and in particular shows that the exponential map does not depend on a choice
of representation of the Lie group as a matrix group. The disadvantage is that
one has to prove existence and uniqueness of 1-parameter subgroups, which are
essentially geodesics for a suitable connection on G.

Theorem 59 (Campbell-Baker-Hausdorff)
exp(A) exp(B) = exp(A + B +[A, Bl/2+ -+

where the exponent on the right is an infinite formal series in the free Lie algebra
generated by formal variables A and B.

In particular this justifies the claim that Lie algebras capture the local structure
of a Lie group, because we can define the product of the Lie group locally in
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terms of the Lie bracket. The convergence of the Campbell-Baker-Hausdorff
formula is a bit subtle: it converges in some neighborhood of 0, and converges for
nilpotent Lie algebras, but does not converge everywhere if the simply connected
Lie group of the Lie algebra is not homeomorphic to a vector space. For example,
if it converged everywhere for the group SU(2) then we would find that R? can
be given a group structure locally isomorphic to it, which is impossible as the
universal cover is not R3.

In general there is no exponential map from a Lie algebra to its UEA, but
we can define one to its completion if the Lie algebra is graded with all pieces
of positive degree. In this case the UEA is also graded so we can take its
completion, and the exp and log maps are well defined on elements with constant
terms 0 and 1 in this completion. We can define group-like elements in the
completed UEA in the obvious way (but note that the map A has image in
the completion of Ug ® Ug, which is larger than the tensor products of the
completions). For nilpotent Lie algebras things are even better as the series are
finite as elements of the Lie algebra are nilpotent, so we do not need to take
completions.

Lemma 60 exp is an isomorphism from primitive elements to group-like ele-
ments in the completion of the UEA, with inverse given by log

Proof This is an easy calculation: for example, if a is primitive so that A(a) =
1®a+a®1, then A(exp(a)) =exp(A(a)) = exp(l ® a)exp(a ® 1) = exp(a) ®
exp(a). O

Proof (of the Baker-Campbell-Hausdorff formula) If we grade the free Lie alge-
bra by giving A and B degree 1 then it is trivial that exp(A) exp(B) = exp(C) for
some C' in the completion of the UEA: we just take C' to be log(exp(A) exp(B)).
The problem is to prove that C' is in the completion of the Lie algebra, in other
words can be written in terms of A and B using just the Lie bracket but not the
product of the UEA. In other words we have to show that C' is primitive. But
this follows easily from the remarks above: A and B are primitive, so exp(A)
and exp(B) are group-like, so their product exp(A) exp(B) is also group-like, so
the log of the product is primitive. O

One application of this formula is to prove Lie’s rather hard theorem that
there is a Lie group for every Lie algebra: roughly speaking the CBH formula
allows us to define a sort of local chunk of the Lie group near the identity, and
we can construct a global Lie group by carefully pasting such chunks together.

This does not quite give an explicit expression for exp(a) exp(b); in fact there
are many different explicit expressions, because there are many ways to write
elements of the free Lie algebra. We will now use the Campbell-Baker-Hausdorff
to find an explicit expression.

Dynkin gave an explicit formula for the Campbell-Baker-Hausdorff formula
as follows. We can write

T (71)m xi yj
log(e®e’) =Y ~——| > =
m>0 i+j>0 J:

(remembering that x and y do not commute) which gives an explicit non-
commuting power series, though not written in terms of the Lie bracket. How-
ever we know the right hand side is primitive by the Baker-Campbell-Hausdorff
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theorem, so if we apply any linear map ® from the free associative algebra to
the free Lie algebra on x, y that is the identity on primitive elements we will
get an explicit expression for log(e”e¥) in terms of the Lie bracket. One such
linear map ¢ was found by Dynkin as follows. Put

(I)(xle . 'xnflxn) = [xlv [an ) [xnfhxn] o ]]

if n > 1. Then by definition of @, if degv > 0 we have ®(uv) = 6(u)®(v), where
6 is the algebra homomorphism from the associative algebra to End(A) taking
x; to [z;, %] (so O(u)v = [u,v] whenever u is primitive). Then ®(u) = deg(u)u
for all primitive elements u. This follows by induction on the degree of u as
D([u,v]) = P(uv —vu) = O(u)P(v) — O(v)P(u) = deg(v)[u,v] — deg(u)[v,u] =
deg([u, v])[u, v].

So we define ¢ by ¢(u) = ®(u)/deg(u) if deg(u) > 0, giving the desired
retraction from the associative algebra to the Lie algebra.

Exercise 61 Work out the terms of Dynkins formula of degree up to 3. (An-
swer: x +y + [2,9]/2 + [z, [z, 9] /12 + [y, [y, 2]]/12.)

5 Free things

The free monoid on n generators ay, . ..ay, has elements a;, a;, corresponding to
all finite sequences i1,142,... of 1,...n in the obvious way. These elements form
a basis of the free algebra on these generators (which is the monoid ring of the
free monoid). In particular the free algebra, graded so that all generators have
degree 1, and a degree m piece of dimension n™

Example 62 The free Lie algebra on n generators a, b, ¢, . . . is graded by giving
all generators degree 1, and we can ask for the dimension of the piece of degree
m; in other words how many independent expressions can we form using the
Lie bracket m — 1 times. We can solve this using the PBW theorem. The
point is that the UEA of a free Lie algebra is the free associative algebra on
a, b, c,...,whose piece of degree m has dimension n'. By the PBW theorem the
UEA is the “same size” as the polynomial algebra over the free Lie algebra. So
if the free Lie algebra has k,, independent elements of degree m, then

1 1

- 2,2
(1—t)k (1—t2)k2"'*1+nt+nt +...

(where the left is the Poincare series of the symmetric algebra of the UEA, and
the right is the Poincare series of the free associative algebra). So this gives a
recursive way to calculate the numbers k,,, especially if we take logs of both

sides:
Zkt”/jflog(l/lfnt Znt/z

The dimension M («,n) of the degree n piece of the free Lie algebra on «
generators is called a necklace polynomial, and by Moebius inversion is given
by

Mam) = =3 uln/d)a

d|n
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M(a,1) =«
2

M(a,2) =2 ;O‘
3 _

M(a,3) =2 ; “
4 2

M(a,4):¥

Exercise 63 Show that the necklace polynomial M («, n) counts the number of
aperiodic necklaces with n beads of « colors. (Aperiodic means that the necklace
cannot be obtained by repeating some smaller necklace. Necklaces are the same
if one can be obtained by rotating another, but “flipping” is not allowed.) Show
that if ¢ is a prime power then M (q,n) is the number of irreducible monic
polynomials of degree n over the field of ¢ elements. Show that

(1—az) =[] -2mMen,

n

We can construct a totally ordered basis H for the free Lie algebra on a
totally ordered set X using Hall sets as follows. The set H is the union of sets
Hy, Ho, of degrees 1, 2, ...and if u has length less than v then u < v. The set H;
is just X. The set Hj is the elements [u,v] with u,v € Hy,u < v. The elements
of length at least 3 are those of the form [u[vw]] with v < u < [u,v] and v < w
and w, v, w, [[vw] all in H. We choose any total ordering on H,. We will not
give a proof that this works as we do not use this result later.

Exercise 64 Find the sets Hq, Ho, H3, Hy, Hs for a free Lie algebra on 2 gen-
erators (for some choice of ordering in H;).

A useful variation of the free monoid is the free group on generators a, b, . . .,
which is the same as the monoid on generators a, A,b, B, ... with the relations
aA = Aa = 1 and so on. We review some basic facts about free groups.

Lemma 65 Each element of the free group has a unique representative given
the product of a sequence of elements a, A = a=',b,B = b~ ', ... such that no
generator occurs mext to its inverse. In other words, there are no “unexpected”
relations between generators of a free group.

Proof It is obvious that any element of the free group can be written in this
form, and the problem is to show that this representative is unique. If X =Y
then XY ~! = 1, so this reduces to checking that non-empty representative is not
the identity element. This is the usual problem for things given by generators
and relations of showing that there is no unexpected collapse, and a good way to
show this is to find explicit representations where given elements are obviously
nontrivial. We will do this by constructing some explicit finite permutation
representations.

Given a product X = x, ---xox1 -+ of n > 0 elements a, A,b, B, ... with
no generator next to its inverse we will construct an action of the free group
on a finite set of n + 1 points 1,2,...n + 1 such that X takes 1 to n + 1. We
first decree that x1(1) = 2, x2(2) = 3, and so on. We need to extend this to an
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action of each generator a on 1, 2, ..., n+ 1. But since a does not occur next to
A in X, the conditions on a are consistent so we can extend the action of a to
the whole of 1,...,n+ 1. So we get an action of the free group on n + 1 points
with X acting nontrivially, which shows that X is not the identity. ]

In fact we have shown a little more: free groups are residually finite, meaning
that for any nontrivial element we can find a finite index (normal) subgroup
containing it. Another way of thinking about this is that elements can be
detected by homomorphisms to finite groups. (In general if P is some property
of groups, then “residually P” means that any two distinct elements of the group
can be separated by a quotient group with property P.)

A useful way of thinking of free groups is that they are the fundamental
groups of (connected) graphs with base points. Given such a graph we can
obtain an independent set of generators for its free fundamental group by picking
a maximal tree. The remaining edges then correspond to generators of the
fundamental group as follows: given such an edge, start at the basepoint, travel
along the tree to one end of the edge, go along the edge, then go back along the
tree to the basepoint.

Lemma 66 Any subgroup of a free group is free. More precisely, an index m
subgroup of a free group on n generators is free on m(n — 1) + 1 generators.

Proof Represent the free group as the fundamental group of a graph with n
loops. Then a subgroup of index m is the fundamental group of the correspond-
ing m-fold connected cover. Since this is also a tree, its fundamental group is
also free.

To count the number of generators, observe that the number of generators
of the fundamental group of a graph is 1 — x where x is the Euler characteristic
(number of vertices minus number of edges). Since the Euler characteristic
gets multiplied by m when we take an m-fold cover, this gives the number of
generators of a subgroup. [l

Exercise 67 Consider the action of the free group on 2 generators a, b on 3
points 1, 2, 3 such that a and b act as the transposition (12) and (13). Find a
set of four generators for the free subgroup fixing 1. (Draw the graph with three
vertices 1, 2, 3 and four edges giving the actions of a and b on the vertices, then
pick a maximal tree (with 2 edges) then find the four generators by starting at
1, running along the tree, across and edge, and back along the tree.)

Exercise 68 How many subgroups of index 3 does the free group on 2 genera-
tors have? (The subgroups correspond to transitive actions on 3 points, one of
which is marked.) How many triple covers does a figure 8 have?

Now we show that free Lie algebras and free Lie groups are closely related.
This may be a little surprising, because these correspond to connected and
discrete groups, which in some sense are opposite to each other. Given a free

group F', we can form its descending central series Fy D F} O ---, with F; 41 =
[F;, F], the group generated by commutators.
If a group has a descending central series Gy D G1--- we can construct a

graded Lie ring from it as follows. The Lie ring will be Go/G1 ® G1 /G2 ® - - -.
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The additive structure of the ring is just given by the (abelian) group structure
on each quotient. The Lie bracket is given by the commutator [a,b] = a~1b~Lab.
The key point is to check that the Jacobi identity holds. This follows from Philip
Hall’s identity:

Exercise 69
[[xvyil]’z]y : Hyazil]vx]z : szxil]’y]z =1
Exercise 70 Check that Go/G1 ® G1/G2 @ - - is a Lie ring.

Theorem 71 The Lie ring of the descending central series of the free Lie group
on n generators is the free Lie ring on these generators.

Proof First, there is an obvious homomorphism from the free Lie ring to the
Lie ring of the free group, by the universal property of the free ring. To prove
this is an isomorphism we want to construct a map in the other direction. We
do this as follows.

We map each generator A of the free group to exp(a) in the rational com-
pleted universal enveloping algebra of the free Lie ring, where a is the generator
of the free Lie ring corresponding to the generator A of the free group. This
extends to a homomorphism f of groups by the universal property of a free
group. If A is in F,, then f(A) is of the form 1+ an41 + ant2 + -+ where a;
has degree 7 in the universal enveloping algebra. We define the image of A to be
the element a, 1. We can check that this is primitive (as the log of a group-like
element is primitive) and integral, so an element of the free Lie algebra. We
can also check that this preserves addition and the Lie bracket and so gives a
Lie algebra homomorphism from the Lie ring of the free group. This gives the
desired inverse map, so proves that the Lie ring of the free group is the free Lie
algebra. O

Exercise 72 Show that free groups are residually nilpotent. Show that free Lie
algebras are residually nilpotent.

So the relation between the free group and the free Lie algebra on some
generators is given as follows. The Lie ring of the free group is the free Lie
ring on the generators. The group generated by the elements exp(a), as a runs
through generators for a free Lie ring, is the free group.

6 Nilpotent Lie groups

The main result about nilpotent Lie algebras is Engel’s theorem, due to Friedrich
Engel (not to be confused with the philosopher Friedrich Engels).

Theorem 73 (Engel) Suppose that g is a Lie algebra of nilpotent endomor-

phisms of a non-zero finite dimensional vector space V.. Then V has a nonzero
vector fized by g.
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Proof We use induction on the dimension of g. The main step is to show that
g has an ideal h of codimension 1 (unless g is 0). So fix any proper nonzero
subalgebra h of g. Then h acts on g by nilpotent endomorphisms, and so acts
on the vector space g/h by nilpotent endomorphisms. By induction there is a
nonzero element of g/h killed by h, so if h has codimension greater than 1 we
can add this to A and repeat until A has codimension 1. In this case h is an
ideal of g.

Now look at the subspace W of V fixed by all elements of h, which is non-
zero by induction. This is acted on by the 1-dimensional Lie algebra g/h as h
is an ideal, and as g/h acts by a nilpotent endomorphism of W there must be
a non-trivial fixed vector. (]

This theorem shows that if g is a Lie algebra of nilpotent endomorphisms of
V', then there is a flag 0 =V, C V3 C --- C V,, = V such that g acts trivially
on each V;/V;_1. (Take V; to be the vectors fixed by g and apply induction
to V/V1). In other words V has a basis so that g is strictly upper triangu-
lar. Conversely any strictly upper triangular Lie algebra consists of nilpotent
endomorphisms.

We would like to say that a Lie algebra is nilpotent if all elements are rep-
resented by nilpotent matrices, but there is a slight problem that this depends
on the choice of representation: an 1-dimensional abelian Lie algebra can be
represented by either a nilpotent or a non-nilpotent matrix. So instead we use
the following definition:

Definition 74 A Lie algebra g is called nilpotent if it has a central series 0 =
go C g1 C -+ C gn = g. This means that each g; is an ideal, and g fizes all
elements of g;/gi—1 (or equivalently that g;/g;—1 is in the center of g/g;—1).

There are two obvious ways to construct a central series of a group or Lie
algebra: we can start at the bottom, and repeatedly quotient out by the center
(9i/9i—1 = center of g/g;—1), or we can start at the top and repeatedly take
commutators (g; = [g, gi+1] ). The first method produces the “largest” central
series and the second produces the “smallest”. It is also possible to continue
the upper and lower central series “transfinitely” but then they are no longer
closely related: for example, for the free group or Lie algebra the descending
central series becomes trivial after w steps, but the ascending one never takes
off as the center is trivial.

Exercise 75 Find an example of a nilpotent Lie algebra whose ascending and
descending central series are not the same. (The smallest example is 4-dimensional.)

A reasonably typical example of a nilpotent Lie algebra is the Lie algebra
of all strictly upper triangular matrices. A Lie algebra is nilpotent if and only
if it is isomorphic to a Lie algebra of strictly upper triangular matrices. This
follows immediately from Engel’s theorem if we can show that it has a finite-
dimensional faithful representation in which all elements act nilpotently. We
will prove this later as a special case of Ado’s theorem.

Similarly we define a group to be nilpotent if it has a central series. There is
nothing obviously nilpotent in a nilpotent group: the terminology comes from
Lie algebras.
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Theorem 76 For finite groups, the nilpotent ones are just the products of
groups of prime power order.

Proof First we show that any group of prime power order is nilpotent. The
key step is to show that it has a nontrivial center (if it is nontrivial). For this,
look at the partition into conjugacy classes. Fach conjugacy class has order
(order of G)/(order of subgroup fixing an element), so has order divisible by p
if it is not in the center. If G is nontrivial it also has order divisible by p, so the
number of elements in the center is divisible by p. So by repeatedly killing the
center we see that G has a central series and is nilpotent.

It is trivial to see that a product of two nilpotent groups is nilpotent, so any
finite product of groups of prime power order is nilpotent.

Conversely we want to show that if G is nilpotent then it is a product of its
Sylow subgroups, or in other words all its Sylow subgroups are normal. If G
is nontrivial then we can find an element of some prime order p in the center
generating a subgroup H as G is nilpotent, and by induction G/H is a product
of its Sylow subgroups. But if @ is a Sylow g-subgroup of G, then its image in
G/H is the unique Sylow g-subgroup of GG/H, whose inverse image in G is QH.
But since H is in the center of QH there is only one Sylow g-subgroup of QH
(either @ or QH depending on whether or not p = ¢) so it must be normalized
by G. So all Sylow subgroups of G are normal, so G is a product of its Sylow
subgroups. O

For any finite nilpotent group we can construct a finite Lie ring of the same
order, as in the previous section. This does not seem to help all that much, as
finite Lie rings seem just as messy as finite nilpotent groups.

The naive analogue of Engel’s theorem fails for nilpotent groups: for exam-
ple, the dihedral group of order 8 is nilpotent but has no fixed vectors in its
2-dimensional real representation. However there is an analogue that works: if
a p-group acts on a non-zero finite dimensional vector space over a field with
p elements then it fixes some vector The proof is similar to the proof that a
non-trivial p group has a nontrivial center. There is also a similar analogue for
algebraic groups: an algebraic group acting on a nonzero vector space whose
elements are unipotent (all eigenvalues 1, or equivalently 1 plus nilpotent) fixes
some vector, so is conjugate to a group of upper-triangular matrices with 1’s on
the diagonal.

There are huge numbers of p-groups of order p™ if n is reasonably large;
in fact the number of groups of order less than some number is dominated by
groups of order 2”. In fact we can do this with just 2-step nilpotent groups. Fix
two vector spaces V', W over a field (such as the field with p elements). If we
are given a skew symmetric bilinear map [, ] from V' x V to W then we can make
V@ W into a nilpotent group by letting the commutator of wy, ws be the element
[wy,ws] of V. So the number of groups we get is about pdim(v)2 dim(W)/2 - For
groups of order p" we have dim(V') + dim(W) = n, so the number of groups is
maximized for dim(V) = n/3, dim(W) = 2n/3, and the number of groups is
about p2"3/ 27, Of course we should divide out by groups that are isomorphic, but
the number of choices we make is only psemething auadratic in n g, this i5 dominated
by the cubic exponent of p and does not reduce the number of groups all that
much. The number of groups of order 2™ is 1, 1, 2, 5, 14, 51, 267, 2328, 56092,
10494213, 49487365422, ..., and almost all groups of order less than some large
integer are 2-group.
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Exercise 77 Classify the groups of order 8. (The 3 abelian ones are obvious;
the other two are the dihedral group and the quaternion group. One way to find
the non-abelian ones is to start by observing that the center of a nonabelian
group has order 2 and the quotient by the center is a Klein 4-group.)

Trying to classify nilpotent Lie algebras or nilpotent Lie groups of given
dimension is just as bad: beyond dimension about 6 or so everything just gets
horribly messy.

We saw earlier that in some sense Lie groups are commutative to first order.
This suggests that maybe discrete subgroups generated by elements close to the
identity will be commutative. This is not quite correct: for example, the group
of unipotent upper triangular matrices has non-abelian subgroups generated by
elements close to the identity. However Zassenhaus showed that it is essentially
correct, except that “abelian” has to be replaced by “nilpotent”, which is in
some sense very close to “abelian”.

Theorem 78 (Zassenhaus) The identity of a Lie group has a neighborhood U
with the following property: any discrete subgroup generated by elements of U
is milpotent.

Proof The idea of the proof is that elements near the identity almost commute
with each other. The commutator of two elements is second order. So if U is
small enough then then sets u; = U, Uy = [U,U], Us = [[U,U],U], will tend
to 0 in the sense that they will eventually be in any given neighborhood. If a
subgroup H of G is discrete this means that its intersection with U,, for n large
is the identity element. If in addition H is generated by elements of U, this
means that [...[g1, g2],93, -], gn] = 1 for any n elements in the generating set,
which implies that H is nilpotent of step n. (]

For nilpotent Lie algebras g over fields of characteristic 0, the Campbell-
Baker-Hausdorff formula converges as it only has a finite number of nonzero
terms, so can be used to give g a group structure. In particular, if G is a
nilpotent Lie group then its universal covering space is a vector space and in
particular is contractible. This fails completely for general Lie groups: for
example the group S is simply connected so has universal covering space a
sphere.

We should at least mention Gromov’s theorem that a finitely-generated
group has polynomial growth if and only if it has a nilpotent subgroup of finite
index.

7 Solvable Lie groups

Recall that a solvable group is one all of whose composition factors are abelian.
The term comes from Galois theory, where a polynomial is solvable by radicals
(and Artin—Schrier extensions in positive characteristic) if and only if its Galois
group is solvable. For Lie groups the term solvable has the same meaning, and
for Lie algebras it means the obvious variation: the Lie algebra is solvable if all
composition factors are abelian Lie algebras.

The main goal of this section is to prove Lie’s theorem that a complex
solvable Lie algebra of matrices is conjugate to an algebra of upper triangular
matrices.
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Lie’s theorem fails in positive characteristic, so in proving it we need to
make use of some property of matrices that holds in characteristic 0 but not
in positive characteristic. One such property is that if the trace of A\I vanishes
then so does \; this is used in the following lemma.

Lemma 79 Suppose that the Lie algebra G over a field of characteristic 0 has
an ideal H and acts on the finite dimensional vector space V.. Then G acts on
each eigenspace of H.

Proof Recall that an eigenvalue of H is given by some linear form A on H, and
the corresponding eigenspace consists of vectors v such that h(v) = A(h)v for all
h € H. Pick some eigenvector of H with eigenvalue A\, and pick some g € G. We
need to show that g(v) also has eigenvalue A. Look at the space W spanned by
g, gv, g%v,... which has an increasing filtration 0 = Wo Cc Wy C --- C W,, = W
where W; is spanned by W;_; and g’v. Then each W;/W;_1 is at most 1-
dimensional and is acted on by H with eigenvalue A, because [g,h] is in H.
So on W, any element h of H has trace nA(h). In particular [g, h] has trace
nA([g, h]), so A([g, h]) = 0 because [g, h] has trace 0 and n is invertible (this is
where we use the characteristic 0 assumption). But A([g, h]) = 0 implies that
hgv = ghv = gA(h)v, so gv is an eigenvalue of H with eigenvalue A, which is
what we were trying to prove. O

This lemma really does fail in infinite dimensions or in characteristic p > 0.
For example, we can take the nilpotent Lie algebra spanned by the operators 1,
x, d/dx which acts on k[z]. Then 1 is an eigenvalue of d/dx, but z1 is not. In
characteristic p we can take the finite dimensional quotient k[z]/(aP). It is clear
from the proof that it holds in characteristic p > 0 provided the vector space V'
has dimension less than p. this is quite a common phenomenon: results true in
characteristic 0 are often true in characteristic p > 0 provided we stick to vector
spaces of dimension less than p.

Theorem 80 Lie’s theorem. If a solvable Lie algebra G over an algebraically
closed field of characteristic 0 acts on a non-zero finite-dimensional vector space,
it has an eigenvector.

Proof If G is nonzero, then as it is solvable we can find an ideal H of codimen-
sion 1. By induction on the dimension of G there is an eigenspace W of H for
some eigenvalue of H. If g is any element of G not in H then by the previous
lemma g acts on W, and as we are working over an algebraically closed field we
can find some eigenvector of g on W. This is an eigenvector of G because G is
spanned by g and H. a

By repeatedly applying this theorem, we see that the Lie algebra fixes a flag.
So solvable Lie subalgebras of M, (C) are conjugate to subalgebras of the Lie
algebra of upper triangular matrices.

Another way of stating Lie’s theorem is that any irreducible representation
of a finite-dimensional complex solvable Lie algebra is 1-dimensional. This does
not mean that their representation theory is trivial. Non-abelian solvable com-
plex Lie algebras have plenty of infinite dimensional irreducible representations.
And even finite dimensional representations are hard to study, because there are
plenty of indecomposable representations that are not irreducible. In fact, even
for abelian Lie algebras of dimension 2, the finite dimensional indecomposable
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representations are very hard to classify. We will see later that the representa-
tion theory of simple Lie algebras is much easier, because we do not have this
problem: all indecomposable representations are irreducible.

If we examine the proof, we see that Lie’s theorem still holds in positive
characteristic provided the dimension of the vector space is less than the char-
acteristic.

Example 81 The solvable (in fact nilpotent) Lie algebra spanned by the op-
erators 1, =, d/dx acts on k[z], and has no eigenvectors. In characteristic p is
acts on the finite dimensional quotient k[z]/(«P), but has no eigenvectors; in
fact the action is irreducible. So Lie’s theorem fails in characteristic p > 0 and
in infinite dimensions.

Corollary 82 The derived subalgebra of a finite dimensional solvable Lie alge-
bra over a field of characteristic 0 is nilpotent.

Proof We can extend the field to be algebraically closed. In this case the
corollary follows from Lie’s theorem, because the Lie algebra can be assume to
be upper triangular, in which case its derived algebra consists of strictly upper
triangular matrices and is therefore nilpotent. ([l

Although Lie’s theorem fails in positive characteristic for Lie algebras, it
still holds for solvable algebraic groups in any characteristic: this is Kolchin’s
theorem. (However it fails for solvable connected Lie groups: these are not nec-
essarily isomorphic to groups of (upper triangular) matrices.) More generally
still, Borel proved that any solvable algebraic group acting on a projective vari-
ety (over an algebraically closed field) has a fixed point. The special case when
the projective variety is projective space is Kolchin’s theorem.

Example 83 There are obvious analogues of Lie’s theorems for connected solv-
able Lie groups of matrices. However for disconnected solvable groups the
conclusions do not hold. For example, the symmetric group S3 acting on its
irreducible 2-dimensional representation has no eigenvectors. And the derived
subgroup of a solvable finite group is usually not nilpotent: an example is the

solvable symmetric group S; whose derived subgroup is the alternating group
Ay.

Example 84 Lie’s theorem shows that in some sense solvable connected Lie
groups are not too far from nilpotent ones: they are given by sticking an abelian
group on top of a nilpotent one. For (disconnected) finite groups, the solvable
ones can be much more complicated than nilpotent ones. For example, a typical
example of a smallish solvable group is GLs(F3) of order 48 with the chain
of normal subgroups 1 D Z/27Z C Qs C SLy(F3) C GL2(F3) with quotients
of orders 2, 4, 3, 2. Larger finite solvable groups tend to be a similar but
more complicated mess, and are rather hard to work with. The relatively easy
structure of solvable connected groups is one of the reasons that connected Lie
groups are easier to handle than finite groups.

Exercise 85 Which well-known group is PG Ly(F3) isomorphic to?
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Exercise 86 Over a field k of characteristic p > 0, show that the semidi-
rect product of the 3-dimensional Lie algebra {1, x,d/dz} by the p-dimensional
abelian Lie algebra k[z]/(zP) is solvable, but its derived algebra is not nilpotent.
This shows that the corollary above fails in positive characteristic.

Although in some ways solvable Lie algebras are not too far from nilpotent
ones, their behavior can be much more complicated. For example, for any
connected nilpotent Lie algebra, the exponential map to the simply connected
group is an isomorphism (of sets). For example, we can use the BCH formula
to define a Lie group structure on the Lie algebra.

Exercise 87 Show that if a a Lie group G has a connected central subgroup
H, and the exponential map is surjective for G/H, then it is surjective for
G. Deduce that the exponential map is surjective for connected nilpotent Lie
groups.

It is very plausible that a similar result holds for solvable Lie algebras. For
example, if a Lie algebra g has a normal subalgebra f such that the exponential
maps take g and h onto their simply connected Lie groups then it seems almost
obvious that the same is true for g, which would prove it for all solvable Lie
algebras. Rather surprisingly, this is in fact sometimes false: the exponential
map for a solvable Lie algebra need not map onto the simply connected group.

Example 88 Let g be the Lie algebra of (orientation preserving) isometries
of the Euclidean plane. If we identify the Euclidean plane with the complex
numbers and rotations with multiplication by complex numbers of absolute
value 1, then the group G can be thought of as the matrices (eét f) for ¢ real
and z complex. The Lie algebra consists of matrices of the form (# ) and the

exponential map takes this to (e(;‘ Z(eitfll)/(it) ) (Recall the fast way to see this:

exp of an n X n matrix is a polynomial of degree less than n in it.) Examining
this we see that the exponential map is surjective, but not injective. This is
easy to fix: we can make it injective by replacing the Lie group by its universal
cover (the fundamental group is just Z). So what is the problem? The problem
is that the exponential map is surjective the group G, but is NOT surjective for
the universal cover of G. To see this, notice that points of G of the form ({ %)
are in the image of only 1 point under the exponential map. So only one of their
inverse images in the universal cover can be in the image of the exponential map.
So there is no group such that the exponential map of g is an isomorphism: it
fails to be either injective or surjective (or both, if we take a non-trivial finite
cover).

This problem is closely related to the fact that the Lie algebra has elements
with non-zero purely imaginary eigenvalues in the adjoint representation.

Exercise 89 Show that the universal cover of the group of orientation-preserving
isometries of the plane can be represented faithfully as a group of 3 by 3 matri-
ces.

et 0 =z
0 1 ¢
0 0 1
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Use Kolchin’s theorem that a solvable algebraic group can be diagonalized (over
C) to show that it cannot be represented faithfully as an algebraic group.

There are several other ways in which solvable Lie groups are fundamentally
more complicated than nilpotent ones. We will see later that left-invariant Haar
measures on nilpotent Lie groups are right-invariant, but this need not be true
for solvable Lie groups. Also the representation theory of solvable Lie algebras
can be a lot wilder than the representation theory of nilpotent ones, in the sense
that von Neumann algebras not of type I can appear. A related fact is that the
coadjoint orbit space (the space of orbits of the group on the dual of the Lie
algebra) of a solvable Lie algebra can have unpleasant topological properties: it
need not be T for example.

8 Picard—Vessiot theory

One of Lie’s motivations for studying Lie groups was to extend Galois theory to
differential equations, by studying the symmetry groups of differential equations.
We will give a very sketchy account of this, missing out most proofs (and for
that matter most definitions).

The theorem in Galois theory that a polynomial in characteristic 0 is solv-
able by radicals if and only if its Galois group is solvable has an analogue for
differential equations: roughly speaking, a differential equation is solvable by
radicals, integration, and exponentiation if and only if its group of symmetries
is a solvable algebraic group. This theory was initiated by Picard and Vessiot
but it is sometimes hard to tell exactly what they proved as their definitions are
somewhat vague. Kolchin gave a rigorous reformulation of their results using the
theory of algebraic groups (which he created for this purpose). In particular one
needs to distinguish between nilpotent and semisimple abelian groups (which
look the same as Lie groups, but are quite different as algebraic groups). The
correct analogue of nilpotent Lie algebras is not nilpotent groups but unipotent
groups (those such that all eigenvalues of all elements are 1): for example, the
group of diagonal matrices is nilpotent but not unipotent.

In this extension of Galois theory, one replaces fields by differential fields:
fields with a derivation D. Just as adjoining a root of a polynomial equation to
a field gives an extension of fields, adjoining a root of a differential equation to
a field gives an extension of differential fields. As in Galois theory, one can form
the differential Galois group of an extension k C Kof differential fields as the
group of automorphisms of the differential field K fixing all elements of k. Much
of the theory of differential Galois groups is quite similar to usual Galois theory:
for example, one gets a Galois correspondence between algebraic subgroups of
the differential Galois group of an extension and sub differential fields.

Example 90 Suppose we adjoin a root of the equation df /dz = p(x) to the
field k = Q(z) of rational functions over Q. This extension has a group of
automorphisms given by the additive group of QQ, because we can change f to
f 4+ ¢ for some constant of integration ¢ to get an automorphism.

Example 91 Suppose we adjoin a root of the equation df /dz = p(x)f (with

solution exp( [ p)) to the field k = Q(z) of rational functions over Q. This ex-
tension has a group of automorphisms given by the multiplicative group of Q,
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because we can change f to c¢f for some nonzero constant ¢ to get an automor-
phism.

The theory applies to homogeneous linear differential equations, so that the
set of solutions is a finite-dimensional vector space acted on by the differential
Galois group. Equations such as df /dz = 1/ with solutions log z are not ho-
mogeneous so the theory does not apply directly to them, but we can easily turn
them into homogeneous equations such as (d/dx)xz(d/df)f = 0, at the expense
of making the space of solutions 2-dimensional rather than 1-dimensional.

Exercise 92 Find the Lie group of automorphisms of the solutions of

(d/da)a(d/df)f = 0
and describe its action on the space of solutions.

We will sketch the proof of one of the results of Picard-Vessiot theory, which
says roughly that a linear homogeneous differential equation can be solved by
radicals, exponentials, and integration if and only if its differential Galois group
is solvable.

In one direction this follows by calculating the differential Galois group: each
time we take radicals we get a finite cyclic group, each time we take an integral
we get a differential Galois group isomorphic to the additive group, and each
time we take an exponential we get a differential Galois group isomorphic to the
multiplicative group. So by repeating such extensions we get a group built out
of additive groups, which is solvable.

Conversely, suppose the differential Galois group is solvable. The quotient
by the connected component is a finite solvable group, which corresponds to
repeatedly taking radicals just as in ordinary Galois theory, so we can assume
that the differential Galois group is connected and solvable. Now we apply
Lie’s theorem on solvable Lie algebras (or more precisely Kolchin’s version of
it for solvable algebraic groups) so see that the differential Galois group has an
eigenvector f in the space of solutions of the differential equation. Also D f
has the same eigenvalue as D commutes with the differential Galois group, so
Df/f is fixed by the differential Galois group and so is in the base field. So f
satisfies the differential equation Df = af for some a, which can be solved by
exponentials and integration.

Example 93 A typical application of differential Galois theory is that Bessel’s
equation z2d?y/dx?+wxdy/dz+(x? —v?)y = 0 cannot be solved using integration
and elementary functions unless v — 1/2 is integral. Except for these special
values, the differential Galois group is SLs which is not solvable. Finding the
differential Galois group is rather too much of a digression, but we can at least
get non-trivial upper and lower bounds for it as follows. First, we can show that
it lies in SLo (rather than just GLo) by using the Wronskian of the equation,

given by W = ( ff, gg,> for two independent solutions f and g. The Wronskian

get multiplied by the determinant of a matrix of the differential Galois group,
so the elements of the differential Galois group have determinant 1 if and only
if the Wronskian is in the base field.
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Exercise 94 Show that the Wronskian of d%y/dz? + p(x)dy/dx + q(z)y = 0
satisfies the differential equation dW/dxz + p(x)W = 0. Use this to find the
Wronskian of Bessel’s equation, and deduce that the differential Galois group
lies in the special linear group.

To find a lower bound for the differential Galois group, we observe that mon-
odromy gives elements of this group. (Monodromy means go around a branch
point.) Bessel’s equation has a branch point at 0, and the two solutions J, =
x¥ x (something holomorphic) and J_,, = 27" x - -- for v not an integer are mul-
tiplied by e*?™ by the monodromy, so the differential Galois group contains
the diagonal matrix with these entries. When v is an integer the monodromy
is unipotent instead of semisimple: in this case the solutions are J,, with trivial
monodromy, and Y,, = (something holomorphic)+.J, X (something holomorphic)x
log that has a logarithmic singularity and is changed by a multiple of .J,, by mon-
odromy. So in this case the differential Galois group has a unipotent element of
the form ({ 1) generated by monodromy.

For proofs of most of the results discussed here, see Kolchin’s papers on differ-
ential Galois theory.

9 Lie groups of dimension at most 3

We will find all (real, connected) Lie groups and Lie algebras of dimension at
most 3.

Dimension 0: This is the hardest case, as it involves classifying all discrete
groups, which is hopeless. Even if we restrict to compact simple groups, the
0-dimensional case is the classification of finite simple groups, which is about
a thousand times longer than the classification of compact simple Lie groups
of positive dimension. In general any Lie group has a normal closed subgroup
consisting of the connected component of the identity, and the quotient is a
discrete group. So we just give up on the discrete part, and from now on try to
find the connected Lie groups of small dimension.

Dimension 1: The only 1-dimensional Lie algebra is the abelian one. The
corresponding simply connected group is just the reals under addition. Other
groups come by quotienting by a discrete subgroup of the center: up to equiva-
lence, the only way to do this is to take R/Z. So there are just two 1-dimensional
connected Lie groups: The reals and the circle group.

Dimension 2: First we find the Lie algebras. One possibility is that the
algebra is abelian. Otherwise the derived algebra has dimension 1 (spanned by
[a,b] for any two independent vectors), so we take one element a of a basis to
span the derived algebra. For any other vector we have [a, b] is a multiple of a,
so by multiplying b by a constant we can assume that [a,b] = a. So there is just
one non-abelian Lie algebra.

The abelian groups correspond to quotients of R? by discrete subgroups (or
lattices) in R2. There are 3 possibilities: the lattice can have rank 0, 1, or 2,
giving 3 groups R%, R! x S', and S* x S! (the torus).

Exercise 95 Find the automorphism groups of the 3 connected 2-dimensional
abelian Lie groups.
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The non-abelian simply connected group is the ax + b group that can be
represented as the orientation preserving affine transformations of the real line
of the form x — ax + b for a positive. It also appears acting on the upper half
plane by the same formula, and as 2 by 2 matrices of the form (&%) with a > 0.
The center is trivial, so this is the only non-abelian 2-dimensional Lie group. It
is solvable but not nilpotent.

This group has analogues over finite fields that are semidirect products of
the additive group of order ¢ by the multiplicative group of order ¢ — 1. More
generally, we can form the semidirect product of the additive group of order ¢
by any subgroup of the multiplicative group, which can be a cyclic group of any
order dividing ¢ — 1. These groups account for many of the small non-abelian
finite groups.

Exercise 96 Show that any nonabelian group of order pq for p < ¢ primes is
of this form: more precisely, there are no such groups unless p divides ¢ — 1,
in which case there is a unique such group, given by a subgroup of the ax + b

group.

Dimension 3: This is where things start to get hairy. We find the connected
groups by first finding the Lie algebras, and then finding the corresponding
simply connected Lie group, and then finding the discrete subgroups of its center.
The algebras were classified by Bianchi.

We first assume that G is solvable. We start by showing that G has a
normal abelian subalgebra of dimension 2. It certainly has some normal subal-
gebra of dimension 2 (codimension 1) as G is not perfect. If this is not abelian
then it must be the unique non-abelian Lie algebra of dimension 2, so G is a
semidirect product of this by a 1-dimensional algebra acting on it. However
this 2-dimensional non-abelian Lie algebra has no outer derivations, so the Lie
algebra is just a product of the 2-dimensional non-abelian Lie algebra with a
1-dimensional Lie algebra, in which case it has a normal 2-dimensional abelian
Lie algebra.

So we see that G can be given as follows: it has a normal 2-dimensional
abelian subalgebra, and is a semidirect product by a 1-dimensional algebra
acting on it by some transformation A. So G is determined by the 2 by 2 real
matrix A. Changing A by conjugation or multiplying it by a non-zero constant
does not change the isomorphism class of the Lie algebra. So to classify the
solvable Lie algebra of dimension 3, we just have to run through all possible
types of 2 by 2 matrices as follows.

e A is zero. The Lie algebra is abelian. (Bianchi type I). There are now 4
possibilities, all products of copies of the circle and the real line.

e A is nilpotent but not zero. The Lie algebra is the Heisenberg algebra
(Bianchi type II), which can be represented as strictly upper triangular 3
by 3 matrices.

The corresponding simply connected group is the group of unipotent up-
per triangular 3 by 3 matrices: the exponential map is a bijection because
the exponential and logarithm maps are polynomials. The center of the
simply connected group is R, and there is an outer automorphism that
acts by rescaling the center, so there are two possible groups with this
Lie algebra, one simple connected, and one with center S'. The simply
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connected one can be represented as upper triangular unipotent matrices,
and is the group associated with one of the 8 Thurston geometries (the nil-
manifolds: take a quotient of the group by a discrete subgroup, such as the
subgroup of matrices with integer coefficients). The other group can be
represented as the group of transformations of L?(R) generated by trans-
lations and multiplication by €Y. These satisfy the Weyl commutation
relations. The center is multiplication by constants of absolute value 1.
This group has no faithful finite dimensional representations: in any finite
dimensional representation the center must act trivially. One way to see
this is to observe that any element of the center of a characteristic 0 Lie al-
gebra in the derived algebra must act nilpotently in any finite dimensional
representation (chop the representation up into generalized eigenspaces,
and then look at the trace on any generalized eigenspace. The trace must
be zero as the element is in the derived algebra, so the eigenvalue must
be zero.) But the only way a nilpotent element can generate a compact
group is if it acts trivially. There are several variations and generalizations
of these groups. There is a Heisenberg group of dimension 2n + 1 for any
positive integer n associated to a symplectic form of dimension 2n. We
can also define Heisenberg groups over finite fields in a similar way.

Exercise 97 Show that over a finite field of prime order p for p odd, every
element of the Heisenberg group has order 1 or p, and the exponential map
is a bijection. What happens over the field of order 27

The universal enveloping algebra of the Heisenberg algebra becomes the
ring of polynomials in x and d/dz if we take a quotient by identifying the
center of the Heisenberg algebra with the real numbers. This gives a rep-
resentation of the Lie algebra on the ring of polynomials, with the center
acting as scalars. The center of this Lie algebra cannot make up its mind
whether it is semisimple or nilpotent: in finite dimensional representations
it acts nilpotently, but in the infinite dimensional representations we have
described its acts semisimply.

A is not nilpotent and not semisimple. Both eigenvalues must be the
same, and we can normalize A so they are both 1. So we can assume A is

((1) 1) (Bianchi type IV)

Exercise 98 Show that there is a unique connected Lie group with this
Lie algebra, and represent it by 3 by 3 upper triangular matrices. Find
the conjugacy classes of this group that are in the 2-dimensional derived
subalgebra, and sketch a picture of them, paying careful attention to what
happens near the origin (the answer may be slightly stranger than you
expect).

A is semisimple, nonzero, with one eigenvector zero. The Lie algebra is the
product of the 1-dimensional abelian Lie algebra with the 2-dimensional
non-abelian Lie algebra (Bianchi type III). There are two corresponding
Lie groups.
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e A is semisimple, nonzero, with real non-zero eigenvectors (Bianchi type
VI if the eigenvalues are distinct, type V if they are the same). Here
we get an uncountable infinite family of distinct Lie algebras, as we can
change the smallest eigenvalue to anything we want, but then the second
is determined. There is only one connected group for each of these Lie
algebras. If the eigenvalues have sum 0 the Lie algebra has an extra
symmetry (Bianchi type V1y) This is the Lie algebra of isometries of 2-
dimensional Minkowski space. This also appears as the group of one of the
8 Thurston geometries, giving the solv manifolds. For example one can
take a quotient of this group by a cocompact discrete subgroup. Some of
these manifolds are the mapping cylinder of an Anosov map of the 2-torus
(given by an integral matrix A with distinct real nonzero eigenvectors
whose product is 1).

Exercise 99 Find an example of an Anosov map. Show how to construct
a cocompact discrete subgroup of the Bianchi group VI from any Anosov
map.

Exercise 100 Show that the outer automorphism group of this connected
Lie group is dihedral of order 8. (Some elements correspond to time re-
versal, parity reversal, and changing the sign of the metric of Minkowski
space.)

When the eigenvalues are the same the group consists of translations and
dilations of the plane.

e A is semisimple, nonzero, with non-real eigenvectors. Bianchi type VII.
Again we get an infinite family of Lie algebras. The simply connected
group has trivial center except for the following special case (Bianchi type
V1ly): this is the one with imaginary eigenvalues, and is the Lie algebra
of isometries of the plane. It has an extra symmetry. There is an obvious
connected group with this Lie algebra: we can take orientation-preserving
isometries of the plane. However this group is not simply connected, as it
has homotopy type the circle, so we can also take its universal cover, or
the cover of any order 1,2,3,.... We came across this group earlier as a
solvable connected Lie group whose exponential map is not surjective.

Exercise 101 Show that the real Lie algebras of type V Iy and VII, are
not isomorphic, but become isomorphic when tensored with the complex
numbers.

The remaining cases are where G is not solvable, in which case it must be sim-
ple as all groups of smaller dimension are solvable. (Similarly the non-solvable
finite group of smallest order is necessarily simple.) We will postpone the classi-
fication of these as this will be easier when we have developed more theory, and
just state the result. There are 2 possible Lie algebras, su(2) (Bianchi type IX)
and slz(R) (Bianchi type VIII). The first has simply connected group SU(2)
with center of order 2, so we get two possible Lie groups (one is SO3(R)). For
the other there are two obvious groups SLo(R) and the quotient by its center
PSLy(R). However there are infinitely many other groups because SLa(R) is
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not simply connected: its fundamental group is Z so we can take its universal
cover (which also has fundamental group Z) and quotient out by any subgroup
of Z. These covers have no faithful finite dimensional representations. The
double cover of SLy(Z) appears in the theory of modular forms of half-integral
weight and it called the metaplectic group. It has a representation called he
metaplectic representation that we will construct later in the course. The other
covers of PSLs(R) do not seem to appear very often.

The two Lie algebras have the same complexification. This means that the
corresponding real Lie algebras or groups are closely related: for example, the
finite dimensional complex representation theory of su(2) is essentially the same
as that of sly(R). However in some ways they are quite different: for example,
the irreducible unitary representations of SU(2) are all finite dimensional, while
the non-trivial irreducible unitary representations of SLy(R) are all infinite di-
mensional.

Exercise 102 Show that the groups SU(1,1), SLy(R), Sp2(R) (symplectic
group), SO1 2(R) all have the same Lie algebra. Which of the groups are iso-
morphic?

Exercise 103 The 3-dimensional group of orientation-preserving isometries of
2-dimensional hyperbolic space is one of the groups above. Which one? (One

way is to identify hyperbolic space with one of the components of norm 1 vectors
in R1:2))

Exercise 104 Identify the 3-dimensional group of Moebius transformations
(invertible conformal transformations of the unit disk in the complex plane)

with one of the groups on the list above.

Exercise 105 Show that R3 with the usual cross-product of vectors is a Lie
algebra, and identify it with one of the Bianchi Lie algebras.

Exercise 106 Identify the 3-dimensional Lie algebras of matrices of the forms

0 0 0 c 0 ¢
a b c|,la 0 b
0 0 0 0 0 ¢

with Lie algebras on the list above.

Dimension 4: The classification can be (and has been) pushed beyond di-
mension 3, but becomes rather tiresome. The problem is that, as suggested by
the 3-dimensional case, there are huge numbers of rather uninteresting solvable
groups and Lie algebras, which just seem to form a complicated mess. In higher
dimensions one just gives up on classifying the solvable ones. We will later prove
Levi’s theorem that any finite dimensional Lie algebra is a semidirect product
of a solvable normal Lie algebra with a product of simple Lie algebras, and will
classify the simple ones. So in some sense the finite dimensional Lie algebras
can be classified modulo the solvable ones.

Exercise 107 Classify the complex Lie algebras of dimension at most 3. (The
Bianchi algebras of types VIII and IX become isomorphic when tensored with
the complex numbers.)
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Thurston conjectured (and Perelman proved) that 3-manifolds can be cut
up in a certain way into 3-manifolds with one of 8 geometries. Five of the
eight Thurston geometries in 3 dimensions are the obvious ones: 3-dimensional
flat, spherical or hyperbolic space, or the product of 2-dimensional spherical or
hyperbolic space with a line. The remaining 3 are those modeled on the 3 groups
mentioned above: the nilpotent one, the solvable one related to Minkowski
space, and the universal cover of SLy(R). (Although most of the Thurston
geometries can be modeled as left-invariant metrics on 3-dimensional groups
this is not true for all of them: there is no 3-dimensional group structure on
S? x R.)

10 Killing form and Cartan’s criterion

At first sight one might guess that solvable groups are easier to classify than
simple ones, and 0-dimensional compact simple groups are easier to classify
than ones of higher dimension. This turns out to be completely wrong: the 0
dimensional compact simple groups are far harder to classify than the ones of
positive dimension, and the solvable ones seem hopelessly complicated. What
is the key reason why the positive dimensional simple Lie groups are so much
easier to handle? One answer is Cartan’s criterion, which implies that the Killing
form on a simple complex Lie algebra (a symmetric invariant bilinear form) is
non-degenerate.

We first figure out what it means for a bilinear form (,) on a representation
V of a Lie algebra to be invariant. For a group G acting on V, invariance
obviously means that (gu, gv) = (u,v). For a Lie algebra, we formally replace g
by 1+ea for some a in the Lie algebra (with €2 = 0), to find that invariance means
(u,v)+e([a, u],v)+(u, [a,v]) = (u,v), or in other words ([a, u], v)+(u, [a,v]) = 0.

If the Lie algebra G acts on a finite dimensional vector space V, we can
define a bilinear form on G by (a,b)y = Tracey (ab).

Exercise 108 Show that this form is invariant, which means ([a, b], ¢)v+(b, [a, c])v =
0.

A particularly important special case is where we take V' to be the adjoint
representation of G. In this case the invariant bilinear form on G is called the
Killing form (a,b) = Trace(Ad(a)Ad(d)).

Example 109 The Killing form on any abelian Lie algebra is obviously just
zero. More generally, the Killing form on any nilpotent Lie algebra is identically
zero, as we can put the matrices representing it into strictly upper triangular
form, and the product of any two such matrices has trace 0. This does not mean
that these algebras cannot have non-zero invariant bilinear forms; for example,
any bilinear form on an abelian Lie algebra is invariant.

Exercise 110 Show that the kernel of an invariant symmetric bilinear form
on a Lie algebra is an ideal. In particular if the Lie algebra is simple then
the bilinear form is either zero or non-degenerate. Show that the orthogonal
complement of an ideal is an ideal.
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Exercise 111 Find the Killing form on the 2-dimensional non-abelian Lie al-
gebra, and check that it is degenerate but not identically zero.

Exercise 112 Find the Killing form on the Lie algebra su(2), and check that
it is negative definite.

Exercise 113 Find the Killing form on the Lie algebra sl3(R), and check that
it is non-degenerate and indefinite.

Exercise 114 If L is the complex Lie algebra spanned by W, X,Y, Z with re-
lations [X,Y] = Z,[W, X]| = X, [W,Y] = =Y, Z € center, find a non-degenerate
invariant symmetric bilinear form on L. Show that the bilinear form associated
to any finite-dimensional representation of L is degenerate (use Lie’s theorem
to put L in upper triangular form).

Theorem 115 (Jordan decomposition) Suppose that a is a linear transforma-
tion of a wvector space V' over a perfect field k. Then there is a unique way
to write a = a5 + a,, where as is semisimple, a, s nilpotent, and as and a,
commaute.

Proof We can assume k is algebraically closed, as uniqueness of the decompo-
sition implies it is fixed by all elements of the absolute Galois group of k, and
therefore in k as k is perfect.

For existence, write V' as a direct sum of the generalized eigenspaces V) of
a with eigenvalues A. (Recall that v is a generalized eigenvector for eigenvalue
A if (@ — A)™v = 0 for some positive integer n.) Then we just put as = A on Vj,
an, = a — ag and it is easy to check that a,, and as have the required properties.

Uniqueness is left as an exercise. (I

Exercise 116 (Jordan decomposition can fail over non-perfect fields) Suppose
that V is the field F,(x) and k the subfield F,(zP). Show that V is a vector
space over k of dimension p, and multiplication by x is a linear transformation
of V that cannot be written as the sum zs + x,, of commuting semisimple and
nilpotent endomorphisms.

Exercise 117 (Multiplicative Jordan decomposition) Show that an invertible
linear transformation a acting on a finite dimensional vector space over a perfect
field can be written uniquely as a = asa, where a, is semisimple and a, is
unipotent (all eigenvalues 1) and asa, = ayas.

Lemma 118 Suppose that M C gl(V) is the normalizer of a subspace G of
gl(V), for a complex vector space V. If a is in the kernel of the form (,)yv on
M x M, then a is nilpotent.

Proof The semisimple part as of a also lies in M because Ad(as) = Ad(a)s.
If b is in M and Ad(c) is a polynomial in Ad(b) then c is also in M.

Suppose that a has eigenvalues a;. Suppose that ¢ is any additive (possibly
not R-linear) function from the rational vector space spanned by the «;. The
eigenvalues of Ad(a) are a; —aj, so there is a polynomial p such that p(a; —a;) =
d(a;) — ¢(eyj), as whenever two of the terms o; — «; are equal, so are the
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corresponding terms ¢(a;) — ¢(cy;) by linearity of ¢. So the element ¢ with
eigenvalues ¢(a;) is in M because Ad(c) has eigenvalues ¢(a;) — ¢(cy;) so is
p(Ad(a). But then > a;¢(e;) = (a,¢) = ¢(0) = 0. Taking ¢ to be complex
conjugation shows that > |a;|? = 0, so all the «; are zero. So as = 0 and a is
nilpotent. O

A little more effort show that the same result holds over fields of character-
istic 0, but we will not use or prove this.

Theorem 119 Cartan’s criterion for a faithful representation. Suppose that G
is a subalgebra of gl(V) with (a,b)y = 0 for all a,b € G, where V is a finite
dimensional complex vector space. Then G is solvable.

Proof Let M be the normalizer of G. Then (m, [g1, g2]) = ([m, g1],92) = 0 for
gi € G, s0 (M,[G,G]) = 0. By the previous lemma this implies that all elements
of [G, G] are nilpotent. Engel’s theorem then implies that [G, G] is nilpotent, so
G is solvable.

(I

Exercise 120 Suppose that G is a subalgebra of ¢gl(V) where V is a finite
dimensional complex vector space. Show that G is solvable if and only if
(a,b)y = 0 for all a,b € [G,G], (Use Cartan’s criterion above and Lie’s the-
orem.)

Theorem 121 Cartan’s criterion for the Killing form. If G is a finite dimen-
sional Lie algebra over a field of characteristic 0 whose Killing form is 0, then
G is solvable.

Proof We apply Cartan’s criterion for the adjoint representation. There is
a slight glitch because G need not act faithfully on the adjoint representation
because its center acts trivially on G. However this is not a big deal, because we
find that G/center is solvable, which immediately implies that G is also solvable.

O

Cartan’s criterion as stated above does not give a necessary and sufficient
condition for a Lie algebra to be solvable, because the Killing form on a solvable
Lie algebra need not be zero. It is often stated as the following variation, which
does give a necessary and sufficient condition.

Exercise 122 Cartan’s criterion, necessary and sufficient form. If G is a fi-
nite dimensional Lie algebra over a field of characteristic 0, then the following
conditions are equivalent:

e (5 is solvable

e (a,b) =0if aisin [G,G]. In other words [G,G] is in the kernel of the
Killing form.

e (a,b) =0if a and b are both in [G, G].

(For one implication use Lie’s theorem, and for another use Cartan’s criterion
and the fact that if [G, G] is solvable then so is G.
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Example 123 A nilpotent Lie algebra has a Killing form that is identically
zero. The converse is not true. Suppose that V is a finite dimensional vector
space with and automorphism A, and we take the Lie algebra G that is a
semidirect product of V' with a 1-dimensional Lie algebra whose action on V' is
given by A. Then G is nilpotent if and only if A is a nilpotent endomorphism.
The Killing form contains V' in its kernel, so vanishes on G x G if (4, A) = 0.
But (4, A) = Trace(A42), so if we take A to be any endomorphism whose square
has trace 0 but is not nilpotent we get a non-nilpotent Lie algebra whose Killing
form vanishes.

Exercise 124 Find a non-nilpotent 2 by 2 real matrix A whose square has
trace 0.

Exercise 125 Show that for the Lie algebra gl,, (k) with e; the matrix with
just one non-zero entry, a 1 in position ¢ on the diagonal, we have (e;,e;) =
2n — 2 if i = j and —2 if i # j. Deduce that the Killing form on sl, (k) is 2n
times the symmetric bilinear form associated to the standard representation,
but the Killing form on gl,(R) is not a multiple of the form of the standard
representation and has a non-trivial kernel.

Exercise 126 If k is a field of characteristic 2 then the semidirect product
gla(k).k? is solvable. The Killing form is not identically zero on its derived
algebra sly(k).k>.

Exercise 127 Let G be the Lie algebra si,(F},) of 2 by 2 matrices over the field
of p elements. Show that G is simple if p > 2. Show that the Killing form of
G is identically 0. Show that Trace(AB) is a non-degenerate invariant bilinear
form on G.

Exercise 128 Suppose G is the Lie algebra over a field of characteristic p > 0
with basis a; for i € Z/pZ and bracket [a;,a;] = (i — j)a;4;. Show that G is a
simple Lie algebra but has no non-zero invariant bilinear form.

Lemma 129 (Dieudonne) Suppose that a finite dimensional Lie algebra over
any field of any characteristic has a non-degenerate bilinear form, and no abelian
ideals. Then it is a direct sum of simple subalgebras.

Proof Fix a minimal ideal M. The derived ideal [M, M] is contained in M and
cannot be 0 as M is non-abelian, so M = [M, M] is perfect. The orthogonal
complement N of M is also an ideal as the bilinear form is invariant. It cannot
contain M as otherwise we would have (z,m) = (z,> [a;,b;]) = > ([x, a;],b;) =
0 so M would be in the kernel of (,) which is not possible. So NN M = 0 as
it is a proper ideal of the minimal ideal M. So G splits as the direct sum of M
and N, so M is simple, and continuing by induction so is V. (I

Exercise 130 Show that if L is a Lie algebra with an invariant symmetric
bilinear form (,) then L[¢]/(t™) has an invariant symmetric bilinear form given
by the coefficient of =1 of the bilinear form on L[t]/(t") with values that are
truncated power series. If the form on L is non-degenerate show that the form
on L[t]/(t™) is also non-degenerate. Find an example of a finite-dimensional
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complex Lie algebra with a non-degenerate symmetric bilinear form that is not
a sum of abelian and simple Lie algebras.

Exercise 131 What is wrong with the following “proof” of the false result that
a finite-dimensional complex Lie algebra L with a non-degenerate symmetric
bilinear form is a sum of abelian and simple Lie algebras: take any ideal of L,
and write L as the sum of the ideal and its orthogonal complement (which is
also an ideal). By repeating this we can write L as a sum of ideals with no
proper subideals, so L is a sum of abelian and simple Lie algebras.

Corollary 132 (Cartan’s criterion for semisimplicity) For a complex Lie alge-
bra G the following conditions are equivalent:

1. G has no nonzero solvable ideals

2. G has no non-zero abelian ideals

3. G has non-degenerate Killing form

4. G is a direct sum of simple Lie algebras (in other words G is semisimple)

Proof If the Killing form is degenerate, then its kernel is an ideal, and is
solvable by one form of Cartan’s criterion. So if the algebra has no nonzero
solvable ideals then the Killing form is non-degenerate. Conversely if the Killing
form is nondegenerate and A is an abelian ideal, then for any a € A and g € G,
Ad(a)Ad(g) has square 0 so has trace 0 and therefore a = 0 as the Killing form
is non-degenerate. So all Abelian ideals are 0,and therefore all solvable ideals
are 0.

We have seen that if the Killing form is non-degenerate then there are no
abelian ideals, so if the Killing form is non-degenerate then by the previous
lemma the Lie algebra is a sum of simple Lie algebras.

If the algebra is a sum of simple subalgebras, it is obvious that it has no
nonzero solvable ideals.

|

11 Cartan subalgebras, Cartan subgroups and
maximal tori

The Lie algebra gl,, has a subalgebra H of diagonal matrices, and under the ac-

tion of this subalgebra gl,, splits as the sum of eigenspaces. The zero eigenspace

is just H, while the other eigenspaces just correspond to the off-diagonal entries

of gl,,. The subalgebra H is an example of a Cartan subalgebra, and we want

to find a similar subalgebra for any Lie algebra. The first guess is to take a
maximal abelian subalgebra, but this does not work: the algebra of matrices

of block form <8 é) is abelian but does not act nicely on the rest of the Lie

algebra (and has dimension much larger than that of the diagonal matrices).

Definition 133 A toral subalgebra of a Lie algebra is an abelian subalgebra that
acts semisimply on the adjoint representation.
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Definition 134 A Cartan of a Lie algebra is a self-centralizing nilpotent sub-
algebra. (Self-centralizing means that it contains its centralizer.)

For semisimple Lie algebras, maximal toral subalgebras and Cartan subalgebras
will turn out to be the same. In general it is really the maximal toral subalgebras
that are important. It seems to be a historical accident that Cartan subalgebras
have this rather unintuitive definition. The properties of being nilpotent or self
normalizing are not really that important or easy to use. The really impor-
tant property is the semisimplicity, which means that one can decompose the
(complex) Lie algebra into eigenspaces.

Exercise 135 Find maximal toral subalgebras for the algebra of all matrices,
the algebra of upper triangular matrices, and the algebra of strictly upper tri-
angular matrices (0’s on the diagonal).

Theorem 136 The centralizer of a toral subalgebra of G is a Cartan subalgebra
is self normalizing.

Proof

Take any abelian subalgebra H of the Lie algebra G, and decompose G into a
direct sum of generalized eigenspace of H (acting on G by the adjoint represen-
tation). The eigenvalues are elements of the dual of H. If G is the generalized
eigenspace for some eigenvalue A, then [Gy,G,] C Gryy,. In particular Gy is a
self-normalizing subalgebra of G containing H. If in addition all elements of H
are semisimple, then H lies in the center of Gy as generalized eigenvectors (with
eigenvalue 0) are honest eigenvectors. ([l

For semisimple Lie algebras we will later see that a maximal toral subalgebra
is its own normalizer (so is a Cartan subalgebra). In general this is not true:

Exercise 137 Show that a subalgebra of a nilpotent Lie algebra is toral if and
only if it is contained in the center. So the center is the unique maximal toral
subalgebra, and its normalizer is the whole algebra.

This exercise is a bit misleading. There is a subtle problem in that the definition
of a maximal toral subgroup of an algebraic group does not quite correspond to
maximal toral subalgebras of the Lie algebra. This is because a toral subgroup
of an algebraic group has elements that are semisimple. In (say) the group of
unipotent upper triangular matrices, the only semisimple element is 1, so the
maximal toral subgroup is trivial. However the maximal toral subalgebra of
its Lie algebra is the center which is not trivial. This is related to the fact
that it is ambiguous whether elements of the center of a Lie algebra or group
should be thought of as semisimple or unipotent /nilpotent. For example, in the
Heisenberg algebra, the center looks nilpotent in finite dimensional (algebraic)
representations, but looks semisimple in its standard infinite dimensional repre-
sentation. The Heisenberg algebra is trying hard to be semisimple in some sense;
in fact it can be thought of as a sort of degeneration of a semisimple algebra.
For semisimple lie algebras or groups this problem does not arise: “maximal
toral” means the same whether one defines it algebraically or analytically.
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Exercise 138 Show that slo(R) has two maximal toral subalgebras that are
not conjugate under any automorphism. (Take one to correspond to diagonal
matrices, and the other to correspond to a compact group of rotations.)

Theorem 139 If a finite dimensional complex Lie algebra is semisimple, then
the normalizers of the maximal toral subalgebras are abelian

Proof Suppose H is a maximal toral subalgebra, and G its normalizer, so that
G| is nilpotent. Since Gy is solvable it can be put into upper triangular form, so
the Killing form restricted to Gy has [Go, Go] in its kernel. On the other hand,
any invariant bilinear form vanishes on (u,v) if u and v have eigenvalues that
do not sum to 0, so Gg is orthogonal to all other eigenspaces of H. So [Gy, G|
is in the kernel of the Killing form. By Cartan’s criterion, this implies that it
vanishes, so G is abelian. O

Remark 140 There is an analogue of Cartan subgroups for finite groups. A
subgroup of a finite group is called a Carter subgroup (not a misprint: these are
named after Roger Carter) if it is nilpotent and self-normalizing. Any solvable
finite group contains Carter subgroups, and any two Carter subgroups of a finite
group are conjugate. However anyone with plans to classify the finite simple
groups by copying the use of Cartan subgroups in the classification of simple
Lie groups should take note of the following exercise:

Exercise 141 Show that the simple group As of order 60 does not have any
Carter subgroups.

The analogues of Cartan subgroups for compact Lie groups are maximal
tori. In fact these are the subgroups associated to Cartan subalgebras of the
Lie algebra. Every element of a compact connected Lie group is contained in a
maximal torus, and the maximal tori are all conjugate.

Warning 142 In a compact connected Lie group, maximal tori are maximal
abelian subgroups, but the converse is false in general: maximal abelian sub-
groups of a compact connected Lie group are not necessarily maximal tori. This
is a common mistake. In particular, although every element is contained in a
torus, it need not be true that every abelian subgroup is contained in a torus.

Exercise 143 Show that the subgroup of diagonal matrices of SO,,(R) for n >
3 is a maximal abelian subgroup but is not contained in any torus.

12 Unitary and general linear groups

The fundamental example of a Lie group is the general linear group GL,(R).
There are several closely related variations of this:

e The complex general linear group GL,(C)
e The unitary group U,

e The special linear groups or special unitary groups, where one restricts to
matrices of determinant 1
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e The projective linear groups, where one quotients out by the center (di-
agonal matrices)

Exercise 144 Show that the complex Lie algebras ¢i,(R) ® C, ¢l,(C), and
up(R) ® C are all isomorphic. We say that gl,(R) and u,(R) are real forms of

gln((C).

The general linear group has a rather obvious representation on n-dimensional
space. Therefore it also acts on the 1-dimensional subspaces of this, in other
words n — 1-dimensional projective space. The center acts trivially, so we get
an action of the projective general linear group PGL, (R) on P"~!. There is
nothing special about 1-dimensional subspaces: the general linear group also
acts on the Grassmannian G(m,n —m) of m-dimensional subspaces of R™. The
subgroup fixing one such subspace is the subgroup of block matrices (§ &), so
the Grassmannian is a quotient of these two group.

Exercise 145 Show that the Grassmannian is compact. (This also follows from
the Iwasawa decomposition below).

More generally still, we can let the general linear group act on the flag mani-
folds, consisting of chains of subspaces 0 C V3 C Va---, where the subspaces
have given dimensions. The extreme case is when V; has dimension ¢, in which
case the subgroup fixing a flag is the Borel subgroup of upper triangular ma-
trices. In general the subgroups fixing flags are called parabolic subgroups; the
corresponding quotient spaces are projective varieties.

The Iwasawa decomposition for the general linear group is G = GL,(R) =
KAN where K = O,(R) is a maximal compact subgroup, A is the abelian
subgroup of diagonal matrices with positive coefficients, and N is the unipotent
subgroup of unipotent upper triangular matrices. For the general linear group,
the Iwasawa decomposition is essentially the same as the Gram-Schmidt process
for turning a base into an orthonormal base. This works as follows. Pick any
base aq,as,... of R™; this is more or less equivalent to picking an an element
of the general linear group. Now we can make the base orthogonal by adding a
linear combination of a; to as, then adding a linear combination of a1, as to as,
and so on. This operation corresponds to multiplying the base by an element N
of the unipotent upper triangular matrices. Next we can make the elements of
the base have norm 1 by multiplying them by positive reals. This corresponds
to acting on the base by an element of the subgroup A of diagonal matrices with
positive entries. We end up with an orthonormal base, that corresponds to an
element of the orthogonal group.

Exercise 146 Show that GL,(R) is homeomorphic as a topological space to
K x A x N and deduce that it has the same homotopy type as the orthogonal
group. Show that GL3(R) has a fundamental group of order 2. (The corre-
sponding simply connected group is not algebraic.)

Exercise 147 Show that the average of any positive definite inner product on
R™ under a compact subgroup of GL, (R) is invariant under the compact sub-
group. Deduce that the maximal compact subgroups of GL, (R) are exactly the
subgroups conjugate to the orthogonal group. (A similar statement is true for
all semisimple Lie groups: the maximal compact subgroups are all conjugate.)
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Exercise 148 Show that GL, (C) = KAN where K is the unitary group, A is
the positive diagonal matrices, and N is the upper triangular complex unipotent
matrices. Show that SL,(C) has a similar decomposition with K the special
unitary group. Show that SLs(C) has the same homotopy type as a 3-sphere.

Exercise 149 Show that the unitary group acts transitively on the full flag
manifold of C®. What is the subgroup of the unitary group fixing a full flag?

The diagonal matrices of GL, (R) form a Cartan subgroup.

Exercise 150 Find two non-isomorphic Cartan subgroups of GLz(R).

We recall that a root space is an eigenspace for a non-zero eigenvalue of a Cartan
subalgebra. For the general linear group the root spaces just correspond to the
off-diagonal matrix entries. If a; is the value of the ith diagonal element of a
matrix, then the roots of GL,(R) are the linear forms «; — «; for i # j. For
example the roots system of GL(R) is two opposite points, the roots system
of GL3(R) is a hexagon, and the root system of GL4(R) is the centers of the
edges of a cube. These root systems are very symmetric, and are acted on by
Sa, S3, and S4. This can be seen by identifying the symmetric groups with the
permutation matrices, that normalize the diagonal matrices and therefore act
on the root systems. In general the Weyl group is a quotient N/H where H is a
Cartan subalgebra and N is a group normalizing it; for the general linear group
the group H is the diagonal matrices, the group IV is the monomial matrices,
and the Weyl group is the symmetric group.

Warning 151 For the general linear group the Weyl group is a subgroup, but
this is not always true; in general the Weyl group is only a subquotient. For
example, for the group SLa2(R), the Weyl group has order 2 and acts on the
diagonal matrices by inversion, but SLy(R) has no element of order 2 acting in
this way (though it does have such an element of order 4).

Exercise 152 Show that the Lie algebra sl,,(R) is simple for n > 2. (Show that
any ideal must contain an eigenvalue of the Cartan subalgebra, then show that
a non-zero element of a root space leads to a non-zero element of the Cartan
subalgebra, and show that elements of the Cartan subalgebra with 2 distinct
entries lead to elements of root spaces. By repeating these operations show that
the ideal generated by any non-zero eigenvector is the whole Lie algebra.)

Exercise 153 If k is a field of characteristic p dividing n, show that the Lie
algebra sl, (k) is not simple. Where does the proof in the previous exercise
break down? Show that the center is 1-dimensional and the quotient psl,, (k) by
the center is simple unless p =n = 2.

Exercise 154 Most of the time, one expects an algebraic group over some field
to be simple or solvable if and only if the corresponding Lie algebra has the
same property. However there are exceptions to this: show that

e The group PSLy(F2) is solvable, and the Lie algebra psla(F2) is solvable.

e The group PSL,(IF3) is solvable, and the Lie algebra psiz(Fs3) is simple.
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e The group PSLy(Fy) is simple, and the Lie algebra psls(Fy) is solvable.
e The group PSLy(F5) is simple, and the Lie algebra psls(Fs5) is simple.

Exercise 155 Show that the general linear group has the Bruhat decomposi-
tion GL,(R) = U,,BwB as a disjoint union of double cosets of B, where the
union is over the n! elements w of the Weyl group, and B is the Borel sub-
group of upper triangular matrices. (If g is an element of GL,,(R), pick the first
nonzero entry in the bottom row and multiply on the left and right by elements
of B to clear out its row and column. Then pick the first nonzero element on
the next to last row, and carry on like this to get a permutation matrix.)

Exercise 156 Show that the Bruhat decomposition induces a decomposition
of the full flag manifold G/B is the disjoint union of n! affine spaces of various
dimensions. For GL3 show that these dimensions are 0, 1, 1, 2, 2, 3. Use this
to calculate the cohomology groups with compact support of the space of full
flags of C? if you know what this means.

Example 157 We can calculate the number of elements of GL,,(F,) as follows.
It is equal to the number of bases of Fy, which is just (¢" —1)(¢" —¢q) - (¢" —
q"~1). This is fast but does not generalize in any obvious way to other finite
simple groups. A more complicated way to work out the order that does gener-
alize to all other finite groups of Lie type is to use the Bruhat decomposition.
For G = GL,(F,), the order is |G/B||B| where B is the Borel subgroup of
upper triangular matrices, that has order (¢ — 1)"¢'*2**+(»=1 and G/B is
the full flag variety. We can work out the number of points in this by using
the Bruhat decomposition to decompose it into a union of n! affine spaces of
various dimensions. For example, for GL3 the affine spaces have dimensions 0,
1,1, 2, 2, 3, so the flag variety has order ¢° + ¢' + ¢* + ¢®> + ¢*> + ¢>. In general
these exponents are the lengths of the elements of the symmetric group (or Weyl
group) as words in the n — 1 generators (12), (23), (34),... (these are not all
transposition, but only the “simple” ones exchanging two adjacent numbers).

From these two examples one can see that there is some sort of relation
between the compactly generated cohomology of GL,,(C) and the number of
points of GL,,(F,). This is a special case of the Weil conjectures, which say in
particular that the number of points of a variety over a finite field can be ex-
pressed in terms of the compactly supported etale cohomology groups, which in
turn have the same dimensions as the compactly supported cohomology groups
of the corresponding complex variety. In the case of varieties such as flag man-
ifolds or Grassmannians that can be written as a (set theoretic) finite disjoint
union of affine spaces the Weil conjectures are trivial to check explicitly, as they
just reduce to the case of affine space.

For a semisimple Lie group one can ask what are its “natural” actions on
mathematical objects; of course this is a rather vague question. We have seen
one answer above: the general linear group acts naturally on projective spaces,
Grassmannians, and flag manifolds. These are quotients by parabolic subgroups.
Another class of objects acted on by semisimple Lie groups are the symmet-
ric spaces. Symmetric spaces are generalizations of spherical and hyperbolic
geometry. Their definition looks a little strange at first: they are connected
Riemannian manifolds such that at each point there is an automorphism acting

53



as —1 on the tangent space. Obvious examples are Euclidean space (curvature
0), spheres (positive curvature) and hyperbolic space (negative curvature), and
in general symmetric spaces should be thought of as generalizations of these
three fundamental geometries. (They account for many of the “natural” geome-
tries but not for all of them: for example, 5 or the 8 Thurston geometries in
3 dimensions are symmetric spaces, but 3 of them are not.) We may as well
assume that they are simply connected (by taking a universal cover) and irre-
ducible (not the products of things of smaller dimension). These were classified
by Cartan. The first major division is into those of positive, zero, or negative
curvature. The only example of zero curvature is the real line. Cartan showed
that irreducible simply connected symmetric spaces of negative curvature cor-
respond to the non-compact simple Lie groups: the symmetric space is just the
Lie group modulo its maximal compact subgroup. He also showed that the ones
of positive curvature correspond to the ones of negative curvature by a duality
extending the duality between spherical and hyperbolic geometry. We will look
at some examples of symmetric spaces related to general linear groups.

We first examine the symmetric space of the general linear group GL,(R)
(which is neither semisimple nor simply connected, but never mind). We saw
above that the maximal compact subgroup is the orthogonal group. The sym-
metric space GL,(R)/O,(R) is the space of all positive definite symmetric bilin-
ear forms on R". This is an open convex cone in R*("+1)/2 and is an example
of a homogeneous cone. (In dimensions 3 and above it is quite rare for open
convex cones to be homogeneous). A minor variation is to replace the general
linear group by the special linear group, when the symmetric space becomes
positive definite symmetric bilinear forms of discriminant 1.

Exercise 158 Find a similar description of the symmetric space of GL,,(C).

Let us look at the case n = 2 in more detail. In this case the space SL2(R)/SO2(R)
can be identified with the upper half plane, as SLy(R) acts on this by z —
(az +b)/(cz + d) and SO2(R) is the subgroup fixing 7. This symmetric space
has a complex structure preserved by the group, so is called a Hermitian sym-
metric space. This means that we can construct lots of Riemann surfaces by
taking the quotient of the upper half plane by a Fuchsian group (a discrete
subgroup of SLy(R), such as SLeZ)). In fact any Riemann surface of negative
Euler characteristic can be constructed like this: this gives all of them except
for the Riemann sphere with at most 2 points removed or an elliptic curve. The
symmetric spaces of other real general linear or special linear groups do not
have complex structures; one reason SLy(R) does is that SLz(R) happens to be
Spa2(R), and we will see later that Spa,(R) has a Hermitian symmetric space.
We can spot plausible candidates for Hermitian symmetric spaces as follows: for
a Hermitian symmetric space, we can fix some point z and act on its tangent
space by multiplying by complex numbers of absolute value 1. This gives a sub-
group in the center of the subgroup K fixing x isomorphic to the circle group.
This shows that we should look out for Hermitian symmetric space structures
whenever the maximal compact subgroup has an S* factor.

The upper half plane is also a model of the hyperbolic plane. This does not
generalize to SL,(R) either: the group PSL2(R) happens to be isomorphic to
PSO*(12(R), and it is the groups O;, rather than SL,, that correspond to
hyperbolic spaces, as we will see when we discuss orthogonal group later on.
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Exercise 159 Polar coordinates for symmetric spaces: Show that GL,(R) =
KAK where K = O, (R) is the maximal compact subgroup and A is the group
of positive diagonal matrices. Show that the element of A in this decomposition
need not be uniquely determined, but is uniquely determined up to conjugation
by an element of the Weyl group. Find a geometric interpretation of the entries
of A in terms of the image of the unit ball under an element of GL, (R).

The Cartan decomposition of the Lie algebra g = sl,,(R) is g = k + p, where
k is the subalgebra of orthogonal matrices, and p is the orthogonal complement
of k under the Killing form, so is the subspace of symmetric matrices of trace
0. Warning:p is not a subalgebra! There are the +1 and —1 eigenspaces of the
Cartan involution 6.

Exercise 160 Show that the exponential map is an isomorphism from p to
its image P in G, and can be identified with the symmetric space of G. In
particular this shows that the symmetric space is contractible. For the special
linear group this is easy to see directly by identifying the symmetric space with
positive definite symmetric forms of determinant 1, but the argument using the
exponential map works for all semisimple Lie groups.

Now we look at the symmetric space of SLy(C). This turns out slightly
surprisingly to be 3-dimensional hyperbolic space. This means that one can
construct lots of hyperbolic 3-manifolds and orbifolds by taking a Kleinian group
(a discrete subgroup of SLs(C), such as SLy(Z[i]), and taking the quotient
of hyperbolic space by this subgroup. To see that its symmetric space is 3-
dimensional hyperbolic space we first construct a homomorphism from SLy(C)
to Oy 3(R) as follows. The group SL2(C) acts on the space of hermitian matrices
x by g(z) = gog' and preserves the determinant of x. However the determinant
on 2 by 2 hermitian matrices is a quadratic form of signature (1,3) so we get
a homomorphism from SLy(C) to O1,3(R). Now the group O;3(R) acts on
the norm 1 vectors of R"3, which form two components, each isometric to
3-dimensional hyperbolic space. The subgroup of O 3(R) fixing a point of
hyperbolic space is a maximal compact subgroup O;(R) x O3(R).

The group O; 3(R) is the Lorentz group of special relativity, and the local
isomorphism with SLy(C) is used a lot: for example the 2-dimensional rep-
resentation of SLo(C) and its complex conjugate are essentially the half-spin
representations of a double cover of SO; 3(R). In special relativity the symmet-
ric space appears as the possible values of the momentum of a massive particle.

(Notice by the way that whether a symmetric space has a complex structure
has little to do with whether its group has one: the symmetric space of SLa(R)
has a complex structure, but that of SLy(C) does not.)

There are several other symmetric spaces related to the general linear group.
Recall that the group GL,(R) is not the only real form of GL,(C); the group
U.(R) of elements preserving the Hermitian form z1Z7 + --- . is also a real
form. There is no particular reason why we should restrict to positive definite
Hermitian forms: we can also form the group Uy, ,(R) fixing a Hermitian form
on C™*" of signature (m,n). A maximal compact subgroup of this is U(m) x
U(n). Even if we restrict to elements of determinant 1 this still has an S* factor,
at least at the Lie algebra level, so we expect the corresponding symmetric spaces
to have complex structures.
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Exercise 161 Show directly that the symmetric space of Uy, »(R) is hermitian,
by identifying it with the open subspace of the Grassmannian G, ,,(C) consist-
ing of the m-dimensional subspaces on which the Hermitian form is positive
definite.

Exercise 162 Show that the symmetric space of U; ,,(R) can be identified with
the unit ball in C™ as follows: an element of the Grassmannian represented by
the point zg, 21,...,2, is mapped to the point (z1/z0,...,2n/20) of the open
unit ball in C™. Show that for n = 1 this is essentially the group of Moebius
transformations acting on the unit disk of the complex plane.

In particular the open unit ball in C™ is a bounded homogeneous domain: a
bounded open subset of complex affine space such that its group of automor-
phisms acts transitively. (It is not quite trivial to see that there are any exam-
ples of these: the group of affine transformations of C™ does not act transitively
on points of a bounded homogeneous domain!) In 1-dimension the Riemann
mapping theorem implies that any simply connected bounded open subset of
the complex plane is homogeneous, but in higher dimensions homogeneous do-
mains are quite rare. The non-compact Hermitian symmetric spaces give exam-
ples, and for several decades it was an open problem to find any others. This
was finally solved by Piatetski-Shapiro in 1959, who found an example of a 4-
dimensional homogeneous bounded domain that was not a Hermitian symmetric
space.

So far we have seen lots of examples of noncompact symmetric spaces, con-
structed as G/K where K is a maximal compact subgroup of G. This construc-
tion just gives the trivial 1-point space for G compact, so we need a different
way of constructing compact symmetric spaces, such as spheres. Cartan discov-
ered a duality between compact and non-compact irreducible symmetric spaces:
roughly speaking, for each non-compact symmetric space there is a correspond-
ing compact on (ignoring minor problems about abelian factors and connected-
ness). A well known special case of this is the duality between spherical and
hyperbolic geometry (or even the duality between trigonometric functions and
hyperbolic ones). This duality works as follows. Pick a non-compact symmetric
space and look at the Cartan decomposition k+p of its Lie algebra. Now change
this to the Lie algebra k+ip C g®@C. Cartan showed that this is the Lie algebra
of a compact group, and the quotient of this group by the subgroup K is the
dual compact symmetric space. Let us find the dual compact symmetric spaces
of some of the symmetric spaces above.

Example 163 The symmetric space of GL,(R) is GL,(R)/O,(R). To find the
compact dual, we first look at the Cartan decomposition gl,,(R) = k + p, where
k is the Lie algebra of skew symmetric matrices, and p is the space of symmetric
matrices. Then we form the Lie algebra k + ¢p. This is the Lie algebra of skew
Hermitian matrices, so its Lie group is the unitary group. So the symmetric
space should be U(n)/O,(R). This is the set of real forms on C™ that are
compatible with the Hermitian metric (in other words complex conjugation is
an isometry).

Example 164 The symmetric space of Uy, ,(R) is U, n(R)/U(m) x U(n).
Changing Uy, »(R) to its compact form gives U(m+n). So the compact form of
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the symmetric space is U(m+n)/U(m)xU(n), in other words the Grassmannian

Gm.n(C).

Exercise 165 Show that the compact symmetric space dual to the symmetric
space of GL,,(C) (the positive definite Hermitian forms) is the unitary group
U,,. (Similarly all simply connected compact groups are symmetric spaces, and
are the duals of the symmetric spaces of complex Lie groups.)

We can also consider infinite dimensional unitary groups. There are two ob-
vious ways to define the infinite dimensional unitary group: we can either take
the union U(1) C U(2) C - -, or we can take the group of all unitary automor-
phisms of an infinite dimensional Hilbert space. It is somewhat surprising (at
least to me) that these two groups re quite different. For example, the group of
all unitary operators is contractible, while the union of the finite dimensional
unitary groups has a complicated topology: its cohomology ring has generators
of degrees 1, 3, 5, ... and its odd-dimensional homotopy groups are all Z by
Bott periodicity. For example, if one wants to use the classifying space of the
infinite-dimensional unitary group in K-theory, one needs to be careful to use
the correct version of this group.

Exercise 166 Show that the union of the finite dimensional unitary groups
has a determinant homomorphism onto the circle group, while the group of all
unitary operators is perfect.

12.1 Noncommutative determinants

We would like to define an analogue of the special linear group over the quater-

nions. The general linear group GL,(H) over the quaternions does not have

a determinant map to H, but has one to R. More generally the general linear

group over any division algebra D has a determinant map to the abelianization

of D*, called the Dieudonne determinant. This can be constructed as follows.
Take any matrix in GL, (D) and look at the first column.

()

Pick some row whose first element A\’ is nonzero. Then make other entries of
the first column zero by subtracting multiples of row ¢ from it. Then defined
the determinant to be (—1)'~1); times the determinant of the matrix formed
by eliminating the first column and row i.

We claim that this is a well defined homomorphism to the abelianization
D*/[D*, D*].

The key point is to prove that this is a well defined element, in other words
independent of which row we pick. To simplify notation, we will just do this
for rows 1 and 2, so suppose A; and Ao are both nonzero. Then calculating the
determinant using these two rows gives the two answers

row2 — Ao A 'rowl
A x det | TOW3 — A3A] frowl
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and
rowl — A Ay 'row?2
A x det | TOW3 — A3y row?2

The first matrix can be transformed into the second by multiplying the first row
by =My ! then subtracting multiples of the first row from the others. So by
induction their determinants differ by a factor of —A; A5 ! This implies that we
get the same answer whether we use the first or the second row.

It is now easy to check that the determinant is invariant under elementary
row operators, and is multiplied by A if a row is multiplied by A. Since these
operations generate GL,, (D) the determinant is multiplicative.

Warning 167 The Dieudonne determinant of (‘; Z) is not in general given
by ad — be (this is Cayley’s definition of the determinant for non-commutative
rings). For example, (,@;) is invertible, but ¢j — k1 = 0. The correct formula
(for a invertible) is ad — aca™'b.

Exercise 168 If T is an n X n quaternionic matrix, it can be interpreted as a
4n x 4n real matrix. Show that its determinant as a real matrix is the 4th power
of the Dieudonne determinant. How are these related to the Study determinant,
defined by regarding T" as a 2n x 2n complex matrix?

13 Orthogonal groups

Orthogonal groups are the groups preserving a non-degenerate quadratic form
on a vector space. Over the complex numbers there is essentially only one such
form on a finite dimensional vector space, so we get the complex orthogonal
groups O, (C) of complex dimension n(n — 1)/2, whose Lie algebra is the skew
symmetric matrices. Over the real numbers there are several different forms. By
Sylvester’s law of inertia the real nondegenerate quadratic forms are determined
by their dimension and signature, so we get groups O, ,(R) preserving the
form a2 + - 22 — azfn_H — - —x +m+n? If the form is positive definite
the corresponding group is compact. We have the usual variations: special
orthogonal groups SO of elements of determinant 1, and projective orthogonal
groups where we quotient out by the center +1. There are also orthogonal groups
over other fields and rings corresponding to quadratic forms, whose classification
over the rationals or number fields or the integers is a central part of number
theory. For example, the Leech lattice A is a 24-dimensional quadratic form
over the integers, and the corresponding orthogonal group Ox(Z) is a double
cover of the largest Conway sporadic simple group.

We first look at a few small cases.

Dimension 0 and 1 there is not much to say: the orthogonal groups have
orders 1 and 2. They are counterexamples to a surprisingly large number of
published theorems whose authors forgot to exclude these cases.

Dimension 2: The special orthogonal group SO2(R) is the circle group S*
and is isomorphic to the complex numbers of absolute value 1. To make things
more interesting we will look at it over the rationals, in other words looks at the
group SO2(Q). The elements of this group can be identified with Pythagorean
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triangles: integer solutions of 2% 4+ y? = 22 with no common factor and z > 0
(corresponding to the point z/z,y/z) € SO2(Q)).

Exercise 169 Show that the points can be parametrized by ¢ € Qsup oo by
drawing the line through (—1,0) and (z/z,y/z) and taking the intersection
(1,t) of this with the line (1,%). What is the rational number ¢ corresponding
to 32 + 42 = 527 Find the Pythagorean triangle corresponding to the square of
the group element corresponding to the (3,4, 5) triangle.

Exercise 170 Show that under the action of SO5(C), the space C? splits as the
sum of two 1-dimensional representations. What well-known group is SO5(C)
isomorphic to, and what are the two corresponding 1-dimensional representa-
tions of this group?

Dimension 3: We have a compact group O3(R), a complex group O3(C),
and another group Os 1 (R) to investigate. We say earlier that O 1(R) is locally
isomorphic to SLy(R).

Exercise 171 Show that O3(C) is locally isomorphic to SL(C). (Hint: over
C the forms 22 + y? + 22 and 22 + y? — 2?2 are equivalent!)

The quaternions are a useful way to describe the compact group SO3(R) in
detail. Recall that the quaternions are a 4-dimensional division algebra over
the reals with a basis 1,4, j, k and products i2 = j2 = k? = -1, ij = —ji = k,
jk = —kj =1, ki = —ik = j. The conjugation is defined by a + bi + ¢j + dk =
a—>bi—cj—dk and the norm is defined by N(q) = ¢g = a®+b?+c?>+d>. Since this
is real, any non-zero quaternion has an inverse §/N(gq). The unit quaternions
q=a+bi+cj+dk with N(q) = q7 = a®> + b* + ¢* + d*> = 1 form a group
homeomorphic to the sphere S$3. This is almost the same as the orthogonal
group SO3(R. To see this consider the adjoint action v(v) = yvy~1 of the
unit quaternions S% on R3, identified with the space of imaginary quaternions.
This preserves norms and is therefore a rotation, so we get a homomorphism
S$3 — SO3(R).

Exercise 172 Show that this homomorphism is onto, and has kernel of order
2 given by {1, —1}.

This gives a fast way to multiply two rotations, since multiplying two quater-
nions takes fewer operations that multiplying two 3 by 3 matrices.

Exercise 173 The quaternions contain a copy of the complex numbers a + bi
so can be thought of as a 2-dimensional right vector space over the complex
numbers. Show that under this identification, the group S2 of unit quaternions,
acting by left multiplication on H = C2, is identified with the group SUs.

Dimension 4. Here there are 3 real orthogonal groups O4(R), O3 1(R), and
032,2(R) to look at. We saw earlier that O3 1 (R) is locally isomorphic to SLy(C),
so we will mostly ignore it.

We can also use quaternions to do the next case SO4(R). To do this, be
observe that both left multiplication x +— vz and right multiplication z +—
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2y by unit quaternions « preserve the norm and therefore give rotations of 4-
dimensional space (identified with the quaternions). So we get a homomorphism
93 x 83 5 SO4(R), taking (v,8) € S% x S3 to the rotation z — yxd 1.

Exercise 174 Check that this is a homomorphism onto SO4(R) with kernel
(-1,-1).

The group SO32(R), or rather a double cover of it, has a similar splitting.
To see this we think of R* as the 2 by 2 matrices, with the determinant as a
quadratic form of signature (2,2). Then left and right multiplication by elements
of SLy(R) preserve this form, so we get a homomorphism from SLa(R) x SLa(R)
to O22(R) with kernel of order 2. We get a similar splitting of the double cover
of 04(C).

Notice that the Lie algebras of O4(R), O3,1(R), and O3 2(R) are all real forms
of O4(C), but the first and third split as a product of 2 smaller Lie algebras,
while the middle one is a simple Lie algebra.

Dimension 5: Orthogonal groups in dimension 5 are sometimes locally iso-
morphic to symplectic group; we will discuss this later when we cover symplectic
groups.

Dimension 6. The orthogonal group Og(C) is locally isomorphic to SL4(C).
To see this take the alternating square A%(C*). This is acted on by SL4(C) with
kernel +1, and there is a symmetric bilinear form from A%(C%) x A?(C*)
A%(C*). But A*(C*) can be identified with C in a way that is preserved by
SL4(C), as this identification is essentially a determinant. So we get a homo-
morphism from SL4(C) to SOg(C) with kernel £1.

Exercise 175 Similarly the group SL4(R) is locally isomorphic to one of the
groups 506(R), 505717 50472(R), or 50373(R); which?

Now we will look at some of the symmetric spaces associated to orthogonal
groups, which can be thought of as the most natural things they act on. A max-
imal compact subgroup of O, ,(R) is O, (R) x O, (R). The symmetric space
is easy to identify explicitly: the orthogonal group Oy, »(R) acts on R™*" and
the maximal compact subgroup O,,(R) x O, (R) is just the subgroup fixing the
positive definite subspace R™. So the symmetric space is just the Grassmannian
of maximal positive definite subspaces of R™" (an open subset of the Grass-
mannian of all m-dimensional subspaces). For small values of m or n this can
be described in other ways as follows.

Example 176 The orthogonal group O,+1(R) is the group of isometries of
the n sphere, so the projective orthogonal group PO,11(R) is the group of
isometries of elliptic geometry (real projective space) which can be obtained
from a sphere by identifying antipodal points. (Recall that P means quotient
out by the center, of order 2 in this case.) We will show that the group of
isometries of hyperbolic geometry can be described in a similar way.

We construct a model of hyperbolic geometry. Take the indefinite space
RY™(R) with quadratic form z? — 3 — 22 — ---. Then the norm 1 vectors
form a 2-sheeted hyperboloid, and on this hyperboloid the pseudo-Riemannian
metric of RV™(R) restricts to a Riemannian metric. Then one of these sheets
forms a model of hyperbolic space. So just as in the elliptic case, the group
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of isometries is PO; ,(R). In the indefinite case the orthogonal group O; ,(R)
splits as a product of the center {1,—1} of order 2 and its index 2 subgroup
group O; ,(R)" of elements that fix the two components of the hyperboloid
(these are the elements of spinor norm equal to the determinant).

Exercise 177 In RY" there are two sorts of reflection, because we can reflect
in the hyperplanes orthogonal to either positive or negative norm vectors. What
two sorts of isometries of hyperbolic space do these correspond to?

The symmetric spaces of Oy, ,(R) for m (or n) equal to 2 also have a special
property. In this case the maximal compact subgroup has a factor of Oy(R)
which is almost the circle group S!, which strongly suggests that this symmetric
space should be Hermitian. To see this we identify the symmetric space with an
open subset of a complex quadric as follows. The quadric is the set of points w of
the projective space PC?™ such that (w,w) = 0. The open subset is the points
with (w,w) > 0. If w is represented by = + iy then 2% = y?> > 0 and (z,y) =0
so x and y form an orthogonal base for a positive definite subspace of R?™.
Changing w by a complex scalar does not change this 2-dimensional subspace
(though it changes the basis of course). So this identifies the symmetric space
with an open subset of a complex variety in a natural way. These symmetric
spaces turn up quite often in moduli space problems: as a typical example, the
moduli space of marked Enriques surfaces is the symmetric space of Oz 109(R)
with a codimension 1 complex submanifold removed.

Exercise 178 Show that this symmetric space can also be identifies with the
points of C1'"~1 whose imaginary part lies in the interior of one of the two
cones of R1™~1. This gives a representation of the symmetric space as a “tube
domain”, generalizing the upper half plane.

Now we will work out the roots of orthogonal groups. We first find a Cartan
subgroup of O, (R). For example, we can take the group generated by rotations
in n/2 or (n — 1)/2 orthogonal planes. The problem is that this is rather
a mess as it is not diagonal (“split”). So let’s start again, this time using
the quadratic form xixs + 324 + -+ + Tom_1 + To,,. This time a Cartan
subalgebra is easier to describe: one consists of the diagonal matrices with
entries ai, 1/a1,as,1/as,.... The corresponding Cartan subalgebra consists of
diagonal matrices with entries aq, —aq, s, —as,.... Now let’s find the roots,
in other words the eigenvalues of the adjoint representation. The Lie algebra
consists of matrices A with AJ = —JA?, or in other words A.J is skew symmetric,
where J is the matrix of the quadratic form, which in this case has blocks of
(9§) down the diagonal. For m = 2 the elements of the Lie algebra are

aq 0 a b
0 —a1 ¢ d
—d -b an 0
—c —a 0 —as

so the roots corresponding to the entries a,b,c,d are a3 — as, a3 + as,
—a1 — Qg,—a1 + g, so are just £a; + ay. (Notice that in this case the roots
split into two orthogonal pairs, corresponding to the fact that so4(C) is a product
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of two copies of sly(C).) Similarly for arbitrary m the roots are +a; & ;. This
roots system is called D,,.

Now we find the Weyl group. This consists of reflections in the roots. Such
a reflection exchanges two coordinates, and possible changes the sign of both
coordinates. So the Weyl group consist of linear transformations that permute
the coordinates and then flip the signs of an even number of them, so has order
2m=1 ml

We will now use the root systems of orthogonal groups to explain most of
the local isomorphisms and splittings we observed in low dimensions.

We first the root system to explain why orthogonal groups in 4 dimensions
tend to split. Obviously the root system of a product of 2 Lie algebras is the
orthogonal direct sum of their root systems. The root system of O4(C) happens
to be a union of 2 orthogonal pairs +(aq + ag) and £(a; — @), each of which is
essentially the roots system of SLs(C), so we expect its Lie algebra to split. We
should also explain why some orthogonal Lie algebras in 4 dimensions such as
03.1(R) do not split. For this, we look at the action of the Galois group of C/R,
in other words complex conjugation, on the roots. For a complex Lie algebra the
roots lie in its dual. For a real lie algebra the roots need not lie in its dual: in
general they are in the complexification of its dual, and in particular are acted on
by complex conjugation. (For algebraic groups over more general fields such as
the rationals we also get actions of the Galois group on the roots.) For the split
case 02 o this action is trivial, for the compact group o4 the action takes each
root to its negative, while for o3 ; the Galois group flips the two orthogonal pairs
of roots. If the Lie algebra splits as a product then the roots system is a union
of orthogonal subsystems invariant under complex conjugation, so the reason
03,1(R) does not split is that the decomposition of the root system into two
orthogonal pairs cannot be done in a way invariant under complex conjugation.

Exercise 179 For orthogonal groups of odd dimensional spaces, use the quadratic
form a2 + 2122 + 2374 + -+ + Tom_1 + Tom. Show that the roots are +a; + o
and *+q;. This root system is called B,,. Show that the Weyl group generated
by the reflections of roots has order 2"*.m!, and is generated by permutations
and sign changes of the coordinates.

This explains why SLo(C) and SO3(C) are locally isomorphic: they have
essentially the same root system consisting of two roots of sum 0.

Exercise 180 Check directly that the root systems Az of SLy(C) and D3 of
O (C) are isomorphic (in other words find an isometry between the vector spaces
they generate mapping the first roots system onto the second).

We will later see that SLs5(C) and Sps(C) also have the same root system,
explaining why they are locally isomorphic.

Now we find the automorphism groups of these root systems B,, and D,,.

For B,, this is easy: the roots fall into m orthogonal pairs, so we can permute
the m pairs and swap the elements of each pair. this gives an automorphism
group 2".m!, which is the same as the Weyl group.

For D,, the Weyl group is not the full automorphism group, because the
Weyl group 2™~ 1.m! can only change the sign of an even number of coordinates,
but we can also swap the signs of an odd number of coordinates to get a group
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2™ m!. In particular the root system has an automorphism of order 2 not in the
Weyl group. This corresponds to an outer automorphism of the group SOa,,(C),
given by any determinant —1 automorphism of Oa,, (C).

Exercise 181 Why does this only apply for orthogonal groups in even dimen-
sions; in other words why do the determinant —1 elements of Oa,41(C) not
give outer automorphisms of SOg,+1(C)?

Are there any more automorphisms? The lattice D,,, (meaning the lattice gen-
erated by the roots) is a lattice of determinant 4 contained in the lattice B,, of
determinant 1. If we can show that B, is unique in some way then this will show
that the automorphism group of D,,, acts on B,,, so is the automorphism group
of B,,. So let’s look at the possible integral lattices containing Dy. Any such
lattices must be contained in the dual of D4, which consists of 4 cosets of Dy:
all vectors have integral coordinates, or they all have half-integral coordinates.
The B,, lattice is formed by taking D,,, and adding the coset with integral co-
ordinates whose sum is odd. So we look at the other two cosets, whose minimal
norm vectors are (£1/2,+1/2,...;) with sum either even or odd. The minimal
norm is m/4, while the minimal norm of the coset used for B,, is 1. So there are
no extra automorphisms unless possibly m/4 = 1, in other words m = 4. In this
case there are indeed extra automorphisms: we need to find an automorphisms
acting nontrivially on these cosets, and we can find such automorphisms given
by reflections in the vectors (+£1/2,41/2,+1/2,+1/2) which ave norm 1 and
inner product with each element of D4 a half integer, so reflection is indeed an
automorphism of Dy.

In fact we can extend the root system D, C By to a bigger root system
called F; by adding in these 16 norm 1 roots. We will see later that this is the
root system of an exceptional Lie group. We have essentially worked out the
Weyl group of Fy: it is the same as the automorphism group of the root system
D, and so has order 23.41.6 = 27.32.

There is another way to extend D,, to a bigger root system. If we put
m = 8 then the vectors (+1/2,+1/2,...,) happen to have norm 2, and all norm
2 vectors of an integral lattice are roots (meaning that their reflections act on
the lattice). So if we add one of these cosets to Dg we get an integral lat-
tice Eg with 112 4+ 27 = 240 vectors of norm 2. In other words the roots
are the vectors (---,+1,--- ,+1,---) with two non-zero entries and the vec-
tors (+£1/2,£1/2,...,) with even sum. This root system also corresponds to an
exceptional Lie algebra of dimension 8 + 240 = 248.

Exercise 182 Define the root systems E7; and Eg to be the roots of Eg whose
first 2 or 3 coordinates are equal. Show that E; has 126 roots and Fg has
72 roots. (These will turn out to correspond to Lie algebras of dimensions
126 +7 =133 and 72+ 6 = 78.)

The lattice Eg is the smallest example of a unimodular integral positive
definite lattice that is not a sum of copies of Z. We can form similar unimodular
lattices D;t from D,, whenever m is divisible by 4; they are even lattices if m
is divisible by 8. However if m > 8 they have the same roots as D,,, so do not
give new Lie algebras or root systems.
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The lattice for m = 16 was used by Milnor to give a negative answer the
question “can you hear the shape of a drum”, in other words is a compact Rie-
mannian manifold determined by the spectrum of its Laplacian. The spectrum
of a toroidal drum is given by the number of vectors of various norms of the
corresponding lattice. The lattices Eg+ Eg and Df‘G are distinct, and the theory
of modular forms shows that they have the same theta function, in other words
the same number of vectors of every norm, so the corresponding tori are not
isomorphic but have the same spectrums.

Exercise 183 Show that the root systems Fg + Eg and D1 in RS have the
same number of roots but are not isomorphic.

14 Clifford algebras

With Lie algebras of small dimensions, we have seen that there are numerous
accidental isomorphisms. Almost all of these can be explained with Clifford
algebras and Spin groups.

Motivational examples that we’d like to explain:

1. SO2(R) = S': S! can double cover S* itself.

)
2. SO3(R): has a simply connected double cover S3.
3. SO4(R): has a simply connected double cover S3 x S3.

4. SO5(C): Look at Sps(C), which acts on C* and on A%(C*), which is 6
dimensional, and decomposes as 5 @ 1. A?(C*) has a symmetric bilinear
form given by A?(C*) ® A%2(C*) — A*(C*) ~ C, and Sp4(C) preserves this
form. You get that Sps(C) acts on C®, preserving a symmetric bilinear
form, so it maps to SO5(C). You can check that the kernel is 1. So
Spa(C) is a double cover of SO5(C).

5. SO5(C): SL4(C) acts on C*, and we still have our 6 dimensional A2?(C*),
with a symmetric bilinear form. So we get a homomorphism SL,(C) —
SO0g(C), which we can check is surjective, with kernel +1.

So we have double covers S, S3, 53 x S3 Sps(C), SL4(C) of the orthogonal
groups in dimensions 2,3,4,5, and 6, respectively. All of these look completely
unrelated. We will give a uniform construction of double covers of all orthogonal
groups using Clifford algebras.

Example 184 We have not yet defined Clifford algebras, but to motivate the
definition here are some examples of Clifford algebras over R.

e C is generated by R, together with 4, with i2 = —1

e H is generated by R, together with ¢, j, each squaring to —1, with ij+ji =
0.

e Dirac wanted a square root for the operator V = g—; + aaT; + 59722 - g%z

(the wave operator in 4 dimensions). He supposed that the square root is
of the form A = v, % + 720% + 73% + 74% and compared coefficients in
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the equation A% = V. Doing this yields v =73 =~2 =1, v = —1, and
Yiv; + 7 =0 for i # j.

Dirac solved this by taking the ; to be 4 x 4 complex matrices. A operates
on vector-valued functions on space-time.

Definition 185 A Clifford algebra over R is generated by elements v1,...,vn
such that v} = £1, and v;vj + v;7 = 0 for i # j.

This is a rather clumsy and ad hoc definition. Let’s try again:

Definition 186 (better definition) Suppose V is a vector space over a field
K, with some quadratic form N : V. — K. (N is a quadratic form if it is
a homogeneous polynomial of degree 2 in the coefficients with respect to some
basis.) Then the Clifford algebra Cy (K) is the associative algebra generated by
the vector space V., with relations v? = N (v).

Of course this definition also works for quadratic forms on modules over rings,
or sheaves over a space, and so on, and much of the basic theory of Clifford
algebras can be extended to these cases.

We know that N(\v) = A2N(v) and that the expression (a,b) := N(a+b) —
N(a)—N(b) is bilinear. If the characteristic of K is not 2, we have N(a) = %
Thus, we can work with symmetric bilinear forms instead of quadratic forms so
long as the characteristic of K is not 2. We will use quadratic forms so that
everything works in characteristic 2. (Characteristic 2 is notoriously tricky for
bilinear and quadratic forms and we will not be working in characteristic 2, but
if we can pick up this case for free just by using the right definition we may as
well.)

Warning 187 Some authors (mainly in index theory) use the opposite sign
convention v? = —N(v). This is a convention introduced by Atiyah and Bott.

Some people add a factor of 2 somewhere, which usually does not matter,
but is wrong in characteristic 2.

Example 188 Take V = R? with basis 4, j, and with N(xi +yj) = —22 — 2.
Then the relations are (zi + yj)? = —2? — y? are exactly the relations for the
quaternions: i2 = j2 = —1 and (i +5)? =42 +ij + ji + j> = =2, s0 ij + ji = 0.

Remark 189 If the characteristic of K is not 2, a “completing the square”
argument shows that any quadratic form is isomorphic to c;2? +- - - + ¢, 22, and
if one can be obtained from another other by permuting the ¢; and multiplying
each ¢; by a non-zero square, the two forms are isomorphic.

It follows that every quadratic form on a vector space over C is isomorphic
to 2 + --- 4+ 22, and that every quadratic form on a vector space over R is
isomorphic to % + --- + 22, — 22, — -+ — 22 (m pluses and n minuses)
for some m and n. Sylvester’s law of inertia shows that these forms over R
are non-isomorphic (proof: look at the largest possible dimension of a positive
definite or negative definite subspace).

We will usually assume that N is non-degenerate (which means that the as-
sociated bilinear form is non-degenerate), but one could study Clifford algebras
arising from degenerate forms. For example, the Clifford algebra of the zero
form is just the exterior algebra.
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Remark 190 The tensor algebra T'V has a natural Z-grading, and to form the
Clifford algebra Cy (K'), we quotient by the ideal generated by the even elements
v? — N(v). Thus, the algebra Cy(K) = C%(K) ® CL(K) is Z/2Z-graded. A
7./27Z-graded algebra is called a superalgebra.

We now want to solve the following problem: Find the structure of C,, ,,(R),
the Clifford algebra over R"*™ with the form @3 +---+a2, —a2, | — - — a2 ..

Example 191
° Coyo(R) is R.

e C1o(R)isR[e]/(e?—1) =R(1+¢) ®R(1—¢) = R@R. In the given basis,
this is a direct sum of algebras over R.

o Co1(R) is R[i]/(i2 + 1) = C, with 7 odd.

e Cyo(R) is R[o, B]/(a® — 1,82 — 1,a8 + Ba). We get a homomorphism
C20(R) — My(R), given by o +— (§ %) and 8 +— (). The homo-
morphism is onto because the two given matrices generate My (R) as an
algebra. The dimension of M3(R) is 4, and the dimension of Cso(R) is
at most 4 because it is spanned by 1, «, 8, and af. So we have that
0270 (R) ~ M2 (R)

e C11(R)is R[e, B]/(a?—1, 8% +1,aB+ Ba). Again, we get an isomorphism
with Ma(R), given by v~ (§ %) and B+ ( ° §)
So we have computed the Clifford algebras

m\n 0 1 2
0 R C H
1 RoR MyR)
2 My(R)
If {v1,...,v,} is & basis for V, then {v;, vy, i1 < -+ <, k < n} spans

Cy(K), so the dimension of Cy (K) is less than or equal to 24™V . As usual
with objects given by generators and relations, the harder problem is showing
that it cannot be smaller.

Now let’s try to analyze larger Clifford algebras more systematically. What
is Cygy in terms of Cy and Cy? One might guess Cygy = Cy ® Cy. For the
usual definition of tensor product, this is false (e.g. C1 1(R) # C1,0(R)®Co.1(R)).
However, for the superalgebra definition of tensor product, this is correct. The
superalgebra tensor product is the regular tensor product of vector spaces, with
the product given by (a ® b)(c ® d) = (—1)4ebdegcqe © bd for homogeneous
elements a, b, ¢, and d. For the moment we will forget about superalgebras, and
naively calculate with the ordinary tensor product.

Let’s specialize to the case K = R and try to compute Cygy (K). Assume
for the moment that dim U = m is even. Take oy, ..., a,, to be an orthogonal
basis for U and let f81,..., B, to be an orthogonal basis for V. Then set ; =
a0 - oy B;. What are the relations between the o; and the ;7 We have

QY = Qg am B = arag - am B = 50

66



since dim U is even, and «; anti-commutes with everything except itself.

ViV = Yio1 - OB
=1 i
=Qp-c @y o Bl
~—
—B;Bi
= =%

2 aq - amar - BiBi

Yi

m(m—1)
(1) ad- a2 B

— (1)} a2, B (m even)

So the v;’s commute with the a; and satisfy the relations of some Clifford
algebra. Thus, we’ve shown that Cygy (K) = Cy(K) ® Cw (K), where W is V
with the quadratic form multiplied by

(_1)% dmUn2... 02 = (—1)% dimU . discriminant(U),

and this is the usual tensor product of algebras over R.
Taking dim U = 2, we find that

Cmt2n(R) = M(R) @ Cp m(R)
Cm+1,n+1(R) = MQ(R) & Cm,n(R)
Crn+2(R) 2 H® Cpm(R)

where the indices switch whenever the discriminant is positive. Using these
formulas, we can reduce any Clifford algebra to tensor products of things like
R, C, H, and M (R).

Recall the rules for taking tensor products of matrix algebras (all tensor
products are over R).

e RR X =X.

C® H = M,y(C).
This follows from the isomorphism C ® Cy, »,(R) = Cpyyyn (C).

CeC=CeasC.

H® H = My (R).
This follows by thinking of the action on H =2 R* given by (z®vy)-2z = x27.

M, (M, (X)) 22 My (X).
o My (X) @M (Y) & Mypn(X ®Y).

Filling in the middle of the table is easy because we can move diagonally
by tensoring with Ma(R). It is easy to see that Csimn(R) = Chynts(R) =
Cmn ® Mij6(R), which gives the table a kind of mod 8 periodicity. There is
a more precise way to state this: Cp, ,(R) and C, ,/(R) are super Morita
equivalent if and only if m —n =m/ —n’ mod 8.
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We found that the structure of a Clifford algebra depends heavily on m —n
mod 8. The explanation of this was not all that satisfactory as it seemed to be
a fluke coming at the end of a long calculation. There is a hidden cyclic group
of order 8 controlling this, given by the super Brauer group of the reals. The
usual Brauer group of a field consists of the finite dimensional central division
rings, with the group product given by taking tensor products (modulo taking
matrix rings). For example, the Brauer group of the reals has order 2, with
elements the reals and the quaternions, and the Brauer group of the complex
numbers has order 1. The super Brauer group is defined similarly except we use
super division algebras: this means every nonzero HOMOGENEOUS element
is invertible. The 8 elements are represented by the reals, the quaternions, and
the algebras R[e], C[e], Hle], where € is odd, €2 = 1 and xe = €% for x in the
even part.

Exercise 192 Work out how the super division algebras over R correspond to
elements of a cyclic group of order 8 up to super Morita equivalence, under the
super tensor product. Find the 8 algebras underlying them if one forgets the
grading and compare these with Clifford algebras.

This mod 8 periodicity turns up in several other places:

1. Real Clifford algebras C, ,,(R) and Cy,/ , (R) are super Morita equivalent
if and only if m —n =m’ —n' mod 8.

2. Bott periodicity, which says that stable homotopy groups of orthogonal
groups are periodic mod 8.

3. Real K-theory is periodic with a period of 8.

4. Even unimodular lattices (such as the Eg lattice) exist in R™"™ if and only
if m—n =0 mod 8. More generally even integral lattices tend to have a

strong period 8 behavior: for example 37y, /1 e™N = e2misignature/8 | /Idiscriminant|.
For 1-dimensional lattices this is more or less Gauss’s law of quadratic reci-
procity in terms of Gauss sums.

5. The Super Brauer group of R is Z/8Z.

Recall that Cy(R) = CY%(R) @ CL(R), where CL(R) is the odd part and
CV(R) is the even part. We will need to know the structure of C, , (R), which
controls special orthogonal groups in the same way that Clifford algebras control
orthogonal groups. Fortunately, this is easy to compute in terms of smaller
Clifford algebras. Let dimU = 1, with v a basis for U and let 7;,...,7, an
orthogonal basis for V. Then Cp gy (K) is generated by yvyi,...,7y,. We
compute the relations

YV YV = TV YYe
for i # j, and
(v7:)? = (=77
So CPgy (K) is itself the Clifford algebra Cyw (K), where W is V with the
quadratic form multiplied by —v? = —disc(U). Over R, this tells us that

C7qu+1,n(R) = Chm(R) (mind the indices)
ng,nJrl(R) = Cm,n (R)
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Remark 193 For complex Clifford algebras, the situation is similar, but easier.
One finds that Co,p,(C) & Maom (C) and Coyyy1(C) = Mom (C) @ Mgm (C), with
CY%(C) = C,,—1(C). You could figure these out by tensoring the real algebras
with C if you wanted. We see a mod 2 periodicity now. Bott periodicity for the
unitary group is mod 2.

Exercise 194 Find the non-trivial finite dimensional super division algebra
with center C.

Clifford algebras are analogous to the algebra of differential operators, which
are given by generators z; and D; with relations that the x; commute with each
other, the D; commute with each other, and D;x; — z;D; = 1. If we put a
skew symmetric form on the vector space spanned by the z; and D; so that
(i,xzj) = 0, (D;, D) =0, (Dj,z;) = 11if i = j and 0 otherwise, then the
algebra of differential operators is generated by this space with the relations
ab —ba = (a,b). This is similar to Clifford algebras which (in characteristic not
2) have relations ab + ba = (a,b) for a symmetric form. If we work with super
vector spaces, then these two constructions become special cases of the same
construction.

Clifford algebras can also be obtained as a quotient of a Heisenberg superal-
gebra, in the same way that the algebra of differential operators is a quotient of
a Heisenberg algebra. So the study of Clifford algebras and their representations
is essentially the study of the Heisenberg superalgebra. This again demonstrates
that it is really more natural to work with super vector spaces rather than vec-
tor spaces when studying Clifford algebras, but we will mostly just use vector
spaces and just point out the changes needed for using superspaces.

14.1 Clifford groups, Spin groups, and Pin groups

In this section, we define Clifford groups of a vector space V' with a quadratic
form over a field K, denoted I'y (K'). They are central extensions of orthogonal
groups that fit into an exact sequence

15 K* >Ty(K)—= Oy(K)— 1.

Definition 195 We define « to be the automorphism of Cy (K) induced by —1
on 'V (in other words the automorphism which acts by —1 on odd elements and
1 on even elements)). The Clifford group I'v (K) is the group of homogeneous
invertible elements x € Cy(K) such that xVa(x)™t C V (recall that V C
Cy(K)). This also gives an action of Ty (K) on V.

Many authors leave out the «, which is a mistake, though not a serious one,
and use zVx~! instead of zVa(x)~!. Our definition (introduced by Atiyah,
Bott, and Schapiro) is better for the following reasons:

1. It is the correct superalgebra sign. The superalgebra convention says that
whenever you exchange two elements of odd degree, you pick up a minus
sign, and V is odd.

2. Putting o in makes the theory much cleaner in odd dimensions. For ex-
ample, we will see that the described action gives a map I'y (K') — Oy (K)
which is onto if we use «, but not if we do not. (You get SOy (K) rather
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than Oy (K) in odd dimensions without the «, which is not a disaster, but
is annoying.)

Lemma 196 The clements of T'v(K) that act trivially on V are the elements
of K* CTy(K) C Cv(K).

Proof Suppose ag+a; € T'y(K) acts trivially on V', with ag even and a; odd.
Then (ag + a1)v = va(ag + a1) = v(ag — a1). Matching up even and odd parts,
we get agv = vag and ajv = —va;. Choose an orthogonal basis 7y, ...,v, for
V. (All these results are true in characteristic 2, but we have to work harder:
we cannot go around choosing orthogonal bases because they may not exist.)
We may write

ap =T+ 7MY

where z € C},(K) and y € C},(K) and neither z nor y contain a factor of 71,
so 11&¢ = xy; and Y1y = yy1- Applying the relation agv = vag with v = 1, we
see that y = 0, so a¢ contains no monomials with a factor ~;.

Repeat this procedure with v equal to the other basis elements to show that
ap € K* (since it cannot have any +’s in it). Similarly, write a; = y+ y12, with

x and y not containing a factor of 7;. Then the relation a;y; = —7y1a1 implies
that x = 0. Repeating with the other basis vectors, we conclude that a; = 0.
Soap+a; =ap € KNTy(K)=K*. O Now we define =T to

be the identity on V, and extend it to an anti-automorphism of Cy (K) (“anti”
means that (ab)” = b%a’). Do not confuse a — a(a) (automorphism), a — a”
(anti-automorphism), and a +— a(a”?) (anti-automorphism).

Now we define the spinor norm of a € Cy(K) by N(a) = aa’. We also
define a twisted version: N(a) = aa(a)?.

Proposition 197

1. The restriction of N to I'v(K) is a homomorphism whose image lies in
K>*. (N is a mess on the rest of Cy (K).)

2. The action of 'y (K) on V is orthogonal. That is, we have a homomor-
phism T'y (K) — Oy (K).

Proof First we show that if a € I'y(K), then N%(a) acts trivially on V.

Na(a) ’L}O[(Na(a))il = aa(a)T’U (a(a) ()é(a(a)T)) (5)
T
= aa(a)T’U(a_l)T a(a)_l (6)
=(a T a(a)T
= aa 'va(a)a(a)™? (7)

= (®)
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So by Lemma ?7?, N*(a) € K*. This implies that N¢ is a homomorphism
on 'y (K) because

N (a)N*(b) = aa(a)' N*(b (9)
=aN®(b)a(a)” (N“(b) is central) (10)
= aba(b)Ta(a)” (11)
= (ab)a(ab)” = N*(ab). (12)

After all this work with N¢, what we're really interested is N. On the even
elements of I'y (K), N agrees with N%, and on the odd elements, N = —N*.
Since I'y (K) consists of homogeneous elements, N is also a homomorphism from

I'v(K) to K*. This proves the first statement of the proposition.
Finally, since N is a homomorphism on I'y (K), the action on V preserves
the quadratic form N of V. Thus, we have a homomorphism I'y (K) — Oy (K).
O

On V, N coincides with the quadratic form N. Some authors seem not to
have noticed this, and use different letters for the norm N and the spinor norm
N on V. Sometimes they use a poorly chosen sign convention which makes
them different.

Now we analyze the homomorphism I'y (K) — Oy (K). Lemma ?77 says
exactly that the kernel is K*. Next we will show that the image is all of Oy (K).
Say r € V and N(r) # 0.

-1 T vr? 4 ror
TUC%(T‘) = _TUW =V — W
),
B N(r) (13)

—r ifo=r
B {v if (v,7) =0 (14)

Thus, r is in T'yv(K), and it acts on V by reflection through the hyperplane
r+. One might deduce that the homomorphism I'y (K) — Oy (K) is surjective
because Oy (K) is generated by reflections. This is wrong; Oy (K) is not always
generated by reflections!

Exercise 198 Let H = F3, with the quadratic form z? + y? + zy, and let
V = H @ H. Prove that Oy (F2) is not generated by reflections.

Solution 199 In H, the norm of any non-zero vector is 1. It is immediate to
check that the reflection of a non-zero vector v through another non-zero vector

U 18
{u ifu=wv
ry(v) = .
v+u ifuFov

so reflection through a non-zero vector fizes that vector and swaps the two other
non-zero vectors. Thus, the reflection in H generate the symmetric group on
three elements S3, acting on the three non-zero vectors.

If uw and v are non-zero vectors, then (u,v) € H ® H has norm 1 +1 =0,
so one cannot reflect through it. Thus, every reflection in V is “in one of the
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H’s,” so the group generated by reflections is S3 x S3. However, swapping the
two H’s is clearly an orthogonal transformation, so reflections do not generate

Oy (Fy).

Remark 200 This is the only counterexample. For any other vector space and
any other non-degenerate quadratic form on this space, Oy (K) is generated by
reflections. The map 'y (K) — Oy (K) is surjective even in the example above.
Also, in every case except the example above, 'y (K) is generated as a group
by non-zero elements of V' (i.e. every element of I'y/(K) is a monomial).

Remark 201 Equation 7?7 is the definition of the reflection of v through r. It
is only possible to reflect through vectors of non-zero norm. Reflections in char-
acteristic 2 are strange; strange enough that people don’t call them reflections,
they call them transvections.

Definition 202
Piny (K) = {x e T'v(K)|N(z) =1}

, and
Spiny (K) = Pinl,(K)

, the even elements of Piny (K).

On K*, the spinor norm is given by = — 22, so the elements of spinor norm 1
are = £1.

1 - +1 — Piny(k) - Qp — 1

\ 1 1

1 - Kk — Tyk) — Oyk — 1
3 1 \

1 - k? = k* - Kk - 1

where the rows are exact, K* is in the center of I'y (K) (this is obvious,
since K* is in the center of Cy/(K)), and N : Oy (K) — K*/(K*)? is the
unique homomorphism sending reflection through r+ to N(r) modulo (K *)2.

To see exactness of the top sequence, note that the kernel of ¢ is K* N
Piny (K) = £1, and that the image of Piny (K) in Oy (K) is exactly the el-
ements of norm 1. The bottom sequence is similar, except that the image of
Spiny, (K) is not all of Oy (K), it is only SOy (K); by Remark ??, every ele-
ment of I'y(K) is a product of elements of V, so every element of Spiny, (K) is
a product of an even number of elements of V. Thus, its image is a product of
an even number of reflections, so it is in SOy (K).

These maps are NOT always onto, but there are many important cases when
they are, such as when V has a positive definite quadratic form. The image is
the set of elements of Oy (K) or SOy (K) that have spinor norm 1 in K> /(K *)2.

What is N : Oy (K) — K*/(K*)?? It is the UNIQUE homomorphism such
that N(a) = N(r) if a is reflection in r*, and r is a vector of norm N(r).

Example 203 Take V to be a positive definite vector space over R. Then N

maps to 1 in RX/(R*)? = £1 (because N is positive definite). So the spinor
norm on Oy (R) is trivial.
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So if V is positive definite, we get double covers
1— +1— Piny(R) = Oy(R) = 1

1 — £1 — Spiny, (R) = SOy (R) — 1

This will account for the weird double covers we saw before.

What if V' is negative definite? Every reflection now has image —1 in
R* /(R*)2, so the spinor norm N is the same as the determinant map Oy (R) —
+1.

So in order to find interesting examples of the spinor norm, we have to look
at cases that are neither positive definite nor negative definite.

Let’s look at Lorentz space: R'3.

Reflection through a vector of norm < 0 (spacelike vector, P: parity rever-
sal) has spinor norm —1, det —1 and reflection through a vector of norm > 0
(timelike vector, T: time reversal) has spinor norm +1, det —1. So O;3(R)
has 4 components (it is not hard to check that these are all the components),
usually called 1, P, T', and PT.

Example 204 The Weyl group of Fjy is generated by reflections of vectors of
norms 1 and 2. It is a subgroup of O4(Q) so the spinor norm is a homomor-
phism to Q*/Q*?. So by combining this with the determinant map, we get a
homomorphism of this Weyl group onto the Klein 4-group (Z/27)?, mapping
reflections of norm 1 or norm 2 vectors onto two different non-trivial elements.
Similarly we see immediately that the Weyl group of B,, has a homomorphism
onto the Klein 4-group.

Example 205 The groups PSO,,(R) are simple for n > 5, so one might guess
by analogy that the groups PSO,,(Q) are also simple, but the spinor norm shows
immediately that they are not. In fact the spinor norm maps O,,(Q) onto the
infinite index 2 subgroup of Q*/Q*? represented by positive elements, so the
abelianization of PSO,(Q) is infinite.

Remark 206 In terms of Galois cohomology, there an exact sequence of alge-
braic groups (over an algebraically closed field)

1—-GL, —»Ty -0y —>1

We do not necessarily get an exact sequence when taking values in some subfield.
It
1-A—-B—-C—1

is exact,

1— A(K) —» B(K) — C(K)

is exact, but the map on the right need not be surjective. Instead what we get
is

1 — H%(Gal(K/K),A) — H*(Gal(K/K), B) — H°(Gal(K/K),C) —
— HY(Gal(K/K), A) — ---

It turns out that H'(Gal(K/K),GLy) = 1. However, H'(Gal(K/K),+1) =
KX/(KX)2.
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So from
1—-GL; —-Ty =0y —1

we get
1= KX =Ty(K) = Oy(K) = 1=HY(Gad(K/K),GL,)

However, taking
1 — pa — Spiny, — SOy — 1

we get
1 — £1 — Spiny (K) = SOy (K) & K*/(K*)? = H (K /K, p12)
so the non-surjectivity of N is some kind of higher Galois cohomology.

Warning 207 Spin;, — SOy is onto as a map of ALGEBRAIC GROUPS, but
Spiny, (K) — SOy (K) need NOT be onto.

Example 208 Take O3(R) = SO3(R)x{£1} as 3is odd (in general Oz, 41 (R) =
SO02,+1(R) x {£1}). So we have a sequence

1 — £1 — Sping(R) — SO3(R) — 1.

Notice that Sping(R) € C9(R) = H, so Sping(R) € H*, and in fact we saw that
it is 3.

14.2 Covers of symmetric and alternating groups

The symmetric group on n letter can be embedded in the obvious way in O, (R)
as permutations of coordinates. Lifting this to the pin group gives a double
cover of the symmetric group, which restricts to a perfect double cover of the
alternating group if n is at least 5.

Example 209 The alternating group As is isomorphic to the group P.SLo(F5)
which has a double cover SLy(F5). The alternating group Ag is isomorphic
to the group PSLo(FFy), which has a double cover SL2(Fg). (This is one way
to see the extra outer automorphisms of Ag since the group PSLs(Fg) has an
outer automorphism group of order 4: we can either conjugate by elements of
determinant not a square, or apply a field automorphism of Fy.)

Exercise 210 Here is another way to see the extra outer automorphisms of
Se. Show that there are 6 ways to divide the 10 edges of the complete graph
on 5 points into two disjoint 5-cycles, and deduce from this that there is a
homomorphism from S5 to Sg not conjugate to the “obvious” embedding. Then
use the fact that an index n subgroup of a group gives a homomorphism to S,
to construct an outer automorphism of Sg, taking a “standard” S5 subgroup to
one of these “exceptional” ones.

In most cases this is the universal central extension of the alternating group,
but there are two exceptions for n = 6 or 7, when the alternating group also
has a perfect triple cover.
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The triple cover of the alternating group Ag was found by Valentiner and is
called the Valentiner group. He found an action of Ag on the complex projective
plane, in other words a homomorphism from Ag to PGL3(C), whose inverse
image in the triple cover GL3(C) is a perfect triple cover of Ag. Here is a
variation of his construction:

Exercise 211 Show that the group PGL3(F4) acts transitively on the ovals in
the projective plane over Fj, where an oval is a set of 6 points such that no 3 are
on a line. Show that the subgroup fixing an oval is isomorphic to Ag, acting on
the 6 points of the oval. Show that the inverse image of this group in GL3(Fy)
is a perfect triple cover of Ag.

15 Spin groups

15.1 Spin representations of Spin and Pin groups

Notice that Piny (K) C Cy(K)*, so any module over Cy(K) gives a repre-
sentation of Piny (K). We already figured out that Cy (K) are direct sums of
matrix algebras over R, C, and H.

What are the representations (modules) of complex Clifford algebras? Recall
that Co,(C) = My« (C), which has a representations of dimension 2", which is
called the spin representation of Piny (K) and Ca,41(C) = Man (C) x Man (C),
which has 2 representations, called the spin representations of Ping, 1 (K).

What happens if we restrict these to Spiny,(C) C Piny (C)? To do that, we
have to recall that C9,(C) = Man-1(C) x Mgn-1(C) and C3,,;(C) = My (C).
So in EVEN dimensions Pins, (C) has 1 spin representation of dimension 2"
splitting into 2 HALF SPIN representations of dimension 2"~ ! and in ODD di-
mensions, Ping,11(C) has 2 spin representations of dimension 2" which become
the same on restriction to Spiny, (C).

Now we give a second description of spin representations. We will just do the
even dimensional case (the odd dimensional case is similar). Suppose dimV =
2n, and work over C. Choose an orthonormal basis v1,...,7v2, for V, so that
72 =1 and 7;7; = —;7. Now look at the group G generated by 71, ..., Y2n,
which is finite, with order 21+2". The representations of Cy (C) correspond to
representations of G, with —1 acting as —1 (as opposed to acting as 1). So
another way to look at representations of the Clifford algebra, is to look at
representations of G.

We look at the structure of G:

(1) The center is +1. This uses the fact that we are in even dimensions,
otherwise v; - - - y2,, is also central.

(2) The conjugacy classes: 2 of size 1 (1 and —1), 22" —1 of size 2 (£7;, - 74, ),
so we have a total of 22" 4 1 conjugacy classes, so we should have that
many representations. G /center is abelian, isomorphic to (Z/2Z)*", which
gives us 22" representations of dimension 1, so there is only one more left
to find. We can figure out its dimension by recalling that the sum of the
squares of the dimensions of irreducible representations gives us the order
of G, which is 22"+, S0 22" x 1' +1xd? = 22! where d is the dimension
of the mystery representation. Thus, d = +2", so d = 2". Thus, G, and
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therefore Cy(C), has an irreducible representation of dimension 2" (as
we found earlier by showing that the Clifford algebra is isomorphic to
Mo (C)).

Example 212 Consider O3 1(R). As before, O21(R) = SO21(R) x (£1), and
S021(R) is not connected: it has two components, separated by the spinor
norm N. We have maps

1 — £1 — Spiny 1 (R) — SOz1(R) = £1.

Spiny ; (R) € C3;(R) = M2(R), so Spin, ; (R) has one 2 dimensional spin rep-
resentation. So there is a map Spin, ; (R) — SL2(R); by counting dimensions
and such, we can show it is an isomorphism. So Spin, ; (R) = SLa(R).

Now let’s look at some 4 dimensional orthogonal groups

Example 213 Look at SO4(R), which is compact. It has a complex spin repre-
sentation of dimension 2%/2 = 4, which splits into two half spin representations
of dimension 2. We have the sequence

1 — £1 — Spiny (R) — SO4(R) — 1 (N=1)

Spin, (R) is also compact, so the image in any complex representation is con-
tained in some unitary group. So we get two maps Spin, (R) — SU(2) x SU(2),
and both sides have dimension 6 and centers of order 4. Thus, we find that
Sping(R) = SU(2) x SU(2) = $3 x $3, which give you the two half spin repre-
sentations.

So now we have done the positive definite case.

Example 214 Look at SOjs1(R). Notice that Oz 1(R) has four components
distinguished by the maps det, N — £1. So we get

1 - +1 — Sping , (R) — SO31(R) 5 £1 — 1

We expect 2 half spin representations, which give us two homomorphisms
Sping ; (R) — SL2(C). This time, each of these homomorphisms is an isomor-
phism (I can’t think of why right now). The SL(C)s are double covers of simple
groups. Here, we do not get the splitting into a product as in the positive def-
inite case. This isomorphism is heavily used in quantum field theory because
Sping ; (R) is a double cover of the connected component of the Lorentz group
(and SLy(C) is easy to work with). Note also that the center of Spins;(R)
has order 2, not 4, as for Spin, ((IR). Also note that the group PSLy(C) acts

on the compactified C U {o0} by (24) (1) = f:Ig Subgroups of this group
are called Kleinian groups. On the other hand, the group SO31(R)" (identity
component) acts on H? (three dimensional hyperbolic space). To see this, look
at the 2-sheeted hyperboloid.

One sheet of norm —1 hyperboloid is isomorphic to H? under the induced
metric. In fact, we’ll define hyperbolic space that way. Topologists are very in-
terested in hyperbolic 3-manifolds, which are H?/(discrete subgroup of SOs 1 (R)).
If we use the fact that SOs31(R) = PSLy(R), then we see that these discrete

subgroups are in fact Kleinian groups.
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There are lots of exceptional isomorphisms in small dimension, all of which
are very interesting, and almost all of them can be explained by spin groups.

Example 215 O3 3(R) has 4 components (given by det, N); C 5(R) = M (R) x
M(RR), which induces an isomorphism Spin, 5(R) — SL2(R) x SLz(R), which
gives the two half spin representations. Both sides have dimension 6 with centers
of order 4. So this time we get two non-compact groups. Let us look at the fun-
damental group of SLy(IR), which is Z, so the fundamental group of Spin, »(R)
is Z @ Z. As we recall, Spin, ((R) and Sping ; (R) were both simply connected.
This shows that SPIN GROUPS NEED NOT BE SIMPLY CONNECTED. So
we can take covers of it. What do the corresponding covers (e.g. the universal
cover) of Spin, 5(R) look like? This is hard to describe because for finite di-
mensional complex representations, we get finite dimensional representations of
the Lie algebra L, which correspond to the finite dimensional representations of
L®C, which correspond to the finite dimensional representations of L' = Lie al-
gebra of Spin, ((IR), which correspond to the finite dimensional representations
of Spiny ((R), which has no covers because it is simply connected. This means
that any finite dimensional representation of a cover of Spin, ,(R) actually fac-
tors through Spin, 5(R). So there is no way to describe these things with finite
matrices, and infinite dimensional representations are hard.

To summarize, the ALGEBRAIC GROUP Spin, , is simply connected (as
an algebraic group) (think of an algebraic group as a functor from rings to
groups), which means that it has no algebraic central extensions. However, the
LIE GROUP Spin, 5(R) is NOT simply connected; it has fundamental group
Z @ Z. This problem does not happen for COMPACT Lie groups (where every
finite cover is algebraic).

We have done Oy,03,1, and Os 3, from which we can obviously get O 3
and 0074. Note that 04,0(R) = 0074(R), 804,0(R) = SOQ4(R), Spin4,0(R) =
Sping 4(R). However, Ping o(R) % Ping 4(R). These two are hard to distinguish.
We have

Take a reflection (of order 2) in O40(R), and lift it to the Pin groups. What
is the order of the lift? The reflection vector v, with v? = +1 lifts to the element
v €'y (R) C Cy(R). Notice that v> =1 in the case of R*? and v? = —1 in the
case of R%* so0 in Ping o(R), the reflection lifts to something of order 2, but in
Ping 4(R), we get an element of order 4!. So these two groups are different.

Two groups are isoclinic if they are confusingly similar. A similar phe-
nomenon is common for groups of the form 2- G - 2, which means it has a center
of order 2, then some group G, and the abelianization has order 2. Watch out.

Exercise 216 Sping 3(R) = SL4(R).

15.2 Triality

This is a special property of 8 dimensional orthogonal groups. Recall that Og(C)
has the root system Dy, which has an extra symmetry of order three.

But Og(C) and SOg(C) do NOT have corresponding symmetries of order
three. The thing that does have the symmetry of order three is the spin group.
The group Sping(R) DOES have “extra” order three symmetry. We can see it
as follows. Look at the half spin representations of Sping(R). Since this is a spin
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group in even dimension, there are two. Cs o(R) = Mys/2-1(R) x Mys/2-1(R) =
Mg(R) x Mg(R). So Sping(R) has two 8 dimensional real half spin repre-
sentations. But the spin group is compact, so it preserves some quadratic
form, so we get 2 homomorphisms Sping(R) — SOg(R). So Sping(R) has
THREE 8 dimensional representations: the half spins, and the one from the
map to SOg(R). These maps Sping(R) — SOg(R) lift to Triality automorphisms
Sping(R) — Sping(R). The center of Sping(R) is (Z/2) + (Z/2) because the cen-
ter of the Clifford group is £1,+7; ---vs. There are 3 non-trivial elements of
the center, and quotienting by any of these gives you something isomorphic to
SOsg(R). This is special to 8 dimensions.

15.3 More about Orthogonal groups
Is Oy (K) a simple group? NO, for the following reasons:

(1) There is a determinant map Oy (K) — =£1, which is usually onto. (In
characteristic 2 there is a similar Dickson invariant map).

(2) There is a spinor norm map Oy (K) — K> /(K*)?
(3) —1 € center of Oy (K).

(4) SOy (K) tends to split if dim V' = 4, is abelian if dim V' = 2, and trivial if
dimV =1.

(5) There are a few cases over small finite fields where the orthogonal group
is solvable, such as O3(F3).

It turns out that they are simple apart from these reasons why they are not.
Take the kernel of the determinant, to get to SO, then take the elements of
spinor norm 1, then quotient by the center, and assume that dim V' > 5. Then
this is usually simple, except for a few small cases over small finite fields. If K
is a finite field, then this gives many finite simple groups.

Note that SOy (K) is NOT the subgroup of Oy (K) of elements of deter-
minant 1 in general; it is the image of I'),(K) C I'v(K) — Oy (K), which is
the correct definition. Let’s look at why this is right and the definition you
know is wrong. There is a homomorphism I'y (K) — Z/2Z, which takes I'}, (K)
to 0 and I't,(K) to 1 (called the Dickson invariant). It is easy to check that
det(v) = (—1)Pickson invariant(v) = Qg if the characteristic of K is not 2, det = 1
is equivalent to Dickson = 0, but in characteristic 2, determinant is a useless
invariant (because it is always 1) and the right invariant is the Dickson invariant.

Special properties of Oy, (R) and Oz »,(R). O1,,(R) acts on hyperbolic space
H", which is a component of norm —1 vectors in R™!. O, (R) acts on the
“Hermitian symmetric space” (Hermitian means it has a complex structure, and
symmetric means really nice). There are three ways to construct this space:

(1) Tt is the set of positive definite 2 dimensional subspaces of R%"
(2) Tt is the norm 0 vectors w of PC*" with (w,@) = 0.

(3) It is the vectors x + iy € RV~ with y € C, where the cone C is the
interior of the norm 0 cone.

Exercise 217 Show that these are the same.
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15.4 Spin groups in small dimensions

Here we summarize the special properties of orthogonal and spin group is di-
mensions up to 8.

1. In 1 dimension the groups are discrete.
2. Here the special orthogonal and spin groups are abelian

3. The spin group Spinz(R) is isomorphic to the special unitary group SUs,.
This is because the half-spin representation has dimension 2.

4. Spin groups have a tendency to split. The two half-spin representations
have dimension 2, so we get two homomorphisms to SLs. (Spin groups in
this dimension do not always split: for example the spin group Spin, 3(R)
of special relativity is locally isomorphic to SLs(C) which is simple modulo
its center.)

5. The spin group is isomorphic to a symplectic group Spys. This is because
the spin representation has dimension 4 and has a skew symmetric form.

6. The spin group is isomorphic to SU4(R). This is because the half-spin
representation has dimension 4.

7. The spin group Spinz(R) acts transitively on the sphere S7 in the spin
representation (of dimension 8) and the subgroup fixing a point is the
exceptional group Gs.

8. The two half-spin representations of dimension 8 have the same dimension
as the vector representation, and have symmetric invariant bilinear forms.
The spin group has a triality outer automorphism of order 3, permuting
the two half-spin representations and the vector representation.

15.5 String groups

If we start with the orthogonal group (of a finite dimensional positive definite
real vector space), it has nontrivial zeroth homotopy group, and we can kill
this by taking its connected component, the special orthogonal group. This has
non-trivial first homotopy group of order 2, and we can kill this by taking its
spin double cover. This process of killing the lowest homotopy group can be
continued further as

1--+ = String(n) — Spin(n) — SO(n) — O(n)

The first nonvanishing homotopy group of the spin group is the third homotopy
group, which is Z. The result of killing the third homotopy group of a spin
group is called a string group. At first sight this seems impossible to construct:
one problem is that any nonabelian compact Lie group has non-trivial third
homotopy group. However it is possible to kill the third homotopy group if one
allows non-compact infinite dimensional groups.

Stolz gave the following construction of the string group of a spin group G.
Take the PU bundle P over G corresponding to a generator of 75(G), where PU
is the projective unitary group of an infinite dimensional separable Hilbert space
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and is an Eilenberg-Maclane space K(Z,2). This follows because the infinite
dimensional unitary group U is contractible, and we have a fibration

1 — Circle group - U — PU — 1

so by the long exact sequence of homotopy groups we see that m,(S') =
Tn+1(PU). Then the string group is the group of bundle automorphisms that
act on the space G as left translations by elements of G. So we have an exact
sequence

1 — Gauge group — String group — Spin group — 1

A similar construction works if the spin group is replaced by any simply
connected simple compact Lie group, since all such groups are 2-connected and
have infinite cyclic 3rd homotopy groups.

The construction of the string group from the spin group is similar to the
construction of the spin group from the special orthogonal group. In the latter
case one takes the Z/27 bundle over SO, (R), and the spin group is the group
of bundle automorphisms lifting translations of the special orthogonal group.

In high dimensions the 4th, 5th, and 6th homotopy groups of the spin group
and string group also vanish. One can continue this process further; killing the
7th homotopy group of the string group produces a group called the fivebrane

group.

16 Symplectic groups

Symplectic groups are similar to orthogonal groups, but somewhat easier to
handle. Over a field there are usually many different non-singular quadratic
forms of given dimension, but only 1 alternating form in even dimensions, and
none in odd dimensions.

Symplectic groups in dimension 2n are easily confused with orthogonal groups
in dimension 2n + 1. They have the same dimension n(2n + 1), the same Weyl
group, and almost the same root system, and they are locally isomorphic for
n < 2. In the early days of Lie group Killing thought at first that they were the
same. Over fields of characteristic 2 they do become essentially the same: to see
this, consider a quadratic form ¢ in a vector space V of dimension 2n + 1. Its
associated symmetric bilinear form is alternating since the characteristic is 2, so
has a vector z in its kernel. So any rotation of V' induces an linear transforma-
tion of the 2n-dimensional vector space V/z preserving its induced symplectic
form. So in characteristic 2 we get a homomorphism from an orthogonal group
in dimension 2n + 1 to the symplectic group in dimension 2n.

We can work out the root system in much the same way that we found the
root system of an orthogonal group in even dimensions. We take the symplectic
form to be the one with blocks of (% §) down the diagonal. The Cartan
subalgebra is then the diagonal matrices with (aq, —aq, e, —as,...) down the
diagonal, just as for orthogonal groups in even dimensions. We get elements
+a; £ as roots just as for even orthogonal groups, but we also get extra roots
+2q;. This root system is called C,,. It is just like B,, except that the roots
+a; are doubled to £2q;. In particular the Weyl group is the same in both
cases and is just the group (Z/2Z)"S,, of order 2"n!.
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Exercise 218 Show that if n is 1 or 2 then the root system B,, is isomorphic
to Cy, (up to rescaling) but if n > 3 they are different.

We recall that SP,(C) is locally isomorphic to SO5(C). Form the point of
view of SO5(C) we saw that this is related to the spin double cover of SO5(C),
which is Sp4(C) as it has a 4-dimensional spin representation with an alternating
form. We can see this more easily if we start from Sps(C). This has a 4-
dimensional representation C* with an alternating form. Its alternating square
has dimension 6, and has a symmetric bilinear form as the alternating 4th power
is C. However the alternating square splits as the sum of 1 and 5 dimensional
pieces, as the alternating form gives an invariant 1-dimensional piece. So Sp4(C)
has a 5-dimensional representation with a symmetric bilinear form, and therefore
has a map to the orthogonal group O5(C).

Exercise 219 Which of the three groups SO5(R), SO41(R), SO32(R) is Sp4(R)
locally isomorphic to?

There are several ways to distinguish symplectic groups in higher dimensions
from orthogonal (or rather spin) groups:

e If we know that Cartan subalgebras are all conjugate, then we can dis-
tinguish orthogonal and symplectic groups by the number of long roots
in their roots system: the orthogonal groups of dimension 2n + 1 have
2n(n — 1) long roots, while symplectic groups in dimension 2n have 2n
long roots, so if n > 2 the groups are different.

e Another way to distinguish them is to look at the dimension of the non-
trivial minuscule representation (the smallest representation on which the
center of the simply connected group acts non-trivially). For orthogonal
groups in dimension 2n 4+ 1 this is the spin representation of dimension

2" = 2,4,8,16,- - -, while for symplectic groups in dimension 2n it is the
representation of dimension 2n = 2,4,6,8,---. Again these are different
if n > 2.

The symmetric spaces of symplectic groups are generalizations of the upper
half plane called Siegel upper half planes. The Siegel upper half plane consists
of matrices in M, (C) whose imaginary part is positive definite (so for n = 1 this
is the usual upper half plane). We take the symplectic form given by (91 (I))
where [ is the n by n identity matrix. Then the action of a symplectic matrix
(é 5) on an element 7 of the Siegel upper half plane is given by

AT+ B
A B _
(D)) =5"7p

Exercise 220 Check that this is indeed a well defined action of the symplectic
group on the Siegel upper half plane. (One way is to use the fact that the
symplectic group is generated by matrices of the form ({ #) and ( 9 {)).

We have already seen two special cases of this before: if n = 1 then the symplec-
tic group Spa, is just SLa(R), acting on the usual upper half plane. If n = 2
then Spa, (R) is locally isomorphic to SO32(R), and we have seen that groups
SO, 2(R) have Hermitian symmetric spaces.
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The theory of modular forms on the upper half plane generalizes to Siegel
modular forms on the Siegel upper half planes: for example, points of the upper
half plane modulo SL2(Z) = Sps2(Z) correspond to complex elliptic curves, while
points of the Siegel upper half plane modulo Sps,(Z) correspond to principally
polarized complex abelian varieties. This is of course all a special case of the
Langlands program.

The symplectic group is obviously not compact. For orthogonal groups it was
easy to find a compact form: just take the orthogonal group of a positive definite
quadratic form. For symplectic groups we do not have this option as there is
essentially only one symplectic form. Instead we can use the following method of
constructing compact forms: take the intersection of the corresponding complex
group with the compact subgroup of unitary matrices. For example, if we do
this with the complex orthogonal group of matrices with AA* = I and intersect
it with the unitary matrices AA =T we get the usual real orthogonal group.
In this case the intersection with the unitary group just happens to consist of
real matrices, but this does not happen in general. For the symplectic group we
get the compact group Spa,(C) N Uz, (C). We should check that this is a real
form of the symplectic group, which means roughly that the Lie algebras of both
groups have the same complexification sps,(C), and in particular has the right
dimension. We show that if V' is any f-invariant complex subspace of M (C)
then the Hermitian matrices of V are a real form of V. This follows because
any matrix v € V can be written as a sum of hermitian and skew hermitian
matrices v = (v +v7)/2 + (v — v7)/2, in the same way that a complex number
can be written as a sum of real and imaginary parts. (Of course this argument
really has nothing to do with matrices: it works for any antilinear involution
of any complex vector space.) Now we need to check that the Lie algebra of the
complex symplectic group is f-invariant. This Lie algebra consists of matrices
a such that aJ + Ja = 0; this is obviously closed under complex conjugation,
and is closed under taking transposes if we choose J so that J2 = 1.

For orthogonal groups we can find an index 2 subgroup because the determi-
nant can be positive or negative, and one might guess that one can do something
similar for symplectic groups. However for symplectic groups the determinant
is always 1:

Lemma 221 if B is a symplectic matrix preserving the non-degenerate alter-
nating form of A, so that BAB' = A, then det(B) = 1.

Proof A non-degenerate alternating form on a 2n-dimensional vector space V
gives a 2-form w in A2(V) and wA - - - Aw is a non-degenerate 2n-form preserved
by B, So B has determinant 1, as the determinant is the amount by which a
matrix multiplies a nondegenerate 2n-form. |

For example, Riemannian manifolds, where the structure group is reduced to
the orthogonal group, can be non-orientable, but symplectic manifolds, where
the structure group is reduced to the symplectic group, are always orientable.

Definition 222 An alternating form can be represented by an alternating ma-
trix A. Since this is equivalent to the standard form J with diagonal blocks
(,Ol (1)) we can write the matriz as TJT? for some T. Any two matrices T differ
by a symplectic matriz that necessarily has determinant 1, so the determinant
of T depends only on A and is called the Pfaffian of the alternating matriz A.
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(More generally, the Pfaffian is really a function of two alternating forms on a
vector space, given by the determinant of a map taking one to the other.)

The Pfaffian can also be given as follows: the highest degree part of

exp(z Aijwi A\ wj) = Pf(A)w1 A A wWan

Exercise 223 If A is alternating and B is any matrix show that
Pf(BAB") = det(B)Pf(A)
det(A) = Pf(A)?

We can write the determinant as the square of an explicit polynomial in the
entries of A.

Lemma 224 If A is a skew symmetric matriz over a field of characteristic 0,
the Pfaffian of A is given by

w"=2"nlPf(A)er A+ Ney

where w ="y, . a;;e; N e;j.

%]
We can write this as

1
= gl Z (W)@ (1)w(2) Qw(3)w(4)
) wWESan

Pf(A)

and since each term on the right occurs 2"n! times, we get a definition of the
Pfaffian over any commutative ring by just summing over the permutations with
w(l) <w(3) <w(b) -, w(l) <w(2), w3) <w4),- .

Exercise 225 Find the Pfaffian of

0 a b ¢
—a 0 d e
b —d 0 f
—c —e —f O

Example 226 The orthogonal group acts on its Lie algebra, which is the vector
space of skew symmetric real matrices. We can ask about the invariants of
O, (R) and its subgroup SO, (R) for this representation, in other words the
polynomials in the entries of A that are invariant under changing A to BAB™!
for B an orthogonal or special orthogonal matrix (so B~ = B'). By the formula
Pf(BAB!) = det(B)Pf(A), we see that the Pfaffian is an invariant of the special
orthogonal group, but changes sign under reflections. In fact the invariants of
the special orthogonal group form a 2-dimensional module over the invariants
of the orthogonal group, with a basis given by 1 and the Pfaffian.
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16.1 Perfect matchings and domino tilings

The Pfaffian turns up in several problems of statistical mechanics, where it can
sometimes be used to give exact solutions in 2 dimensions. As an example we
will use it to count the number of perfect matchings of a bipartite planar graph.
(Bipartite means that the vertices can be colored black and white such that the
two endpoints of any edge have different colors, or equivalently that all cycles
have even length.) The idea is to write this number as the Pfaffian of a matrix,
and then evaluate the determinant of the matrix by diagonalizing it.

We can form the adjacency matrix of this graph with a;; = 0,1 counting the
number of edges from vertex i to vertex j, and can see that the Pfaffian of this
adjacency matrix would b the number of bipartite matchings if it were not for
the signs in the Pfaffian. The idea is to cleverly change the signs of some of the
entries in the adjacency matrix to nullify the signs in the Pfaffian.

Order the vertices of the graph, and call a cycle odd or even depending on
whether as we go around the cycle we have an odd or even number of edges where
we go to a larger vertex. (This does not depend on which way we transverse
the cycle as the cycle has even length.)

Suppose we label each edge of the graph with a sign. Now we take the
adjacency matrix of the graph, and change signs of its entries as follows.

e First change the sign of a;; so that it has the same sign as the correspond-
ing edge of the graph.

e Then make it antisymmetric by changing the sign of a;; if i < j.

Lemma 227 Suppose that for every cycle the product of signs in the cycle of
length a is (—1)’1/2+1 if the cycle is even and minus this if the cycle is odd. Then
the Pfaffian of the matriz above is (up to sign) the number of perfect matchings
of the graph.

Proof The non-zero terms of the expansion of the Pfaffian correspond to
perfect matchings. The problem is to check that any two terms have the same
sign.

Suppose that we have two perfect matchings. Color the edges of one red,
and the edges of the other blue. Then we get a collection of even length cycles,
whose edges alternate red and blue. (These are allowed to have one double edge
colored both red and blue.) We examine a single cycle vyvs - - - vg, and check
that the sign of the term of the Pfaffian does not change if we switch from the
red to the blue edges. The sign of the red edges comes from:

e The sign of the permutation vivs - - - vo.

e The number of pairs vg;_1vg; that are decreasing (using the order of the
vertices)

e The number of pairs ve;_1v9; whose edge has sign —1.
while the sign of the blue permutation comes from
e The sign of the permutation vs - - - Vo V1.

e The number of pairs ve;v9;11 that are decreasing (using the order of the
vertices)
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e The number of pairs vg;v2;41 whose edge has sign —1.

So we pick up a factor of —1 as the sign of a cycle of length 2n, and a factor of
—1 each time the vertices decrease as we go around the cycle, and a factor of
—1 for each edge of the cycle whose edge has sign —1. By assumption the signs
of the edges are chosen so that these signs cancel out over every cycle. ]

Exercise 228 If we have a planar bipartite graph then we can assign signs to
each edge so that the product of signs in a cycle of length a is (—1)*/2*1 if the
cycle is even and minus this if the cycle is odd. (By induction on the size of
the graph we can arrange that this is true for the cycles bounding faces of the
planar graph (remove an outer edge, add signs to the remainder of the graph,
then add a sign to the removed edge so that its face has the correct number
of signs). Then check that all cycles, not just those bounding faces, have the
correct parity of signs by induction on the number of faces inside the cycle.)

Example 229 We use this to count the number of domino tilings of a chess-
board, or more generally an m x n rectangle. The number of domino tilings of a
chessboard is the number of bipartite matchings of the graph formed by joining
all centers of squares to the centers of adjacent squares. We have to choose an
ordering of the vertices and signs for the edges satisfying the condition above.
We choose lexicographic ordering of vertices. Then every 1 by 1 square has 2
increases as we go around it, so needs an odd number of signs on its edges. We
can achieve this by putting signs on the horizontal edges of rows 2,4,6,.... We
let @, be the n xn matrix with 1s just above the diagonal, —1 just below it, and
Os elsewhere. We let I, be the n x n identity matrix. We let F;, be the diagonal
matrix whose entries alternate 1 and —1. Then the matrix whose Pfaffian we
want to evaluate is

Here Q,, comes from the horizontal edges, @,, from the vertical edges, and F,
comes from the fact that we twiddle the signs of the edges in even rows.

Now we find the determinant of this matrix by (almost) diagonalizing it.
First we diagonalize @,, by finding its eigenvectors. If (a1, as,---) is an eigen-
vector with eigenvalue A, then —ag_1 + ar4+1 = Aay (with ag = a,+1 = 0). This

is a difference equation for ay with solution ay = 2§ — 25 where 27" — 25! =
Unp1 =0, 2120 = —1, 21 + 25 = A 50 21 = eZITnTNT/2(+1) for integers j. The

eigenvalue A is z1 + 22 = 2isin((2j + n + 1)w/2(n + 1)) = 2icos(j/(n + 1)).

If we replaced F;, by I, we would be finished, because the vectors v; ® v;
would be a set of eigenvectors for out matrix, where v; and v; run through
eigenvectors of the matrices Q). We now seem to run into a problem, because the
matrices F,, and @Q,, do not commute, so we cannot simultaneously diagonalize
them. However they are not too far from commuting: in fact F,Q, = —Q,F,.
This means that F), switches the eigenspaces of () with eigenvalues A and — A\, so
(at least when ) is nonzero) we can find a basis of eigenvectors of @,, in which
F,, can be written with 2 by 2 blocks (¢ }) down the diagonal.

What is really going on is that we have a representation of the algebra
generated by @, Q,, and F}, on a space of dimension mn, and the key point is
that this representation breaks up as a sum of small representations of dimension
at most 2.
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So the mn by mn matrix can be written with mn/2 diagonal 2 by 2 blocks,
each of the form

<2i cos(j/(n+1)) 2icos(k/(m + 1)))
2icos(k/(m+1)) 2icos(j/(n+1))

down the diagonal. We could diagonalize this, but there is not much point as
all we need is its determinant which is easy to evaluate. The determinant is the
product of the determinants of all these 2 by 2 blocks, which is the square root
of

HH (2icos(j/(n +1)))* + (2i cos(k/(m + 1))

So the number of domino tilings is (up to sign) the Pfaffian, in other words the
4th root of the absolute value of this product. For example, there are 12988816
domino tilings of a chessboard.

17 Cayley numbers and G2

Definition 230 A (possibly nonassociative) algebra is called alternative if for
all a and b we have (aa)b = a(ab) and b(aa) = (ba)a.

Alternative algebras have the apparently more general property that the
subalgebra generated by any two elements is associative.

The Cayley-Dickson construction turns an algebra into another one of twice
the dimension as follows. Suppose that A is a module over some commutative
ring with a bilinear product (possibly nonassociative and non-commutative) and
an involution * with (ab)* = b*a*, a** = a. For v € R we define an involution
and product on A ® A by

(p,q)(r,8) = (pr —vs"q,sp+ qr”)

(,0)* =", —q)

We will assume that A has an identity 1 and that a 4+ a* and aa* are always
multiples of 1. Then the same is true of A & A. Moreover if A is commutative
and * = 1 then A ® A is commutative, and if A is commutative and associative
then A & A is associative, and if A is associative then A @& A is alternative.

Starting with the real numbers, and taking v to be 1 at every step, we get
the real numbers, the complex numbers, the quaternions, and the octonions (or
Cayley numbers), an 8-dimensional alternative algebra over the reals. We could
of course continue further to get algebras of dimension 16, 32, and so on, but it
seems to be rather hard to think of anything interesting to say about them.

We define the norm N(a) to be a*a = aa*. When the algebra A is alterna-
tive, we have N(ab) = N(a)N(b), and in particular the norms of elements are
closed under multiplication. If N(a) is invertible in R then @ has an inverse
a~!'=a/N(a), with a=!(ab) = b = (ba)a~!. In particular the octonions form a
nonassociative division algebra.

Exercise 231 In a commutative ring, show that the set of sums of n squares

is closed under multiplication if n is 1, 2, 4, or 8. (There are no other positive
integers for which this is true for all commutative rings.)
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If we apply this construction to the complex numbers we get the quaternions,
with a basis 1,4, 7, k and products i° = j2 = k> = —1,ij = —ji = k, jk = —kj =
i, ki = —ik = j.

Exercise 232 Show that the manifold of octonions of norm 1 and trace 0 has an
almost complex structure (in other words each tangent space can be made into
a complex vector space in a smooth way) and is diffeomorphic to the sphere
S6. (The spheres S°, S2, and S® are the only spheres with almost complex
structures. It is not known whether the sphere S® has a complex structure.)

Now we investigate the automorphism group G of the octonions. It is com-
pact as it is a closed subgroup of the orthogonal group in 8 (or even 7) dimen-
sions. We start finding an upper bound on its dimension. The group G acts
on the octonions orthogonal to 1, and preserves norms, so it acts on the sphere
S8 of imaginary octonions of norm 1. Now look at the subgroup H fixing some
point i of this sphere. In turn H acts on the sphere of all points of norm 1
orthogonal to 1 and 4, which is a 5-sphere S°. Fix j in this 5-sphere, with i and
7 generating a copy of the quaternions. Now look at the group fixing 7 and j.
This acts on the sphere S3 of unit octonions orthogonal to 1,4, j,4j. Since the
octonions are generated by 4, 7, and a point of this 3-sphere, we see that G has
dimension at most 3+ 5+ 6 = 14.

We want to show that G has exactly dimension 14, so we need to construct
enough elements of G to show that the various actions on spheres above are
transitive, in other words we need to find some automorphisms of the Cayley
numbers. An automorphism is given by mapping (p, q) to (p,rq) for a suitable
quaternion: if we look at the formula for multiplication we see that this is an
automorphism of the octonions provided that r has norm 1.

The octonions have a basis ey = 1, ey, -, e’ such that e;e; = e4 and cyclic
permutations of (1,2,3,4,5,6,7) are automorphisms of the Cayley algebra. We
can identify the subspace spanned by 1, e, es, e4 with a copy of the quaternions.
We will show that this automorphism of order 7, together with the automor-
phisms of the form (p, q) — (p, rq) generate the full automorphism group. In fact
we will just use this 3-dimensional group and its 6 conjugates under elements
of the cyclic group of order 7. In particular the group of automorphisms fixing
e1, €9, e4 acts transitively on the norm 1 vectors that are linear combinations of
es, €5, €, €7, and similarly for all cyclic permutations.

We show that the automorphism group acts transitively on the sphere S° of
norm 1 imaginary octonions. Pick a vector in this sphere. We can first kill off
the coeflicients of es, eg, e7. Then by acting with the group fixing eg, e7, e2 we
can keep the coefficients of eg, e7 zero and kill off the coefficients of es, e4, €?.
Then by acting with the group fixing e4, e, 7 we can make the vector equal to
e1. So G acts transitively on norm 1 imaginary octonions. .

Now we show that the subgroup fixing e; acts transitively on the sphere S°
of imaginary norm 1 octonions orthogonal to e; in a similar way. We first act
with the group fixing ey, es, e4 to kill off the coefficients of es, eg, e7. Then act
with the group fixing e7, e1, ez to kill off the coefficients of ey, e5, €5, keeping
the coeflicient of e7 zero. Finally we act with the group fixing es, eg, 1 to move
the element to es.

The subgroup fixing the two vectors e; and ey (and therefore also ejeq = ey,
acts transitively on the sphere S® of norm 1 imaginary octonions orthogonal to
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these three vectors. So we have verified that the group G2 of automorphisms of
the Cayley numbers has dimension exactly 14.

We can read off more information about G5. We found subgroups A, B with
G/A =S5 A/B = S° B =53 From this we see that G5 is connected, simply
connected, and (using the exact sequence of homotopy groups of a fibration)
the second homotopy group vanishes, and the third is Z.

Obviously any automorphism of the quaternions gives an automorphism of
the octonions H @ H as the construction of the octonions from the quaternions
is functorial.

Exercise 233 There is an obvious guess for a maximal integral form for the
octonions, analogous to the Hurwitz quaternions, which is to take the octonions
whose coordinates are integers or half integers, such that the set with half integer
parts is empty or the image of (00124) under Z/7Z or the complement of one of
these sets. However this does not work (and is a common error). Show that this
integral form is not closed under multiplication. Show that if we swap co and
n in the set of allowed integral parts for some fixed n € Z/7Z (where 1 = e,)
we get an integral form of the octonions that is closed under multiplication.
Show that the lattice we get is the Eg lattice up to rescaling, and there are 240
integral vectors of norm 1.

Exercise 234 Show that the compact group Gs is the group of automorphisms
of R” (with basis g, x1,...,s) preserving the element

ToNATINT3F+T1ANToNT 4+ T2 NT3NT5+T3NT4N\Tg+T 4 NT5 AT+ T5 AT AT1+Tg AT N\T2

of A3(R"). The can be thought of as a sum over the 7 lines of the 7-point
projective plane of the field with 2 elements.

Exercise 235 Find a Cartan subalgebra and the root system of G5. (Start by
looking at the subgroup fixing a point of Sg. This is isomorphic to SU(3), of
dimension 8, so gives the Cartan subgroup and 6 of the roots arranged as the
vertices of a hexagon. If the hexagon is written as 6 triangles, the remaining 6
roots are at the centers of the 6 triangles, so there are 6 short roots and 6 long
roots that are v/3 times as long.)

18 Root systems and reflection groups

We have seen that simple complex Lie algebras have a root system associated
to them: this means a finite set of non-zero vectors in Euclidean space, called
roots, such that r and s are roots then (r,s) is an integer multiple of (r,r)/2
and the reflection s — 2r(r,s)/(r,r) of s in rt is also a root. In particular
for every root system we have a Weyl group generated by reflections. The
correspondence between semisimple complex Lie algebras and root systems is
not quite 1:1 because the root system of a semisimple complex Lie algebra is
also reduced: this means that it r is a root then 2r is not a root. An example of
a non-reduced root system is BC),, consisting of the vectors £z;, £x; £ x;, and
+2x;. In fact these are the only irreducible non-reduced root systems. They are
in fact roots systems of finite dimensional simple superalgebras. Most but not
all reflection groups in Euclidean space turn up as Weyl groups of Lie groups:
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the exceptions are most dihedral groups, the symmetries of an icosahedron, and
a group in 4-dimensions.

The classification of root systems and reflection groups is similar. We will
do the case of root systems all of whose roots have the same length; the general
case uses no essentially new ideas.

The first step is to consider the Coxeter diagram of a reflection group, or
the Dynkin diagram of a root system. These are defined as follows. Chop up
space by cutting along the reflection hyperplanes. The closed regions bounded
by these hyperplanes are called Weyl chambers. Any Weyl chamber is conjugate
to its neighbors by a reflection, so all Weyl chambers are conjugate by elements
of the reflection group. We pick one Weyl chamber. The Coxeter diagram has a
point for each face of the Weyl chamber, and lines between the points according
to the angle between faces. If the faces are orthogonal there are no lines, if the
faces have an angle of 7/3 there is 1 line, if the faces have an angle of 7/4 there
are two lines, and for other angles conventions vary. A Dynkin diagram of a
root system is like a Coxeter diagram, with some extra information to indicate
the lengths of the roots (which is not defined for arbitrary reflection groups).
Usually one draws an inequality sign on the lines to indicate the longest of
each pair of roots. (For finite root systems this gives enough information to
reconstruct the root system, though for infinite root systems one sometimes
needs more information.)

We will work out the Dynkin diagrams of the most of the root systems we
have seen.

e A,: simple roots a; — ;11

e B,: simple roots a; — a1, oy

e (,: simple roots a; — a;y1, 20,

e D,: simple roots a; — @41, qp—1 +

° Eg ai—ai+17 (0[1+OZ2+OZ3+C¥4+O&5-O¢6—C¥7—C¥8)/2

Exercise 236 what happens if there are 4, 6, 7, or 8 minus signs in this
last simple root? Why do these not give Dynkin diagrams for the Eg root
system?

o Fy: g —ag, ag —ag, a3, —(a1 + as + asz + ayg)/2.

o GQZ

Ana an Cn» D’n7 G2
These Dynkin diagrams explain the numerous local isomorphisms between
small simple Lie groups.

e The Dynkin diagrams of Ay, By, and C; are all points, corresponding to
the fact that SLs, Oz 1, and Sp; are locally isomorphic.

e The Dynkin diagrams of By and C are isomorphic, corresponding to the
local isomorphism of SP; and Os .
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e The Dynkin diagrams of B,, and C,, are almost the same, explaining why
the Lie groups of Sps,, and Os,+1 have the same dimension and the same
Weyl group.

e The Dynkin diagram of D5 is two points, corresponding to the fact that
O3 5 locally splits as SLy x SLs.

e The Dynkin diagram of D3 is isomorphic to As, corresponding to the local
isomorphism of SL4 and O3 3.

e The Dynkin diagram of D4 has an extra automorphism of order 3, corre-
sponding to triality of Spins.

e The Dynkin diagrams of A,, and D,, have automorphisms of order 2, cor-
responding to outer automorphisms of SL, ;1 and Os, given by matrices
of determinant —1. (Similarly Fg has an outer automorphism.)

Coxeter diagrams also make sense for reflection groups not associated to Lie
groups, and for infinite reflection groups in Euclidean or hyperbolic space,

Example 237 The Coxeter diagram of the rotations of an icosahedron is

Example 238 The group GLs(Z) is a reflection group acting on the upper half
plane (considered as a quotient of the non-real complex numbers by complex
conjugation) and is therefore a hyperbolic reflection group. A Weyl chamber
consists of the complex numbers with 0 < R(z) < 1/2, |z] > 1, so the Coxeter
diagram is (Notice that two of the sides only meet at infinity, so the angle
between them is zero.)

Example 239 Conway found the following stunning example of a Dynkin di-
agram. The 26 dimensional even Lorentzian lattice I 25 is acted on by a
hyperbolic reflection group generated by the reflections of its norm —2 vectors.
The Dynkin diagram of this reflection group is the affine Leech lattice. The re-
action of many mathematicians to this statement is to regard it as nonsense, on
groups that a Dynkin digram is a graph, not a lattice in Euclidean space. How-
ever the Dynkin diagram is really the set of simple roots of a root system, and
in particular is a metric space. (The graph is just a convenient way of describing
this metric space). The Leech lattice is also a metric space, and Conway showed
these two metric spaces are isometric. The isometry can be described explicitly
as follows: the lattice II; o5 is isomorphic to IT; 1 & A(—1) where A(—1) is the
Leech lattice with norms multiplied by —1, so we can write an element of the
lattice as (m,n,\) € Z® Z ® A, with norm 2mn — A\2. The simple roots are the
vectors (1,A2/2 — 1, ) for A € A. Tt is straightforward to show that these are
some of the simple roots of a Weyl chamber; the hard part of Conway’s theorem
is to show that there are no further simple roots, which follows easily from the
rather deep fact that the Leech lattice has covering radius v/2.

We will classify the connected Dynkin diagrams X of finite reflection groups
such that all roots have the same length 2. The general case is similar but has
more cases to check. To do this we look at the affine diagrams of A,,, D,,, and
E,,. For each of these there is a positive linear combination of roots with norm
0, so X cannot contain any of these affine diagrams.
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Since X does not contain affine A,, it has no cycles, so is a tree.

Since X does not contain affine Dy, all vertices have valence at most 3.

Since X does not contain affine D,, for n > 5, there is at most one vertex of
valence 3.

So either X is a line (in other words A,) or it has one vertex of valence 3,
and 3 branches of lengths a, b, ¢ > 1.

Since X does not contain affine Fg, not all of a, b, ¢ are at least 2, so one,
say a, must be 1.

If another of b, c is also 1 then X is a D,, diagram, so we can assume b and
c are both at least 2.

Since X does not contain affine F7, b and ¢ cannot both be at least 3, so
one of them, say b must be 2.

Since X does not contain affine Fg, ¢ must be at most 4. So the only
remaining possibilities are a = 1, b = 2, ¢ = 2, 3,4 which give the Eg, F7, and
Eg Dynkin diagrams.

Exercise 240 Classify the Dynkin diagrams of finite reflection groups that may
contain roots of different lengths. The main change is that there is more than
one affine Dynkin diagram associated to a finite Dynkin diagram with roots of
different lengths.

There are several generalizations of this classification. First, one can classify
the finite reflection groups without worrying about roots. This amalgamates the
B,, and C,, cases, and introduces some reflection groups that do not correspond
to Lie algebras: the dihedral groups in dimension 2, and two reflection groups H3
(symmetries of an icosahedron) and Hy in dimensions 3 and 4. More generally
Shephard and Todd classified the finite complex reflection groups, finding 3
infinite series and 34 exceptions. There have been several attempts to find
algebraic objects generalizing Lie algebras corresponding to these more general
reflection groups, but as far as I know no-one has yet come up with a really
compelling answer. One generalization that does correspond to Lie algebras is
Euclidean or hyperbolic root systems, which correspond to Kac-Moody algebras.

19 Quivers and tilting

We will describe an unexpected connection between representations of quivers
and simple Lie algebras. To summarize, the quivers with a finite number of
indecomposable representations correspond to certain semisimple Lie algebras,
the indecomposable representations correspond to positive roots, and the irre-
ducible representations correspond to simple roots.

Definition 241 A quiver is a finite directed graph (possible with multiple edges
and loops). A representation of a quiver (over some fized field) consists of a
vector space for each vertex of the graph and a linear map between the corre-
sponding vector spaces for each edge.

Example 242 Representations of a point are just vector spaces. Representa-
tions of a point with a loop are vector spaces with an endomorphism. Over
an algebraically closed field the indecomposable representations are classified
by Jordan blocks. Representations of 2 points joined by a line are just linear

91



maps of vector spaces. There are 3 indecomposable representations: a map
from a 0-dimensional space to a 1-dimensional one, a map from a 1-dimensional
space to a 0-dimensional one, and a map from a 1-dimensional space onto a
1-dimensional one. More generally, stars with n incoming arrows correspond to
n maps to a vector space. When n = 2 there are 6 indecomposable representa-
tions, and when n = 4 there are 12. When n = 4 there is a qualitative change:
there are now infinitely many indecomposables. For example we can take 4
1-dimensional subspaces of a 2-dimensional space. The first two determine a
base (0,1) and (1,0), the third is spanned by (1,1) and determines the ratio
between the two bases, but nor the 4th space can be spanned by (1, a) for any
a, so we get a 1-parameter family of indecomposables. Although there are an
infinite number of indecomposables, it is not hard to classify them explicitly:
it is a “tame” problem. For stars with 5 incoming vertices the indecomposable
representations are “wild”: there is no neat description of them. We will see
that the cases with a finite number of indecomposables correspond to Dynkin
diagrams of the finite dimensional semisimple Lie algebras with all roots the
same length, and the tame cases correspond to affine Dynkin diagrams.

The representations of a quiver are the same as modules over a certain ring
associated with the quiver. This ring has an idempotent for each vertex, with
the idempotents commuting and summing to 1. There is also an element for
each edge, subject to some obvious relations. The algebra is finite dimensional
if the quiver contains no cycles.

There are two titling functors we can apply to modules over quivers:

e If a vertex a is a source, then we can change all the arrows to point into
a, and change the vector space of a to be Coker(V, — @4,-Vs).

e If a vertex a is a sink, then we can change all the arrows to point out of
a, and change the vector space of a to be Ker(®p—aVe — Va)

The functors take representations of a quiver to representations of a different
quiver, with a source changed to a sink or a sink changed to a source. They
are almost but not quite inverses of each other. They are inverses provided
Vo = @a_pVp is injective, or @p_qVp — V, is surjective. In particular they are
inverses of each other on indecomposable modules, except for the special case
of indecomposable modules of total dimension 1.

The idea is that we try to classify irreducible modules by repeated applying
tilting functors, trying to make the module vanish. If we succeed then we
can recover the original module from a 1-dimensional module by applying the
“almost inverse” tilting functors in the opposite order. We will see that we can
do this provided the quiver is one of the diagrams A,,, D,,, Eg, Fr7, and Eg,

Take a vector space spanned by the vertices of a quiver, and give it an inner
product such that the vertices of a quiver have norm 2, and their inner product
is minus the number of lines joining them. Then the dimension vector of a
quiver can be represented by a point in this space in the obvious way, and the
effect of tilting by a source or sink a is just reflection in the hyperplane a*
(except on the vector a itself).

We want to find a sequence of tiltings so that the dimension vector has a
negative coefficient. It is easy enough to find a sequence of reflections of simple
roots that do this: the problem is that we have a constraint that we can only
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use a reflection of a simple root if it is a source or a sink for the quiver. To do
this we will use Coxeter elements.

A Coxeter element of a reflection group is a product of the reflections of
simple roots in some order.

Lemma 243 If a Cozeter element of a reflection group fizes a vector then the
vector is orthogonal to all simple roots..

Proof If a vector a = ) a,v, is fixed by a Coxeter element (for simple roots
v;) then the reflection of v; is the only one that can change the coefficient of v;,
S0 it must fix a. So a is fixed by all reflections of simple roots, and is therefore
orthogonal to all simple roots, so is 0. (|

Corollary 244 If o is a Cozeter element of a finite reflection group and a is a
non-zero vector, then o*(a) has a negative coefficient for some k.

Proof Otherwise we could find a non-zero fixed vector a +o(a)+o%(a) +- -+
o"~1(a), where h is the order of the Coxeter element. O

Exercise 245 Show that if a Coxeter diagram of a reflection group is a tree
then any two Coxeter elements are conjugate, and in particular have the same
order (called the Coxeter number).

Exercise 246 Find the order of the Coxeter elements of A,,.

We now construct a special Coxeter element o associated to a given quiver as
follows. First take the reflection of some source, change the source to a sink, and
then mark that vertex as used. Keep repeating this until all vertices have been
used. The result is the original quiver, as each edge has had its direction changed
twice. So we have found a sequence of reflections of sources that preserves the
quiver. This means that we can keep on repeating the sequence of reflections of
the Coxeter element, and every time we will be reflecting in some source.

We can now show that the indecomposable representations of any quiver of
type A,, Dn, or E, correspond to the positive roots of the associated root sys-
tem: in fact we can apply tiltings until the dimension vector becomes a simple
root, when it is trivial to find the unique indecomposable. Take the dimension
vector a of any indecomposable representation. As o¥(a) has negative coeffi-
cients for some k, we can find a finite sequence of tiltings so that some coefficient
of the dimension vector becomes negative, which means that there is some se-
quence of tiltings reducing the dimension vector to a simple root. In particular
the dimension vector must have been a positive root, and there is a unique in-
decomposable representation with this dimension vector (given by applying the
sequence of tiltings in reverse order to the representation corresponding to a
simple root).

For affine root systems this argument fails but only just: the inner product
space spanned by simple roots has a 1-dimensional subspace that has inner
product 0 with all vectors, and the dimension vector of an indecomposable is
either conjugate to a simple root by a series of tiltings, or is in this 1-dimensional
subspace. We saw an example of the latter for the root system of affine Dy.
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Exercise 247 If a quiver contains a cycle show that it has an infinite number
of inequivalent indecomposable representations. Show more precisely that there
are an infinite number of dimension vectors corresponding to indecomposable
representations, and (over infinite fields) there is a dimension vector with an
infinite number of corresponding indecomposable representations.

For the affine diagrams of types A,,, D,,, Fg, E7, Eg there are an infinite number
of indecomposables, but their classification is tame, meaning roughly that it can
be described explicitly. The dimension vectors just correspond to the positive
roots of affine Kac-Moody algebras. For non-affine diagrams the classification
is wild and very hard to describe. For example for a point with two loops the
representations are just pairs of matrices acting on a vector space, which are
notoriously hard to classify.

20 Representation theory

A representation of a group is an action of a group on something, in other words
a homomorphism from the group to the group of automorphisms of something.

The most obvious representations are permutation representations: actions
of a group on a (discrete) set. For example the group of rotations of a cube has
order 24, and has several obvious permutation representations: it can act on
faces, edges, vertices, diagonals, pairs of opposite faces, and so on.

For another example, the group SL2(R) acts on the real projective line, and
on the upper half plane. These sets carry topologies, which we should take into
account when defining representations.

Let us try to classify all permutation representations of some group G . First
of all, if the group G acts on some set X, then we can write X as the disjoint
union of the orbits of G on X, and G is transitive on each of these orbits.
So this reduces the classification of all permutation representations to that of
transitive permutation representations. Next, given a transitive permutation
representation of G on a set X, fix a point z € X and write G, for the subgroup
fixing . Then as a permutation representation, X is isomorphic to the action
of G on the set of cosets G/G,. If we choose a different point y, then G, is
conjugate to G, (using some element of G taking x to y), so we see that transitive
permutation representations up to isomorphism correspond to conjugacy classes
of subgroups of G.

Exercise 248 Classify the transitive permutation representations of the group
S4 up to isomorphism. (There are such representations on 1, 2, 3, 4, 6, 6, 6, 8,
12, 12, 24 points.)

More generally we can ask for representations on a set preserving some struc-
ture, such as a topology, metric, measure, and so on. By far the most important
such structure is that of a vector space over a field: such representations are
called linear representations, or sometimes just representations. (It was not at
all obvious that these were good things to study: people studied permutation
representations of finite groups for several decades before Frobenius started the
study of linear representations.)

Just as permutation representations can be decomposed into indecompos-
able (or transitive) ones, we can try to do the same for linear representations.
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For finite dimensional representations we can obviously write any representa-
tion as a sum of indecomposable ones, where “indecomposable” means that it
cannot be written as a sum of two non-zero representations. Unlike the case
of permutation representations this decomposition need not be unique, even
for the trivial group: a vector space can usually be written as a direct sum of
1-dimensional spaces in more than 1 way. In infinite dimensions a represen-
tation cannot always be decomposed into indecomposables: the theory of von
Neumann algebras of types IT and III is all about this phenomenon.

A linear representation is called irreducible if it is non-zero and has no sub-
representations other than 0 and itself. Obviously any irreducible representation
is indecomposable, but the converse need not hold.

Example 249 For quivers, the irreducible representations are those of total
dimension 1, while the indecomposables can be much more complicated, as in
the previous lecture. The representation of the integers on R? taking n to (3 7)
is indecomposable but not irreducible. The finite group Z/pZ acting on the
2-dimensional vector space Fy by the same formula is indecomposable but not
irreducible.

Example 250 Suppose we look at (representations of the trivial group on)
finitely generated abelian groups. The indecomposable things are the groups
Z and Z/p"Z for primes p, while the irreducible things are the groups Z/pZ.
In particular there is an indecomposable object that cannot be broken up into
irreducibles.

So in general indecomposable things need not be irreducible. The problem
is the following: given a subrepresentation A — B can we always find a com-
plement, in other words a representation C so that B is the sum of A and C?If
we can always do this, then obviously indecomposables and irreducibles are the
same. There is one very important case when we can always do this: when the
representation B is finite dimensional and unitary, in other words the group
action preserves a positive definite Hermitian inner product. Then we can just
take C' to be the orthogonal complement of A. (In infinite dimensions we need
to add some further conditions: the space B should be complete, in other words
a Hilbert space, and the subspace A should be closed.) This is a major reason
why unitary representations are so popular: we do not have to deal with the
hard problem of indecomposables that are not irreducible.

In general we say that a representation is completely reducible if it is a sum
of irreducible representations.

Theorem 251 Any finite-dimensional complex representation of a finite group
1s completely reducible.

Proof The idea is to show that the representation V of the finite group G
is unitary. So choose any old positive definite Hermitian inner product. The
problem is that this inner product need not be invariant under the group action.
However we can make it invariant under the group action by averaging over the
group G: we take all images of the inner product under the action of G and take
their average. A slightly subtle point is that this average is still positive definite
(and in particular non-zero) which follows from positive definiteness. So the
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representation has an invariant positive definite inner product and is therefore
completely reducible. [l

We can use this to classify all finite-dimensional complex representations of
a finite abelian group. The irreducible representations are easy to find: they
are all 1-dimensional because any commuting operators on a finite-dimensional
complex vector space have a common eigenvector. The 1-dimensional repre-
sentations of a group form a group under tensor product, called the character

group.

Exercise 252 Show that if a finite abelian group is a direct sum of cyclic groups
of orders a, b, ¢, ... then its character group can also be written in this form.
(This result is a bit misleading: although a finite abelian group and its character
group are isomorphic, there is usually no natural isomorphism between them.)

So since we know the irreducible finite-dimensional representations of a finite
abelian group, and we know that every finite dimensional representation is a sum
of irreducibles, this classifies all finite-dimensional representations of a finite
abelian group.

Example 253 We find some irreducible representations of the non-abelian fi-
nite group S of order 6. There are two obvious 1-dimensional representations:
the trivial one, and the “sign representation” where even and odd elements act
as 1 and —1. There is also a 2-dimensional (real) representation: think of S
acting on the 3 corners of an equilateral triangle with center 0. These are all
the irreducible representations, though to see this we need some more theory.

We will need to use duals of representations. These can get rather confusing
because there are in fact 8 different natural ways of constructing a new repre-
sentation from an old one, many of which have been called the dual. The three
main ways are as follows:

e The complex conjugate of a representation V: keep the same G-action,
but change the action of ¢ to —i. If we represent the elements of G by
complex matrices, this corresponds to taking the complex conjugate of a
matrix.

e Change the left action on V to a right action. If we define vg = gv with
does not work (why?) but we get a right action by putting vg = g~ 1v.
(This is really using the antipode of the group ring of G thought of as a
Hoof algebra: any left module over a Hopf algebra can be turned into a
right module in a similar way.) This corresponds to taking inverses of a

matrix.

e The usual vector space dual of V is a representation, but we have to
be careful how we define the G-action. Putting (gf)(v) = f(gv) fails.
However we can make the dual into a right G-module by putting (fg)(v) =
f(gv). This operation corresponds to taking transposes of a matrix.

By combining these three operations in various ways we can construct other
representations. For example if we want the dual to be a left module, we first
construct the dual as a right module, then change it to a left module, so we
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use the transpose inverse of matrices. If we want the Hermitian dual as a right
module we take the complex conjugate of the dual; if we like we can turn this
into a left module by taking inverses as well. (Physicists like to leave it as a
right module in their bra-ket notation, while mathematician like to make it into
a left module.)

For finite (and compact) groups all irreducible complex representations are
unitary (or rather can be made unitary in a way that is unique up to multiplica-
tion by non-zero scalars). If we work with unitary representations then taking
conjugate inverse transpose leaves everything fixed there are only 4 things we
can do, and if we stick to left modules this leaves just two things: V and its
dual, which can be given by taking complex conjugates. However if we work
with non-unitary representations then there are still 4 left modules we can con-
struct from V and taking ordinary or Hermitian duals is no longer the same as
taking complex conjugates.

Example 254 The G to be the circle group R/27Z. Then its irreducible rep-
resentations are 1-dimensional and are given by z — e™™® for integers n. There
functions form an orthonormal base for the L? functions on G (using Lebesgue
measure divided by 27), and in particular every L? function can be written as a
linear combination of them: this is just its Fourier series expansion. In this case
the dual of a representation is given by the complex conjugate, as we expect for
compact groups.

Exercise 255 Show that the representations of a finite abelian group give an
orthonormal basis for the functions on the group in a similar way.

We would like to generalize this to all finite (and compact) groups: in other
words find an orthonormal basis for functions on G related to the irreducible
representations.

Lemma 256 (Schur’s lemma). Suppose V' and W are irreducible representa-
tions of a group G over some field k. Then the algebra of linear transformations
of V that commute with G is a division algebra over k. The space of linear
transformations commuting with G from V to W is 0 if V is not isomorphic to

w.

Proof This is almost trivial: suppose T is any endomorphism commuting with
G. Then the image and kernel of T' are invariant subspaces, so must be 0 on
the whole space. So either T is 0, or it has zero kernel so is an isomorphism and
has an inverse. O

For complex representations the only finite dimensional division algebra over
C is C, so the space of linear maps from V to itself is 1-dimensional. Over other
fields more interesting things can happen:

Example 257 If G is the group of order 4 acting on the real plane by rotations,
then the algebra of endomorphisms commuting with is is the algebra of complex
numbers. This also gives an example of a representation that is irreducible but
not absolutely irreducible: it becomes reducible over an algebraic closure.
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Example 258 If G is the quaternion group of order 8 acting by left multiplica-
tion on the quaternions (thought of as a 4-dimensional real vector space) then
the algebra commuting with it is the algebra of quaternions (acting by right
multiplication in itself).

If G is a finite group we can construct its group ring C[G]: this is the complex
algebra with basis G and multiplication given by the product of G. Alternatively
we can think of it as functions on G with the product given by convolution: this
definition generalizes better to Lie groups. The regular representation of G is
the action of G on its group algebra by left multiplication.

The functions (gv,w) are called matrix coefficients of the representation: if
we choose a basis for V' and the dual basis for W they the endomorphisms of
V' are given by matrices, and the representation of G is given by matrix-valued
functions of G. We will now show that these matrix coefficients are mostly
orthogonal to each other under the obvious inner product on C[G] where the
elements of G form an orthonormal base.

Lemma 259 Suppose the representation V' does not contain the trivial repre-
sentation. Then }_ (gv,w) =0 for anyv € V, w € V*.

Proof The vector Y g v is fixed by G and is therefore 0, so has bracket 0 with
any w. ([l

Lemma 260 If the irreducible representations V. and W are not dual, then
matriz coefficients of V' are orthogonal to matriz coefficients of W under the
symmetric inner product on C[G].

Proof By assumption V@ W does not contain the trivial representation (using
Schur’s lemma) so

> {g(a),e)(g(b),d) = > (gla x b),cxd) =0

9€eG geG
U

The character of the dual of a unitary representation is given by taking the
complex conjugate, so we get:

Lemma 261 IfV and W are irreducible and not isomorphic, then the matriz
coefficients of V. and W are orthogonal under the hermitian inner product of

C[q).

Exercise 262 If V' is an irreducible complex representation with some basis
show that the sum of matrix coefficients 3 9ijgn" is |G|/ dim(V) if i = I,
j =k and 0 otherwise. (This is similar to the proof when we have two different
representations, except that now there is a non-trivial map from V to V that
makes some of the inner products of matrix coefficients non-zero.)

We give the group ring the Hermitian scalar product such that the elements
of G are orthogonal and have norm 1/|G|. To summarize: if we take a repre-
sentative of each irreducible representation of G and take an orthonormal base
of each representation, then the matrix coefficients we get form an orthogonal
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set in the group ring of G. The norms are given by 1/dim (if we normalize the
measure on G so that G has measure 1: this generalizes to compact groups).

Definition 263 The character of a representation is the function from G to C
given by the trace.

The character is just the sum of the diagonal entries of a matrix, so by the
orthogonality for matrix coefficients we see that the characters of irreducible
representations form an orthonormal set of irreducible functions on G. Char-
acters are rather spacial functions on G because they are class functions: this
means they only depend on the conjugacy class of an element of G' (which follows
from the fact that matrices g~ 'hg and h have the same trace).

Exercise 264 If V and W are representations, show that V @ W is a represen-
tation whose character is the product of the characters of V and W.

Exercise 265 If G acts on a set S, form a representation of G on the vector
space with basis S. Show that the character of this representation is given by
taking the number of fixed points of an element of G. Show that this rep-
resentation always contains the trivial 1-dimensional representation as a sub-
representation. How many times does the trivial 1-dimensional representation
occur?

Exercise 266 Show that the character of the symmetric square of a represen-
tation with character x is given by (x(g)? + x(g?))/2 and find a formula for the
character of the alternating square. (If g has eigenvalues );, then the eigenvalues
on the symmetric square or alternating square are \;\; for i < j or i < j.)

The character table is almost unitary except that we have to weight the
columns by the sizes of the conjugacy classes. The transpose of a unitary matrix
is also unitary, so the columns of a character table are orthogonal (for the
hermitian inner product) and have norms given by |G|/size of conjugacy class
which is just the order of the centralizer of an element of the conjugacy class.
The orthogonality of characters makes it very easy to work with representations.
For example:

e We can count the number of times an irreducible representation occurs in
some representation by taking the inner product of their characters.

e A representation is irreducible if and only if its character has norm 1.

e Two representations are isomorphic if and only if they have the same char-
acter. (The analogue of this fails in cases when we do not have complete
reducibility, such as modular representations of finite groups.)

We can use this to decompose the regular representation: its character is |G|
at the identity and 0 elsewhere. So its inner product with the character of any
irreducible representation V' is dim(V'), so V occurs dim(V') times. In particular
|G| = S dim(V)?, and we can use this to check that a list of irreducibles is
complete.
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Theorem 267 The number of irreducible characters of a finite group is equal
to the number of conjugacy classes, and the irreducible characters form an or-
thonormal basis for the class functions.

Proof The irreducible characters are orthogonal class functions, so it is suf-
ficient to show that the number of conjugacy classes is at most the number of
irreducible representations. The key point is to observe that any class function
is in the center of the group ring and so by Schur’s lemma acts as a scalar on any
irreducible representation. If the number of conjugacy classes were greater than
the number of irreducibles, we could therefore find a non-zero class function
acting as 0 on all irreducibles, and therefore as 0 in the regular representation,
which is nonsense. (|

It is natural to ask if there is a canonical correspondence between irreducibles
and conjugacy classes. At first glance, the answer seems to be obviously no. For
example, for infinite compact groups the number of conjugacy classes cane un-
countable while the number of irreducibles is countable, and for even the cyclic
group of order 3 there is no canonical way to match up the irreducibles with
elements of the group. However a close look show that in many cases there does
indeed seem to be some sort of natural correspondence. For example, for sym-
metric groups the conjugacy classes correspond to partitions, and we will later
see the same is true for their representations. An even deeper look shows that
representations of semisimple Lie groups (and automorphic forms) correspond to
conjugacy classes of their “Langlands dual group” though this correspondence
need not be 1:1 in general. This is closely related to Langlands functoriality: if
the correspondence were 1:1 (which it is not in general) then a homomorphism
of Langlands dual groups would induce a map between representations or au-
tomorphic forms on different groups. This is expected to hold and is known as
Langlands functoriality.

We can describe the irreducible representations of a group most conveniently
by giving their character tables: These are just square matrices giving the values
of the characters on the conjugacy classes.

One reason why character tables are useful is that they are usually easy to
compute. (This only applies to complex character tables: modular character
tables are far harder to compute.)

Examples: We compute the character tables of Ss, Sy, S5 using ad hoc meth-
ods. (In fact we will see later how to compute the characters of all symmetric
groups in a uniform way.)

We can guess the character table of SU(2). has an obvious 2-dimensional
representation. Its conjugacy classes correspond to diagonal matrices with en-
tries u, u™! for u of absolute value 1, except that we can exchange the entries by
conjugating by (9 ) (generating the Weyl group: note that there is no matrix of
order 2 in SU(2) swapping the entries). The trace of this on the 2-dimensional
representation is just u 4+ u~'. We can also take the representation consisting
of polynomials of degree m on this 2-dimensional representation. This has a
basis 2™, 2" 'y, ...,y" on which the trace is ™ + u" "2 4 ---u ™", so this is
the character of this n + 1-dimensional representation. So the characters are
given by (u"*1 —u="71)/(u — u~1), which will turn out to be a special case of
the Weyl character formula. We will soon see that these are all the irreducible
representations.
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What about orthogonality of characters? The characters are orthogonal even
functions on the unit circle if we change the measure by a factor of —(u—u=1)2.
Where has this funny-looking factor come from? The answer is that we should
really be integrating over the whole of SU(2), not just over the torus. While
the torus does contain a representative of each conjugacy class, we cannot just
change integrals of class functions on the group to integrals over the torus,
because some conjugacy classes are in some sense bigger than others. The
factor —(u—wu~1)? accounts for the fact that some conjugacy classes are bigger,
and is essentially the Weyl integration formula for SU(2).

Let us check directly that this is indeed the right factor for converting in-
tegrals of class functions into integrals over the torus. To see this it is easiest
to identify SU(2) with the sphere of unit quaternions, so its maximal torus is
the circle of quaternions e®. Two unit quaternions are conjugate if and only if
they have the same real part. So to each element u = e of the circle S* we
get a 2-sphere of unit quaternions conjugate to it. The volume of this 2-sphere
is 4 sin(z)?, so we see that if f is a class function then

 dmsin(z)? i
/S Hghdg = TS / R

The factor of 2 in the denominator comes from the fact that there are 2 points
in S' for most conjugacy classes, and is the order of the Weyl group.

We can now check directly that we have found an orthonormal base for the
class functions on S, because the functions "' — v "1 form an orthogonal
basis for the odd functions on the unit circle.

This shows that the representations we have found are irreducible because
their characters have norm 1 (when the measure on the group is normalized
to have volume 1). We can also check directly that the representations are
irreducible. For example, any nonzero subrepresentation splits as a sum of
eigenspaces of the torus S', in other words a sum of spaces generated by mono-
mials ”y™ %, and if we are given such a monomial we can recover the other
eigenspaces by acting on it with suitable elements of SU(2) and then taking
eigenspaces again.

We will restate the relation between representations of S% and its torus in a
way that generalizes to compact groups:

e Conjugacy classes of S correspond to elements of the torus modulo the
action of the Weyl group.

e The irreducible representations of the torus form a lattice acted on by the
Weyl group.

e The irreducible representations of the compact group correspond to orbits
of the Weyl group on representations of the torus on which the Weyl group
acts faithfully.

e There is a fudge factor relating integration of class functions on the group
to integration of Weyl-invariant functions on the torus.

e The character of a representation is an alternating sum over the Weyl
group divided by the square root of the fudge factor. (It seems to be a
lucky coincidence that the fudge factor for S3 happens to be a square: in
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fact this always happens, essentially because the roots of a Lie group come
in opposite pairs.)

e Orthogonality for characters of S® reduces to orthogonality of characters
on the torus. Completeness of characters of S3 reduces to completeness
for functions on the torus that are alternating under the action of the
Weyl group.

Example 268 We can decompose tensor products and symmetric squares of
representations by calculating characters. For example, the tensor product of
the 6 and 3 dimensional representations is the sum of the 4, 6, and 8 dimensional
representations, and the symmetric square of the 6-dimensional representation
is the sum of the 9, 5, and 1-dimensional representations.

The characters of SU(2) are unimodal. This means the coefficient of ¢™ is at
least that of ¢"*2 whenever n > 0. They are also symmetric under changing q to
¢~'. Unimodal polynomials often turn out to be characters of representations
of SU(2).

Example 269 Show that the Hopf manifold C?/(x,y) = (2, 2y) is not Kaehler.
The underlying topological space is ST x S3, so the character of its cohomology
ring is 1+ ¢+ ¢ + ¢* which is not unimodal: there is a gap at ¢?>. However they
theory of Kaehler manifolds shows that the cohomology is a representation of
SU(2) with the various cohomology groups corresponding to the eigenspaces of
a torus. So the character of the cohomology ring has to be a character of SU(2)
(shifted by a power of q).

Exercise 270 The Gaussian binomial coefficients (or g-binomial coefficients)
are given by

(-~ ) (1"
(1_Q)<1_q2)"'(1_qk)X(l—q)(l—q2)...(1_qn—k)

Show that they are (up to a power of ¢) characters of SU(2) (in fact the k exterior
power of the n-dimensional irreducible character), and therefore unimodal.

We show that we can find any irreducible representation V inside the regular
representation. For this we pick any nonzero vector w in the dual of V. Then
we can map any vector v € V to the function on G taking g to w(g(v)). This
embeds the representation V' into the group ring, so we can find all irreducible
representations by decomposing the regular representation. In fact we can do
better than this. Instead of fixing w we can do this simultaneously for all w in
the dual, and we get a linear map from V ® Vi = End(V) to the group ring.
Moreover the group ring is not just a representation of GG, but of G x G, because
G can act by multiplication on either the left or the right and these two actions
commute.

So for each irreducible representation V' we can find an image of End(V)
inside the group ring. There are two natural questions: is the map from End(V)
to the group ring injective, and is the group ring the direct sum of these spaces?
Over general fields the answer to both questions is no. For example, over the
real numbers this fails even for the cyclic group of order 3 which has irreducible
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representations of dimensions 1 and 2, and over algebraically closed fields of
positive characteristic dividing the order of G it fails badly because the group
ring of G has a large radical (a nilpotent ideal). However it does hold over the
complex numbers: the group ring is the direct sum of matrix rings of irreducible
representations.

Example 271 In particular this shows that the sum of the squares of the ir-
reducible complex representations of a finite group is the order of the group.
This sometimes gives a quick way to check that we have found all irreducible
representations.

Remark 272 This generalizes to compact (Lie) groups when it is called the
Peter-Weyl theorem: the space of L? functions on a compact group splits as
a direct sum of spaces naturally isomorphic to the endomorphism rings of the
irreducible representations. In general the representation theory of compact Lie
groups is rather similar to the representation theory of finite groups. For non-
compact groups the result can fail drastically: there are sometimes irreducible
unitary representations that cannot be seen inside the regular representation,
and this is one reason why finding the irreducible unitary representations of a
non-compact Lie group can be rather hard. (In technical terms the support
of the Plancherel measure need not be the whole space of unitary irreducible
representations.)

Remark 273 This is all closely related to the Wedderburn structure theorem
for finite-dimensional semisimple algebras over a field. This says that such an
algebra is a direct sum of matrix algebras over division rings. The group ring of
a finite group over a field of characteristic 0 is semisimple so splits as a direct
sum of matrix algebras over division rings, where each matrix algebra M, (D)
corresponds to an irreducible representation of dimension n dim(D) where the
algebra of endomorphisms commuting with G is the division algebra D. So the
order of the group is the sum of numbers n2d corresponding to representations
of dimension nd. Over the complex numbers the division algebras D are all just
the complex numbers and the numbers d are all 1.

21 Schur indicator

Complex representation theory gives a good description of the homomorphisms
from a group to a special unitary group. The Schur indicator describes when
these are orthogonal or quaternionic, so it is also easy to describe all homomor-
phisms to the compact orthogonal and symplectic groups (and a little bit of
fiddling around with central extensions gives the homomorphisms to compact
spin groups). So the homomorphisms to any compact classical group are well
understood. However there seems to be no easy way to describe the homomor-
phisms of a group to the exceptional compact Lie groups.
We have several closely related problems:

e Which irreducible representations have symmetric or alternating forms?

e Classify the homomorphisms to orthogonal and symplectic groups
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e Classify the real and quaternionic representations given the complex ones.

Suppose we have an irreducible representation V' of a compact group G. We
study the space of invariant bilinear forms on V. Obviously the bilinear forms
correspond to maps from V' to its dual, so the space of such forms is at most
1-dimensional, and is non-zero if and only if V' is isomorphic to its dual, in other
words if and only if the character of V' is real. We also want to know when the
bilinear form is symmetric or alternating. These two possibilities correspond
to the symmetric or alternating square containing the 1-dimensional irreducible
representation. So (1, xs2y — xazv) is 1, 0, or —1 depending on whether V' has
a symmetric bilinear form, no bilinear form, or an alternating bilinear form. By
the formulas for the symmetric and alternating squares this is given by | c X2,
and is called the Schur indicator. We have just seen that it vanishes if and only
if the character of V' has a non-real value.

Exercise 274 If GG is a finite group of odd order, show that the map taking
g to g2 is a bijection, and deduce that the Schur indicator of any non-trivial
irreducible representation is 0. Using the fact that the degree of an irreducible
character divides the order of the group, show that the number of elements of
G is equal to the number of conjugacy classes mod 16.

Exercise 275 Find the Schur indicators of the irreducible representations of
SU(2).

Lemma 276 For an irreducible representation V' of a compact group the fol-
lowing conditions are equivalent

e V has Schur indicator 1

e V has has a nonzero invariant symmetric bilinear form

e V has an invariant real form

e V has an invariant antilinear involution

o V is reducible as a real representation.

Proof It is obvious that real forms correspond to (fixed points of) antilinear
involutions. If V has a real form W, then a non-zero invariant symmetric bilinear
form of W (which always exists as G is compact: take an average of any positive
definite form) gives one on V. Conversely if V' has a non-zero invariant bilinear
form (a, b) then we can normalize it so that (a, a) < (a, a) with equality holding
for some non-zero a. Then the a for which equality holds form a subspace (as
it is the kernel of a positive semidefinite real bilinear form). This subspace is a
real form of V. O

Lemma 277 IfV is an irreducible representation of a compact group then the
following conditions are equivalent:

o V has Schur indicator —1

e V has a nonzero invariant skew symmetric form
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e The underlying real representation of V has a quaternionic structure.

Proof The existence of a nonzero invariant bilinear form on V' is equivalent to
the existence of an invariant antilinear map j on V, by putting (a,b) = (a, bj).
We consider the real algebra generated by ¢ and j. This is either the quaternions
or the 2 by 2 matrices over the reals, and the latter case corresponds to V'
being reducible over the reals. We have seen that the case when V is reducible
corresponds exactly to the case when the bilinear form is symmetric, so the case
when V' is quaternionic corresponds exactly to the case when the bilinear form
is antisymmetric. O

To summarize, the real irreducible representation can be read off from the
complex ones as follows:

e Complex irreducible representations of complex dimension d with real
character and Schur index +1 give a real irreducible representation of
real dimension d as a real form.

e Complex irreducible representations of complex dimension d with non-real
character occur in complex conjugate pairs. The underlying real represen-
tations of these two complex representations are isomorphic and give an
irreducible real representation of dimension 2d, with a complex structure
(or more precisely two different complex structures).

e Complex irreducible representations of complex dimension d with Schur
indicator —1 have d even, and the underlying real vector space is an irre-
ducible real representation with a quaternionic structure or real dimension
2d divisible by 4.

In practice real representations are most common and quaternionic ones
tend to be rare.

Example 278 The groups Dg and Qg have the same character table. However
the 2-dimensional representations behave differently: one is real and the other
is quaternionic.

Example 279 We find the real (orthogonal) representations of SU(2). The

Schur indicator of the n + 1-dimensional irreducible complex representation is
(=1)™: we can evaluate this either by decomposing the virtual character ¢™ +
--q~™ as a linear combination of characters, or by computing the integral

-1

d
2xort

R N Rk

where ¢ = €. So the real representations have dimensions 1, 3, 4, 5, 7, 8, 9,..
and the ones of dimension divisible by 4 are quaternionic.

Exercise 280 Let G be a non-cyclic finite group of rotations in 3-dimensional
space (so G is dihedral or the rotations of a Platonic solid). Show that its
inverse image in S® is a group of order 2|G| that has an irreducible 2-dimensional
complex representation with Schur index —1.
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Exercise 281 By the Wedderburn structure theorem, the real group algebra
of G is a sum of matrix algebras over real division algebras, corresponding to
the various real irreducible representations of G. Tensoring with C gives the
complex group ring, which decomposes as a sum of matrix algebras over C,
corresponding to the complex irreducible representations of C. Show that this
is equivalent to the description of the real representations in terms of the Schur
indicator.

22 Representations of SL2

Finite dimensional complex representations of the following are much the same:
SLs(R), sloR, sl,C (as a complex Lie algebra), susR, and SUs. This is because
finite dimensional representations of a simply connected Lie group are in bi-
jection with representations of the Lie algebra. Complex representations of a
REAL Lie algebra L correspond to complex representations of its complexifica-
tion L ® C considered as a COMPLEX Lie algebra.

Note that complex representations of a COMPLEX Lie algebra L&®C are not
the same as complex representations of the REAL Lie algebra LQC = L+L. The
representations of the real Lie algebra correspond roughly to (reps of L)®(reps
of L).

Strictly speaking, SLo(R) is not simply connected, which is not important
for finite dimensional representations.

Set Q =2EF +2FF + H? € U(slhR). The main point is that ) commutes
with slbR. You can check this by brute force:

[H,Q]=2([H,E\F+ E[H,F])+---
0
[E,Q) =2[E,E|F +2E[F,E]|+2[E,F|E
+2F[E,E]+ |E,H|H + H|E,H) =0
[F, Q] = Similar

Thus,  is in the center of U(sl;R). In fact, it generates the center. This does
not really explain where ) comes from. Why does (2 exist? The answer is that it
comes from a symmetric invariant bilinear form on the Lie algebra slsR given by
(E,F)=1, (E,E)=(F,F)=(F,H)=(E,H) =0, (H,H) = 2. This bilinear
form is an invariant map L ® L — C, where L = slbR, which by duality gives
an invariant element in L ® L, which turns out to be 2EQ F+2F Q E+ H® H.
The invariance of this element corresponds to €2 being in the center of U(slR).

The bilinear form on SLy(R) in turn can be constructed as (a, b) = Tracey (ab)
for some representation V. When V is the adjoint representation this is the
Killing form. By a deep theorem of Cartan this form is non-degenerate when
the Lie algebra is semisimple, though of course for SLs(R) this is easy to check
directly.

Since €2 is in the center of U(sl2R), it acts on each irreducible representation
as multiplication by a constant. We can work out what this constant is for the
finite dimensional representations. Apply €2 to the highest vector w,:

(2EF +2FE + HH)w, = (2n 4 0+ n*)w,
= (2n +n)w,
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So € has eigenvalue 2n+n? on the irreducible representation of dimension n+ 1.
Thus, € has DISTINCT eigenvalues on different irreducible representations,
so it can be used to separate different irreducible representations. For more
general semisimple Lie groups, the Casimir operator may take the same value
on different irreducible representations, though it always distinguishes the trivial
1-dimensional representation from the others.

Theorem 282 Finite dimensional representations of the complex Lie algebra
sla(C) are completely reducible.

This is the key property that makes the representation theory easy. In particular
the representation theory of this non-abelian Lie algebra is easier than that of
apparently simpler algebras such as the abelian Lie algebra R? (classification of
2 commuting matrices is a hard problem).

Proof We will give two proofs of this result, both of which use important ideas.

For the first proof, we use the fact that all finite dimensional representations
of compact groups are completely reducible. Since the finite dimensional com-
plex representations of the complex Lie algebra sl (C) are “the same” as the fi-
nite dimensional complex representations of the real Lie algebra of SU(2), which
are in turn the same as the finite-dimensional representations of the compact
group SU(2), its finite dimensional representations are completely reducible.
(Its infinite dimensional representations are quite unlike those of SU(2), and
are not completely reducible.) This is Weyl’s famous unitarian trick.

The second proof uses the Casimir operator, and illustrates how to use ele-
ments of the center of the UEA. This is an algebraic proof, that also works for
some infinite dimensional Lie algebras when the “analytic” proof fails. The key
point is that the Casimir operator can be used to separate the different irre-
ducible representations, and in particular can separate the trivial representation
from the others.

The key case is to show that if we have an exact sequence of modules

0=V -—->W-—=C-=0

with V simple, then it splits. If V is the trivial 1-dimensional module, then this
follows because SLy(C') is prefect: it has no nontrivial 2-dimensional represen-
tations that are strictly upper triangular. If V' is nontrivial we use the Casimir
operator: it has different eigenvalues for V' and C, so W can be split as the
sum of eigenspaces of the Casimir, and this splitting is invariant under siy(C)
because the Casimir commutes with sly(C).

The general case follows from the key case above by linear algebra as follows.
Any exact sequence of the form

0—-V—-W-—=C—=0

for a possibly reducible V splits by induction on the length of V: we can split
off a top irreducible component of V' and work down. Now if we have a general
exact sequence of the form

0-X—->Y—>2Z2—-0

We want to find a splitting of this sequence, which is given by a sls(C)-invariant
map from Y to X that is the identity on X. we let V be the subspace of
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Home (Y, X) of elements that act as a constant on X C Y, and let W be the
codimension 1 subspace of elements where this constant is 0, so we have an

exact sequence
0—-V-W-—=C-—0.

This splits, in other words we get a map from C' to W whose image is fixed by
sla(C), in other words a sla(C') linear map from Y to X that is a (nonzero!)
constant on X. This gives the desired splitting of

0—-X—-Y—>2-—0.

O

There are two properties of slo(C) that make the proof of complete reducibil-
ity work: first, it is perfect, so extensions of trivial modules split, and second it
has a Casimir element that separates the trivial module from others. The proof
works for any other Lie algebra with these two properties, which we will later
see includes all finite dimensional semisimple complex Lie algebras. For SLq
the Casimir operator distinguishes any two non-isomorphic finite dimensional
representations, but this is no longer true for higher rank Lie algebras: there can
be several different irreducible representations with the same eigenvalue for the
Casimir operator. However there are “higher Casimir” operators in the center of
the universal enveloping algebra that separate all finite dimensional irreducible
representations.

Complete reducibility is quite rare: in general it fails for infinite dimen-
sional Lie algebras, or simple Lie algebras in positive characteristic, or infinite
dimensional representations of simple complex Lie algebras.

Exercise 283 Find an infinite dimensional representation of slz(C') that is not
completely reducible. Find a perfect finite dimensional complex Lie algebra
whose finite dimensional representations are not completely reducible.

Exercise 284 Show that the adjoint representation of sl,(F},) on gl,(F},) is
not completely reducible if p divides n.

Exercise 285 Show that if the finite dimensional representations of a finite
dimensional Lie algebra over some field are completely reducible, then the Lie
algebra is a direct sum of simple Lie algebras.

Exercise 286 Classify the finite dimensional indecomposable representations
of the 1-dimensional abelian complex Lie algebra. What does this have to do
with Jordan blocks of the Jordan normal form of a matrix?

We will now find the irreducible finite dimensional representations of the Lie
algebra sbR, which has basis H = (§ %), E=(3}),and F = (99). Hisa
basis for the Cartan subalgebra (8 _Oa). FE spans the root space of the simple
root. F' spans the root space of the negative of the simple root. We find that
[H,E] = 2E, [H,F] = —2F (so E and F are eigenvectors of H), and we can
check that [E, F] = H.

The Weyl group is generated by w = (91 6) and w? = (7)1 _01).

Let V be a finite dimensional irreducible complex representation of slsR.
First decompose V into eigenspaces of the Cartan subalgebra (weight spaces)
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(i.e. eigenspaces of the element H). Note that eigenspaces of H exist because
V' is finite dimensional and complex. Look at the LARGEST eigenvalue of H
(exists since V is finite dimensional), with eigenvector v. We have that Hv = nv
for some n. Compute

H(Ev) =[H,Elv+ E(Hv)
=2FEv+ Env=(n+2)Ev
So Ev = 0 (otherwise it would be an eigenvector of H with higher eigenvalue).
[E, —] increases weights by 2 and [F, —| decreases weights by 2, and [H, —] fixes
weights.
We have that FE kills v, and H multiplies it by n. What does F' do to v?
What is E(Fv)?
EFv=FEv+[E,Flv
=04+ Hv=nv
In general, we have
H(F'v) = (n —2i)F'v
BE(Fv) = (ni —i(i —1))F"
F(F'v) = F" 'y
So the vectors Fv span V because they span an invariant subspace. This gives
us an infinite number of vectors in distinct eigenspaces of H, and V is finite

dimensional. Thus, F*v = 0 for some k. Suppose k is the smallest integer such
that F'*v = 0. Then

0= E(F*v) = (nk — k(k — 1)) EF* 1y

20
Sonk —k(k—1)=0,and k #0,son—(k—1)=0,s0|k=n+1|. So V has
a basis consisting of v, F'v, ..., F"v. The formulas become a little better if we
F2y F3y F'oy

use the basis wy, = v, wp—2 = Fv,wp—4 = S5, 5%, -, S0

This says that E(ws) = 5wy for example. So we’ve found a complete de-
scription of all finite dimensional irreducible complex representations of slsR.

These representations all lift to the group SLa(R): SLy(R) acts on homo-
geneous polynomials of degree n by (%) f(z,y) = f(ax + by, cx + dy). This is
an n + 1 dimensional space, and we can check that the eigenspaces are z*y™~".
Corollary 287 The Cartan subalgebra H acts semisimply on any finite-dimensional
representation.

Proof First notice that this is quite subtle (from an algebraic point of view): for
example, the elements F and F which look rather similar to H in the relations for
sla(R) do not act semisimply: in fact they are nilpotent on any finite-dimensional
representation. The fact that H acts semisimply follows from the fact that we
have checked this explicitly on the finite dimensional irreducible representations,
and any finite dimensional representation is a direct sum of irreducible ones. [
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We have implicitly constructed Verma modules. We have a basis
Wpy, Wn—25 -+, Wn—24, - .-

with relations
H(wn—Qi) - (Tl - 2i)wn—2i

Ew,_9;i = (n—i+ 1)wp_2i12

, and
Fwp_9; = (i + Dwp—2i—2

. These are obtained by copying the formulas from the finite dimensional case,
but allow it to be infinite dimensional. This is the universal representation
generated by the highest weight vector w,, with eigenvalue n under H (highest
weight just means E(w,) = 0).

For general semisimple groups, a Verma module is the universal module
generated by a highest weight vector: a vector that is an eigenvector of the
Cartan subalgebra (eigenvalue=weight) and killed by positive root spaces. They
are easy to handle because one can start at the highest weight vector and work
down. Any finite-dimensional irreducible module has a highest weight, so is a
quotient of some Verma module. This suggests that it is useful to study the
submodule structure of Verma modules. In general this is quite complicated:
the solution involves Kazhdan-Lusztig polynomials, but for SLs(R) it is much
easier and we can do it as follows.

We can start by asking when a Verma module V) with some highest weight
A is irreducible. So it has a basis vy, va_s,..., If we have some submodule W
then by decomposing W into eigenspaces of H we may assume that W contains
some eigenvector v,,. Take u to be as large as possible, so p is killed by E. So
we want to solve the following problem: which vectors v, are highest weight
vectors? This is easy using the explicit formula Fwy_o; = (A — 7 4+ 1)wa_2i42
for the action of E: we see that it is only possible if A\ — i+ 1 =0 (or i = 0)
for some positive integer i. So generically Verma modules are irreducible: the
only exceptions are the modules V) for A a non-negative integer, which have a
unique nonzero proper submodule isomorphic to V_y_.

There is an alternative argument for testing when one Verma module is
in another, which generalizes better to higher rank Lie algebras. For this we
observe that the Casimir operator acts on a Verma module as multiplication by
a scalar, so one Verma module maps non-trivially to another only if they have
the same eigenvalue for the Casimir. To calculate this eigenvalue it is enough
to do so for the highest weight vector, as this generates the Verma module and
the Casimir commutes with the Lie algebra. To compute the eigenvalue on the
highest weight vector it is convenient to rewrite the Casimir as

QO =2EF +2FE + H> =2FE +2|E,F| + 2FE + H> = AFE + H> + 2H

because the term F'E vanishes on the highest weight vector. So if the highest
weight is A, then the Casimir acts as multiplication by A% 4+ 2\ = (A +1)% — 12.
So if there is a non-zero map between two Verma modules with highest weights
A, ppthen (A+1)% = (u+1)2, in other words A+ 1 and p+ 1 are conjugate under
the Weyl group {£1}. For higher rank Lie algebras the analogous theorem says
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that two Verma modules with highest weights A and p have the same eigenvalues
for ALL Casimir operators if and only if A 4+ p and p + p are conjugate under
the Weyl group, where p is a vector called the Weyl vector, equal to half the
sum of the positive roots.

The quotient V) /V_x_5 is the finite dimensional module of dimension A+ 1.
So we get an exact sequence

0—=>V_y_2o > VN— (A+1)—dim rep

Verma modules are rank 1 free modules over the universal enveloping algebra
of F, with character ¢*/(1 — ¢?). If we pretend we do not know the character
of the finite dimensional modules, we can work it out from this resolution by
Verma modules by taking the alternating sum over the characters of the Verma
modules, so we get (¢* — ¢ *72)/(1 — ¢?). The number of Verma modules
appearing in this resolution is the order of the Weyl group. In fact if we look
at the character formulas
Zw ew(A+p) ew(A+p)—p

[Tosoer(1— e~ " [Loso(l - e=e)

we see that it is expressing the character of a finite dimensional representation
as an alternating sum of characters of Verma modules with highest weights
w(\ + p) — p, coming from a resolution.

The factor ¢ — ¢~ ! in the denominator of the character formula appears
for completely different reasons in these two approaches to the representation
theory. In the analytic approach where we integrate over compact groups, g—g "
appears as the square root of the fudge factor needed to convert integrals over
the group to integrals over the Cartan subgroup. In the algebraic approach, it
appears as the inverse of the character of a Verma module.

Some things go wrong in infinite dimensions.

Warning 288 Representations corresponding to the Verma modules with this
Cartan subalgebra never lift to representations of SLy(R), or even to its univer-
sal cover. The reason: look at the Weyl group (generated by (_01 (1))) of SLy(R)
acting on (H); it changes H to —H. It maps eigenspaces with eigenvalue m
to eigenvalue —m. But if we look at the Verma module, it has eigenspaces
n,nm —2,n —4,..., and this set is obviously not invariant under changing sign.
The usual proof that representations of the Lie algebra lifts uses the exponen-
tial map of matrices, which doesn’t converge in infinite dimensions. However,
Verma modules using the compact Cartan subalgebra rather than the split one
do sometimes lift to representations of the group, called holomorphic discrete
series representations.

Remark 289 The universal cover SLa(R) of SLy(R), or even the double cover
Mps(R), has no faithful finite dimensional representations. Proof Any finite
dimensional representation comes from a finite dimensional representation of

the Lie algebra sloR. All such finite dimensional representations factor through
SLsy(R). O
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There is an obvious integral form of the UEA of SL,, given as the one
generated by E, F' and H, in other words the UEA of the Lie algebra over the
integers. However this is not really a very good integral form: for example,
its dual (a commutative ring) ought to be something like a completion of a
coordinate ring of the group, but is not. The right integral form was found
by Chevalley, and can be motivated by trying to find an integral from that
preserves the obvious integral form of the finite-dimensional representations.

Exercise 290 Show that the elements E™/n!, F™/n! preserve the integral forms
of finite dimensional representations and Verma modules given above. (The
integral form of Verma modules is not the one generated by the action of F' on
the highest weight vector!)

So Chevalley’s integral form of the universal enveloping algebra is the subalgebra
generated by these elements. It has the useful property that coefficients of
exp(tE) and exp(tF) are in the integral form. Since E and F act nilpotently on
finite dimensional representations this means that exp(tE) and exp(tF) make
sense over any commutative ring.

Exercise 291 Show that H"/n! does not usually preserve the integral form of
finite dimensional representations, but that (IZ ) does. Show that these elements
are in the integral form generated by E™/n! and F™/n!.

Exercise 292 Show that the dual of the integral form above is a power series
ring in 3 variables. (The integral form is a cocommutative Hopf algebra, so its
dual is a commutative ring.)

23 Infinite dimensional unitary representations

Last lecture, we found the finite dimensional (non-unitary) representations of
SLsy(R).

23.1 Background about infinite dimensional representa-
tions

(of a Lie group G) What is an infinite dimensional representation?

1st guess Banach space acted on by G7

This is no good for the following reasons: Look at the action of G on the
functions on G (by left translation). We could use L? functions, or L! or
LP. These are completely different Banach spaces, but they are essentially
the same representation.

2nd guess Hilbert space acted on by G? This is sort of okay.

The problem is that finite dimensional representations of SLg(R) are NOT
Hilbert space representations, so we are throwing away some interesting
representations.
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Solution (Harish-Chandra) Take g to be the Lie algebra of G, and let K be the
maximal compact subgroup. If V' is an infinite dimensional representation
of G, there is no reason why g should act on V.

The simplest example fails. Let R act on L?(R) by left translation. Then
the Lie algebra is generated by -L (or i-L) acting on L?(R), but 4L of an
L? function is not in L? in general.

Let V be a Hilbert space. Set V,, to be the K-finite vectors of V', which
are the vectors contained in a finite dimensional representation of K. The
point is that K is compact, so V splits into a Hilbert space direct sum
finite dimensional representations of K, at least if V' is a Hilbert space.
Then V, is a representation of the Lie algebra g, not a representation of G.
V., is a representation of the group K. It is a (g, K )-module, which means
that it is acted on by g and K in a “compatible” way, where compatible
means that

1. they give the same representations of the Lie algebra of K.
2. k(uw)v =k(u(k~tv)) forke K,u € g,andv € V.

The K-finite vectors of an irreducible unitary representation of G is AD-
MISSIBLE, which means that every representation of K only occurs a
finite number of times. The GOOD category of representations is the
representations of admissible (g, K)-modules. It turns out that this is a
really well behaved category.

We want to find the unitary irreducible representations of G. We will do
this in several steps:

1. Classify all irreducible admissible representations of G. This was solved
by Langlands, Harish-Chandra et. al.

2. Find which have Hermitian inner products (, ). This is easy.

3. Find which ones are positive definite. This is very hard, and has not been
solved for all simple Lie groups, though it has been done for some infinite
series such as general linear groups. We will only do this for the simplest
case: SLo(R), which is much easier than most other cases.

23.2 The group SLy(R)

We found some generators (in Lie(SL2(R))®C last time: E, F, H, with [H, E] =

2E, [H,F] = —2F, and [E,F] = H. We have that H = '(_1 $), E =
1( ), and F=1% (1, Z1). Why not use the old (§ %), (34), and (9§)?

K3

Because SLQ( ) has two different classes of Cartan subgroup: (g a91),

spanned by (§ %), and ( %7, 59 spanned by (% §), and the second one
is COMPACT. The point is that non-compact (abelian) groups need not have
eigenvectors on infinite dimensional spaces. An eigenvector is the same as a
weight space. The first thing you do is split it into weight spaces, and if your
Cartan subgroup is not compact, you cannot get started. We work with the
compact subalgebra so that the weight spaces exist.

Given the representation V', we can write it as some direct sum of eigenspaces

of H, as the Lie group H generates is compact (isomorphic to S). In the finite
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dimensional case, we found a HIGHEST weight, which gave us complete control
over the representation. The trouble is that in infinite dimensions, there is no
reason for the highest weight to exist, and in general they do not as there may
be an infinite number of eigenvalues.

A good substituted for the highest weight vector: Look at the Casimir oper-
ator Q = 2EF +2FFE + H? + 1. The key point is that Q is in the center of the
universal enveloping algebra. As V is assumed admissible, we can conclude that
2 has eigenvectors (because we can find a finite dimensional space acted on by
Q). As V is irreducible and © commutes with G, all of V is an eigenspace of
Q. We will see that this gives us about as much information as a highest weight
vector.

Let the eigenvalue of Q on V be A? (the square will make the most interesting
representations have integral A; the +1 in Q is for the same reason).

Suppose v € V,,, where V,, is the space of vectors where H has eigenvalue n.
In the finite dimensional case, we looked at Ev, and saw that HEv = (n+2)Fwv.
What is FEv? If v was a highest weight vector, we could control this. Notice
that Q = 4FFE + H? + 2H + 1 (using [E, F] = H), and Qv = A\?v. This says
that 4F Ev + n?v + 2nv + v = A2v. This shows that FEv is a multiple of v.

Now we can draw a picture of what the representation looks like: There is a
basis ...v,—2,Un, Vnt2, ..., with

e Hu, =nv,
e Fuv, = some multiple of v, 12
e ['v, = some multiple of v,,_5

Thus, V,, is spanned by V,, 12k, where k is an integer. The non-zero elements
among the V1o are linearly independent as they have different eigenvalues.
The only question remaining is whether any of the V,, 1o vanish.

There are four possible shapes for an irreducible representation

e infinite in both directions:
e a lowest weight, and infinite in the other direction:
e a highest weight, and infinite in the other direction:

e we have a highest weight and a lowest weight, in which case it is finite
dimensional

We will see that all these show up. We also see that an irreducible representation
is completely determined once we know A and some n for which V,, # 0. The
remaining question is to construct representations with all possible values of
A€ Cand n € Z. nis an integer because it must be a representations of the
circle group.

We can write down explicit representations as follows, by copying the for-
mulas for Verma modules and not cutting them off at the highest weight. We
get a representation with basis v; where ¢ runs through either all even integers
or all odd integers, and the action is given by

e Huv, = nv,

o Euv, =22ty
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o Fu, = %Uan

It is easy to check that these maps satisfy [E,F] = H, [H,E] = 2E, and
[H,F] = —2F

Problem: These may not be irreducible, and we want to decompose them
into irreducible representations. The only way they can fail to be irreducible if
if Ev, =0 of Fu, =0 for some n (otherwise, from any vector, we can generate
the whole space). The only ways that can happen is if

n even: A an odd integer
n odd: A an even integer.

What happens in these cases? The easiest thing is probably just to write out
an example.

Example 293 Take n even, and A\ = 3, so we have two submodules: one with
basis vy, vg, - - - , and the other with basis v_4,v_g,.... So V has two irreducible
subrepresentations V_ and V, and V/(V_ @V, ) is an irreducible 3 dimensional
representation with basis v_so, vg, va.

Example 294 If n is even, but A is negative, say A\ = —3, we get a subrepre-
sentation with basis v_s, vg, vs.

Here we have an irreducible finite dimensional representation. If we quotient
out by that subrepresentation, we get V. & V_. So this is like the previous
example, except that it has been turned upside down.

In particular we can see that the representations are not completely reducible
in general.
There is one case when something slightly different happens:

Exercise 295 Show that for n odd, and A = 0, then V splits are a direct sum
of two irreducible submodules: V =V, @ V_. (These are called limits of discrete
series representations.)

So we have a complete list of all irreducible admissible representations:

1. if A &€ Z, we get one representation (remember A\ = —\). This is the
bi-infinite case.

2. Finite dimensional representation for each n > 1 (A = £n)

3. Discrete series for each A € Z ~ {0}, which is the half infinite case: we get
a lowest weight when A\ < 0 and a highest weight when A > 0.

4. two “limits of discrete series” where n is odd and A = 0.

Which of these can be made into unitary representations? H' = —H, Et =
F,and F' = E. If we have a Hermitian inner product ( , ), we see that
( ) 2 (E )
Vjt2,V; = Vi,V
J+25 Vj+2 A+]+1 7o Yi+2
2
=% (v —Fu,
>\_|_j+1(v]7 UJ+2)
2 A—j—1
- _ T 0
At 9 (vj,v5) >
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A1
So we want STl

eigenvectors. So

to be real and positive whenever j,j + 2 are non-zero

—A=1=)A+1+5) ==X +(G+1)?

should be positive for all j. Conversely, when we have this condition, the rep-
resentations have a positive semi definite Hermitian form.
This condition is satisfied in the following cases:

1. A2 < 0. These representations are called PRINCIPAL SERIES represen-
tations. These are all irreducible ezcept when A = 0 and n is odd, in which
case it is the sum of two limits of discrete series representations

2. 0 < A <1 and j even. These are called COMPLEMENTARY SERIES.
They are annoying, and you spend a lot of time trying to show that they
don’t occur in cases you are interested in, such as the Selberg conjecture.

3. A2 =n? for n > 1 (for some of the irreducible pieces).

If A =1, we get a 1-dimensional subrepresentation, which is unitary, and
the quotient is the sum of two Verma modules (discrete series representa-
tions).

We see that we get two discrete series and a 1 dimensional representation,
all of which are unitary

For A = 2 (this is the more generic one), we have a 2-dimensional middle
representation (where (j + 1)2 < A? = 4 that is not unitary, which we
already knew. So the discrete series representations are unitary, and the
finite dimensional representations of dimension greater than or equal to 2
are not.

Summary: the irreducible unitary representations of SLy(R) are given by
1. the 1 dimensional representation
2. Discrete series representations for any A € Z ~\ {0}
3. Two limit of discrete series representations for A = 0
4. Two series of principal series representations:
jeven: A€iR, A>0
jodd: A€iR, A >0
5. Complementary series: parametrized by A, with 0 < A < 1.

There seems to be a puzzle here: the discrete series representations of the
group are (completions of) Verma modules, whereas we claimed earlier that
Verma modules were never associated to representations of the group. The
difference is that we are looking at Verma modules for different Cartan subal-
gebras. For the split Cartan subalgebra there is a Weyl group element acting as
—1 on the Lie algebra, which implies that representations of the group cannot be
Verma modules whose weights are not invariant under —1. On the other hand,
for the compact Cartan subalgebra there is no element of the group acting as —1
on its Lie algebra, so this argument no longer applies, and we can have Verma
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modules that are (essentially) representations of the group, at least if we take a
completion of them.

The unitary representations have an obvious topology (for general groups
there is also such a topology, called the Fell topology). This topology is not
Hausdorff: for example, the two limits of discrete series representations are limits
of the same continuous series representations, and the two smallest discrete
series representations and the trivial representation are all some sort of limit of
complementary series representations as A tens to 1.

The nice stuff that happened for SLs(R) breaks down for more complicated
Lie groups. In particular if the rank is grater than 1 then the Casimir eigenvalue
does not unambiguously determine what the analogues of the operators F'E and
so on do.

Representations of finite covers of SLy(R) are similar, except j need not be

integral. For example, for the double cover ng-(\]R) = Mpy(R), 25 € Z.

Exercise 296 Find the irreducible unitary representations of Mps(R).

Random things not covered: Plancherel measure for SL2(R) (note that 1
is not in the support!), holomorphic modular forms are highest weights for
discrete series representations, Maass wave forms are eigenvectors for principal
series representations, characters of representations.

24 Serre relations

We now construct all the simple complex Lie algebras using the Serre relations.
The Cartan matrix of a root system with simple roots r; is given by a;; =
2(r,75)/(rs,7;); these numbers are the integers that appear when reflecting r;
in the hyperplane of r;.

Suppose that a;; is a Cartan matrix. We can recover the Lie algebra with
this matrix as the Lie algebra generated by elements h;, e;, f; subject to the
following Serre relations:

lei, fj] = hiif i = j, Ootherwise (15)

[hi, 5] = aije; (16)

[hi, f3] = —aije; (17)
ad(e) e, = 0 (18)
(19)

ad(f;)' =" f; =0

As usual when objects are defined using a presentation it is easy to find
an upper bound on the size of the object but harder to find a lower bound
on the size. In particular the main problem with the algebra defined by the
Serre relations is to show that it does not collapse to zero. We will do this in
two steps: first show that in the algebra generated by the first 3 relations the
elements h; are linearly independent by finding some explicit representations of
it, then showing that the ideal generated by the last two relations has trivial
intersection with the subalgebra H spanned by the h;.

So we first forget about the last two relations. Suppose that we have a
graded lie algebra, and let F', H and E be the pieces of degree —1,0,1. Then
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e H is a Lie algebra
e F and F are representations of H
e we have a map £ ® F — H of H-modules.

Typical example: H=diagonal matrices, E=the things just above the diag-
onal, and F'=things just below. In applications, H will be the (abelian) Cartan
subalgebra, F with be the sum of the simple root spaces, and F' with be the
sum of the root spaces of minus the simple roots.

Conversely given the data above, we want to construct a graded Lie algebra
G. Obviously we can define a universal such G by generators and relations, and
the problem is to see what its structure is: in particular is is not obvious that
G is nonzero!

We first bound G from above, which is straightforward.

Lemma 297 The obvious vector space map from Free(F)® H @ Free(E) to
G is onto, where Free means “free Lie algebra generated by a vector space”.

Proof This is easy: just check that the image of this map is closed under
brackets by elements of E, F', and H, by induction on length. ([l

Now we have to show that this map is injective, and in particular that G
does not collapse to nothing. As usual, the best way to show that something
given by generators and relations is non-zero is to construct a representation of
it. The idea is to construct representations as some sort of Verma modules: in
other words we have a “lowest weight space” V acted on by H and killed by
F, where V is any representation of H. This gives the action of F' and H, but
we have no idea what E does. We try to build a representation by letting the
action of E be as free as possible: in other words we take TE ® V where T'E is
the tensor algebra of E (the UEA of the free Lie algebra generated by E). First
we need a lemma for constructing operators on TE:

Lemma 298 Suppose that E is the free associative algebra generated by ele-
ments e;, and we are given operators b; on E and an element e of E. Then
there is a unique operator b such that b(1) = e and [b,e;] = b;.

Proof The algebra E has a basis of elements e;, e;, - - - ¢;, for n > 0. We define
b by induction on the length n of a basis element by putting

b(l)=e
for the basis element of length 0, and
bles ) = eb(-++) +bi(-++)

on elements of positive length. O

So if we know that action of some operator on V, and we are given its
commutators with elements of E (which should of course depend linearly on
E), then we get a unique operator on TE ® V. This immediately gives us
operators on TE ®V corresponding to elements of H and F', using the fact that
we know [h, e] and then [f, e]. To finish the proof that we have a representation,
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we need to check that [hy, hs] and [h, f] have the right values. The idea for
doing this is that if two operators on TE ® V are the same on V and have the
same commutators with elements of E, then they are equal. If we write 2’ for
the operator on TE ® V corresponding to x, this means we have to check that
[W), hE] = [hi, he])" and [h, f]' = [A/, f']. For both identities it is immediate that
they coincide on V', so we just have to check the commutators with and e € E
are the same. This follows from

[elv [hlla h/QH = [[elv hll]ﬂ h/2]+[h/13 [6/, h/QH - Hev hl]/a hl2}+[h/17 [eﬂ hQ]/] = [[6, hl]a h2]/+[h17 [6, hQHI = [6, [hla hQH/ = [6/3
since we know that ’ is a homomorphism brackets of type [E, H].
Exercise 299 Do the case of [h, f] = [h/, f'] in the same way.

Exercise 300 Where did the proof use the fact that the map from E® F +— h
is a homomorphism of H-modules?

In particular we see that Free(FE) acts freely on these modules so maps
injectively into G, and by taking V' to be any faithful representation of H we
see that H also maps injectively into G. To summarize, we have proved:

Theorem 301 Suppose given a Lie algebra H, and H-modules E and F to-
gether with a map of H-modules from EQ F to H. Then E, F, and H are the
pieces of degree 1, —1 and 0 of a graded Lie algebra G, and the positive part of
G is the free Lie algebra on E. Moreover if V is any representation of H, we
can extend it to a representation of G on TE®V so that I kills V and E acts
in the obvious way by left multiplication.

Lemma 302 Suppose that g is the Lie algebra generated by elements generated
by elements h;, e;, f; subject to the following relations:

lei, fi] = hiif i = j,00therwise (20)
[his ej] = aije; (21)
[hiy fi] = —aije; (22)

Then g can be graded as § = D@, where gy = Dm>00m S the subalgebra
generated by the e;, §— = ®m>08m s the subalgebra generated by the f;, and g
is the subalgebra generated by the h; and is abelian.

Proof This is a fairly straightforward check.

We define the grading by giving each e; degree 1, each f; degree —1, and
each h; degree 0. This defines a grading as all the relations are homogeneous.
(More generally, we could give e; and positive degree d; provided we give f;
degree —d;, which is occasionally useful.)

The fact that the subalgebra H generated by the elements h; is abelian
follows from

(his byl = (R, ey, fi]] = [[hay ej], f5] + &g, [has £51) = laizey, fi] + lej, [—aiz f;] =0

so all the elements h; commute with each other, and in particular H is spanned
by the elements h;.
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If we write E, F', and H = gq for the subalgebras generated by the elements
ei, fi, and h; then the defining relations imply [f;, E] C E, [f;,E] C H® E,

[fi, H] C F, so the subspace E@® H @ F is closed under f;. Similarly it is closed
under e; and is therefore equal to g as these elements generate g. O

Now we come to the first key point, which is showing that the algebra g does
not collapse.

Lemma 303 The elements h; of the Lie algebra g are linearly independent.

Proof This follows from the previous theorem. (I

The Lie algebras we get like this are usually infinite dimensional, as they
contain free lie algebras on E. The key idea is that if we have a subspace X of
Free(E) that is mapped to itself by F' and H, then the subspace it generates
under the action of F is still acted on by F' and H, so is an ideal of G contained
in Free(E), and therefore having zero intersection with H. So if we can find
such subspaces X we can reduce the size of G. In general there need not be any
such subspaces, but for the special case of the Serre relations we can find some.

The final step is to include the relations ad(e;)'~%ie; = 0 ad(f;)' =i f; =0
and in particular we need to show that these do not cause the Lie algebra to
collapse to 0.

Lemma 304 Ifi # j then the element ad(e;)'~%ie; = 0 of E is is killed by fy.

Proof It is obviously killed by fi if k£ is not 4 or j, as then f;, commutes with
both e; and e;.

To show that it is killed by f; we have two cases depending on whether a;;
is 0 or not.

[fileis [+ [eises] -+ -] = leq, [+ [ess [y, 4] -+ -] (23)
= —lei, [+ [eis hy] -] = agjles, ... s €] -] (24)

If a;; = O this vanishes as it contains a factor of a;;, while if a;; > 0 it vanishes
because 1 — a;; > 2 so it contains a term [e;, €;].

Finally we show that ad(e;)! =7 e; = 0 is killed by f;, which is where we need
to use the funny-looking exponent 1 — a;;. For this we look at the subalgebra
generated by e;, f;, and h;, which is isomorphic to sly. Moreover the element e;
is killed by f; so generates a Verma module for sly. The lowest weight e; of this
Verma module has eigenvalue a;; for h;, so by the theory of sl Verma modules,
the element ad(e;)"e; = 0 for n > 0 is killed by f; if (and only if) n =1 — a,;.

|

Theorem 305 In the Lie algebra defined by the Serre relations, the elements
hi, e;, and f; are linearly independent.

Corollary 306 FEach of the copies of sla spanned by e;, fi, h; act on the Lie
algebra as a sum of finite dimensional representations.

Proof This follows by first checking that each generator of the Lie algebra
lies in a finite dimensional representation (using the extra Serre relations) then
showing that the elements of the Lie algebra with this property are closed under
the Lie bracket. O
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Corollary 307 The action of each Lie algebra sly spanned by e;, f;, h; lifts to
an action of the Lie group SLs. In particular the Weyl group element (_01 (1))
acts on the Lie algebra, and acts on the Cartan subalgebra as the reflection of
the corresponding simple root, so we get an action of the Weyl group on the
T00tS.

This is enough to show that the Lie algebra is finite dimensional: more
precisely every root is conjugate to a simple root under the Weyl group and
therefore has multiplicity 1. (This fails for infinite root systems: for general
Kac-Moody algebras there are more roots that are not conjugate to simple
roots, called imaginary roots, and they can have multiplicity greater than 1.)

Example 308 We can work this out explicitly for the rank 2 algebras, and
write down explicit bases.

Theorem 309 FEvery root is conjugate to a simple root under the Weyl group.

Proof We need to use the fact that to root system and Weyl group are fi-
nite: the theorem fails for infinite dimensional Kac-Moody algebras, which have
“imaginary” roots not conjugate to simple roots. In particular there is a positive
definite quadratic form preserved by the Weyl group. Look at the Weyl cham-
ber W of the simple roots, and its dual convex cone C' generated by the simple
roots. Any positive root is contained in C', and its orthogonal complement has
codimension at least 2 in W unless the root is simple. The conjugates of the
Weyl chamber W under the Weyl group cover the whole space, so if a root is not
conjugate to a simple root under the Weyl group, its orthogonal complement
has codimension at least 2 in the whole space , which is impossible. O

To summarize, we have an explicit description of the Lie algebra: it is a sum
of the Cartan subalgebra H (with basis h;), and a 1-dimensional root space for
each root of the root system, for which we can easily write down an explicit
basis element if we want to.

Exercise 310 Show that the Lie algebra constructed from an irreducible finite
crystallographic root system is simple. (Irreducible means that it is not the sum
of two orthogonal root systems: in the case the Lie algebra splits as the direct
sum of corresponding Lie algebras.) The idea is to look at eigenvectors of the
Cartan subalgebra. If « is some eigenvalue of some element in an ideal, then
show that so is 8 for and § not orthogonal to a.

Much, but not all, of this theory works for infinite root systems, and the
corresponding Lie algebras are called Kac-Moody algebras. We still get an
action of the Weyl group on the roots, but as mentioned above roots need not
be conjugate to simple roots: the proof above fails because the union of Weyl
chambers need not cover space when the Weyl group is infinite.

25 The Weyl groups of exceptional groups
We use a vector notation in which powers represent repetitions: so (18) =

(1,1,1,1,1,1,1,1) and (£1%,08) = (+3,+4,0,0,0,0,0,0).
Recall that Eg has the Dynkin diagram
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where each vertex is a root r with (r,7) = 2; (r,s) = 0 when r and s are
not joined, and (r,s) = —1 when r and s are joined. We choose an orthonormal
basis eq, ..., eg, in which the roots are as given.

We want to figure out what the root lattice L of Eg is (this is the lattice
generated by the roots). If we take {e; — e;+1} U (—1°, 13) (all the A7 vectors
plus twice the strange vector), they generate the Dg lattice = {(z1,...,zs)|z; €
Z, > x; even}. So the Eg lattice consists of two cosets of this lattice, where
the other coset is {(1,...,zs)|z; €Z+ 3, Y x; odd}.

Alternative version: If we reflect this lattice through the hyperplane e7-, then
we get the same thing except that Y x; is always even. We will freely use both
characterizations, depending on which is more convenient for the calculation at
hand.

We should also work out the weight lattice, which is the vectors s such that
(r,r)/2 divides (r,s) for all roots r. Notice that the weight lattice of Eg is
contained in the weight lattice of Dg, which is the union of four cosets of Dsg:
Ds, Dg + (1,07), Dg + (%8) and Dg + (—1, %7) Which of these have integral
15, 13)7 They are the first and the last, so the

7

inner product with the vector (=5, 5
weight lattice of Fg is Dg U Dg + (f%, L"), which is equal to the root lattice of
Es.

In other words, the Eg lattice L is unimodular (equal to its dual L’), where
the dual is the lattice of vectors having integral inner product with all lattice
vectors. This is also true of Gy and Fj, but is not in general true of Lie algebra
lattices.

The FEg lattice is even, which means that the inner product of any vector
with itself is always even.

Even unimodular lattices in R™ only exist if 8|n (this 8 is the same 8 that
shows up in the periodicity of Clifford groups). The Fjg lattice is the only
example in dimension equal to 8 (up to isomorphism, of course). There are two
in dimension 16 (one of which is L @ L, the other is D;gU some coset). There
are 24 in dimension 24, which are the Niemeier lattices. In 32 dimensions, there
are more than a billion!

The Weyl group of Ey is generated by the reflections through s* where s € L
and (s,s) = 2 (these are called roots). First, let’s find all the roots: (x1,...,xs)
such that Y 22 = 2 with z; € Z or ZJr% and Y z; even. If z; € Z, obviously the
only solutions are permutations of (£1, +1,09), of which there are (}) x22 = 112

2
choices. In the Z + % case, we can choose the first 7 places to be +1, and the

last coordinate is forced, so there are 27 choices. Thus, we get 240 ro20ts.

Let’s find the orbits of the roots under the action of the Weyl group. We
don’t yet know what the Weyl group looks like, but we can find a large subgroup
that is easy to work with. Let’s use the Weyl group of Dg, which consists of the
following: we can apply all permutations of the coordinates, or we can change
the sign of an even number of coordinates (e.g., reflection in (1,—1,0%) swaps
the first two coordinates, and reflection in (1, —1, 0°) followed by reflection in
(1,1,05) changes the sign of the first two coordinates.)

Notice that under the Weyl group of Dg, the roots form two orbits: the set
which is all permutations of (£12,0°), and the set (i%s). Do these become
the same orbit under the Weyl group of Eg? Yes; to show this, we just need

one element of the Weyl group of Eg taking some element of the first orbit to

the second orbit. Take reflection in (%8)L and apply it to (12,05): you get
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(%2, —%6), which is in the second orbit. So there is just one orbit of roots under

the Weyl group.

What do orbits of W(Eg) on other vectors look like? We're interested in
this because we might want to do representation theory. The character of a
representation is a map from weights to integers, which is W (FEjg)-invariant.
Let’s look at vectors of norm 4 for example. So Y. 2? = 4, > x; even, and
x; €ZLorzxz; €7+ % There are 8 x 2 possibilities which are permutations of
(£2,07). There are (§) x 2* permutations of (£1%,0%), and there are 8 x 27
permutations of (i%,ig) So there are a total of 240 x 9 of these vectors.
There are 3 orbits under W (Dsg), and as before, they are all one orbit under the

action of W (Eg). Just reflect (2, 07) and (12, —1,0%) through (%8).

Exercise 311 Show that the number of norm 6 vectors is 240 x 28, and they
form one orbit

(If you've seen a course on modular forms, you’ll know that the number of
vectors of norm 2n is given by 240 x de d3. 1f we let call these c,,, then " ¢, q"
is a modular form of level 1 (Es even, unimodular), weight 4 (dim Fg/2).)

For norm 8 there are two orbits, because we have vectors that are twice a
norm 2 vector, and vectors that are not. As the norm gets bigger, there are a
large number of orbits.

What is the order of the Weyl group of Eg? We’ll do this by 4 different
methods, which illustrate the different techniques for this kind of thing:

(1) This is a good one as a mnemonic. The order of Fjg is given by

numbers on the Weight lattice of Eg
W(Es)| = 8!
W (Es) . H <afﬁne Eg diagram) " "Root lattice of Eg

=8l x (1.2.3.4.5.6.4.2.3) x 1

=921 «35x52x7

These are the numbers giving highest root.

We can do the same thing for any other Lie algebra, for example,

(W (Fy)| = 4! x (1.2.3.4.2) x 1

=927 x 32

(2) The order of a reflection group is equal to the products of degrees of the
fundamental invariants. For Eg, the fundamental invariants are of degrees
2,8,12,14,18,20,24,30 (primes +1).

(3) This one is actually an honest method (without quoting weird facts). The
only fact we will use is the following: suppose G acts transitively on a set
X with H = the group fixing some point; then |G| = |H| - | X]|.

This is a general purpose method for working out the orders of groups.
First, we need a set acted on by the Weyl group of Fg. Let’s take the
root vectors (vectors of norm 2). This set has 240 elements, and the Weyl
group of Eg acts transitively on it. So |W(Es)| = 240 x |subgroup fixing
(1,—1,0%)|. But what is the order of this subgroup (call it G1)? Let’s find
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a set acted on by this group. It acts on the set of norm 2 vectors, but the
action is not transitive. What are the orbits? G fixes s; = (1,—1,0).
For other roots r, G1 obviously fixes (r,s). So how many roots are there
with a given inner product with s?

(s,r) | number choices
2 1 s
1 56 | (1,0,£19), (0, —1,+15), (3, —1 1%
0 126

-1 56

-2 1 -5

So there are at least 5 orbits under G;. In fact, each of these sets is
a single orbit under G;. How can we see this? Find a large subgroup
of G1. Take W(Dsg), which is generated by all permutations of the last
6 coordinates and all even sign changes of the last 6 coordinates. It is
generated by reflections associated to the roots orthogonal to e; and eq
(those that start with two Os). The three cases with inner product 1 are
three orbits under W (Dg). To see that there is a single orbit under Gy, we
just need some reflections that mess up these orbits. If we take a vector
(%, %, :I:%G) and reflect norm 2 vectors through it, this mixes up the orbits
under W(Ds), so we get exactly 5 orbits. So G acts transitively on these
orbits.

In fact G; is the Weyl group of E7, as we will see during the calculation.
We also obtain the decomposition of the Lie algebra Eg under the action
of F7: it splits as representations of dimensions 1, 56, 133, 1, 56, 1. If we
look a bit more closely we see that in fact there is a subgroup E7 x SLs,
and Fg decomposes as 13301@056®2@1®3. One can see directly from the
roots that the 56 dimensional representation has an invariant bilinear form
induced by the Lie bracket of E5. The 56 dimensional representation of E7
has the special property that all its weights are conjugate under the Weyl
group: such representations are called minuscule, and tend to be rather
special: they include spin representations and some vector representations.

We'll use the orbit of the 56 vectors r with (r,s;) = —1. Let G3 be
the generated by reflections of vectors orthogonal to s; and sy where
Sy =(0,1,-1,0,0,0,0,0).

We have that |G| = |G2| - 56.

G5 is the Weyl group of Eg. We can see that E7 decomposes under Ejg
as 133 = 78 + 1 + 27 + 27: we get two dual 27 dimensional minuscule
representations of Fg. We can also decompose Eg as a representation of
Eg, or better as a representation of Eg + slo, and we get 240 = 78 x 1 +
27T x34+27x3+1x8.

Our plan is to chose vectors acted on by G;, fixed by G;4; which give us
the Dynkin diagram of FEg. So the next step is to try to find vectors r
such that sq, s, form a Dynkin diagram As, in other words r has inner
product —1 with s, and 0 with s;. The possibilities for r are (=1, —1,0,0°)
(one of these), (0,0,1,£1,0%) and permutations of its last five coordinates

(10 of these), and (—3,—3, 3, i%5) (there are 16 of these), so we get 27
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total. Then we should check that they form one orbit, which is boring so
we leave it as an exercise.

Next we find vectors r such that si, so, 83,7 form a Dynkin diagram Ay,
where s3 is of course 0,0,1,—1,0,0,0,0),

i.e., whose inner product is —1 with s3 and zero with s1, ss. The possi-
bilities are permutations of the last four coords of (0,0,0,1,41,0%) (8 of

these) and (-1, -1, -1, 1, i{l) (8 of these), so there are 16 total. Again

we should check transitivity, but ill not bother.
For the next step, we want vectors r such that sy, s2, s3, S4, 7 form a Dynkin
diagram As; the possibilities are (0%,1,+1,0%) and permutations of the

last three coords (6 of these), and (—%4, 1 :E%S) (4 of these) for a total of

10 vectors r, and as usual these form a single orbit under Gs.

For the next step, we want vectors r such that s, so, s3, 84, $5,7 form a
Dynkin diagram Ag; the possibilities are (0°,1,+1,0) and permutations
of the last two coords (4 of these), and (—%5, %,:I:;) (2 of these) for a
total of 6 vectors r, and as usual these form a single orbit under Gg.

The next case is tricky: we want vectors r such that s, sz, s3, S4, S5, Sg, T
form a Dynkin diagram Az;, the possibilities are (0°,1,41) (2 of these)
and ((—2)%,%,1) (just 1). The proof of transitivity fails at this point.
The group G7 we are using by now doesn’t even act transitively on the
pair (05,1, +1) (we can’t get between them by changing an even number
of signs). What elements of W (Eg) fix all of these first 6 points? We want
to find roots perpendicular to all of these vectors, and the only possibility

1

is ((3)®). How does reflection in this root act on the three vectors above?

(0°,12) = ((—3)S, %2) and (05,1, —1) maps to itself. Is this last vector in
the same orbit? In fact they are in different orbits. To see this, look for
vectors completing the Eg diagram. In the (0%,1,1) case, we can take the

vector ((—%)5,3,%,—3). But in the other case, we can show that there

19393 )
are no possibilities. So these really are different orbits. In other words,
there are 3 possible roots r, but these form two orbits under G~ of sizes 1
and 2.

We use the orbit with 2 elements, and check that there are no automor-

phisms fixing s; to s7, so we find
order of W (Eg)

[W(Eg)] =240 x 56 x 27 x 16 Xx 10 x 6 x 2 x 1
order of W(E7)

because the group fixing all 8 vectors must be trivial. We also get that
‘W(AQXAI)‘
———
[W(“E5”)| =16 x 10 x 6x2x 1
—_——
W (Ad)]

where “F5” is the algebra with diagram (that is, Dy). Similarly, Ey is Ay
and E3 is Ag X Al.

We got some other information. We found that the Weyl group of Fg
acts transitively on all the configurations Ay, Ao, As, A4, A5, Ag, but not
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on A7. Obviously a similar method can be used to find orbits of other
reflection groups on other configurations of roots.

The sequence of numbers 1, 2 (or 3), 6, 10, 16, 27, 56, 240 tends to turn
up in a few other places, such as the number of exceptional curves on a
del Pezzo surface (blow up the plane at some points). In particular the
number 27 is the same 27 that appears in the 27 lines on a cubic surface
(=plane blown up at 6 points).

(4)

We now give the fourth method of finding the order of W(Esg). Let L be the
Es lattice. Look at L/2L, which has 256 elements. Look at this as a set acted
on by W(Es). There is an orbit of size 1 (represented by 0). There is an orbit
of size 240/2 = 120, which are the roots (a root is congruent mod 2L to it’s
negative). Left over are 135 elements. Let’s look at norm 4 vectors. Each norm
4 vector, r, satisfies r = —r mod 2, and there are 240-9 of them, which is a lot,
so norm 4 vectors must be congruent mod 2 to other norm 4 vectors. Let’s look
at r = (2,0,0,0,0,0,0,0). Notice that it is congruent to vectors of the form
(0---£2...0), of which there are 16. It is easy to check that these are the only
norm 4 vectors congruent to » mod 2. So we can partition the norm 4 vectors
into 240-9/16 = 135 subsets of 16 elements. So L/2L has 1+120+135 elements,
where 1 is the zero, 120 is represented by 2 elements of norm 2, and 135 is
represented by 16 elements of norm 4. A set of 16 elements of norm 4 which are
all congruent is called a FRAME. It consists of elements *+eq,...,+eg, where
e? =4 and (e;, ej) =1 for i # j, so up to sign it is an orthogonal basis.
Then we have

|W (Es)| = (# frames) X |subgroup fixing a frame|

because we know that W (FEg) acts transitively on frames. So we need to know
what the automorphisms of an orthogonal base are. A frame is 8 subsets of the
form (r, —7), and isometries of a frame form the group (Z/2Z)%-Ss, but these are
not all in the Weyl group. In the Weyl group, we found a (Z/2Z)" - Sg, where the
first part is the group of sign changes of an even number of coordinates. So the
subgroup fixing a frame must be in between these two groups, and since these
groups differ by a factor of 2, it must be one of them. Observe that changing
an odd number of signs doesn’t preserve the Fg lattice, so it must be the group
(Z)27,)7 - Sg, which has order 27 - 8!. So the order of the Weyl group is

# norm 4 elements
2 x dim L

13527 .81 = |27 . Sg| x

Remark 312 Conway used a similar method to calculate the order of his
largest simple group. In this case if we take the Leech lattice mod 2, it de-
composes rather like Fg mod 2 except there are 4 orbits: the zero vector, orbits
represented by a pair 47 of norm 4 vectors, orbits represented by a pair +r of
norm 6 vectors, and orbits represented by a frame of 48 norm 8 vectors. The
subgroup fixing a frame is 2'2. M4, If A is the Leech lattice, we find the order
of its automorphism group is

# norm 8 elements
2 x dim A

|212 A M24| A
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where My, is the Mathieu group (one of the sporadic simple groups). Conway’s
simple group has half this order, as one gets it by quotienting out the center
+1. The Leech lattice seems very much to be trying to be the root lattice of the
monster group, or something like that, with its automorphism group behaving
rather like a Weyl group, but no one has really been able to make sense of this
idea.

W (Eg) acts on (Z/2Z)®, which is a vector space over Fa, with quadratic
form N(a) = % mod 2, so we get a map

+1 — W(Eg) — Of (Fa)

which has kernel +1 and is surjective, as can be seen by comparing the orders
of both sides. Of is one of the 8 dimensional orthogonal groups over Fy. So
the Weyl group of Ejy is a double cover of an orthogonal group of a vector space
over [Fs.

26 Invariants of reflection groups

The ring of invariants of a Weyl group turns up a lot in representation theory.
For example, Harish-Chandra showed that the center of the UEA of a semisimple
Lie algebra (the “higher Casimir s”) is isomorphic to the ring of invariants of
the Weyl group. The rational homology of the compact Lie group can be read
off from the ring of invariants of the Weyl group. Fortunately it turns out to
have a very easy structure: it is a polynomial ring. (This is unusual: rings of
invariants of finite groups are usually very complicated.)

For the reflection group .S,, acting on R" the invariants are just the symmetric
functions, which form a polynomial ring generated by the usual elementary
symmetric functions.

Exercise 313 Show that the ring of invariants of the reflection group S, =
A, _1 acting on R"~! (identified with the vector space of vectors in R"™ whose
sum of coordinates is 0) is the polynomial ring Cleg, - - - e,] in n — 1 generators.

Exercise 314 Show that the rings of invariants of the reflection groups B,, and
D,, are polynomial rings, and find sets of generators.

Exercise 315 Show that the ring of invariants of the alternating group acting
onxy,- - , &, is generated by the invariants Cley, .. ., e,] of the symmetric group
together with the invariant A = [, ;(2; — z;). Show that A? is a polynomial
in Cley,...,e,] and find this polynomial explicitly when n is 2 or 3. Show that
if n = 3 the ring of invariants is not a polynomial ring.

Example 316 Suppose G is the dihedral group of order 2n acting on R%. We
will find its ring of invariants. The obvious coordinate are x and y, but it is
easier to use z = x + iy and Z = x — iy as coordinates. Then one generator of
G takes z to (z and Z to (Z, while the other exchanges z and Z. The ring of
invariants is generated by zz and 2" + z".
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The invariants of a finite complex reflection group form a polynomial algebra.
This was first proved by Shephard and Todd who classified all complex reflection
groups into 3 infinite series and 34 exceptional cases, and found the ring of
invariants cases by case. Shortly after Chevalley gave a uniform proof.

Lemma 317 If H is a homogeneous polynomial in Iy,... and g—i is a linear
combination of g—i, ..., then g—ﬁ =0.

Proof Look at the terms of H containing a smallest power of I;. This shows
that H must contain terms not involving I;. Moreover we get a linear relation
between the terms of ng ... that do not involve I;. Now use induction on
H0, Iz, -). O Most rings

of invariants are not polynomial rings, so we need to find and use some special
property of rings of invariants when the group is generated by reflections. The
following is the special property of rings of invariants of groups generated by
reflections that implies they are polynomial rings.

Lemma 318 IfIy,... are homogeneous invariants of a complez reflection group
such that I is not in the ideal generated by Io, ..., and there is some relations
pili +p2la+---=0

for homogeneous polynomials p;, then py is in the ideal generated by invariants
of positive degree.

Proof The special property of reflections that we will use is that if ¢ is a
reflection with hyperplane f = 0 then p — gp is divisible by f. So we find

9p1f p1]1+9p2f p212+_._:0
and by induction on the degree of p; we see that gp; — pp is in the ideal gen-
erated by invariants of positive degree. So taking an average over g € G shows
that |G|p; is a linear combination of an invariant and an element in the ideal
generated by positive degree invariants. By assumption p; cannot have degree
0, so must be in the ideal generated by invariants of positive degree. [

Theorem 319 (Chevalley-Shepherd-Todd) The ring of invariants of a complex
reflection group is a polynomial algebra.

Proof Pick a minimal set of homogeneous invariants I, I, . . . that generate the
ideal generated by positive degree invariants (so that by Hilbert’s theorem they
also generate the ring of invariants), We will show that they are algebraically
independent. Suppose that H(I1,Is,...) = 0 for some homogeneous polynomial

H. Then
OH 0I; 0OH 0I,

oL, 0z, 0, o,
OH

Choose I; so that it is degree at least that of Is,---. Then n is an invariant

polynomial in z1,.... It has degree at most equal to that of g—g, ... 80 by lemma

=0

777 is is not in the ideal generated by g—g, .... By lemma 777 this shows that
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its coefficient % is in the ideal generated by invariants of positive degree. But

then oI
deg(I1)I; = sz !

is also in this ideal, contradicting the fact that I 1 is not in the ideal generated

by the other invariants Is,.... This shows that the invariants I, I5,... are
algebraically independent, so the ring of invariants is the polynomial ring in
these generators. O

Theorem 320 (Molien) If G is a finite group acting on a vector space V', then
the Poincar series of its ring of invariants S(V)% is

. . 1 1
%:t dim((S V)G)_@gez;m

Proof A single element g acting on &t"™S™ (V') has trace m, as one can see
by diagonalizing g. But the dimension of the invariant space of a representation
is just the average of the trace of all elements of g. O

In particular if the ring of invariants of a group is polynomial with generators
of degrees d;, we find

1 1 1
H i |G| Z _
1—-t¢ |G| v det(1 —tg)

because the left hand side is the Poincar series of the polynomial ring. Multi-
plying both sides by (1 — )™ for n = dim(V') we find

1 (1—¢t)»
H1+t+...+tdi—1 |G|Zdet1—tg

Setting t = 1 we find all terms on the left vanish except for the term corre-
sponding to the identity element of G, so we find

IId: =Gl

Exercise 321 By examining the derivative of both sides at ¢ = 1 show that
Z(di — 1) = half the number of (non-trivial) reflections of G

The degrees d; of the generating invariants of a Weyl group control the
corresponding compact Lie group. For example, the real cohomology of the
group is an exterior algebra on generators of degrees 2d; — 1, and the center of
the UEA is a polynomial algebra generated by elements of degrees d; and, the
order of a “simply connected” Chevalley group is given by ¢2= %~ ](¢% — 1).

Example 322 The rings of invariants of groups that are not reflection groups
tend to be rather complicated. For example, if we take a cyclic group of order
n acting on C[z,y] where the generator multiplies both z and y by a primitive
nth root of 1, then the invariants are generated by the n + 1 monomials z’y"~*
which is usually not a polynomial ring. There are many relations between these
generators. In general the ring of invariants of a finite group is finitely generated
by Hilbert’s theorem, but the number of generators can be very large, and is
usually much larger than the dimension of the representation.

129



This still leaves the problem of finding the degrees of the polynomial genera-
tors of the Weyl groups of Fy, Fg, E7, Es. One way is to use the following fact:
count the number of positive roots of given height (where the simple roots have
height 1). Then the degrees of the invariants are the heights where the number
of roots drops by 1.

Exercise 323 Find the heights of the 24 positive roots of Fy, and use the fact
mentioned above to show that the degrees of the fundamental invariants are
2,6,8,12. If you are feeling ambitious, try Fg, E7, Es.

27 Hilbert’s finiteness theorem

Given a Lie group acting linearly on a vector space V', a fundamental problem is
to find the orbits of G on V, or in other words the quotient space. For example,
one might want to find the binary forms of degree n up to equivalence under
the action of SLs. One way to attack this problem is to look at invariants: at
least formally, the functions on the quotient space V/G might be the invariant
functions S(V*)¢ on V. There are a few problems with this as shown by the
following examples:

Example 324 Suppose G is the group of non-zero reals acting on the reals,
so there are two orbits. However the ring of invariants is just R, so this does
not show both orbits. The problem arises from the fact that one orbit is in the
closure of the other, so any invariant function has the same value on both orbits
and invariant functions cannot separate them. The quotient space in this case
is not even Hausdorff. This problem does not appear if the group is compact,
so all orbits are closed. In geometric invariant theory on deals with it by only
considering “stable” or “semistable” orbits.

Example 325 Suppose G is the group of order 2 acing on the reals by —1.
The ring of invariants is a polynomial ring on 1 variable, suggesting that the
quotient space should be the real line. It is not: it is half the real line. What is
happening is that there are some orbits {ix, —iz} in C that are invariant under
complex conjugation, even though the elements in the orbits are not. In other
words the ring of invariants is not really detecting orbits of G on V, but rather
orbits of G on V ® C' that are defined over the reals.

To summarize, we might expect the ring of invariants to tell us what the orbits
are, provided the group is compact and its representation is complex. Otherwise
the relation between the ring of invariants and the orbits is more subtle.

We can now ask if the space of orbits, or rather the spectrum of the ring of
invariants, is an algebraic variety. It is an algebra over the complex numbers
with no nilpotents, so it comes from an algebraic variety if and only if it is
finitely generated. Hilbert proved that it was finitely generated in many cases.

We start by disposing of the standard myth about Hilbert’s finiteness theo-
rem. Gordan is supposed to have said about Hilbert’s finiteness proof “this is
not math; this is theology” as Hilbert’s proof was not constructive. It is not all
all clear if he really said this, since there is no written record of it until many
years after he died, and in any case it may have been a joking compliment rather
than a complaint, as Gordan thought highly of Hilbert’s work.

130



Theorem 326 If G is a Lie group whose finite dimensional representations
are completely reducible, then the ring of invariants of G acting on a finite
dimensional vector space is finitely generated.

Proof We do the case when G is finite. A is graded by degree. Let I be ideal
generated by positive degree elements of AY. Then I is a finitely generated
ideal by Hilbert basis theorem, with generators i1, ...,4; which we can assume
are fixed by G. We want to show that these generate A as an algebra, which
is much stronger than saying they generate the ideal I. (Example: subring of
klx,y] generated by xy* is NOT finitely generated, even though the correspond-
ing ideal is. We need to use some special property of subrings fixed by a finite
group.)

We use the Reynolds operator p given by taking average under action of
G (which needs char=0, though in fact Hilbert’s theorem is still true for finite
groups in positive characteristic). Key properties: p(ab) = ap(b) if a fixed by
G, p(1) = 1. Tt is not true that p(ab) = p(a)p(b) in general. p is a projection of
A% modules from A to A® but is not a ring homomorphism.

We show by induction on degree of z that if € A® then it is in algebra
generated by ’s.

We know

T =ait1 + ...+ agig

for some a’s in A as x is in I. Apply Reynolds operator:
z = p(z) = plar)ir + ... + plax)i

By induction p(a;) is in A% as it has degree less than that of =, so . € AY. O

It is astonishing that one of the biggest problems in the 19th century can
now be disposed of in a few lines of algebra. This is essentially Hilbert’s proof,
though his version of it occupied many pages. He had to develop background
results that are now standard such as his finite basis theorem, and instead of
using integration over compact groups used a more complicated operator called
Cayley’s omega process.

The simplicity of the proof may be a bit misleading: it is rather difficult
in general to find explicit generators for rings of invariants, except for a few
special cases such as reflection groups. The invariants tend to be horrendously
complicated polynomials, and the number of them needed as generators can
be enormous. In other words rings of invariants are usually too complicated
to write down explicitly. In turn this suggests that the orbit space of a vector
space under a Lie group may in general be rather complicated.

Compact groups: the proof is similar as can still integrate over the group:

Noncompact groups such as SL,(C): Use Weyl’s unitarian trick: invariant
vectors (for finite dimensional complex reps of the complex group) same as for
compact subgroup SU,,, so still get Reynolds operator. Works for all semisimple
or reductive algebraic groups (key point: reps are completely reducible), but
NOT for some unipotent groups (Nagata counterexample to Hilbert conjecture).
Char p harder as groups need not be completely reducible; e.g. Z/pZ acting
on 2-dim space over IF,. Haboush proved Mumford’s conjecture giving a sort
of nonlinear analogue of Reynolds operator, which can be used to prove finitely
generated of invariants for reductive groups as in char 0.
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Example 327 Classical invariant theory: G = SLo(C) acting on
An®™ 4 ap_12" Yy + .+ agy”

, A = Clag,...,a,]. A% is the ring of invariants of binary forms, shown to
be finitely generated by Gordan. More complicated examples in more vari-
ables shown to be finitely generated by Hilbert. Example of an invariant: the
discriminant % — 4ac of az? + bxy + cy?.

Example 328 Hilbert asked if the finiteness theorem still holds for all groups,
even if their finite dimensional representations are not completely reducible.
Nagata found a counterexample as follows. Take the group R acting on R? by
(§%). The sum of 16 copies of this gives an action of R'6 on a vector space R32.
Nagata showed that for a generic 13-dimensional subgroup G of the R'6, the ring
of invariants is not finitely generated. The group G is just an abelian Lie group,
showing again that abelian Lie groups are in some ways more complicated than
the simple ones.

28 Finite dimensional representations of semisim-
ple Lie groups

We now want to study the finite dimensional representations of the semisimple
Lie groups we have constructed. There are several problems to solve:

e Find the irreducible representations.

e Find the dimension, and more generally the characters, of the irreducible
representations

e Describe the tensor products, symmetric squares, and so on of representa-
tions. In other words find the structure of the lambda-ring generated by
representations.

e Find natural geometric realizations of the representations.

We will solve the first problem, of parameterizing the irreducible represen-
tations, by showing that they correspond to weights in the fundamental Weyl
chamber (Cartan’s theorem).

If we have a representation of one of the Lie algebras we constructed from a
finite root system, then we can look at eigenvectors of the Cartan subalgebra H.
By hitting an eigenvector with elements e; as much as possible, we can assume
that the eigenvalue of the eigenvector is a highest weight, in other words the
eigenvalue is killed by all the e; and is an eigenvector of all the h;. There
is a universal module with these properties called a Verma module. We can
construct it as an induced modules

UE,H,F)®uEma V

where V is any 1-dimensional module over H, where we let E act trivially on
it, so is a module for the UEA U(E, H) of the subalgebra generated by E and
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H. By the PBW theorem we can see that the Verma module can be identified
with the UEA of F, so is the same size as the symmetric algebra on F.

The Verma module is of course infinite dimensional and we need to cut it
down. Look at the action of one of the SLy subalgebras e;, h;, f; on the highest
weight vector v. This generates a Verma module for SLo, which is infinite
dimensional and usually irreducible. The only way to cut it down to something
finite dimensional is to kill off f1t2(®@i)/(@iai)y where o is the weight of v and
«; is the root of e;. So we get two necessary conditions on « for it to be the
highest weight of a finite dimensional module:

1. (o, @;) must be an integral multiple of («a;, a;)/2, in other words a must
be in the “weight lattice”

2. (o, ;) must be at least 0, in other words @ must be in the fundamental
Weyl chamber.

Conversely if o satisfies these conditions then we get a finite dimensional
module by killing off all the elements flT2(®ai)/(ei2i)y,  The proof of this is
similar to the proof that the Lie algebras were finite dimensional: the extra
relations imply that the highest weight vector is contained in finite dimensional
representations of all the sls’s, which implies that every vector of the represen-
tation is contained in finite dimensional sl modules. As before this implies that
the representations of the Lie algebras sly lift to representations of the groups
S Lo, and therefore the Weyl group acts on the weight spaces. Just as for the
case of Lie algebras, this implies that the representation is finite dimensional.

So this gives a complete list of the finite dimensional irreducible representa-
tions, though it is not obvious what their dimensions or characters are.

We should figure out what the weight lattices are. The weight lattices all
contain the root lattices with finite index, n+ 1 for A, 2 for B, C,, 4 for D,
(though there is a difference for n even or odd, as the quotient may be a Klein
4-group or cyclic), 1 for Eg, Fy, G, 2 for E7, and 3 for Eg.

In general it is not yet clear what the characters or dimensions are: this will
later be given by the Weyl character and dimension formulas. However there
are some easy cases where we can already write down the answers, where the
representation is either minuscule or a representation of SLs.

28.1 Minuscule representations.

There is one case where it is easy to work out the character of a representation:
this is when all weights are conjugate under the Weyl group, so they all have
the same multiplicity as the highest weight, which is of course 1. These are
called minuscule representations. They tend to turn up a lot as the “smallest”
representations of a group: in fact, together with the adjoint representation and
the representation with highest weight a “short” root, they account for most of
the finite-dimensional representations that people study explicitly.

Minuscule representations correspond to characters of the center of the sim-
ply connected compact group. More precisely, for each coset of the weight
lattice, pick a vector of smallest norm. This is the highest weight of a minuscule
representation.

Some authors do not count the identity representation as a minuscule rep-
resentation, which is rather like removing the zero element from a vector space.
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We can list the minuscule representations as follows:

e A,: the minuscule representations are the exterior powers of the vector
representation.

e B,: the minuscule representations are the trivial representation and the
spin representation. (The vector representation is not minuscule!)

e (,,: the minuscule representations are the trivial one and the vector rep-
resentation.

e D, : the minuscule representations are the trivial representation, the vec-
tor representation, and the two half spin representations.

e F5: The minuscule representations are the trivial representation and the
two 27-dimensional representations, which we constructed earlier by de-
composing Fjg

e F; The minuscule representations are the trivial representation and the
56 dimensional one.

28.2 Representations of SL3

For SLs we already have enough information to find the characters of the irre-
ducible representations. The character of a Verma module is the character of a
polynomial algebra on 3 generators, so looks like:

We can also work out the character of Vi /f1+ (1) as:

Using the fact that the character is invariant under the Weyl group, this
gives the character of the irreducible representation: it is in the convex hull of
a sort of semiregular hexagon, and the weight multiplicities increase by 1 every
time one goes 1 step further in, until one gets to the “triangle” in the center
when they become constant.

Example 329 The dimensions of the irreducible representations of dimension
at most 30 are 1, 3, 3, 6, 6, 8, 10, 10, 15, 15, 15, 15, 21, 21, 24, 24, 27, 28, 28,...
In general the dimension of the representation whose highest weight has inner
products m, n with the simple roots is (m + 1)(n+ 1)(m + n+ 2): these factors
are the inner products of A + p with the simple roots. This is a special case of
the Weyl dimension formula.

Exercise 330 Verify that the irreducible representation of SLjs whose highest
weight has inner products m and n with the simple roots has dimension (m +
D(n+1)(m+n+2).

Example 331 We can decompose tensor products of representations of SLs
by calculating their characters and writing these as linear combinations of ir-
reducible characters. For example, 6 @6 = 15D 1506, 6 6 = 27T S8 P 1,
8®3=15®6® 3 and so on,

This graphical method is fine for small representations but becomes cum-
bersome for larger representations. The Littlewood-Richardson rule is a more
efficient method for decomposing larger tensor products.
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28.3 Compact Lie algebras

The Lie algebras we have constructed are defined over the reals, but are the split
rather than the compact forms. We can get the compact forms by twisting them.
If we have any involution w of a real Lie algebra L, we can construct a new Lie
algebra as the fixed points of w extended as an antilinear involution to L ® C.
This is using the fact that real forms of a complex vector space correspond to
antilinear involutions. The reason why we use involutions rather than elements
of some other order is related to the fact that the Galois group of C/R has order
2. More generally if we wanted to classify (say) rational Lie algebras, we would
get a problem involving non-abelian Galois cohomology groups of the Galois
group of the rationals.

Example 332 The Lie algebra of the unitary group is given by the complex
matrices A with A = —ZT, so the involution in this case is 4 — —AT.

It is obvious how to generalize this example to the Lie algebras constructed
from the Serre relations: the analogue of the transpose swaps e; and f;, so the
involution w takes e; to —f;, f; to —e;, and h; to —h;.

To show that the corresponding Lie group is compact, it is enough to find
an invariant symmetric bilinear form on the Lie algebra that is definite, as the
Lie group is then a subgroup of the orthogonal group. The split algebra has a
symmetric bilinear form because the adjoint representation is self dual (minus a
root is still a root) and this bilinear form can be normalized so that (e;, f;) = 1.
This bilinear form is not definite: for example (e;, e;) = 0, but a straightforward
calculation shows that its twist by w is negative definite.

An immediate consequence is that the finite dimensional representations of
all the simple Lie algebras we have constructed are completely reducible, by
Weyl’s unitarian trick: their finite dimensional representations are the same as
those of a compact group.

For a compact Lie algebra, there may be several different connected compact
Lie groups with different centers. We would like to find the simply connected
group (and check it is compact!) so that all others are quotients of it. The key
point is that the center of the simply connected compact group can be identified
with the dual of the finite group (weight lattice/root lattice).

To see this, pick a finite dimensional representation and look at a Cartan
subgroup of the group acting on this representation. Its image is isomorphic
to (Cartan subalgebra/dual of lattice generated by the weights of the repre-
sentation). Except for trivial representations, this lies between (Cartan sub-
algebra/dual of weight lattice) and (Cartan subalgebra/dual of root lattice).
So we see that the Cartan subgroup of the simply connected group is (Cartan
subalgebra/dual of root lattice) and its center is (Dual of root lattice/dual of
weight lattice), which is the dual of (Weight lattice/root lattice). (Here we
use the fact that for a compact group we can finite faithful finite dimensional
representations, and in particular can detect anything in the center using finite
dimensional representations.)

Actually we need a slight further argument: we have really only found the
maximal finite cover of a compact group. However the fundamental group of
the universal cover is finitely generated, so if their is a finite bound for the
finite covers then the maximal finite cover is the universal cover, as any finitely
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generated abelian group such that there is a bound on the sizes of its finite
quotients must be finite.
So now we can list the compact simple simply connected Lie groups:

e A,: SU(n+1), center cyclic of order n + 1.

e B,: Spin double cover of SO(2n + 1): center cyclic of order 2.

e Cp: Sp2,(C)NU(2n): center cyclic of order 2.

e D, : spin double cover of SOs,: center of order 4, cyclic if n is odd.

e 5. Center order 3, faithful action on the 27-dimensional representations
e F7: Center order 2, faithful action on the 56-dimensional representations
e Fg, Fy,Go: center order 1, faithful action on adjoint representation.

While the group (weight lattice/root lattice) detects elements of the center
that act nontrivially in finite dimensional representations, it fails to detect el-
ements that act trivially in all finite dimensional representations. This cannot
happen for compact groups, but is common for noncompact groups. We have
already seen an example of this for SLs(R), whose universal cover has an infinite
cyclic center, which is not equal to (weight lattice/root lattice). However the
calculation of the center in the non-compact case can be reduced to the compact
case, because for a real algebraic group the fundamental group is the same as
that of its maximal compact subgroup.

29 Schur indicator for compact Lie groups

In this section all representations will be finite dimensional and groups will be
compact Lie groups.

Theorem 333 For a compact simply connected Lie group, every irreducible
representation is self dual if and only if the Weyl group contains —1.

Proof If « is the highest weight of an irreducible representation, then the
lowest weight of its dual is —«. There is a unique element w of the Weyl group
taking the fundamental Weyl chamber W to —W, so —w takes « to the highest
weight of its dual. So every representation is self dual if and only if —w =1, in
other words if W contains —1. (]

Exercise 334 The element —w is an automorphism of the Dynkin diagram.
Show that it is the nontrivial automorphism for diagrams of types A,, (n > 2),
D,, (n odd), and Fg, and the identity for all other connected Dynkin diagrams.
Show that an irreducible representation is self dual if and only if its highest
weight is fixed by —w.

Next we have to figure out which of the self dual representations are real
and which are quaternionic, or in other words find out whether their invariant
bilinear forms are symmetric or alternating.
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Theorem 335 If G is a connected quasi-simple compact Lie group, there is an
element q such that an irreducible representation is real or quaternionic depend-
ing on whether q acts as +1 or —1.

Proof For the group SU; we can check this by direct calculation: the irre-
ducible representations of even dimension have an alternating form, and those
of odd dimension have an even form. So the element ¢ is the non-trivial element
of the center.

The idea of the proof for general compact groups is to reduce to this case
by finding a homomorphism from SU; to G such that the restriction of any
irreducible representation V' of G to this SUs contains some irreducible repre-
sentation W with multiplicity exactly 1. Then any alternating or symmetric
form on V must restrict to an alternating or symmetric form on W, so we can
tell which by examining the action on W of the image ¢ € G of the nontrivial
element of the center of the SU; subgroup.

We will find a suitable SU; subgroup by constructing a basis F, F', H for
its complexified Lie algebra. We take E to be the sum ) F, where the sum
is over the simple roots and FE, is some nonzero element of the simple root
space of a. We take H to be the element of the Cartan subalgebra that has
inner product 2 with every simple root, which is possible as the simple roots
are linearly independent. Finally we choose F, in the root space of —« so that
> [Ea, Fo] = H. Then we see that [H, E] = 2F. [E,F] = H, and [H,F] = —H,
so we have found an sly subalgebra.

This subalgebra has the property that (H,«) > 0 for every simple root «,
which implies that if 8 is the highest weight of the representation V', then
restricted to (E, F, H) has multiplicity 1. So this subalgebra has the desired
property that the restriction of any irreducible representation of G has some
irreducible representation of multiplicity 1 O

The sly subalgebra constructed above is sometimes called a principal sly
subalgebra.

Exercise 336 If the dual Weyl vector p’ has inner product 1 with all simple
roots, show that a self-dual irreducible representation with highest weight o is
real or quaternionic depending on whether it has even or odd inner product
with p’. (The dual Weyl vector is essentially the Weyl vector of the “dual” root
system, whose roots are the coroots of the root system, and is half the sum of
the positive coroots. It can be identified with the Weyl vector if all roots have
norm 2. It is essentially the same as the element H in the theorem above.)

Exercise 337 Find suitable elements F, F, H of M,(C) spanning a principal
sls subalgebra for the case when G is SU,.

We can figure out this special element of order 2 for the various compact
simply connected quasi-simple Lie groups as follows.

A, q is the element of order 2 if n = 1 mod 4, otherwise ¢ is the identity.
B,, q is the element of order 2 if n = 1,2 mod 4, otherwise ¢ is the identity.

C,, The 2n-dimensional representation has an alternating bilinear form, so ¢
must be the non-trivial element of the center.
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D,, qis an element of order 2 if n = 1,2 mod 4 otherwise ¢ is the identity.

E7; The 56-dimensional representation has an alternating bilinear form (coming
from the Lie bracket on Eg = Ez®56®2®sls), so ¢ must be the non-trivial
element of the center.

Go, Fy, Eg, Eg The center has no elements of order 2, so ¢ is the identity.

Exercise 338 Which compact simply connected Lie groups have the property
that all representations have a symmetric invariant bilinear form?

For the compact connected Lie groups, for any quaternionic representation
there is an element of order 2 in the center acting as —1. This is no longer true
for quaternionic representations of finite simple groups. There are some (rare)
examples of simple finite groups (with no center) with irreducible quaternionic
representations. For sporadic finite simple groups real representations are most
common and quaternionic representations are quite rare.

30 Weyl character formula

For irreducible representations of general linear groups, we have seen that the
characters are given by Schur functions, which can be written as a quotient of
two alternating sums over the Weyl group. The Weyl character formula is a
generalization of this to all semisimple finite-dimensional complex Lie algebras.
It also works for the corresponding complex Lie groups, compact Lie groups,
and so on.

Theorem 339 Weyl character formula. If V' is an irreducible representation of
the complex semisimple Lie algebra g with highest weight X\, then the character

of V' is given by
ZwEW G(M)ew(k-l—p)
e’ Ha>0(]‘ - eia)

The special case of the trivial representation with highest weight 0 is the
Weyl denominator formula:

Z e(w)e? P = eF H (1—e%)

weW a>0

In the case of the general linear group, this is just the Vandermonde identity,
as the left hand side is the expansion of the Vandermonde determinant, and
the right hand side is its expression as a product. We can use the denominator
identity to replace the denominator in the Weyl denominator formula by an
alternating sum over the Weyl group.

Example 340 For the group SLs(C), the Weyl group has order 2, and the
Weyl character formula says that the characters are given by
anrl _ qfnfl
gt (1—¢?)

There are several different ways to prove the Weyl character formula:

:q7n+q2fn+”'+qn72+qn
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e Weyl’s original method used the Weyl integration formula for compact Lie
groups. The denominator appears as the square root of the weight in the
Weyl integration formula.

e It can be proved using a resolution of the irreducible representation by
Verma modules. In this case the denominator of the Weyl character for-
mula is the character of a Verma module, and the sum in the numerator is
a sum over the Verma modules appearing in the resolution. Kac extended
this proof to Kac-Moody algebras.

e It can be proved by studying the Lie algebra homology of the nilradical
n of a Borel subalgebra. The denominator is then the character of the
universal enveloping algebra of n, and the sum in the numerator is a sum
over a basis for the homology groups of n.

Example 341 We calculate the characters of some representations of G5. We
have already found the first few, of dimensions 1, 7, 14. The next has highest
weight twice a shortest root. To use the Weyl character formula, observe that
it gives a recursive relation for the character multiplicities, because the product
of the character and 3" e(w)e®(®) is usually 0. This means that the alternating
sum of the multiplicities over the “dodecagons“ coming from conjugates of the
Weyl vector are 0, unless the dodecagon passes through exactly one weight.
Using this we see that the multiplicities of the vectors are 1 (2 times shortest
root) 1 (longest root) 2 (shortest root) and 3 (0), for a total dimension of 27.

We will sketch a proof using Verma modules. Recall that we constructed
the irreducible representation of a quotient of a Verma module by other Verma
modules. We know the character of a Verma module, so we can try to find the
character of the irreducible module by subtracting the characters of the Verma
modules we quotient out by:

€>‘ B Z@Simplc GA_(Q(A,OC)/(Q,OC)_A'_UQ
[Toso(l—e™)

This gives a first approximation to the character, but is obviously wrong if the
Verma modules we quotient out by overlap. In this case we have to add back in
terms for their intersections, then subtract further terms when three intersect,
and so on. More precisely, we can write down a resolution of the irreducible
module by Verma modules, and the character will be an alternating sum of the
characters of the terms of the resolution. So far we have only found the first
two terms of the resolution.
To see how to fix this, first look at the denominator. If we rewrite it as

e_”H(ea/Q — e /?)

a>0

we see that it is alternating under the Weyl group apart from the factor of e™*
where the Weyl vector p is half the sum of the positive roots. Since the character
is invariant under the Weyl group, the numerator must be antiinvariant under
the Weyl group, at least if we multiply by e”. The simplest possibility for the
numerator is then

Z e(w)e“’(p"')‘

weWw
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where € is the determinant of an element of the Weyl group. The first few terms
of this sum for w trivial or a reflection are the terms corresponding to the Verma
module we started with and the ones we quotiented out by. The problem is that
we need to rule out the possibility of having other antiinvariant terms in the

numerator such as
E 6(w)ew(pﬂt
weWw

for some other vector p. In other words we need to show that a minimal res-
olution of the irreducible module with highest weight A only contains Verma
modules with highest weights of the form w(A + p) — p.

To do this we use the Casimir element. Recall that we have a symmetric
invariant bilinear on the Lie algebra, which gives us an element of the center of
the UEA of the form ) a;a;/ where a; forms a basis and a;/ is the dual basis.
In our case the Casimir is given by > eqe_q + > hihy/. We want to apply
this to a highest weight vector of a Verma module, so we move all the vectors of
negative root spaces over to the left, picking up a term [e_,, e,] for each positive
root . So the eigenvalue on a highest weight vector with highest weight A is
A2+ (N, 2p) = (A + p)? — p?. In particular two Verma modules have the same
eigenvalue of the Casimir only if they have the same value of (\ + p)2.

This is enough to complete the proof of the Weyl character formula, because
any possible highest weight p that is in the fundamental chamber of the Weyl
group and is of the form A — sum of positive roots satisfies (1 + p)? < (A + p)?
unless A = p by elementary geometry.

Example 342 We can work out the characters of representations of By using
the fact that the alternating sum over an octagon of the root multiplicities
is usually zero. We can also decompose representations by writing them as a
linear combination of irreducible characters, or more efficiently by observing
that the multiplicity of highest weight vectors is given by an alternating sum
over octagons. For example, 4 x 10 = 20 & 16 & 4.

For rank 2 groups A%, Ag, Ba, G2, we get the multiplicities of representations
by looking at alternating sums over a square, hexagon, octagon, or dodecagon.
This polygon is easy to remember, as it starts off with the origin and the two
simple roots.

We can also work out the dimension of a representation from the Weyl
character formula. Substituting in the identity element of the group direct fails
badly, because both the numerator and the denominator have a zero of high
order (half the number of roots) at the identity. In fact, from this point of view
the identity element is the most complicated element of the group! (It is also
the place where the set of unipotent elements has the worst singularity.) So
instead we examine the asymptotic behavior of the numerator and denominator
of the Weyl character formula on a carefully chosen set of elements that tend
to the identity.

For this we use the Weyl denominator formulas

Z e(w)e?P) = e=r H(l —e%)

weW a>0
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which gives

Z e(w)e@P1t8) — H(e(a/Q,t,@) _ e(-ar218))

weWw a>0

for any real ¢ and any [ in the dual of the Cartan subalgebra. We rewrite

this as
Z e(w) (w(ﬁ) tp) H ¢

wew a>0

o(/2,t8) _ e( a/218))

and examine the behavior as ¢ tens to 0. The right hand side behaves like

tV H (ar, B) + higher powers oft
a>0

so this gives the asymptotic behavior of the numerator and denominator of the
Weyl character formula on the elements tp. We can now cancel out the factors
of t and take the limit as ¢ tends to 0, to find that the dimension is

A+ p,a
Hip)

(6]
a>0 P

Example 343 We check the Weyl dimension formula on G5. If o and (8 are
the long and short simple roots of norms 6 and 2 then the positive roots are
B,a,a+ B,a+ 26,a + 38,2a + 35. Suppose the highest weight lambda has
inner product 3m with a and n with 8, with m and n non-negative integers.
Then the dimension is

n+1 y 3m+3 o 3m+n+4 y Im+2n+5 y 3Im+3n+6 » 6m+3n+9
1 3 4 5 6 9

For m = 0, n = 2 this gives the dimension 27 that we found earlier.

Example 344 If we take np as a highest weight, we see that there are irre-
ducible representations of dimension n" where N is the number of positive
roots. This is related to the Steinberg representation of a finite group of Lie
type over a field of order g, an irreducible representation of dimension ¢

For higher rank groups the Weyl character formula becomes rather unwieldy
for practical calculations because the sums over the Weyl group become large.
In this case a variation of it called the Freudenthal multiplicity formula is easier
to use. This states

(A+p)? = (A4 p)*Mult(A) =23 > (A + jo, ) Mult(A + jo)
a>035>0

where the sums are over positive roots a and positive integers j. Moreover the
sum over the positive roots can usually be reduced in size by grouping things
into orbits under the Weyl group. The Freudenthal formula can be proved by
calculating the trace of the Casimir element on a weight space in two different
ways. On the one had the trace is given by the dimension of the roots space
times the eigenvalue A% +2(A, p). On the other hand the trace of each term e; f;
in the Casimir can be calculated explicitly by decomposing the representation
into a sum of SL; modules and working out the trace on the weight spaces each
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of these; this gives terms depending on the number of times each SLo module
occurs, which is in turn determined by the multiplicities of the weights A 4+ ja
for various «. Finally the terms h;h;/ and p in the Casimir operator are easy to
deal with. Putting everything together gives the Freudenthal recursion formula.

Example 345 We will demonstrate that this really does give a practical method
by using it to calculate the character and dimension of a representation of Eg
with highest weight of norm 4. There are 3 possible orbits of weights under the
Weyl group of norms 4 (2160 vectors), 2 (240 vectors), and 0 (1 vector). The
vectors or norm 4 all have multiplicity 1 as they are conjugate to the highest
weight vector. (Note that the Freudenthal formula give no information in this
case.) We need to know the Weyl vector of Fs. Taking the simple roots to be
(..,1,-1,..) and (—1/2,-1/2,-1/2,1/2,1/2,1/2,1/2,1/2) gives Weyl vector
(12,11,10,9,8,7,6,5) of norm p? = 620. The norm 4 vector in the Weyl cham-
ber is A = (3/2,(1/2)7) with (A, p) = 46. If A = ((1/2)7,—1/2) is the norm 2
vector in the Weyl chamber then (A, p) = 29. There are 63 positive roots having
inner product 0 with A. So the Freudenthal formula becomes

(442 x46—2—2x 29)Mult()) =2 x 2 x 63

so the multiplicity of A is 7.
Similarly if A = 0 we find

(44+2%x46—0—2x0)Mult(\) =2x2x120%x 7

so the multiplicity of 0 is 35. The dimension of this representation is therefore
2160 x 14240 x 7+ 1 x 35 = 3875.

Notice that for the Weyl character formula the large size of the Weyl group
was a disadvantage because we had to sum over it, but for the Freudenthal
formula the large size is an advantage, because it means there are only a few
orbits we have to sum over.

Exercise 346 Find the character of the irreducible representation with a high-
est weight vector of norm 6. Find the character of the alternating square of the
adjoint representation and find out how it splits into irreducible representations.

Example 347 We can also work out the character values of characters of Fg on
elements of finite order. To show how to do this we will do the simplest case of
the character of the adjoint representation on elements of order 2. The elements
of order dividing 2 correspond to orbits of the Weyl group on L/2L and we saw
there are 3 orbits, represented by half of vectors of norms 0, 2, 4. If 5 is a vector
of norm 2, then the order 2 element corresponding to /2 acts as 1 on weight
spaces if the weight has even inner product with S and —1 if the weight has
odd inner product with 8. We saw earlier that there are 1 + 56 4+ 134 + 56 + 1
weights having inner products 2, 1, 0,-1, -2, so the trace of the order 2 element
is 1 =56 + 134 — 56 + 1 = 24. Similarly for the norm 4 vector the corresponding
order 2 element has trace 14 — 64 + 92 — 64 + 14 = —8.

We can use these two elements of order 2 to find the two non-compact real
forms of E8 by the usual construction: take the points of C @ E8 fixed by
an antilinear involution. One of these real forms is the split form, with fixed
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point subalgebra Dg, and the other is a new real form of Fg with fixed point
subalgebra E7 x SL2. So we have found the 4 simple Lie algebras associated
with Eg: a complex form (of real dimension 2 x 248), a compact form, a split
form, and another form.

Example 348 What are the maximal compact subgroups of the two non-
compact real forms? Their Lie algebras are Dg and E7 x SLs, but there are
several different connected groups with these Lie algebras as their centers are
different. For the one with compact subalgebra Dg, we look at the action on
the Lie algebra of Eg and see that it splits as (adjoint representation) plus (half
spin representation). So the corresponding compact subgroup is the image of
the spin group under this representation, which is the quotient of the sing group
by an element of order 2 in the center, different from the one giving the special
orthogonal group.

Exercise 349 Similarly show that the maximal compact subgroup of the other
real form is the quotient of E7 x SLy(R) by the element (—1, —1) of the center.

Our method of finding the elements of order 2 in E8 was somewhat ad
hoc. There is a more systematic way of finding all elements of finite order as
follows. To find elements of order dividing n, We want to classify the elements of
%L/L up to conjugacy by the Weyl group, where L is the E8 lattice, as these
correspond to orbits of elements of order dividing N in a maximal torus. In
particular we can assume such an element is in the Weyl chamber, so has non-
negative inner product with all simple roots. Moreover we can assume that 0 is
the nearest lattice point. This implies that (v, @) < (o, «)/2 = 1 where « is the
highest root (the root in the Weyl chamber) otherwise this root would be closer.
So if the inner products with the simple roots are n;/N, then > m;n;/N <1
where the m; are the numbers giving the highest root as a linear combination
of the simple roots. This can be written more neatly as > m;n; = N where we
now include mg = 1 in the sum. This makes it easy to list the conjugacy classes
of elements of any given order in Fg. For example, there are 5 classes of order
dividing 3, so 4 classes of order 3.

Exercise 350 Find the conjugacy classes of E8 of elements of order at most 6.

Example 351 There is an amusing way to calculate the order of the Weyl
group of E8 by looking at the number of elements of order dividing N for large
N. On the one hand, this number is about N® times the index of the root lattice
in the weight lattice divided by the order of the Weyl group. On the other hand
it is the coefficient of 2%V in [(1 — 2,,,) "1, which is about N8/8! ] m;. SO the
order of the Weyl group is 8! x 1 x2x 3 x4 x5x 6 x4 x3x2. A similar method
works for other Lie algebras.

The Weyl character formula also has infinite dimensional generalizations
that we will discuss briefly. It works for some highest weight representations
of Kac-Moody algebras: these are constructed from an infinite root system in
the same way that we constructed algebras from finite root systems. To prove
the Weyl character formula we needed 3 ingredients: Verma modules, the Weyl
group,and the Casimir element. Verma modules for infinite dimensional Lie
algebras are much the same as for finite dimensional ones. To get an action of
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the Weyl group we used the fact that the representation was finite dimensional
but we did not need the full force of this: all we really needed was that the
representation is ”integrable”, in other words splits as a sum of finite dimensional
representations for each SL2, which in turn follows if the highest weight has
suitable inner product with each simple root. We can do the same if the Lie
algebra is infinite dimensional. The Casimir element is more of a problem, since
its definition for an infinite dimensional Lie algebra becomes a divergent infinite
sum. Kac discovered how to renormalize it to make sense. We first use the form
23 eifi + > hihit + > les, fi]- All these terms except the last make sense on
a highest weight vector, but > [e;, f;] is still an infinite sum of elements of the
Cartan subalgebra. it is formally a sort of Weyl vector. In finite dimensional
the Weyl vector can also be defined by (p,a) = (o, «)/2 for all simple roots
«, and this definition makes sense in infinite dimensions. Using this modified
definition of the Casimir element, Kac showed that it behaves like the Casimir
element for finite dimensional Lie algebras and in particular commutes with
all elements of the Lie algebra. The proof of the Weyl-Kac character formula
for integrable highest weight modules now goes through much as in the finite
dimensional case.

Example 352 The Weyl denominator formula for the affine A; Kac-Moody
algebra is the Jacobi triple product identity

[T -z - - g = S (~1)z"g™

n

The product is over positive roots of the affine algebra SLy[t,t71], and the sum
on the right hand side is really a sum over its Weyl group, which is the infinite
dihedral group. Not all roots are conjugate under the Weyl group to simple
roots. The infinite dihedral group is almost the integers, so sums over it can
be written as sums over the integers. More generally there is a similar identity
for every finite dimensional simple Lie algebra (or super algebra); these are the
Macdonald identities.

Example 353 Suppose that j(7) — 744 = ¢~ 1 + 196884q + --- = > c(n)q" is
the elliptic modular function. Then

jlo)—jm)y=p=" J[ @-pmgmm™
m>0,n€EZ

is a denominator formula for an infinite dimensional Lie algebra of rank 2. Here
q = €27 p = e¥™9 and the root multiplicities of the root (m,n) # (0,0) of
the Lie algebra is c(mn). The Weyl group has order 2, and p~! is really the
term coming from the Weyl vector.

Alternatively one can stick to finite dimensional Lie algebras, but ask for
the characters of infinite dimensional irreducible quotients of Verma modules.
As in the finite dimensional case, we can take a resolution by Verma modules.
The main problem is that we no longer have an action by the Weyl group. We
can still write the character as

Z c(w)e?P+p)

& o)
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by using all the higher Casimirs, which together show that a Verma module
with highest weight u only occurs in a minimal resolution if A + p is conjugate
to p+ p. However the coefficients ¢(w) need no longer be +1 as we do not have
antiinvariance under the Weyl group to determine them. They can be quite
complicated, and are given by values of Kazhdan-Lusztig polynomials (by the
Kazhdan-Lusztig conjecture, now proved).

31 Jacobi triple product identity

The denominator formula for the affine A; algebra is the Jacobi triple product
identity

H(l . Zq2n—1)(1 - Z—1q2n—1)(1 o q2n) _ Z(_l)nznqn2

n

This function (and its generalizations for other simple groups) turns up in several
other places:

e [t is the denominator formula of a Kac-Moody algebra

e It is the simplest example of a Macdonald identity: an infinite product
identity associated to a simple Lie algebra, or more generally an affine
root system.

e It is closely related to the Boson-Fermion correspondence

e It is an example of a theta function: these can be thought of as either
functions that are periodic up to elementary exponential factors, or as
sections of line bundles over elliptic curves (or abelian varieties in the
higher dimensional case)

e It is a solution of the heat equation; in fact it is essentially the fundamental
solution to the heat equation on a circle.

e By restricting to special values of z one gets modular forms.
e It is the archetypal example of a Jacobi form.

e It spans a representation of finite Heisenberg groups. This does not seem
very interesting as it is only the 1-dimensional trivial representation, but
by taking slightly more general functions one gets higher dimensional rep-
resentations.

We start by explaining the relation with the Boson-Fermion correspondence.
We rewrite it as

H(l + anfl/Q)(l + Zflqn71/2) _ szqm2 H(l _ qn)fl

and find a combinatorial interpretation of both sides. We suppose that we have
some fermions that can occupy energy levels n + 1/2 for any integer n, with
at most one fermion occupying each energy level. To avoid having negative
energy states we fill up all the negative energy states with a Dirac sea, and take
this to be our vacuum. Then we can either add fermions of energy 1/2,3/2, ...
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or we can add antiparticles of energy 1/2,3/2, ... by removing the particles of
energy 1/2,3/2,.. from the vacuum. The total energy and particle number are
defined in the obvious way, by decreeing that the vacuum has particle number
0 and energy 0, and all other states will be obtained by adding a finite number
of fermions of particle number 1 and their antiparticles of particle number —1.
Then the total number of states of energy E and particle number N is the
coefficient of zV¢¥ in

H(l+an71/2)(1+271qn71/2)

Now we count this number in a different way. First do the case of particle
number 0. We can obtain any state by of particle number 0 and energy E by
starting with the vacuum and lifting the fermions to higher energy states; think
of hitting them with photons of integral energy, each of which lifts one boson
to a higher state. The number of ways to do this is the number of partitions of
E, which is the coefficient of ¢¥ in

[[a-gH?

So this verifies that the coefficient of 2% in both sides is the same. What
about other powers of z, in other words other particle numbers? For this we
use the vacuum for particle number N, where we will the states of energy
1/2,3/2,...,N — 1/2, which has total energy N2. So we just have to include
extra terms zV¢" * for all integers N to account for the vacuums of non-zero
particle number.

The Boson-fermion correspondence comes from two different ways of looking
at these sets. We can take the sets as basis elements for vector spaces. Then on
the one hand we have an exterior algebra of an infinite dimensional space (which
is what you get by quantizing a space of fermions) and on the other side we get
a tensor product of a symmetric algebra (from quantizing bosons) tensors with
a direct sum of vacuum states.

Notice that for finite exterior algebras is does not really matter which state
you start with, but in infinite dimensions you get fundamentally different spaces
depending on what you take as the vacuum: for example, some spaces have all
states of positive energy, while others have states of arbitrarily large negative
energy. This is a well-known problem in quantum field theory, that spaces you
might expect to be isomorphic from analogy with finite dimensional spaces in
quantum mechanics turn out to be fundamentally different.

32 Symmetric functions and representations of
symmetric groups

Schur-Weyl duality gives a correspondence between representations of symmet-

ric and general linear groups. So in order to understand representations of

general linear groups we would like to know the representations of symmetric
groups. We will describe these using symmetric functions.
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32.1 The ring of symmetric functions

Recall that conjugacy classes of symmetric groups .S,, correspond to partitions
of n. The irreducible representations can also be indexed by partitions. (Al-
though finite groups have the same number of conjugacy classes and irreducible
representations, it is not in general true that there is a natural correspondence
between them: symmetric groups are unusual in that they do have such a nat-
ural correspondence.) We will describe the representation theory in terms of
symmetric functions. More precisely, the conjugacy classes of .S, will corre-
spond to Newton’s symmetric functions of degree n, irreducible representations
of S,, will correspond to Schur polynomials of degree n, and the character table
of S, is just the matrix for expressing Schur functions as linear combinations of
Newton’s functions.

The symmetric functions of n variables x1,...,x, are the polynomials in
the elementary symmetric functions e; = > x;, eg = Zi<j TiTjy ooy €n = [ 4.
It is convenient to take a sort of limit as n tends to infinity and define the
ring of symmetric functions to be polynomials in an infinite number of variables

e1,€s,.... The point is that formulas involving symmetric functions tend to be
independent of the number of variables x; provided this number is sufficiently
large.

The ring of symmetric functions has a lot of structure:
e A commutative product

e A cocommutative coproduct

An antipode (or involution)

A partial ordered
e A symmetric bilinear form

Several different natural bases

The ring of symmetric functions has several useful sets of generators and
bases.

e The elementary symmetric functions e, = >, _; . _; @i i, -+ x;, form
a generating set. The symmetric functions ey for A a partition form a base.
We put E(x) =Y e;z® = [[(1+ a;x), so it is a power series that formally
has roots —1/x;.

e The complete symmetric functions h,, = ZilgiQS--~§z‘n Ziy Tiy - - - T, form
a generating set. We have H(z) =Y hiz' = [[(1 — zz;)~! = 1/E(—x).

e Newton’s symmetric functions p,, = Zi>0 x} form a generating set over
the rationals, but not over the integers. We have P(x) = > _ pn2" =
Siziz/(1—zz) = 2L log(H(z) = xH'(z)/H(z).

e The Schur functions sy (see later)
e The monomial functions m.

e The forgotten monomial functions
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Exercise 354 Show that F(—z)P(z) = —zE’(—x) and use this to prove New-
ton’s identities giving recursive formulas for the sums p; of the powers of roots
of a polynomial ™ — e; 2™~ ! 4+ --- in terms of its coefficients.

This gives at least 6 natural bases for the vector space of symmetric func-
tions. Mathematicians working on symmetric functions spend many happy
hours expressing writing the various basis elements as linear combinations or
polynomials of other basis elements.

The ring of symmetric functions has a bilinear form (, ) defined by the prop-
erty that the symmetric functions py form an orthogonal base or norm z) where
zy is the order of the centralizer of a permutation of shape A. The reason for this
will appear later: when homogeneous symmetric functions are identified with
class functions, this inner product becomes the usual inner product of class
functions.

Exercise 355 Show that if a permutation has shape 1712"2... then z), =
1"1n1!2”2n2! LRI

Recall that if V' is a finite dimensional vector space with a symmetric non-
degenerate inner product, then 3" a;a} € S?V summed over a basis a; (with a/
the dual basis) is independent of the choice of basis. We would like to do this
for the space A but run into the problem that A is infinite dimensional. This
is easy to fix because A is graded with finite-dimensional piece, so we just use
Y azaltdee € S2V[[t]] instead. This element is independent of the choice of
homogeneous basis.

Lemma 356 For any homogeneous basis of A, we have
Zaiagtdegai = H(l — tay;)
i,J
Proof We only need to check this for one choice of basis, since the left hand

side is independent of the choice of basis. Of course we use the basis a; = pj,
a; = pxa/zx. The right hand side is given by

exp(D > t"ayl/n) = exp(D_ t"pn(x)pa(y)/n)
i, n>0 n
The coefficient of ¢ on the right is

Z p,\(x)p)‘(y)

ZX

[IA|l=m
which proves the lemma as by definition py/zy is a dual basis to pj. (I

The ring of symmetric functions is a Hopf algebra. The Hopf algebra struc-
ture is defined by making E(z) = > e;a* grouplike (with ey = 1), or in other

words
Alep) = Zei ® en_j-

Exercise 357 Show that over the rationals, the primitive elements of this Hopf
algebra are the linear combinations of p;, and that the Hopf algebra is the
universal enveloping algebra of the abelian Lie algebra spanned by the p;.
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We know that commutative Hopf algebras should be thought of as group
schemes, so we can ask what the group scheme corresponding to the Hopf algebra
of symmetric functions looks like.

Exercise 358 Show that if G is the group scheme corresponding to the ring
of symmetric functions, then for a commutative ring R, G(R) can be identified
with the multiplicative group of power series with leading coefficient 1 and
coefficients in R.

The antipode of this Hopf algebra is given by e} = (—1)"h,,. This is slightly
different from the involution often used on the ring of symmetric functions taking
en to h,. The two involutions differ on homogeneous elements of degree n by a
factor of (—1)".

The ring of symmetric functions also turns up in other areas of mathematics
in different guises. Here are a few apparently unrelated objects all of which are
really the same ring, or rather Hopf algebra.

e The ring of symmetric functions
e Representations of symmetric groups
e Representations of general linear groups

e The homology of BU, the classifying space of the infinite unitary group.
(It also turns up in several other related generalized homology rings of
spectra.)

e Cohomology of Grassmannians (“Schubert calculus”)
e The universal commutative A-ring on one generator e;

e The coordinate ring of the group scheme of power series with leading
coefficient 1 under multiplication

e The Hall algebra of finite abelian p-groups, specialized to p = 1.
e It is the underlying space of a bosonic vertex algebra on 1 variable.

e It is the ring of polynomial functors on vector spaces.

32.2 Representations of the symmetric groups

We can now describe the characters of irreducible representations of symmetric
groups in terms of the ring of symmetric functions. The idea is that we identify
class functions on S,, with homogeneous functions of degree n by the Frobenius
characteristic map taking a permutation of shape A in S, to the symmetric func-
tion py/n!. This identifies the rational class functions with rational symmetric
functions. Under this identification, the characters of irreducible representa-
tions correspond to Schur polynomials, and conjugacy classes of cycle shape A
correspond to py/zx, so the character table of S,, is given by expressing the
Schur polynomials as linear combinations of the symmetric functions py/zx.
We prove this in several steps as follows:

1. Show that h,, corresponds to the trivial representation of S,
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2. Show that all homogeneous symmetric functions correspond to virtual
representations, by showing that those that do are closed under products.
In particular Schur polynomials correspond to generalized characters.

3. By the orthogonality relations, the characters are, up to sign, just the
generalized characters of norm 1. So we show that Schur functions have
norm 1, so they are irreducible characters up to sign.

4. Show that Schur polynomials are irreducible characters by showing the
sign is positive.

Lemma 359 The symmetric function h., is the character of the trivial repre-
sentation of S,.

Proof This is similar to the proof of Newton’s identities. We have to show
that hn, = 3_5—,, Px/2x. This follows from H(z) = exp [ P(x)dz/z. O

Exercise 360 Check this explicitly for n = 3.

Lemma 361 If the symmetric functions a and b correspond to representations
V and W of S,, and S, then ab corresponds to the representation

Sm4n
Indg s, VoW

Proof This follows from the Frobenius formula for the character of an induced
representation, which states that the character of Ind$ (V) is obtained from the
character of V' by smearing it over G. (I

Corollary 362 FEvery homogeneous symmetric function is the character of a
generalized representation of a symmetric group.

Proof The symmetric functions for which this is true include h,, and are
closed under addition and multiplication. The corollary now follows since the
symmetric functions h,, generate the ring of all symmetric functions. O

Lemma 363 The Cauchy matriz with entries 1/(z; — y;) has determinant

[Lic;(zi —25)(yi — y5)
Hi,j(xi )

Proof If we multiply the Cauchy determinant by [[; ;(z; — y;) we get a
polynomial of degree n(n — 1). It vanishes whenever two of the z; or two
of the y; are equal, so must be divisible by the degree n(n — 1) polynomial
[lic;(xi —2;)(yi —y;). As the degrees are the same, these two polynomials
must be the same up to a constant. (I

Exercise 364 Evaluate the Hilbert determinant with entries 1/(: + j — 1) for
1 <4,j < n by expressing it in terms of a suitable Cauchy determinant.

Theorem 365 The Schur polynomials sy = axy,/a, form an orthonormal ba-
sis of the symmetric functions.
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Proof We have to show that

[T =zw) ™ =D sa(@)sa(y).

A

We will do this by evaluating the Cauchy matrix with entries (1 — z;5;)"" in
two different ways. On one hand, by the previous lemma (changing z; to 1/x;)
it is equal to
H¢<j($i - :E])(yz - yj)
Hi,j(l — Tiy;)

On the other hand, if we expand (1 — z;y;)" " as >, xfyf we see that the

determinant is
)\1 )\2 M1, 2
E Tritxy? eyt Yyt

where the \; are a permutation of the u;. This is equal to

> ax(@)ax(y)
A

where a) is the determinant of the matrix with entries xj” Defining s\ =
axtp/a, and using the fact that a,(z) = [[;_;(z; — z;) by the Vandermonde
identity, putting everything together proves the identity stated in the theorem.

O

We are now almost finished, since the Schur polynomials are generalized
characters of norm 1 and are therefore irreducible characters up to sign. So
we just have to pin down a the sign. (The reason why there is a sign problem
can be understood as follows. The construction of the generalized characters
is really a special case of a more general construction where the generalized
characters appear in an alternating sum of cohomology groups. At most one
of these cohomology groups is nonzero, so the sign depends on whether it is an
even or an odd cohomology group.)

Lemma 366
<s,\,p‘1)‘|> >0
Proof

O

Example 367 For the symmetric group Ss, the conjugacy classes correspond
to p3/3! = €3/6, p1p2/2 = €3/2 — ejeq, and p3/3 = €3/3 — ejea + e3. The
characters correspond to s;3 = 6213 — 2ejes + €3, S12 = e1es — e3, and S3 = e3.
The coefficients expressing the Schur functions in terms of the Newton functions
are just the coefficients of the character table of S5

p13/3! p12/2 p3/3

e3/6  e3/2—erea €33 —erea+ e
S13 e:% — 2e1e9 + €3 1 1 1
S3 €3 1 -1 1
512 €1€2 — €3 2 0 -1
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The Schur polynomials are also the characters of the special linear groups.
In fact the Weyl character formula expresses these characters as a quotient of
two sums over the Weyl group. The Weyl group is the symmetric group, so
the sums can be written as determinants, and turn out to be ayy, and a, for a
suitable change in notation. The Schur functions are interpreted differently for
the symmetric groups and the special linear groups: for symmetric groups the
characters are given by regarding the Schur functions as linear combinations
of Newton’s symmetric polynomials (with the z; being complex numbers of
absolute value 1), while for the general linear group the Schur functions are
regarded as functions on a maximal torus.

33 Schur-Weyl duality

In this section V will be a complex vector space, and we will be studying complex
representations of the symmetric group and GLy .

The simplest case of Schur-Weyl duality is the decomposition of V' ® V' into
the sum of the symmetric square S?V and the alternating square A2V. In terms
of representation theory this can be interpreted as follows. The space V@V is a
representation of G Ly x Sy where GLy acts on V ® V' by acting on each factor,
and the symmetric group Sy acts by permuting the two factors of V. Then V'
splits up as the sum of two irreducible representations S2V @ A2V of GLy x Ss.
This gives a correspondence between representations of S and G Ly, with the
trivial and alternating representations of S corresponding to the symmetric
square and alternating square representations of GLy .

The Schur-Weyl correspondence extends this from S5 to the symmetric group
S, on n points. This time we use the representation of GLy x S, on the
tensor product V@ V ® --- ® V, where GLy again acts in the standard way
on each factor, and the symmetric group permutes the factors. The key point
is that each of GLy and S, generate each others commutators. This implies
that V@V ®---®V is a direct sup of representations ®A; ® B; where A; is an
irreducible representation of GLy , B; is an irreducible representation of S,,, and
all the A; are distinct and all the B; are distinct. So we get a correspondence
between some representations A; of GLy and some representations B; of S,,.

For any particular choice of n and V' we do not usually get a 1:1 correspon-
dence between representations of GLy and S,: one problem is that GLy has
an infinite number of irreducible representations if V' is non-trivial, while S,
has only a finite number. Another problem is that we can take inverse powers
of the determinant of GL,,. However we almost get a 1:1 correspondence if we
stabilize: if we let the dimension of V' become large enough we get all represen-
tations of S,, and if we let n become large we get all representations of GLy
up to powers of the determinant.

Example 368 Suppose that V' has dimension 2. Then Schur-Weyl duality for
the tensor product of n copies of V' gives a correspondence between representa-
tions of SLy(C) and S,,, where the trivial representation of .S,, corresponds to
the n + 1-dimensional irreducible representation of SLy(C). So we pick up all
irreducible representations of SLs(C) by just using the trivial representation of
the symmetric group and letting n tend to infinity.
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Exercise 369 If W is a complex vector space, show that the space of elements
of WW ®---® W fixed by the symmetric group S, is spanned by elements
of the form w R W ® - -+ ® w.

The key result needed for Schur-Weyl duality is the following:

Theorem 370 Any endomorphism of V@V ®---QV that commutes with S,
is a linear combination of endomorphisms given by elements of GL,, (V).

Proof We want to show that the space of elements of End(V®™) fixed by the
symmetric group is spanned by GLy. But End(V®") = End(V)®" so by the
previous exercise the space of elements fixed by .5, is spanned by elements of the
formw@w® -+ @w for w € End(V), or in other words any endomorphism of
V®" commuting with S, is a linear combination of elements of End(V') acting
on it. Since GLy is dense in End(V') this proves the theorem. O

Theorem 371 Suppose that M is an algebra of endomorphisms of H = C™
containing 1 and closed under taking adjoints. Then M = Mn

Proof Suppose v € H. Then Mw is fixed by M/. Also we can write H as a
direct sum H = Mv @ Muv™*, and the orthogonal projection e onto Muv is in M/
as M is closed under adjoints. So M/ maps Mv to Mv as it commutes with e.
So M1y = Mwv. (It is obvious that Mmv C Mv because 1 € M.)

Now look at the action of M on H & H ---@® H (n copies of H). The things
commuting with M are just n by n matrices with coefficients in M’, so the
double commutant M/ is the same as for M acting on H. So M (v1 ®---Bv,) =
Mim(vy @ -+ @ vy,). In other words, for any finite number of vectors, and any
element of M, we can find an element of M/ having the same effect on these
vectors. Since H is finite-dimensional this proves that M = M.

([l

Exercise 372 Find a subalgebra A of M3(C) containing 1 such that A/ is not
equal to A.

Exercise 373 Suppose that M is a von Neumann algebra on a Hilbert space
H (possibly infinite dimensional). This means that M is an algebra of bounded
operators containing 1 that is weakly closed and closed under taking adjoints.
Show that M/ = M.

Exercise 374 Suppose that M is any collection of functions from a set H to
itself. Show that M C M and M/ = M.

Two algebras acting on a vector space each of which is the centralizer of the
other occurs quite often, and can be a very powerful technique for constructing
representations of groups. For example, a von Neumann algebra M can be
defined as a *-algebra of endomorphisms of a Hilbert space such that M = M,
where / means take the commutant. The theory of dual reductive pairs depends
on finding two subgroups of a metaplectic group each of which generates the
commutant of the other acting on the metaplectic representation. Some of
the work on the Langlands program that tries to associate a representation
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of a reductive group to a representation of a Galois group tries to do this by
finding a representation of (reductive group) times (Galois group) such that
each generates the commutator of the other, in which case one can hope to get
a suitable correspondence between their representations.

34 Littlewood-Richardson rule

Given two representations of U(n) we would like to decompose their tensor prod-
uct into a sum of irreducible representations. This is solved by the Littlewood-
Richardson rule. Irreducible polynomial representations correspond to parti-
tions A with at most n rows, and the tensor product of partitions corresponds
to taking products of the Schur functions (which are essentially the characters
of the representations). So we want to write the product S»S,, of any two Schur
polynomials explicitly as a linear combination ), c5,Sv of Schur polynomi-
als. The numbers ey, are called Littlewood-Richardson coefficients, and the
Littlewood-Richardson rule is a combinatorial rule for calculating them.

The following proof of the Littlewood-Richardson rule (from Stembridge) is
short but rather mysterious. It is really a special case of a more general re-
sult proved using crystal graphs. It may give a misleading idea of how hard
the Littlewood Richardson rule was to prove: it took four decades to find the
first complete proof, and several further decades for find some of the more re-
cently short proofs. Altogether more than a dozen mathematicians contributed
significantly to finding the proof given here.

Recall that a semistandard tableau is an assignment of positive integers to
a Young diagram such that all rows are non-strictly increasing and all columns
are strictly increasing.

The Bender-Knuth involution is an involution depending on a pair of consec-
utive integers (k, k + 1) that acts on the semistandard tableaux, and exchanges
the numbers of ks and (k + 1)s. It acts as follows. First pair off as many ks as
possible with a k 4+ 1 below them. The leftover & s and (k 4 1)s form several
disjoint rows of the form kkk---k(k+1)---(k+1). If such a row has a copies
of k and b copies of k + 1, change some entries so it has b copies of k and a
copies of k + 1. This produces another semistandard tableau where the number
of copies of k and k + 1 has been exchanged.

Definition 375 The Schur function sy is defined to be Y, 2T where the
sum is over all semistandard tableaux of weight X.

Lemma 376 The Schur functions are symmetric polynomials.

Proof The Bender-Knuth involutions show that the number of tableaux of
some weight is invariant under permutations of the weight. (]

We write T%; for the tableau formed by the columns j,j +1,... of T, and
defined T%.;, T<;, and so on in a similar way. The weight w(T’) of a tableau T is
(number of 1’s in T', number of 2’s, ....)€ Z". So the Young diagram A\ + w(T)
is formed by adding a box to the first row for every 1 in T, a box to the second
row for every 2 in T, and so on. The Weyl vector pis (n—1,n—2,---,0) € Z".
We think of partitions into at most n parts as non-increasing sequences in Z".
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We define a) tobe >, g e(w)z® M | where ¢ = +1 is the sign of the permu-
tation w. In particular a) is alternating under permutations of A and vanishes
if two elements of A\ are equal.

The Littlewood-Richardson rule will follow easily from the following result:

Theorem 377
Ax4pSp = Z Ax+w(T)+p
T

where the sum is over all semistandard tableauz T of shape p such that for all
J, A+ w(T>;) is a partition.

Proof Since s, is symmetric, we have
Ax4pSpu = E :ak+w(T)+p
T

where the sum is over all semistandard tableaux T'. The core part of the proof
is to show that the terms such that for some j, A + w(T>;) is not a partition
cancel out in pairs or are zero, which we will do using Bender-Knuth involutions
to pair them off.

Fix some j and k. We concentrate on the tableaux T such that A + w(T>;)
is not a partition and A+w(T>;) is a partition for any ¢ > j. We further restrict
to the set X of T such that k& is the smallest number with A\, + wk(TZj >
Ai+1 + wit1(T>;. This implies that column j of T contains a k + 1 and does
not contain a k, and that 7% ; has the same number of ks and (k + 1)s.

We define an involution * on this set of T by fixing 7>; and acting as a
Bender-Knuth involution (k, k+1) on T'«;. This takes elements of X to elements
of X because * does not change T>;, and row j of T" does not contain k (so that
* keeps the rows monotonic).

We check that the term corresponding to T' cancels out with the term cor-
responding to 7. The transposition (k,k + 1) of S, fixes A + w(T>; + p. It
also maps w(T<; to w(* T<;), so maps A +w(T) + p to A +w(T) + p. Also

Urtw(T)+p = —Uxrtw(+T)+p a8 @ is alternating under permutations of Sy, so the
terms corresponding to T and T cancel (it is possible that *T" = T in which
case the term is 0). O

Corollary 378
S = Qutp/ap

Proof This is just the special case A = 0. ]

Corollary 379 (The Littlewood-Richardson rule)
S\S, = Z Crudv

where cX,, s the number semistandard tableauz T of shape p such that v =
A+ w(T) and for all j, X+ w(T>;) is a partition.

Proof This follows by combining theorem ?? with corollary 77. |
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Warning 380 It is hard to avoid errors when doing hand calculations with
the Littlewood-Richardson rule. An easy error to make is forgetting to include
some tableaux. As a check, one can do the calculation for the product in reverse
order, or for the transpose of the permutations (or better still use a computer).

As the proof shows, it is rather easy to find an expression for S)S, as a
sum of terms S, possibly with negative coefficients. The tricky part of the
proof of the Littlewood-Richardson rule is to pair off the terms with negative
coefficients with terms with positive coeflicients, so that the final sum has only
positive coefficients.

Example 381 We work out S31591. There are 8 tableaux in the sum, given by
st 3t 3282 3% 1% 33 37, S0 891801 = Sup + Sa11 + S33 425321 + Sz111 +
Sa22 + Sa211.

Example 382 We use the Littlewood-Richardson rule to work out the decom-
position of V' ® V into irreducible representations, where V is the 8-dimensional
adjoint representation of SUs. The partition corresponding to V' is 21, which in
general for GL,, corresponds to the non-trivial component of the tensor product
of the n-dimensional representation and its alternating square. By the previous
example, V ® V' decomposes into 8 irreducible representations if n > 4. We have
to make two changes to find the decomposition for SUs. First of all, any Young
diagram with more than 3 rows corresponds to the zero representation, which
eliminates 3111 and 2211. Second, since we are working with SU rather than
U, any diagram with exactly 3 rows abc is equivalent to (a — 1)(b—1)(c— 1), so
411 becomes 3, 321 becomes 21, and 222 becomes the empty Young diagram.
So V®V decomposes into a sum of 6 irreducible representations corresponding
to the partitions (42), (3), (33), (21), (21), (0).

Exercise 383 Show that the Littlewood-Richardson rule implies Pieri’s for-
mula: S)S, =), S,, where the sum is over all partitions v obtained from A
by adding n elements with at most 1 in each column.

Exercise 384 Check the (corrected) example given by Littlewood and Richard-
son: S4315221 = Ses2 + Se511 + 63 + 256421 + Sea111 + Se331 + Se322 + Se3211 +
Ss53 + 255521 + Ss55111 + 255431 + 255422 + 3954211 + Ss41111 + S5332 + O53311 +
2853221 + S532111 + Sa432 + Saa311 + 2544221 + Saa2111 + Sa3321 + Saz222 + Sa32011

Exercise 385 If 4 < A we define the skew Schur polynomial Sy,, as the sum
> a“T) over all semistandard Tableaux of shape A/u (the Young diagram of
A with the boxes in p removed). Prove that this is a symmetric polynomial.
Prove that

Hook formula??

35 Combinatorics of Young diagrams
RSK, Jeu de taquin, Plactic monoid, Knuth equivalence

The plactic monoid is generated by a totally ordered set, usually taken to
be the positive integers, subject to the Knuth relations:
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e acb=cabifa<b<ec
e bac=bcaifa<b<c

The Knuth relations say roughly that the exchange of two adjacent elements a
and c is catalyzed by an element next to them that is between a and ¢ under the
total order. The relations when equality holds between two of the letters are
harder to remember: the relations have the property that the triple on either
side of the equality is never an increasing sequence.

For any semistandard tableau we can get an element of the plactic monoid by
listing its rows starting with the lowest (in the English convention); for example
the tableau é }; gasd corresponds to the word 37235112334.

The key result is the following theorem, which identifies elements of the

plactic monoid with semistandard tableaux, and in particular shows that the
semistandard tableaux form a monoid.

Theorem 386 FEvery element of the plactic monoid is represented by a unique
semistandard tableau.

Proof We first show that every word is Knuth equivalent to the word of a
semistandard tableau. For this it is sufficient to show that if we multiply a
semistandard tableau on the right by a generator x we still get a semistandard
tableau. This operation is called Schensted insertion and works as follows. If x
is at least as large as the rightmost element of the first row we just add it to the
end. Otherwise we move it to the left in the first row using a Knuth relation
until it reaches yz with y < x, 2 > x (so z is the leftmost element greater than
x). Now we can move z to the left of the first row using Knuth relations. If z
is at least the rightmost element of the second row we leave it there, otherwise
we repeat what we did on the first row with z instead of x. Continuing in this
way we obtain a semistandard tableau whose word is Knuth equivalent to the
original word.

Now we have to show that any word is equivalent to at most one semis-
tandard tableau. We start by observing that Knuth equivalence preserves the
length of the longest increasing sequence. Since in a semistandard tableau the
length of the longest increasing sequence is the first row, this shows that the
length of the first row of the tableau is determined. More generally, Knuth
equivalence preserves the maximum of the sum of the lengths of & disjoint in-
creasing sequences for any k. For a semistandard tableau, this is the sum of the
lengths of the first k& rows (as there cannot be more than k elements from any
column) so the shape of the tableau is determined bu the word.

To complete the proof we have to show that position of each letter of the
word in the tableau is determined. Consider the rightmost largest element z in
the word. It can never catalyze the exchange of two letters, so the word with x
removed is Knuth equivalent to the tableau with x removed. By induction on
length the partition of the tableau with & removed is uniquely determined, and
is the partition of the word with one box removed, which must therefore be the
place where = has to be inserted. O

Exercise 387 Show that there is a polynomial-time algorithm to find the max-
imal total length of k disjoint increasing subsequences of a given finite sequence.
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Exercise 388 Prove the ErdsSzekeres theorem that a sequence of length mn+1
contains an increasing sequence of length m + 1 or a decreasing sequence of
length n+1. (Let a; and b; be the lengths of maximal increasing and decreasing
sequences ending at position i. Show that the mn 4+ 1 pairs (a;,b;) are all
distinct.)

The distribution of the length of the longest increasing sequence of a long
random sequence approaches the TracyWidom distribution, which can be ex-
pressed in terms of Painleve functions.

36 Construction of Lie algebras from a root lat-
tice

The root space decomposition of a Lie algebra suggests the following construc-
tion of a Lie algebra from its root system. Take the direct sum of the (dual
of the) root lattice with a 1-dimensional vector space generated by a special
element for each root. However when we try to write down the Lie bracket for
this algebra we run into the following sign problem: suppose that «, 8, and
a + (3 are roots, with corresponding elements e, €g, eqt3. It seems natural
to define [eq,eg] = eq+p The problem is that the left hand side changes sign
when « and g are switched, while the right hand side does not. In fact there is
in general no functorial way to define a Lie algebra from its root lattice. One
way to see this is that if we had such a functor, then the automorphism group,
and the Weyl group, of the root lattice would act on the Lie algebra. However
in general the Weyl group does not have a nice action on the Lie algebra: it
is a subquotient of the Lie group, not a subgroup. This can be seen even for
SL,(R), where order 2 reflections of the Weyl group lift to order 4 elements of
the Lie group. The best we can do is find a subgroup of the form 2™.W inside
the Lie group.

We can see this going wrong even in the case of sl3(R). Remember that

the Weyl group is N (T')/T where T = (¢ a91) and N(T) =T U (_l?—l 8), and
this second part is stuff having order 4, so we cannot possibly write this as a
semi-direct product of T" and the Weyl group.

So the Weyl group is not usually a subgroup of N(T'). The best we can do
is to find a group of the form 2" - W C N(T') where n is the rank. For example,
let’s do it for SL(n 4+ 1,R) Then T = diag(as,...,a,) with a; - --a, = 1. Then
we take the normalizer of the torus to be N(7T') =all permutation matrices with
+1’s with determinant 1, so this is 2" - S,,, and it does not split. The problem
we had with signs can be traced back to the fact that this group doesn’t split.

We can construct the Lie algebra from something acted on by 2™ - W (but
not from something acted on by W). We take a central extension of the lattice
by a group of order 2. Notation is a pain because the lattice is written additively
and the extension is nonabelian, so we want it to be written multiplicatively.
Write elements of the lattice in the form e® formally, so we have converted the
lattice operation to multiplication. We will use the central extension

1o 4+1 el e
~—

>~

— 1
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We want é& to have the property that é*é? = (—1)(®#)¢fe®, where é* is some-
thing mapping to e*. What do the automorphisms of é” look like? We get
1— (L/2L) — Aut(é") — Aut(el)
——
(Z/2)rank(L)
for o € L/2L, we get the map é® — (—1)(®#) ¢, The map turns out to be
onto, and the group Aut(el) contains the reflection group of the lattice. This
extension is usually non-split.
Now the Lie algebra is L @ {1 dimensional spaces spanned by (é%, —é*)} for
a? = 2 with the convention that —é* (—1 in the vector space) is —é% (-1 in
the group é%). Now define a Lie bracket by the “obvious rules” [a, 3] = 0 for
a, B € L (the Cartan subalgebra is abelian), [a, é°] = (o, 8)é? (é# is in the root
space of 3), and [6%,é"] = 0 if (o, B) > 0 (since (o + )% > 2), [62,8P] = é*éP
if (a, 8) < 0 (product in the group é%), and [é%, (é%)71] = a.

Theorem 389 Assume L is positive definite. Then this Lie bracket forms a
Lie algebra (so it is skew and satisfies Jacobi).

Proof The proof is easy but tiresome, because there are a lot of cases.
We check the Jacobi identity: We want [[a,b], | + [[b, c], a] + [[¢, a],b] =0

1. all of a,b,c in L. Trivial because all brackets are zero.
2. two of a,b,c in L. Say «, 3,¢e”
[lo, 8],e7]+ [[B,€7],0] +[[e”, ], p]
— S——
0 (B,0)(—a,B)eY
and similar for the third term, giving a sum of 0.

3. one of a,b,cin L. o, e, e". e has weight 8 and e has weight v and e®e”
has weight 8 + «. So check the cases, and we get Jacobi:
([, ], 7] = (o, B)[e”, €]
[[eﬁv 67]3 a] = 7[0[7 [eﬁa e’YH - 7(043 B+ 7)[653 e’y]
[[ev, 7], ¢ = (a,7)[e”, €],

so the sum is zero.

4. none of a,b,c in L. This is the most tedious case, e®,e?,e?. We can
reduce it to two or three cases. We make our cases depending on («, ),

(), (Bs7)-

(a) if 2 of these are 0, then all the [[*, %], ] are zero.

(b) a = —p. By case a, v cannot be orthogonal to them, so say («,v) = 1
(7, B) = —1; adjust so that e®e® = 1, then calculate

[[e’y’ eﬂ]v ea} - [[ea) 66]’ eﬂy] + [[ea’ e'y]’ eB] =%l — (o, 7)e” +0

=e7 —e7 =0.
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(¢c) a = —B = =, which is easy because [e%,e?] = 0 and [[e®, e’],e7] =
_[[6776/@]76(1]

(d) We have that each of the inner products is 1, 0 or —1. If some
(o, B) = 1, all brackets are 0.

O
We had two cases left:
[le®, €], 7] + [[e”, €], %] + [[e”, €], "] = 0
— (o,B) = (B,7) = (y,a) = —1, in which case a + 3 + v = 0. then
[[e*,e?],e7] = [e®e?,e7] = a + B. By symmetry, the other two terms are

[
B+ v and v + «a;the sum of all three terms is 2(a + 8+ v) = 0.
— (o, 8) = (B,7) = =1, (a,y) = 0, in which case [e*, e?] = 0. We check that

[[e*, e?],e?] = [e®ef, €] = e*ePe? (since (a4 B,7) = —1). Similarly, we
have [[e?,e7],e?] = [ePe7,e¥] = efeve®. We notice that e¥ef = —efe*
and eVe® = e®e? so e“ePe? = —ePeTe®; again, the sum of all three terms

in the Jacobi identity is 0.

This concludes the verification of the Jacobi identity, so we have a Lie algebra.

Is there a proof avoiding case-by-case check? Yes, but it is actually more
work. We really have functors from double covers of lattices to vertex algebras,
and from vertex algebras to Lie algebras. However it takes several weeks to
define vertex algebras, though it you do you get constructions for a lot more Lie
algebras because this works even if the lattice is not positive definite. In fact,
the construction we did was the vertex algebra approach, with all the vertex
algebras removed. So there is a more general construction which gives a much
larger class of infinite dimensional Lie algebras.

Now we should study the double cover i, and in particular prove its ex-
istence. Given a Dynkin diagram, we can construct L as generated by the
elements e for «; simple roots with the given relations. It is easy to check
that we get a surjective homomorphism L — L with kernel generated by z with
22 = 1. What’s a little harder to show is that z # 1 (i.e., show that L # L).
The easiest way to do it is to use cohomology of groups, but since we have such
an explicit case, we’ll do it bare hands:

Problem: Given Z, H groups with Z abelian, construct central extensions

1-72—->G—H-—1

(where Z lands in the center of G). Let G be the set of pairs (z, h), and set the
product (Z17h1)(22,h2) = (legc(hl,hz),hlhg), where C(hl, hg) c 7z (C(hl, hg)
will be a cocycle in group cohomology). We obviously get a homomorphism by
mapping (z,h) — h. If ¢(1,h) = ¢(h,1) = 1 (normalization), then z — (z,1)
is a homomorphism mapping Z to the center of G. In particular, (1,1) is the
identity. We’ll leave it as an exercise to figure out what the inverses are. When
is this thing associative? Let’s just write everything out:

((21, h1) (22, h2)) (23, h3) = (z12223¢(h1, ha)c(hiha, hs), hihohs)
(21, h1)((22, h2) (23, h3)) = (212223¢(h1, hohs)c(ha, h3), hihahs)
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so we must have
C(hl, hg)C(hth, hg) = C(hlhg, hg)C(hg, hg)

This identity is actually very easy to satisfy in one particular case: when c is
bimultiplicative:
C(hl, hghg) = C(hl, hQ)C(hl, hg)

and
C(hlhg, h3) = C(hl, h3)C(h2, hg)

. That is, we have a map H x H — Z. Not all cocycles come from such maps,
but this is the case we care about.

To construct the double cover, let Z = +1 and H = L (free abelian). If
we write H additively, we want ¢ to be a bilinear map L x L. — +1. It is
really easy to construct bilinear maps on free abelian groups. Just take any
basis aq,. .., a, of L, choose c(aq, o) arbitrarily for each 4, j and extend ¢ via
bilinearity to L x L. In our case, we want to find a double cover L satisfying
eveP = (—1)(@Pehex where é is a lift of e®. This just means that c(a, 8) =
(—1)(@Ae(B, ). To satisfy this, just choose c(ay, ;) on the basis {a;} so that
clai,af) = (1) @%)e(aj, ;). This is trivial to do as (—1)(@@) = 1. Notice
that this uses the fact that the lattice is even. There is no canonical way to
choose this 2-cocycle (otherwise, the central extension would split as a product),
but all the different double covers are isomorphic because we can specify L by
generators and relations. Thus, we have constructed L (or rather, verified that
the kernel of L — L has order 2, not 1).

Let’s now look at lifts of automorphisms of L to L.

Exercise 390 Any automorphism of L preserving (, ) lifts to an automorphism
of L

There are two special cases:

1. —1 is an automorphism of L, and we want to lift it to L explicitly. First

attempt: try sending é* to é=% := (é*)~!, which doesn’t work because

a + a~! is not an automorphism on non-abelian groups.

Better: w : 6% s (—1)*"/2(¢*)~! is an automorphism of L. To see this,
check

(¢%) = (~1)HI2 e 7@

w(@e?) = (=) T e

S
iGN
4

>

which work out just right

2. If 2 = 2, then a — «a — (a,r)r is an automorphism of L (reflection
through r+). You can lift this by é* > é%(¢")~ (") x (—1)((037‘)). This is

a homomorphism (check it!) of order (usually) 4!

Remark 391 Although automorphisms of L lift to automorphisms of L,
the lift might have larger order.
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This construction works for the root lattices of A,, D,, Egs, E7, and Eg;
these are the lattices which are even, positive definite, and generated by vectors
of norm 2 (in fact, all such lattices are sums of the given ones). What about
B, C,, Fy and G237 The reason the construction doesn’t work for these cases
is because there are roots of different lengths. These all occur as fixed points
of diagram automorphisms of A,,, D, and Eg. In fact, we have a functor from
Dynkin diagrams to Lie algebras, so and automorphism of the diagram gives an
automorphism of the algebra

As, doesn’t really give you a new algebra: it corresponds to some superal-
gebra stuff.

36.1 Construction of the Lie group of a Lie algebra

It is the group of automorphisms of the Lie algebra generated by the elements
exp(AAd(é%)), where A is some real number, é% is one of the basis elements of
the Lie algebra corresponding to the root a, and Ad(é%)(a) = [é%, a]. In other
words,

exp(AAd(é¥))(a) =1+ A[é%, a] + /\?[éo‘, [, a].

and all the higher terms are zero. To see that Ad(é*)3 = 0, note that if 3 is a
root, then 8 4 3« is not a root (or 0).

Warning 392 In general, the group generated by these automorphisms is not
the whole automorphism group of the Lie algebra. There can be extra dia-
gram (or graph) automorphisms, field automorphisms induced (obviously) by
automorphism of the field, and “diagonal” automorphisms, such as the auto-
morphisms of SL,(Q) induced by conjugation by diagonal matrices of GL,(Q).
Moreover there are some strange extra diagram automorphisms of By and Fj
in characteristic 2, and of Gy in characteristic 3. (Informally, one can ignore
the arrow on a bond of a Dynkin diagram if the characteristic of the field is the
number of bonds.)

We get some other things from this construction. We can get simple groups
over finite fields: note that the construction of a Lie algebra above works over
any commutative ring (e.g. over Z). The only place we used division is in
exp(AAd(é%)) (where we divided by 2). The only time this term is non-zero is
when we apply exp(AAd(é%)) to é~%, in which case we find that [, [é*,é~%]] =
[6%, a] = —(a,a)é®, and the fact that (o, «) = 2 cancels the division by 2. So
we can in fact construct the Eg group over any commutative ring. With more
effort we in fact get group schemes over Z.See Steinberg’s notes or the book by
Carter on Finite Simple Groups for more details.

37 Simple real Lie algebras

37.1 Real forms

(The stuff about E8 is duplicate and needs to be removed)
In general, suppose L is a Lie algebra with complexification L ® C. How
can we find another Lie algebra M with the same complexification? L ® C has
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an anti-linear involution wy : | ® z +— [ ® Z. Similarly, it has an anti-linear
involution wps;. Notice that wrwys is a linear involution of L ® C. Conversely,
if we know this involution, we can reconstruct M from it. Given an involution
w of L ®C, we can get M as the fixed points of the map a — wrw(a)“=" w(a).
Another way is to put L = L™ @ L~, which are the +1 and —1 eigenspaces,
then M = LT ®iL™.

Thus, to find other real forms, we have to study the involutions of the com-
plexification of L. The exact relation is subtle, but this is a good way to go.

Example 393 Let L = sly(R). It has an involution w(m) = —mT. suy(R) is
the set of fixed points of the involution w times complex conjugation on sly(C),
by definition.

So to construct real forms of Eg, we want some involutions of the Lie algebra
FEg which we constructed. What involutions do we know about? There are two
obvious ways to construct involutions:

1. Lift —1 on L to é* — (—1)"/2(&%)~1, which induces an involution on the
Lie algebra.

2. Take B € L/2L, and look at the involution é* i (—1)(®#¢e,

(2) gives nothing new: we get the Lie algebra we started with. (1) only gives
one real form. To get all real forms, we multiply these two kinds of involutions
together.

Recall that L/2L has 3 orbits under the action of the Weyl group, of size 1,
120, and 135. These will correspond to the three real forms of Fg. How do we
distinguish different real forms? The answer was found by Cartan: look at the
signature of an invariant quadratic form on the Lie algebra.

A bilinear form (, ) on a Lie algebra is called invariant if ([a, b], ¢)+(b[a, c]) =
0 for all a,b,c. This is called invariant because it corresponds to the form
being invariant under the corresponding group action. Now we can construct
an invariant bilinear form on Eg as follows:

1. (aa ﬁ)in the Lie algebra = (CK, ﬁ)in the lattice
2. (¢, (6%) ) = 1
3. (a,b) =0 if ¢ and b are in root spaces « and 8 with « + 8 # 0.

This gives an invariant inner product on Eg, which we prove by case-by-case
check

Exercise 394 do these checks

We constructed a Lie algebra of type Eg, which was L ® € é*, where L is the
root lattice and a? = 2. This gives a double cover of the root lattice:

1o+l el sel o1
We had a lift for w(a) = —a, given by w(é®) = (—1)(@/2)(£%)~1. So w becomes

an automorphism of order 2 on the Lie algebra. e® + (—1)(®#e® is also an
automorphism of the Lie algebra.
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Suppose o is an automorphism of order 2 of the real Lie algebra L = Lt + L~
(eigenspaces of o). We saw that you can construct another real form given by
LT +4L~. Thus, we have a map from conjugacy classes of automorphisms with
02 =1 to real forms of L. This is not in general in isomorphism.

Eg has an invariant symmetric bilinear form (e®,(e®)™1) = 1, (a,3) =
(8,). The form is unique up to multiplication by a constant since Eg is an
irreducible representation of Fg. So the absolute value of the signature is an
invariant of the Lie algebra.

For the split form of Eg, what is the signature of the invariant bilinear form
(the split form is the one we just constructed)? On the Cartan subalgebra
L, (,) is positive definite, so we get +8 contribution to the signature. On
{e®, (e*)~1}, the form is (9 }), so it has signature 0 - 120. Thus, the signature
is 8. So if we find any real form with a different signature, we will have found
a new Lie algebra.

We first try involutions e® — (—1)(®# e But this does not change the
signature. L is still positive definite, and we still have ({{) or (_01 7)1) on the
other parts. These Lie algebras actually turn out to be isomorphic to what we
started with (though we have not shown that they are isomorphic).

Now try w : e® — (—=1)*/2(e®)™1, a + —a. What is the signature of the
form? We write down the + and — eigenspaces of w. The + eigenspace will be
spanned by e® —e~%, and these vectors have norm —2 and are orthogonal. The
— eigenspace will be spanned by e® + e~® and L, which have norm 2 and are
orthogonal, and L is positive definite. What is the Lie algebra corresponding to
the involution w? It will be spanned by e® — e~® where a? = 2 (norm —2), and
i(e*+e %) (norm —2), and ¢L (which is now negative definite). So the bilinear
form is negative definite, with signature —248(# +8).

With some more work, we can actually show that this is the Lie algebra
of the compact form of Fg. This is because the automorphism group of Ejg
preserves the invariant bilinear form, so it is contained in Og 24s(R), which is
compact.

Now we look at involutions of the form e® — (—1)(®®w(e®). Notice that w
commutes with e® s (—1)(®e®. The $’s in (a, 8) correspond to L/2L modulo
the action of the Weyl group W (Esg). Remember this has three orbits, with 1
norm 0 vector, 120 norm 2 vectors, and 135 norm 4 vectors. The norm 0 vector
gives us the compact form. Let’s look at the other cases and see what we get.

Suppose V has a negative definite symmetric inner product ( , ), and suppose
o is an involution of V' =V @ V_ (eigenspaces of o). What is the signature of
the invariant inner product on Vi &:¢V_7 On V., it is negative definite, and on
iV_ it is positive definite. Thus, the signature is dim V_ —dim V; = —tr(o). So
we want to work out the traces of these involutions.

Given some 8 € L/2L, what is tr(e® — (—1)(@fe®)? If 3 = 0, the traces
is obviously 248 because we just have the identity map. If 32 = 2, we need to
figure how many roots have a given inner product with 8. Recall that this was
determined before:
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(a, B) | # of roots o with given inner product | eigenvalue
2 1 1
1 56 -1
0 126 1
-1 56 -1
-2 1 1

Thus, the trace is 1 — 56 4+ 126 — 56 + 1 + 8 = 24 (the 8 is from the Cartan
subalgebra). So the signature of the corresponding form on the Lie algebra is
—24. We've found a third Lie algebra.

If we also look at the case when 52 = 4, what happens? How many « with
a? = 2 and with given (o, 3) are there? In this case, we have:

(o, B) | # of roots o with given inner product | eigenvalue
2 14 1
1 64 -1
0 84 1
-1 64 -1
-2 14 1

The trace will be 14 — 64 + 84 — 64 + 14 + 8 = —8. This is just the split form
again.

Summary: We've found 3 forms of Eg, corresponding to 3 classes in L/2L,
with signatures 8, —24, —248, corresponding to involutions e® — (—1)(@Ae=2
of the compact form. If L is the compact form of a simple Lie algebra, then
Cartan showed that the other forms correspond exactly to the conjugacy classes
of involutions in the automorphism group of L (this doesn’t work if we don’t
start with the compact form — so always start with the compact form).

In fact, these three are the only forms of Eg, but we won’t prove that.

Example 395 Let’s go back to various forms of Eg and figure out (guess) the
fundamental groups. We need to know the maximal compact subgroups.

1. One of them is easy: the compact form is its own maximal compact sub-
group. What is the fundamental group? Remember or quote the fact that
for compact simple groups, 7 & Yelght lattice "oy ig 1. So this form is

X root lattice ’
simply connected.

2. 3% = 2 case (signature —24). Recall that there were 1, 56, 126, 56, and 1
roots o with (a, 8) = 2,1,0, —1, and -2 respectively, and there are another
8 dimensions for the Cartan subalgebra. On the 1,126, 1, 8 parts, the form
is negative definite. The sum of these root spaces gives a Lie algebra of
type F7A; with a negative definite bilinear form (the 126 gives you the
roots of an Fr, and the 1s are the roots of an A;). So it a reasonable guess
that the maximal compact subgroup has something to do with F;A;. E7
and A; are not simply connected: the compact form of E7 has m = Z/2
and the compact form of A; also has 71 = Z/2. So the universal cover of
E7A; has center (Z/2)2. Which part of this acts trivially on Eg? We look
at the Eg Lie algebra as a representation of E7 x A;. You can read off how
it splits form the picture above: Eg & FE7 & A1 & 56 ® 2, where 56 and 2
are irreducible, and the centers of E7 and A; both act as —1 on them. So
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the maximal compact subgroup of this form of Ejg is the simply connected
compact form of E7 x A;/(—1,—1). This means that m (Fg) is the same
as m of the compact subgroup, which is (Z/2)?/(—1,—1) = Z/2. So this
simple group has a nontrivial double cover (which is non-algebraic).

3. For the other (split) form of Eg with signature 8, the maximal compact
subgroup is Spin,4(R)/(Z/2), and 71 (Es) is Z/2.

You can compute any other homotopy invariants with this method.

Let’s look at the 56 dimensional representation of F; in more detail. We
had the picture

(o, B) | # of a’s
2 1
1 56
0 126
-1 56
-2 1

The Lie algebra Fr fixes these 5 spaces of Fg of dimensions 1,56, 126 + 8, 56, 1.
From this we can get some representations of E7. The 12648 splits as 1+ (126+
7). But we also get a 56 dimensional representation of E7. Let’s show that this
is actually an irreducible representation. Recall that in calculating W (Es), we
showed that W (E7) acts transitively on this set of 56 roots of Eg, which can be
considered as weights of Fr.

An irreducible representation is called minuscule if the Weyl group acts
transitively on the weights. This kind of representation is particularly easy to
work with. It is really easy to work out the character for example: just translate
the 1 at the highest weight around, so every weight has multiplicity 1.

So the 56 dimensional representation of £E7 must actually be the irreducible
representation with whatever highest weight corresponds to one of the vectors.

37.2 Every possible simple Lie group

We will construct them as follows: Take an involution ¢ of the compact form
L = LT + L~ of the Lie algebra, and form LT +4iL~. The way we constructed
these was to first construct A,,, D,, Fg, and E; as for Eg. Then construct the
involution w : e* — —e™%. We get B,, C,, Fy, and G2 as fixed points of the
involution w.

Kac classified all automorphisms of finite order of any compact simple Lie
group. The method we’ll use to classify involutions is extracted from his method.
We can construct lots of involutions as follows:

1. Take any Dynkin diagram, say Fg, and select some of its verticals, corre-
sponding to simple roots. Get an involution by taking e® +— +e® where
the sign depends on whether « is one of the simple roots we’ve selected.
However, this is not a great method. For one thing, we get a lot of repeats
(recall that there are only 3, and we've found 28 this way).

2. Take any diagram automorphism of order 2, such as

This gives you more involutions.
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Next time, we’ll see how to cut down this set of involutions. Split form of
Lie algebra (we did this for A, D,, Egs, E7, Es): A = @é* ® L. Compact
form AT 4+ iA~, where AT eigenspaces of w : € s (—1) /2=

We talked about other involutions of the compact form. You get all the
other forms this way.

The idea now is to find ALL real simple Lie algebras by listing all involutions
of the compact form. We will construct all of them, but we won’t prove that we
have all of them.

We'll use Kac’s method for classifying all automorphisms of order N of a
compact Lie algebra (and we’ll only use the case N = 2). First let’s look at
inner automorphisms. Write down the AFFINE Dynkin diagram

Choose n; with Y n;m; = N where the m; are the numbers on the diagram.
We have an automorphism e® — 2™ /Ne® induces an automorphism of
order dividing N. This is obvious. The point of Kac’s theorem is that all inner
automorphisms of order dividing N are obtained this way and are conjugate
if and only if they are conjugate by an automorphism of the Dynkin diagram.
We won’t actually prove Kac’s theorem because we just want to get a bunch of
examples.

Example 396 Real forms of Fs. We've already found three, and it took us a
long time. We can now do it fast. We need to solve Y n;m; = 2 where n; > 0;
there are only a few possibilities:

The points NOT crossed off form the Dynkin diagram of the maximal com-
pact subgroup. Thus, by just looking at the diagram, we can see what all the
real forms are!

Example 397 Let’s do F;. Write down the affine diagram:

We get the possibilities

(*) The number of ways is counted up to automorphisms of the diagram.

(**) In the split real form, the maximal compact subgroup has dimension
equal to half the number of roots. The roots of A7 look like ; —¢; for 7, j < 8
and i # j, so the dimension is 8 - 7+ 7 = 56 = %

(***) The maximal compact subgroup is Eg®R because the fixed subalgebra
contains the whole Cartan subalgebra, and the Fg only accounts for 6 of the 7
dimensions. You can use this to construct some interesting representations of Fg
(the minuscule ones). How does the algebra E; decompose as a representation
of the algebra Fg ® R?

We can decompose it according to the eigenvalues of R. The Eg @ R is the
zero eigenvalue of R [why?], and the rest is 54 dimensional. The easy way to
see the decomposition is to look at the roots. Remember when we computed
the Weyl group we looked for vectors like

The 27 possibilities (for each) form the weights of a 27 dimensional repre-
sentation of Fg. The orthogonal complement of the two nodes is an Fg root
system whose Weyl group acts transitively on these 27 vectors (we showed that
these form a single orbit, remember?). Vectors of the F7 root system are the
vectors of the Eg root system plus these 27 vectors plus the other 27 vectors.
This splits up the F7 explicitly. The two 27s form single orbits, so they are
irreducible. Thus, F7 = Eg ® R & 27 ® 27, and the 27s are minuscule.
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Let K be a maximal compact subgroup, with Lie algebra R + Fg. The factor
of R means that K has an S! in its center. Now look at the space G/K, where
G is the Lie group of type E7, and K is the maximal compact subgroup. It
is a Hermitian symmetric space. Symmetric space means that it is a (simply
connected) Riemannian manifold M such that for each point p € M, there is an
automorphism fixing p and acting as —1 on the tangent space. This looks weird,
but it turns out that all kinds of nice objects you know about are symmetric
spaces. Typical examples you may have seen: spheres S™, hyperbolic space
H", and Euclidean space R™. Roughly speaking, symmetric spaces have nice
properties of these spaces. Cartan classified all symmetric spaces: they are non-
compact simple Lie groups modulo the maximal compact subgroup (more or
less ... depending on simply connectedness hypotheses 'n such). Historically,
Cartan classified simple Lie groups, and then later classified symmetric spaces,
and was surprised to find the same result. Hermitian symmetric spaces are
just symmetric spaces with a complex structure. A standard example of this is

the upper half plane {z + iy|ly > 0}. It is acted on by SLo(R), which acts by

(s8)7 = 225
c CT
Let’s go back to this G/K and try to explain why we get a Hermitian sym-

metric space from it. We’ll be rather sketchy here. First of all, to make it a
symmetric space, we have to find a nice invariant Riemannian metric on it. It
is sufficient to find a positive definite bilinear form on the tangent space at p
which is invariant under K ... then we can translate it around. We can do
this as K is compact (so you have the averaging trick). Why is it Hermitian?
We’ll show that there is an almost complex structure. We have S! acting on the
tangent space of each point because we have an S in the center of the stabilizer
of any given point. Identify this S* with complex numbers of absolute value 1.
This gives an invariant almost complex structure on G/K. That is, each tan-
gent space is a complex vector space. Almost complex structures don’t always
come from complex structures, but this one does (it is integrable). Notice that
it is a little unexpected that G/K has a complex structure (G and K are odd
dimensional in the case of G = E7, K = Eg @& R, so they have no hope of having
a complex structure).

Example 398 Let’s look at Eg, with affine Dynkin diagram

We get the possibilities

In the last one, the maximal compact subalgebra is D5 & R. Just as before,
we get a Hermitian symmetric space. Let’s compute its dimension (over C).
The dimension will be the dimension of Eg minus the dimension of D5 & R, all
divided by 2 (because we want complex dimension), which is (78 — 46)/2 = 16.

So we have found two non-compact simply connected Hermitian symmetric
spaces of dimensions 16 and 27. These are the only “exceptional” cases; all the
others fall into infinite families!

There are also some OUTER automorphisms of Fg coming from the diagram
automorphism

The fixed point subalgebra has Dynkin diagram obtained by folding the
Es on itself. This is the F; Dynkin diagram. The fixed points of Fg under
the diagram automorphism is an Fj Lie algebra. So we get a real form of
Fg with maximal compact subgroup Fy. This is probably the easiest way to
construct Fy, by the way. Moreover, we can decompose Fg as a representation
of Fy. dimFEg = 78 and dim Fy = 52, so Eg = F4 ® 26, where 26 turns out
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to be irreducible (the smallest non-trivial representation of Fy ... the only one
anybody actually works with). The roots of Fy look like (..., +1,+1...) (24 of
these) and (44 -+ 3) (16 of these), and (...,+1...) (8 of them) ... the last
two types are in the same orbit of the Weyl group.

The 26 dimensional representation has the following character: it has all
norm 1 roots with multiplicity 1 and 0 with multiplicity 2 (note that this is not
minuscule).

There is one other real form of Eg. To get at it, we have to talk about Kac’s
description of non-inner automorphisms of order N. The non-inner automor-
phisms all turn out to be related to diagram automorphisms. Choose a diagram
automorphism of order r, which divides N. Let’s take the standard thing on Ej.
Fold the diagram (take the fixed points), and form a TWISTED affine Dynkin
diagram (note that the arrow goes the wrong way from the affine Fy)

There are also numbers on the twisted diagram, but never mind them. Find
n; so that > n;m; = N. This is Kac’s general rule. We'll only use the case
N =2.

If » > 1, the only possibility is » = 2 and one n; is 1 and the corresponding
m; is 1. So we just have to find points of weight 1 in the twisted affine Dynkin
diagram. There are just two ways of doing this in the case of Fg

one of these gives us Fy, and the other has maximal compact subalgebra Cjy,
which is the split form since dim Cy = #roots of Fy/2 = 24.

Example 399 F,. The affine Dynkin is

We can cross out one node of weight 1, giving the compact form (split form),
or a node of weight 2 (in two ways), giving maximal compacts A;C3 or By. This
gives us three real forms.

Example 400 G;. We can actually draw this root system ... UCB won’t
supply me with a four dimensional board. The construction is to take the D,
algebra and look at the fixed points of:

We want to find the fixed point subalgebra.

Fixed points on Cartan subalgebra: p fixes a two dimensional space, and
has 1 dimensional eigenspaces corresponding to w and @, where w? = 1. The 2
dimensional space will be the Cartan subalgebra of Gs.

Positive roots of Dy as linear combinations of simple roots (not fundamental
weights):

There are six orbits under p, grouped above. It obviously acts on the negative
roots in exactly the same way. What we have is a root system with six roots of
norm 2 and six roots of norm 2/3. Thus, the root system is Gs:

One of the only root systems to appear on a country’s national flag. Now
let’s work out the real forms. Look at the affine:

we can delete the node of weight 1, giving the compact form:

. We can delete the node of weight 2, giving A1 A; as the compact subalgebra:

. this must be the split form because there is nothing else the split form
can be.

Let’s say some more about the split form. What does the Lie algebra of Go
look like as a representation of the maximal compact subalgebra A; x A;7 In
this case, it is small enough that we can just draw a picture:

We have two orthogonal A;s, and we have leftover the stuff on the right.
This thing on the right is a tensor product of the 4 dimensional irreducible
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representation of the horizontal and the 2 dimensional of the vertical. Thus,
Gy = 3x14+1®3+4®2 as irreducible representations of A{"r#nal) g 4(vertical)

Let’s use this to determine exactly what the maximal compact subgroup is.
It is a quotient of the simply connected compact group SU(2) x SU(2), with Lie
algebra Ay X A;. Just as for Fg, we need to identify which elements of the center
act trivially on G5. The center is Z/2x Z/2. Since we’ve decomposed G5, we can
compute this easily. A non-trivial element of the center of SU(2) acts as 1 (on
odd dimensional representations) or —1 (on even dimensional representations).
So the element z x z € SU(2) x SU(2) acts trivially on 3@ 1 +1® 3 +4 x 2.
Thus the maximal compact subgroup of the non-compact simple Gy is SU(2) x
SU(2)/(z x z) 2 SO4(R), where z is the non-trivial element of Z/2.

So we have constructed 3 +4 + 5+ 3 + 2 (from Eg, E7, Fg, Fy, G3) real
forms of exceptional simple Lie groups.

There are another 5 exceptional real Lie groups: Take COMPLEX groups
Eg(C), E7(C), Eg(C), F4(C), and G2(C), and consider them as REAL. These
give simple real Lie groups of dimensions 248 x 2, 133 x 2, 78 x 2, 52 x 2, and
14 x 2.

38 Discrete subgroups of Lie groups

We will show how to classify the finite subgroups G of O3(R) using Thurston’s
theory of orbifolds. The key idea it to look at the orbit space S?/G. This is not
usually a manifold (unless G happens to act freely) but is a more general sort
of object called an orbifold, which is a sort of manifold with mild singularities.
Two-dimensional orbifolds turn out to be easy to classify as there are only a
limited number of possible singularities, so we can use this to classify finite
rotation and reflection groups.

We first look at the possible singularities of a smooth surface by a finite
group. The singularity is going to look locally like R?/G where G is some finite
group acting on the vector space R2. There are not too many of these, as
they have to be subgroups of O2(R): G is either cyclic, acting as rotations or
dihedral, acting as rotations and reflections. The corresponding singularities
are either conical points with angle 27 /n (for G cyclic of order n) or a sector of
angle 27 /2n, for G dihedral of order 2n.

The Euler characteristic of the orbifold is (Euler characteristic of 2-sphere) /(Order
of group), which must be positive as the 2-sphere has positive Euler character-
istic. This is also equal to the number of points-lines plus faces of the orbifold.
However we must be careful to count points and lines properly: a point that is a
quotient singularity by a group of order n is really only 1/n of a point. Similarly
a boundary edge is really only half a line. In other words whenever we have a
point that is a quotient singularity we need to adjust the Euler characteristic
by 1—1/n.

So in the orientable case when the quotient orbifold is a topological sphere
with quotient singularities of orders n; the Euler characteristic is

Euler characteristic of sphere — corrections = 2 — Z(l —1/n;)

and this is equal to (Euler characteristic of 2-sphere)/(Order of group) = 2/|G| >
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0. So we want to solve the equation

> (1—1/n;) <2

for integers n; > 1. There is an extra condition: there cannot be just one
integer, and if we have just two integers they must be the same, otherwise
we get a bad orbifold which has no cover that is a manifold. It is easy to
find the solutions: they are (), (n,n), (2,2,n), (2,3,3), (2,3,4), (2,3,5). These
correspond to quotients of the sphere by the trivial group, cyclic groups of order
n, dihedral groups of order 2n, and the rotations of a tetrahedron, octahedron,
or icosahedron.

The unorientable case when the quotient is a disc or projective plane is
similar. The correction factors are 1/2 for each edge and 1 — 1/2m for every
sector singularity on the boundary, so we find

1= (1= 1/n) =Y (1-1/m;)/2=1/|G| > 0.

Here the numbers m; are the orders of the sector singularities, and the 2’s are
replaced by 1’s because we replace the sphere of Euler characteristic 2 by the
disc or projective plane which have Euler characteristic 1. (Of course for the
projective plane there are no sector singularities because it has no boundary.)

The finite subgroups of O4(R) can be classified by reducing to the case of
Os3(R) using the fact the O4(R) is almost a product of 2 copies of O3(R): more
precisely the double cover of SO4(R) is isomorphic to the product of two copies
of the double cover of SO3(R). These groups act on S® so give examples of
compact 3-dimensional orbifolds. If the finite group acts freely on S3 then
we get compact 3-dimensional manifolds called space forms. These are fairly
straightforward to classify, and by Perelman’s proof of Thurston’s elliptization
conjecture they give all closed 3-manifolds with finite fundamental group. For
example, lens spaces arise by taking a 2-dimensional complex representation of
a cyclic group, which acts on the 3-sphere of vectors of length 1. A particularly
famous example is Poincare’s homology 3-sphere. Any subgroup of the group $*
automatically acts fixed point freely on S3, so any double cover of a finite group
of rotations on SO3(R) is the fundamental group of a compact 3-manifold. The
Poincare 3-sphere arises by taking the double cover of the group of rotations of
the icosahedron. The fundamental group is the perfect group of order 120. As
the fundamental group is perfect, the first homology group of the manifold is
trivial, so the manifold is a homology sphere.

Exercise 401 Classify the 17 wallpaper groups (discrete co-compact subgroups
of the group R2.02(R) of isometries of the plane R?) by looking at the quotient
orbifolds. This is similar to classifying the finite subgroups of isometries of the
sphere, except this time the Euler characteristic of the quotient orbifold is zero
rather than positive. There are 4 orbifolds whose underlying topological space is
a sphere and 8 whose underlying space is a disk. Also there are 5 more surfaces
that can appear: the Klein bottle, torus, Moebius strip, projective plane, and
annulus, each of which corresponds to 1 group.

In 3-dimensions the analogues of wallpaper groups are the cocompact sub-
groups of R®.03(R) and are called space groups. They are of great interest
to crystallographers and geologists as they describe the possible symmetries
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of crystals. There are 230 or 219 classes of them depending on whether one
distinguishes mirror images of group, which were independently classified by
Fyodorov, Barlow, and Schnflies in the 1890s. Conway and Thurston redid the
classification in terms of 3-dimensional orbifolds.

A Fuchsian group is a discrete subgroup of SLy(R). The group SL2(R) acts
on 2-dimensional hyperbolic space and also on the upper half complex plane, so
Fuchsian groups are closely related to 2-dimensional oriented hyperbolic man-
ifolds and to Riemann surfaces. (The correspondence is not quite exact, as
Fuchsian groups can have elliptic elements fixing points, so that the quotients
have orbifold singularities.) In particular any compact Riemann surface of genus
g at least 2 gives a Fuchsian group isomorphic to its fundamental group. The
space of (marked) Fuchsian groups obtained like this is called Teichmuller space,
and is a complex manifold of dimension 3g — 3 with a very rich geometry. The
classical example of a Fuchsian group is SL2(Z). The quotient of the upper
half plane by SLs(Z) is an orbifold given by the complex sphere with a point
missing and with orbifold singularities of orders 2 and 3. The more general
case of congruence subgroups such as I'g(N) (c divisible by N) are of central
importance in number theory: Wiles’s proof of Fermat’s last theorem depended
on a deep study of the modular forms for these groups (sections of certain line
bundles over the quotient orbifolds).

A Kleinian group is a discrete subgroup of SLy(C'). Like Fuchsian groups,
these can be thought of as either complex or hyperbolic transformation groups,
because the group PSLs(C) is both the group of automorphisms of the complex
sphere, and also the group of automorphisms of oriented hyperbolic 3-space.
In particular if Kleinian group is cocompact and acts freely, we get a closed
hyperbolic 3-manifold. Unlike the case of Fuchsian groups, where there are
infinite families of cocompact groups, cocompact (and cofinite) Kleinian groups
are rigid: the only deformations are given by inner automorphisms. This is
a special case of Mostow rigidity, which says in particular that isomorphisms
of cofinite Kleinian groups extend to isomorphisms of PSLy(C). One way of
thinking about this is that closed hyperbolic 3-manifolds have an essentially
unique hyperbolic metric (quite unlike what happens in 2-dimensions): any
invariant of the metric, such as the volume, is an invariant of the underlying
topological manifold.

Thurston discovered that all closed 3-manifolds can be built from discrete
subgroups of Lie groups. More precisely every closed 3-manifold can be cut up
in a canonical way along spheres and tori so that each piece has a geometric
structure of finite volume. There are 8 different sorts of geometric structure
that appear corresponding to 8 particular Lie groups (modulo a maximal com-
pact subgroup). We have seem 3 of these above: they correspond to spherical,
Euclidean, and hyperbolic structures. Two more come from taking the product
of 2-dimensional spherical or hyperbolic structures with a line. The remain-
ing 3 structures come from 3 of the Bianchi groups: the Heisenberg group, the
universal cover of SLy(R), and a solvable group that is the Bianchi group of
type VI and its identity component is the group of isometries of Minkowski
space in 2-dimensions. Of these 8 geometries, the manifolds for all except the
hyperbolic geometry are classified (or at least well understood). There seems to
be no obvious analogue of Thurston’s classification for manifolds of dimension
4 and above.
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39 Chevalley groups

Steinberg presentation.

40 Jacobson-Morozov and nilpotent elements

41 Cohomology of Lie groups and algebras

As an example of how to work with simple Lie groups, we will look at the general
question: Given a simple Lie group, what is its homotopy type? Answer: G has
a unique conjugacy class of maximal compact subgroups K, and G is homotopy
equivalent to K. Proof [Proof for GL, (R)] First pretend GL, (R) is simple,
even though it isn’t; whatever. There is an obvious compact subgroup: O, (R).
Suppose K is any compact subgroup of GL,(R). Choose any positive definite
form (,) on R™ This will probably not be invariant under K, but since
K is compact, we can average it over K get one that is: define a new form
(@, b)new = [ (ka, kb) dk. This gives an invariant positive definite bilinear form
(since integral of something positive definite is positive definite). Thus, any
compact subgroup preserves some positive definite form. But the subgroup
fixing some positive definite bilinear form is conjugate to a subgroup of O, (R)
(to see this, diagonalize the form). So K is contained in a conjugate of O, (R).

Next we want to show that G = GL,,(R) is homotopy equivalent to O,,(R) =
K. We will show that G = KAN, where K is O,, A is all diagonal matrices
with positive coefficients, and N is matrices which are upper triangular with
1s on the diagonal. This is the Iwasawa decomposition. In general, we get
K compact, A semisimple abelian, and N is unipotent. The proof of this we
saw before was called the Gram-Schmidt process for orthonormalizing a basis.
Suppose v1, ..., v, is any basis for R™.

1. Make it orthogonal by subtracting some stuff, you’ll get vy, vy — *vy,
V3 — ¥V — *V1, ....

2. Normalize by multiplying each basis vector so that it has norm 1. Now
we have an orthonormal basis.

This is just another way to say that GL, can be written as K AN. Making
things orthogonal is just multiplying by something in NV, and normalizing is just
multiplication by some diagonal matrix with positive entries. An orthonormal
basis is an element of O,,. ! This decomposition is just a topological one, not a
decomposition as groups. Uniqueness is easy to check.

Now we can get at the homotopy type of GL,. N = R™"=1/2 and A =
(RT)" which are contractible. Thus, GL,(R) has the same homotopy type as
O, (R), its maximal compact subgroup. 0O If we wanted to know 71 (GL3(R)),

we could calculate m1(O3(R)) = Z/27Z, so GL3(R) has a double cover. Nobody
has shown you this double cover because it is not algebraic.

Lie algebra cohomology is a somewhat mysterious but very powerful tool As
motivation for its definition, consider the problem of calculating the cohomology
of the underlying space of a Lie group. When the group is compact, this is the
same as its de Rham cohomology, and Lie algebra cohomology is an algebraic
way of calculating this.
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Definition 402 The de Rham cohomology of a smooth manifold is the coho-
mology of the complex of smooth differential forms, with the differential given
by the exterior derivative.

Exercise 403 Calculate the de Rham cohomology groups of the circle.

The exterior derivative of a differential form w is given by

dOJ(’U(), e ,’Un) = Z(—l)i+jUJ([Ui, vj],vl, ..1}1‘,1}}, .. )

where the hat means that the term is omitted.

The cohomology of a compact connected Lie group is acted on by the Lie
group since the lie group acts on itself by left translations. Moreover this action
must be trivial, because the group is connected and the cohomology has an
integral form, and any action of a connected group on a discrete lattice must
be trivial. So we can cut down the infinite dimensional space of all differential
forms to the finite dimensional space of left-invariant ones. These in turn can
be identified with the exterior algebra of the cotangent space at the identity.

We also notice that we really have an unnecessary duality: instead of looking
at elements of the dual exterior algebra of the tangent space, we can just directly
use the exterior algebra of the tangent space. The exterior derivative induces
the following map:

dwr AVa Ae) =Y (1) o; Avg] Awy -+
1<J

In other words the homology of a compact connected Lie group G is the homol-
ogy of the exterior algebra of its Lie algebra A*g with the differential above.

Exercise 404 Find the Lie algebra homology H.(g) for g the 3-dimensional
abelian Lie algebra, the 3-dimensional Heisenberg Lie algebra, and the orthogo-
nal Lie algebra so3(R). Find a 3-dimensional real Lie algebra g whose homology
groups H;(g) are 1-dimensional for i =0, 1,2, 3.

Exercise 405 If an n-dimensional complex Lie algebra g has a non-degenerate
invariant bilinear form, show that its homology group H,(g) is 1-dimensional.
(Calculate d(gy A g1 A ---) for an orthogonal base g1, g2, --.) Find an example
of a complex Lie algebra g of dimension 2 such that Hz(g) = 0.

Exercise 406 If g is a finite dimensional Lie algebra over a field, show that
5, (~1)" dim(H, (g)) = 0.

Definition 407 We define a bracket [,] on Ag by

[al/\ag/\~~ambl /\bQ/\] :Z(—l)iJerrnil[ai,bj}/\GQ/\"'/\bQ/\"'
,J

This makes Ag into a Lie superalgebra, with the grading shifted by 1.
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Exercise 408 Show that
[a,b] = (—1)deertdeeb=1[p q]

d(ab) = (da)b + (—1)9°8 adb + [ab]
d[a,b] = [da,b] + (—1)]a, db]

Exercise 409 Suppose that g is an n-dimensional complex Lie algebra with
a non-degenerate bilinear form, and ¢ and b are homogeneous elements in its
exterior algebra. Show that [a,b] = 0 whenever dega 4 degb = n. Show that A
induces a nondegenerate “Poincaré duality” pairing

Hyp(9) X Hp—m(g) = Gn(g) =C

Obviously the definition above does not require that g be the Lie algebra of
a compact Lie group: it works for any Lie algebra over any commutative ring.

Warning 410 For compact connected Lie groups, the Lie algebra homology
or cohomology is isomorphic to the homology or cohomology of the underlying
topological space. This is definitely NOT true for general connected Lie groups.
For example, the Lie groups R and S' have the same Lie algebra so the same
Lie algebra homology, but have different first homology groups of the underlying
topological spaces.

A useful variation is the Lie algebra homology or cohomology of a module
M over a Lie algebra g. To construct this we form the Lie algebra g & M
given as a semidirect product of the Lie algebra g and the abelian Lie algebra
M, and grade it by giving g degree 0 and M degree 1. Then the Lie algebra
homology H.(g, M) of g with coefficients in M is defined to be the degree 1
piece of H.(g & M). Unraveling the definition we find that the homology is
given by the homology of M ® A*(g), with the differential d given by

d(m@vl/\vg/\~~):Z(fl)i[m,m]®vl/\~~+2m®[vi,vj]/\v1/\~~~

i 2%

We work out the first few homology or cohomology groups of a Lie algebra.

The zeroth homology and cohomology groups are just the field k.

The first homology is given by g = A'g modulo the image of g A g under
the map taking a A b to [a,b]. In other words H;(g) is the abelianization of g.
Similarly H * 1(g) is the dual of this, which is the characters of g.

The second cohomology H?(g, M) classifies the extensions M.g of g by M
(with M an abelian ideal) up to equivalence. To see this, write the bracket of
the extension as

[(gvm)v (hv n)] = ([gthc(ga h) + [g7n] + [m’h’])

for some ¢(g, h) € M. Then anticommutativity implies that

C(ga h) = _C(ha g)
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and the Jacobi identity implies

c(lg, hl, @) + e([h, 1], 9) + c([i, ], k) + [i, (g, )] + [g, e(h, 0)] + [h, (i, g)] = 0.

which says that ¢ is a 2-cocycle with values in M, so determines an element
of H%(g,M). Also adding a 1-cocycle to ¢ corresponds to changing the lift of
elements of g so gives an equivalent extension.

The second homology Hs(g) appears in the center of the universal central
extension of a perfect Lie algebra g. Suppose g is a Lie algebra. Then there
is an obvious 2-cocycle of g taking values in A?g/dA3g, so we get a central
extension (A%g/dA3g).g. By construction this central extension has the following
universality property: if n.g is any central extension, and we are given a linear
map from g to n.g lifting the identity map on g, then this can be extended to
a Lie algebra homomorphism from (A%g/dA®g).g to n.g. If g is perfect we can
do better than this by eliminating the dependence on the choice of lifting. To
do this we look at the derived algebra of (A%g/dA3g).g. This still maps onto g
as g is perfect, but the central subalgebra may become smaller: it is replaced
by the elements of (A%g/dA3g) that can be written in the form 3" a; A b; with
> lai, b;] = 0. In other words it is now exactly the second homology group of g.

Now we want to show that this is a universal central extension in the follow-
ing sense: if n.g is a central extension of g then there is a unique homomorphism
from Hy(g).g to n.g lifting the identity map on g. Existence of such a lifting fol-
lows immediately from the remarks above, since we just have to choose a lifting
from g to n.g. Now we want to show that the map Ha(g).g to n.g is unique. If
a,b are any two elements of Hy(g).g then the image of [a,b] in n.g is uniquely
determined as changing a or b by an element of the center does not change [a, b].
So the lifting is uniquely determined on the derived algebra of Hs(g).g, but as
this is perfect the lifting is uniquely determined.

The restriction to perfect Lie algebras really is necessary: Lie algebras that
are not perfect do not have universal central extensions.

41.1 The Koszul complex

The homology and cohomology of Lie algebras can also be defined using the
universal enveloping algebra Ug as follows: H"(g, M) = Euxtf; (k,M) and
H,(g,M) = TorU8(k, M). This in turn is a special case of the homology of
an supplemented algebra, which is a special case of Hochschild homology. To
see this we introduce the Koszul complex.

We first construct the Koszul complex for abelian Lie algebras. The en-
veloping algebra is then a commutative polynomial ring k[x,y, z,...]. If a is an
element of a commutative ring R then there is a complex

0—>RZ%R

which is a free resolution of R/aR. If a1,...,a, is a finite set of elements of
R then we can tensor together the corresponding length 2 complexes. This is
called the Koszul complex.

Exercise 411 Suppose that for each ¢, the element a; € R is not a zero divisor

in R/(a1,...,a;—1) (in other words the sequence is a regular sequence). Use
induction on 4 to show that the Koszul complex is a resolution of R/ (a1, ..., ay,).
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Now we construct the Koszul resolution for a finite-dimensional Lie algebra.
The resolution is Ug ® Ag, with the differential given by

du® g1 A Agn) (25)
= Z(fl)iugi@)gl AN NGict ANGig1 N ANgp (26)
+3 (D)@ g gl Agi Ao Agn (27)

1<J

We wish to show this is a resolution of k. The main problem is to show that
the sequence is exact, which we do by reducing to the case when g is abelian.
To do this we filter Ug® Ag by “number of elements of g”, and observe that the
associated graded object is just the Koszul resolution for the abelian algebra
underlying g. But if we have a differential group with a finite filtration such
that the differential d is exact on the associated graded group, then d is exact
on the original group. So the Koszul complex is a resolution of k.

The Tor group TorV%(k, k) is by definition given by the homology of & ®uUg
Ug ® Ag = Ag, which is exactly the complex we originally used to define the
homology of g.

42 Central extensions and covering spaces

Schur multiplier, metaplectic group

A common problem is trying to turn a projective representation of a group
into a linear representation. For example, suppose V is an irreducible repre-
sentation of a groups G (finite to make things easy). If a group H acts on G
does one get an action of H on V7 One obvious obstruction is that H acts on
the set of representations of G and might not even fix V', so suppose it does
fix V. Then for every element h of H, Schur’s lemma implies that we have a
corresponding endomorphism of V', unique up to multiplication by a constant.
So we get a well defined homomorphism of H to GL(V)/C* = PGLyand the
question is whether this lifts to a map from H to G Ly .Sometimes it does, and
sometimes it does not. But in any case we always get a map from some cen-
tral extension of H to GLy, as we can just take the central extension of pairs
(h,g) € H x GLy that have the same image in PGLy . In other words, we get
a linear representation of a central extension of H.

So we would like to understand the central extensions of a group H. When H
is perfect (in particular simple) there is a neat answer: H has a universal perfect
central extension such that all other perfect central extensions are quotients of
it.

Example 412 If G is a connected Lie group, it has a universal covering space
G, given by homotopy classes of paths in G starting at the identity. The kernel
of the natural map from G to G is discrete and normal, so in the center of the
connected group G.

Lie groups (and other groups) often have “unexpected” central extensions.
For example, special orthogonal groups have spin groups as double covers, and
symmetric groups have non-obvious double covers.
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Any perfect group G has a universal central extension that can be con-
structed as follows. Take a presentation

1-R—>F—->G—1

of G as a quotient of G by a free group F. Then F/[R, F] is a central extension
of G, and has a homomorphism to any central extension G of G lifting the
identity map of G. In general this lift is not unique, but is unique on [F, F]. If
G is perfect then [F, F] maps onto G and so [F, F]/[R, F] is a universal central
extension of G. The kernel ([F, F] N R)/[F, R] is called the Schur multiplier of
G, and does not depend on the choice of presentation of the perfect group G
because any two universal central extensions of G are canonically isomorphic.

Exercise 413 Use the Lyndon-Hochschild-Serre spectral sequence to show that
the Schur multiplier
(IF, FINR)/[F, R]

is isomorphic to the second cohomology group Hs(G,Z).

Exercise 414 Suppose that G is the semidirect product of the symplectic group
Span(R) by its natural representation R?" (considered as an abelian Lie group).
Show that G is perfect, and has a perfect central extension with a 1-dimensional
center. This group turns up in the theory of Jacobi forms.

Warning 415 For Lie groups, the Schur multiplier can be a LOT bigger than
one might expect, and in particular can be far larger than the center of the
universal covering space. For example, if G is PSL2(R), the center of the
universal covering space is just Z, the fundamental group of G. However the
center of the universal central extension is uncountable, because K5 of the reals
(or any uncountable field) is uncountable. However these central extensions do
not take the topology of G into account but treat G as a discrete group, and
seem somewhat pathological.

Example 416 Groups of Lie type over small finite fields have a bewildering
number of exceptional Schur multipliers. For example, most of the time SL,, (IF,)
has a trivial Schur multiplier. but the simple group SLy(F4) of order 60 happens
to be isomorphic to PSLy(F5) so has Schur multiplier of order 2. The group
PSL3(Fy4) has Schur multiplier of order 48, rather than 3 as one might guess.
Several of these exceptional multipliers occur in sporadic simple groups: for
example 2Eg(F4) has an exceptional double cover that appears in the baby
monster sporadic group.

Example 417 Suppose that M is a symplectic manifold, with closed non-
degenerate 2-form w. Define the Poisson bracket on smooth functions on M
by putting [f,g] = (df, fg), where (df, fg) is the bilinear form on the cotan-
genet space induced by w. If we use w to identify cotangent vector fields with
tangent vector fields, then f +— df is a homomorphism of Lie algebras. The ker-
nel is in the center and consists of locally constant functions. The image consists
of the Hamiltonian vector fields, a subalgebra of the vector fields preserving the
symplectic form.
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43 Levi’s theorem and Ado’s theorem

Theorem 418 (Levi) If a finite dimensional Lie algebra g over a field of char-
acteristic 0 has radical §, then g splits as a semidirect product of b and the
semisimple Lie algebra g/b.

Proof By induction on the length of the derived series for the solvable Lie
algebra h we can assume that b is abelian: in other words we start splitting
at the top of h and work our way down. Extensions h.(g/h) are classified by
element of the second cohomology group H?(g/h,h). This group vanishes for
g/b semisimple in characteristic 0 and b finite dimensional, so the extension

h.(g/bh) splits. O

Exercise 419 Show that if g is a Lie algebra (over a field k) with invariant
symmetric bilinear form (,) then g[t,t~1] @ k is a Lie algebra where the bracket
is given by [gt™, ht"] = [g, h]t™ "+ (m—n)k], and k is in the center. Show that if
k has characteristic 0 and g is simple then the Lie algebra is a central extension
of a simple Lie algebra but does not split. Find a similar finite-dimensional
example in characteristic p > 0.

Exercise 420 Show that if g is a finite-dimensional complex Lie algebra then
g splits as the semidirect product of its nilradical and a reductive (abelian plus
semisimple) Lie algebra.

Theorem 421 (Ado) Every finite dimensional Lie algebra over a field of char-
acteristic 0 has a faithful finite-dimensional representation. (Iwasawa showed
that this is still true over fields of positive characteristic.

At first sight this theorem looks as if it ought to be trivial to prove. One the
one hand if the center is the whole Lie algebra, in other words if g is abelian,
the theorem is obvious. At the other extreme if the Lie algebra has no center
the theorem is just as obvious because the adjoint representation is faithful.
One feels that the general case should follow by somehow combining these two
extreme cases, but there seems to be no easy way to do this. Proof We first do
the case when g = n is nilpotent. In this case there is a decreasing sequence of
ideals n =n3 D ny D - -+ with [n;,n;] C n;4;. We look at the action of n on the
universal enveloping algebra Un, which is faithful by the Poincar-Birkhoff-Witt
theorem, but infinite dimensional, and try to find a finite dimensional faithful
quotient. If we be Un; be the ideal of Un spanned by all products of at least i
elements of n then Un/Un,; is a finite dimensional representation, and we want
to show it is faithful for ¢ large. Pick a basis nq,nq... for n such that [n;, n,]
is a linear combination of ny for £k > 7+ j. Then the subspace spanned by all
monomials of total weight greater than dim(n) is an ideal containing ngim nt1
and the quotient by it is a faithful representation of n. So Un/Utgiyn)+1 is a
finite dimensional faithful representation of n.

Now we do the general case. By the Levi decomposition we can split g as
a semidirect product of a semisimple Lie algebra and its solvable radical, and
splitting the solvable radical using Lie’s theorem shows that we can split g as
n.h where n is nilpotent containing the center and b is the sum of a semisimple
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and abelian Lie algebra. We take the induced representation Ug X k of the 1-
dimensional trivial representation k of h. As Ug = Un® U as vector spaces by
the Poincar-Birkhoff-Witt theorem, the induced representation can be identified
with the universal enveloping algebra Un of n. Moreover all the ideals Un;
are preserved by the action of h. So Un/Ungimm)+1 can be extended to a
finite dimensional representation of g that is faithful on n and therefore faithful
on the center the center. So the sum of this representation and the adjoint
representation is a faithful finite dimensional representation of g. O

Corollary 422 If g is a finite-dimensional solvable Lie algebra over a field of
characteristic 0, we can grade g as § = Dp>09n S0 that go is abelian and the
nilradical is ®n>o@n -

Proof By Ado’s theorem the Lie algebra has a faithful finite dimensional
representation, and looking at the proof we see that we can also find one so that
the nilradical acts as nilpotent endomorphisms. We put this representation into
upper triangular form using Lie’s theorem, and use the height above the main
diagonal as the grading. (I

Combining the theorems of Ado and Levi gives a picture of an arbitrary
finite dimensional Lie algebra in characteristic 0: it is a semidirect product of
its nilradical with a reductive Lie algebra acting completely reducibly on it, and
the nilradical can be take ans a positively graded Lie algebra. The reductive
Lie algebras and their completely reducible representations are well understood
in characteristic 0, so the obstruction to understanding all these Lie algebras is
that there are rather a lot of nilpotent algebras.

Generalized Fitting subgroups

44 Classification of simple complex Lie algebras

We classify the simple complex Lie algebras by combining the root decomposi-
tion of a Cartan subalgebra with the non-degeneracy of the Killing form (which
follows from Cartan’s criterion) and the representation of SLs. The first job is
to tighten up the root space decomposition G = &G, for a Cartan subalgebra
H, by showing that G is equal to H (and so is abelian), and G is 1-dimensional
for A # 0.

Theorem 423 Suppose H is a Cartan subalgebra of a semisimple complex Lie
algebra G, with root space decomposition G = &Gy. Then Gy = H.

Proof The Killing form is non-degenerate, and since it is invariant we see that
(G, G,) is zero unless A+ = 0. So the Killing form must be a non-degenerate
pairing between G and G_), and in particular is non-degenerate on Gj.
Since Gy is nilpotent, and therefore solvable, Lie’s theorem shows that for
any representation of Gy we have Trace(a, [b,c]) = 0, so in particular for the
Killing form of G we have (a, [b, ¢]) = 0 for all a, b, ¢ € Gy. So [b, ¢] is in the kernel
of the Killing form restricted to Gg, which implies [b,¢] = 0 as this restriction
is non-degenerate. O
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45 The Segal-Shale-Weil representation

46 Invariant integration

On any locally compact group, there is a left invariant measure called Haar
measure, unique up to multiplication by a constant. For a finite dimensional
real vector space this is just Lebesgue measure. Haar measure in general is quite
hard to construct, but fortunately for Lie groups there is an easy way to do it.
On an n-dimensional oriented manifold, we cannot integrate functions, but we
can integrate n-forms. (If the manifold is not oriented, we can integrate sections
of the line bundle of n-forms tensored with the line bundle of orientations,
but since Lie groups are orientable we do not need to worry about this extra
complication.) So to give a left-invariant Haar measure all we have to do is find
a left-invariant n-form. But this is easy: just fix any n-form at the identity, and
we can then extend it uniquely to all points just by left translating it.

Example 424 If the group G is the non-zero real numbers under multiplica-
tion, a left-invariant 1-form is given by dx/x. This is why the Gamma function
is shifted by 1: it is given by fooo e~'tsdt/t, where we are integrating over the
group of positive reals, the expression ¢° is a character of this group, and dt/t
is the invariant measure.

Example 425 On the group GL,(R), the invariant measure is given by

H dx;/ det(z;;)"

. This is because an element of the group multiplies ordinary Lebesgue measure
on R™ by the determinant, so multiplies Lebesgue measure [[dz;; on R™ by
det™.

We have talked about the measure being left-invariant, so it is natural to
wonder if it is also right invariant. There are many cases when it is. First
observe that right translation by g multiplies the measure by a constant A(g),
and this gives a homomorphism A from G to the positive reals.

e For finite groups the measure is counting measure, so is obviously left and
right invariant.

e For compact groups the total measure of the group is finite, so must also
be invariant under right translation.

e For any simple or perfect group the measure is right invariant, as the
only possible homomorphism to the abelian group of positive reals is the
identity.

e For any nilpotent group the measure is right invariant.

In spite of all these examples, there are also groups where the Haar measure
is not right invariant. To find examples we need to understand the modular
function. If we have an element g of a group, we can transfer an n-form at the
origin to g using either left translation or right translation, and we want to know
if these give the same result. This is so if the adjoint action of g on n-forms
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at the origin is trivial. So we see that the modular function is just the adjoint
action of G on the 1-dimensional vector space given by the highest exterior
power of the Lie algebra. For example, nilpotent Lie groups act trivially on the
highest exterior power of the Lie algebra, so the modular function is trivial.

Example 426 Suppose G is the 2-dimensional solvable non-abelian Lie group
represented by transformations x — ax + b of the reals. Then x — ax acts as
multiplication by a on the exterior square of the Lie algebra. So the modular
function is non-trivial and the left invariant measure is not right invariant.

A Lie group G acts on the homogeneous space G/H for any close subgroup
H, and we can also ask if G/H has a G-invariant measure. This depends on the
modular functions of G and H. In fact measures correspond to a choice of the
highest exterior power of g/h, so for there to be an invariant measure on G/H
the action of H on this has to be trivial. In other words the modular function
of H has to be the restriction of the modular function of G.

Example 427 Suppose G is the group = — az + b acting on the reals. Then
there is no invariant measure on the reals, and the modular function of G does
not restrict to the modular function of the subgroup H = R* fixing a point.
On the other hand, although there is not invariant measure, there is a measure
transforming by a character of G which is almost as good. We see that this
happens whenever the modular function of H is the restriction of some character
of G (not necessarily the modular character of G).

Example 428 Sometimes we cannot even find a measure transforming like a
character of G. For example, take G to be PSLs(R) acting on the projective line.
The subgroup fixing the point oo is the group of transformations x — ax + b,
and the modular character of this cannot be extended to any character of G as
G is simple so has no non-trivial characters. So 1-dimensional projective space
does not even have a semi-invariant measure.

Example 429 If G is a compact group acting on a manifold X, we can always
find an invariant measure by taking any measure on X and averaging it over G.
In fact we can do even better: take any Riemannian metric on X and average
it over G to get an invariant Riemannian metric. A rather similar construction
gives an invariant positive definite Hermitian form on a representation of G: take
any positive definite Hermitian form, and average over GG to make it invariant.
In particular representations of compact groups G are completely reducible, as
we can take the orthogonal complement of a subrepresentation.

Exercise 430 For each of the 3-dimensional Bianchi groups, determine whether
or not it has a two-sided invariant measure.

47 Heisenberg groups and algebras
The original Heisenberg algebra come from quantum mechanics as the Lie alge-

bra generated by the position and momentum operators x and d/dz. It has a
basis of 3 elements X, Y, Z with [X,Y] = Z and Z in the center. Variations of
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this algebra are common: they have a center, and the quotient by the center is
abelian.

We first look at the analogue for finite groups. These are groups G of prime
power order p™ with a center Z of order p such that the quotient G/Z is el-
ementary abelian (all elements of order p) and non-trivial. They are called
extra-special groups. We will classify them and find their irreducible represen-
tations. First of all, the commutator gives a non-degenerate skew symmetric
bilinear form on G/Z taking values in Z, so we can think of G/Z as a vec-
tor space with a skew symmetric form, so it breaks up into a direct sum of

2-dimensional spaces. So G is a central product of extraspecial groups of order

pS

We classify the non-abelian groups of order p3>. When p = 2 G must have
a cyclic subgroup of order 4 as every group all of whose elements have order 2
is cyclic. So G is generated by elements a, b with a* = 1, bab"1 = a1 as b
normalizes (a), and b* = 1 or a?. This gives two possibilities: the dihedral group
of order 8 or the quaternion group of order 8. When p is odd, one possibility
is that there is an element of order p?. Again we find that it is generated by a
and b with a?’ = 1, bab~1 = aP*!, bP is a power of a, but this time we find all
such groups are isomorphic (given by a semidirect product of cyclic groups of
orders p? and p). The other possibility is that all elements have order 1 or p, so
if we select two elements not in the center we find that G is generated by a and
b with relations a? = b' = 1, aba~'b~1 has order p and is in the center. This
gives a unique group of order p® isomorphic to the upper triangular unipotent
matrices of size 3.

Now we can find all extraspecial groups by examining what happens when
we take central products. When p is odd, the central product of two groups
with elements of order p? is isomorphic to the central product of the group with
elements of order p? and the group with no such elements, so we only get two
possibilities for each order p**2" (which are distinct because one has elements of
order p? and the other does not). When p = 2 things are a little different: this
time the central product of two quaternion groups is isomorphic to the central
product of two dihedral groups. So again there are at most two possibilities
for each order 2' 727, To see that the two possibilities we get are distinct, we
notice that the map G/Z — Z taking g to ¢° is a quadratic form. Quadratic
forms over the field with two elements have an invariant called the Arf invariant,
which is given by whichever of the numbers 0 or 1 the form takes most often.
So again we get exactly two extraspecial groups of order p'*+2”.

Now we find the irreducible representations of G' of order p'*2". The abelian-
ization of G has order p?" so there are p?” irreducible representations of dimen-
sion 1. The number of conjugacy classes of G is p+ (p*+2" —p)/p = p*™ +p—1
so there are exactly p — 1 more irreducible representations, or degree dividing
the order of G, and the sum of their squares is p**2" — p?®. The only possibility
is that there are p — 1 further irreducible representations all of degree p™. They
can be distinguished by the action of the center, which can act by one of its
p — 1 nontrivial characters. So we see that the representation theory can be
summarized as follows: for each non-trivial character of the center, there is a
unique irreducible representation of the extraspecial group.

Now we study the Heisenberg algebra (over the reals). Recall that there are
two groups associated with it, one simply connected (upper triangular unipotent
matrices) and one not simply connected. By Lie’s theorem, or by observing that
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Trace([X,Y]) = 0 the only irreducible finite dimensional representations are 1-
dimensional so we should look at infinite dimensional representations.

Exercise 431 Show that in characteristic p the Heisenberg algebra has an ir-
reducible representation of dimension p.

We can try to find representations of the Heisenberg algebra by bounded op-
erators on a Hilbert space, but this also fails. So interesting representations
necessarily involve unbounded operators, such as « and d/dz. We can get a rep-
resentation of the corresponding group as the group of transformations of L?(R)
generated by translations, multiplication by e¢®¥. The Stone-von Neumann the-
orem says that this representation is essentially unique. In other words, just
as for the finite case, we get a unique irreducible representation for non-trivial
irreducible representations of the center of the group.
Free field theories in quantum mechanics.

Example 432 The Heisenberg algebra has an action on Young diagrams, or
more precisely on the vector space V' with basis consisting of Young diagrams
as follows. We define two operators D and U on V as follows. The operator U
takes a Young diagram to the sum of all Young diagrams that can be obtained
by adding a single box. Similarly the operator D takes a Young diagram to
the sum of all Young diagrams that can be obtained by removing a single box.
Then these operators satisfy the relation

DU -UD =1

so give an action of the Heisenberg algebra (with the center acting as 1). This
relation follows from two properties of Young diagrams:

1. Given two different Young diagrams X and Y, the number of diagrams
that can be obtained by adding a single box to either X or Y is the same
as the number that can be obtained by subtracting a single box from X
or Y. (This number is always 0 or 1).

2. Given a Young diagram, the number of diagrams that can be obtained by
adding a single box to X is 1 more than the number that can be obtained
by subtracting a single box from X.

(Young diagrams form a poset called the Young lattice, and a poset with similar
properties is called a differential poset.)

Exercise 433 Show that U™(0) = 3,,,_,, /A where fy is the number of stan-
dard tableaux of shape .

Exercise 434 Show that 37, _, f30 = D"U™) and use this to show that
Zm:n f3=nl

The numbers fy are the dimensions of the irreducible representations of the
symmetric group S, so the result in this exercise also follows from the fact that

the sum of the dimensions of the irreducible representations of a finite group is
the order of the group.
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48 Kazhdan-Lusztig polynomials

We construct the Kazhdan-Lusztig polynomials of a Coxeter group. These are
rather mysterious polynomials that control the infinite dimensional representa-
tion theory of simple Lie algebras: for example, the Kazhdan-Lusztig conjectures
(proved by Beilinson and Bernstein and by Brylinski and Kashiwara) express
the characters of irreducible quotients of some Verma modules in terms of the
values of Kazhdan-Lusztig polynomials at ¢ = 1.

Kazhdan-Lusztig polynomials P, ,,(¢) are polynomials depending on a pair
of elements v, w of a Coxeter group W.

The Hecke algebra H of a Coxeter group W is an algebra over Z[q'/2,¢~1/2].
It is generated by the elements T, for s a simple reflection, subject to the
relations

o (Ti+1)(Ts —q) =0

o T.TI\T,--- =T, T,T; --- whenever sts--- = tst--- is one of the relations of
the Coxeter (or braid) group.

For any w € W we define T), to be T, Ts, --- whenever w = s159--- is a
reduced expression for w. This is well defined because any two reduced words
for w can be connected by a series of relations of the form sts--- = tst---.

The Hecke algebra is a free module over Z[q'/2, ¢~'/?] with a basis consisting of
the elements T,,. In particular the Hecke algebra is a deformation of the group
algebra of W, in the sense that it becomes the group algebra if ¢ = 1.

Motivation for the Hecke algebras: the Hecke algebra (at least when W
is a Weyl group) is the algebra of double cosets BwB for a finite Chevalley
group, with g the order of the finite field. This double coset algebra acts on
the induced representation given by inducing 1 from B to G, so representations
of the Hecke algebra describe the decomposition of this induced representation.
The name Hecke algebra comes from Hecke operators in the theory of modular
forms, which also form a basis of an algebra of double cosets. Sometimes Hecke
algebra is used as a generic terms for an algebra of double cosets.

We write (—1)¢ for the linear map on H taking T, to (—1)“")T,.

The Hecke algebra has an order 2 antiautomorphism (—1)‘R (meaning it
reverses multiplication: (—1)¢lIR(ab) = (—1)*R(B)(—1)*R(a)) with R(¢'/?) =
q'/2, R(T,) = qT;! for simple reflections s. So on the basis elements T,,, R acts
as R(T,) = qe(“’)Tuj,ll.

Definition 435 The R-polynomials R, ., are defined to be the matriz coeffi-
cients of R in the basis Ty,: more precisely

R(Tw) = Z Rv,wTv-

Exercise 436 Show that R, , vanishes unless v < w, in which case it has
degree £(w) — £(v) and leading coefficient 1.
Show that

Rw,y(qil) = (_q)é(x)ig(y)Ra:,y(Q)
Show that
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o R,y =Ry sy if sx <z and sy <y.
® Ryy=(¢—1)Rszy + qRoz,sy if sz > 2 and sy < y.

These relations can be used to compute the polynomials R, , recursively.

1/2 1/2

The ring Z[ql/z, qil/z] has an order 2 automorphism x* taking ¢'/° to ¢~
and this lifts to a ring homomorphism (—1)%+ of H taking the generator T} to
—q~'T,. Tt takes the basis element T, to (—q)_é(w)Tw. The antilinear map
« fixes the elements ¢“(*)/2T,, which form an alternative basis for the Hecke
algebra, which is more convenient when considering duality properties. Some
authors write T}, for ¢~ “(*)/2T,,. in which case one of the relations for the Hecke
algebra is changed to (T + ¢~ '/2)(Ts — ¢~ /?) = 0.

The two functions * and R commute and their composition *R = Rx* is an
antilinear antiautomorphism taking the generator Ty to T, ! = ¢ Ty +q~ 1 —1
and taking ¢'/2 to g~1/2, so it takes the basis element T}, to T, ;.

We order the basis elements ¢—“(*)/2T,, by the Bruhat ordering. In this basis
the linear transformation R is an upper triangular matrix with diagonal entries
1.

Lemma 437 (Birkhoff factorization) If R is an invertible upper triangular ma-
triz over a ring of Laurent polynomials, there are unique matrices P, Q such
that R = QP~', Q has polynomial coefficients, and P is the identity matriz
modulo terms of negative degree.

Proof This follows because we can calculate the entries of P and () recursively,
in order of their distance from the diagonal, in much the same way that we can
find the inverse of R. At each step the entries of P and @ are given uniquely by
splitting some Laurent polynomial into the sum of a polynomial and something
all of whose terms have negative degree. (Il

Lemma 438 If the matriz R of the previous lemma satisfies (xR)? = 1, where
* takes ¢ to ¢~ then *RP = Px, or in other words xR and * are conjugate by
P: xR=Px P~

Proof By definition of P we know that RP = xQx for some matrix ) with
constant term the identity. We have to show that P = ). Using the facts that
(xR)? =1 and %% = 1 we see that *RP = Qx and *RQ = Px, so *RS = —Sx
where S = P — @ has polynomial coefficients. But this last equation implies
S = 0, because we can solve recursively for the entries s of S in order, and find

at each step that xs = —s if all previous entries are 0, which implies s =0 as s
the terms of s all have degree > 0 and there is no 2-torsion. So S = 0, which
implies P = @, so *xRP = Px. O

Definition 439 The Kazhdan-Lusztig polynomials P, ., are the matriz entries
of P, where R = QP is the Birkhoff decomposition with respect to the *-
invariant basis with elements ¢~“®)/2T, : in other words

P(Tw) = va,w (q)Tv
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Lemma 440 The elements Cl,, = Pq~*™/2T, and C,, = «xPq~“"/2T, are
fixed by xR.

Proof This follows because *RP = Px and the basis elements ¢—“*)/2T,, are
fixed by *. |

Exercise 441 Show that:

e P, vanishes unless v < w, and is 1 if v = w, and is a polynomial in g of
degree less than (¢(w) — £4(v))/2 if v < w.

e For v < w the Kazhdan-Lusztig polynomial P, ,, is 1 if £(w) — ¢(v) < 2 or
if the Coxeter group has rank at most 2.

® Py pach(q) = 1+ g where a, b, ¢ are the usual transpositions generating the
symmetric group Sy (with a and ¢ commuting).

Beyond these simple cases, the Kazhdan-Lusztig polynomials are rather hard
to compute by hand, and can get very complicated: for example, Polo showed
that any polynomial with constant term 1 and non-negative integer coeflicients
is a Kazhdan-Lusztig polynomial for some symmetric group.

Exercise 442 Classify vector bundles over P!. (Birkhoff-Grothendieck theo-
rem) Over A! all vector bundles are free (coordinate ring is a PID). So cover P!
by 2 copies of A! on each of which vector bundle is free of rank n. Transition
functions are given by an n x n matrix with coordinates in k[x,z~!]. We can
multiply on left by an invertible matrix in k[z] and on right by invertible matrix
in k[z~!]. Using these operations we can make transition matrix M diagonal
with entries powers of z as follows. Use operations to make 1 column zero except
for one element, necessarily of the form z”, and choose r as large as possible,
and take this element to be in top left corner. (To show that such a maximal r
exists, observe that it is bounded above by integers ¢ such that for some nonzero
vector v with coefficients in k[z~!], Mv has all coefficients divisible by z¢, and
this ¢ is invariant under the matrix operations on the left and right, and is
bounded by the highest power of z appearing in M.) Then by induction we
can make matrix diagonal except for top row. Then using maximality of r we
can clear top row, using column operations to clear out powers of x that are at
most 7, and row operations to clear out powers that are at least s where z° is
the diagonal power in this column. So if there are any entries left in the top
row we must have r < s contradicting maximality of s. So vector bundle splits
as the sum of one dimensional bundles of the form O(m). Number of copies
of O(k) is uniquely determined by looking at dimension of space of sections of
bundle twisted by line bundles.

Example 443 Example: If the matrix M is ( 1 ;2 ) then it cannot be

. . . 1 . . .
turned into the diagonal matrix ( 22 ); instead it gets transformed into

( v . ) This shows we need to take » maximal in the above argument.
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49 Tits systems and the Bruhat decomposition

Definition 444 A Tits system consists of the following:

o A group G, generated by two subgroups B and N, such that H = BN N
is a normal subgroup of N.

o A set S of involutions generating the (Weyl) group W = N/H.
o I[fs€ S andw e W then sBw C BwB U BswB.
e [fse S then sBs  B.

Exercise 445 If G = GL,(C), N is the subgroup of n by n matrices with
exactly one non-zero entry in each row and column, and B the subgroup of
invertible upper triangular matrices, and S the involutions obtained from the
identity matrix by switching two adjacent rows, show that this is a Tits system.

Example 446 We show that the Lie groups PSL,,(R) and PSL,(C) are simple
for n > 2. In fact it requires little extra effort to determine which of the groups
PSL,(F) are simple for any field F', so wee will do this. By ?? we just have
to check when this group is perfect. Since this group is generated by elements
ti;(A) (1s on the diagonal, and a X in position 7,j) we try to write these as
commutators. If n is at least 3 we can always do this; for example

1 A 0\ /1 00\ /t x o\ /10 o\ /10 x\"'

01 0 0 1 p 0 1 0 01 p) =101 0

0 0 1 0 0 1 0 0 1 0 0 1 0 0 1

Example 447 For 2 by 2 matrices the commutator of (())‘ /\91) and ((1) ‘f) is

(é ()‘211)“), so we are OK as long as we can find a nonzero element A of the

field with A2 # 1. This is possible as long as the field has at least 3 elements, so
PSL,(F) is simple for n > 2 and any field F', except possibly for the two cases
n=2and F'=TFy or Fs.

We look at these two cases in more detail to see that they are not simple.
The group PSLy(F2) has order 6 and is just the symmetric group acting on the
3 points of the projective line over o, so in particular is solvable. The group
GL(F3) has order 48. The quotient PG Ly(F3) has order 24 and acts faithfully
the on projective line over Fy so must be the group S, of all permutations of
these 4 points. So GLo(F3) has a chain of normal subgroups, with successive
quotients Z/2Z, (Z/27)?, 7Z/3Z, 7./2Z and in particular it is solvable. The
groups SLa(F3) and GLy(F3) are two of the exceptional finite subgroups of the
unit quaternions. (The third is SLy(F5).) One way to see this is to observe
that these groups contain a quaternion subgroup containing the center of the
group, so the action of this quaternion group by right translations on the group
algebra gives a quaternion structure to all representations where the center acts
as —1.
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50 Casimir elements and the center of the uni-
versal enveloping algebra

51 Capelli’s identity
52 Verma modules

53 The Weyl integration formula

Suppose that G is a compact connected Lie group with maximal torus T. We
would like to integrate functions f over T" when looking at orthogonality rela-
tions of characters, but this is hard to do directly as G can have quite compli-
cated topology. However every element of G is conjugate to an element of T'; so
any class function is determined by its restriction to 7', and therefore we should
be able to work out its integral over all of G using a suitable integral over T,
which is much easier as T' has the much easier structure R"/Z"™. The problem is
that we cannot integrate f over T directly, because we need to account for the
fact that some elements of T are conjugate to more elements of G than others.
For example, if we pretend G is finite, then

number of elements of G conjugate to g
D flg) =D 1) x

v P number of elements of T' conjugate to g

where the weight on the right is a function on T invariant under the normalizer
of T. Weyl’s integration formula identifies this weight function explicitly, and

states
/ =] swxTla-e)

teT

The square root of this fudge factor is the denominator of the Weyl character
formula, because

[[a-en =] -ene?=e]][(1-€

a a>0 a>0

where we use the fact that if « is a root then so is —«, and where p is half the
sum of the positive roots. Proof (of the Weyl integration formula). Suppose
that ¢ is in the maximal torus 7. Consider the map from G/T x T — G
taking (z,t) — xtx~!. The fudge factor at t is given by the determinant of
the corresponding map of tangent spaces, since the determinant measures how
much the measure is increased.

(Add more)

So the fudge factor is given by det(1 — ¢) acting on g/h. Since g/ is a sum
of the 1-dimensional weight spaces, the determinant is simply the product of
the eigenvalues of 1 —t on these weight spaces, which is []_ (1 —t%). a

Example 448 The Weyl integration formula for integral of a class function f
over the unitary group is

1 0. )
W/f(glw--,@N)erf—eek|d91...d9N

i<k
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The Weyl character formula follows from the Weyl integration formula as
follows. The characters of highest weight representations are characterized by
these properties:

1. They are invariant under the Weyl group
2. They are of the form e*+ terms with lower weights
3. They are orthogonal

The characters of the Weyl character formula obviously satisfy the first two
conditions, so the key point is to check the third condition. This follows from
the Weyl integration formula because the product of the denominators of two
characters cancels out with the fudge factor in the Weyl integration formula:

54 Borel-Weil-Bott theorem

The Borel-Weil-Bott theorem gives a natural geometric realization of all the
irreducible finite dimensional representations of a complex semisimple Lie group.

If G is a semisimple complex algebraic group, then the space of polynomial
functions on G, as a representation of G X G, breaks up as the sum R® R over the
irreducible representations R of G. This is analogous to the decomposition of
functions on a finite group G as a representation of G x G. If R is an irreducible
representation and U the unipotent subgroup of a Borel subgroup B, then the
vectors of R fixed by U are just the highest weight vectors of R, and therefore
form a 1-dimensional subspace. So if w is a 1-dimensional representation of B,
corresponding to a representation w of the torus 7', then the subspace of vectors
of R transforming like w under B is either 0 or 1-dimensional, depending on
whether R has highest weight w. So the polynomials on G transforming on
the right under B according to w are either 0 or form a copy of the highest
weight representation of G (acting on the left) with highest weight w. This is
the Borel-Weil construction of the irreducible representations of G.

The Borel-Weil construction is usually stated in terms of global sections of
line bundles over a projective manifold, so we describe this correspondence. The
space G/B is a projective variety. A 1-dimensional representation of B gives a
line bundle L on this projective variety. The global sections H°(V, L) of this
line bundle are essentially the same as functions on G transforming on the right
according to w.

In the case when the group G is GL,(C), the group B is the group of upper
triangular matrices, and V is the flag variety of all maximal flags in C™.

There is an extension of the Borel-Weil theorem due to Bott, where instead
of looking at H°(V, L) one looks at the representation H*(V, L) for more general
i. Bott showed that there is at most one i for which this space is non-zero, and
in this case the representation is irreducible.

When G is SLy(C), the space V is just 1-dimensional projective space. In
this case H(V,0(n)) is the n + 1-dimensional irreducible representation of
SLy(C) if ¢ = 0 and n > 0, and the —n — 1-dimensional irreducible repre-
sentation of SLy(C) if ¢ = 1 and n < —2, and 0 otherwise. In particular if
n = —1 then both cohomology groups vanish.
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Bott’s theorem is one of the simplest examples of cohomological induction,
a powerful way of constructing representations of groups. Roughly speaking, 0-
dimensional cohomological induction is a sort of variation of ordinary induction.

Add something on H?(n, V) as an algebraic version of Borel-Weil-Bott.

55 Peter-Weyl theorem

The Peter-Weyl theorem says that irreducible unitary representations of com-
pact groups behave much like irreducible representations of finite groups, except
the there may be an infinite number of them. In particular they are all finite
dimensional, and the space L?(G) breaks up into an orthogonal sum R ® R*,
generalizing the fact that if G is finite then its group ring C[G] is a sum of
matrix algebras corresponding to the irreducible representations of G.

When G is finite, the representation L?(G) is finite-dimensional, and we can
construct the irreducible representations of G' by breaking up L?(G) into irre-
ducibles. The main extra problem that appears when G is compact but infinite
is that one has to show that L?(G) still breaks up into finite-dimensional rep-
resentations. Once one has done this, the arguments for finite groups mostly
generalize easily to all compact groups. In particular one can show that for any
compact group there are enough finite dimensional irreducible unitary repre-
sentations, in the sense that for every nontrivial element of G there is a finite
dimensional unitary representation on which it acts nontrivially. (There are
compact groups for which this is not immediately obvious: for example, if one
defines the spin group to be the double cover of the special orthogonal group,
it is not completely trivial to construct a representation where the center acts
nontrivially.)

Theorem 449 (Peter-Weyl). Suppose that G is a compact group. Then L?(G)
splits up as an orthogonal direct sum finite dimensional representations of G.

Proof

We have a left action of G on L?(G). We would like to break this up into finite
dimensional representations. A good way to break up a representation of G is to
find operators commuting with G; then eigenstates of these operators are acted
on by G. If these operators are compact then things are even better because
the eigenspaces of non-zero eigenvalues are finite dimensional. There are lots
of obvious operators commuting with G, consisting of right translations. These
are not compact operators in general. However we can make them compact
by smoothing them: in other words instead of using right translation by an
element of GG, we use right convolution by some continuous function on G.
These operators are compact as they are just integral operators on a compact
space with continuous kernel (this is the main point where we use the fact that
G is compact). If we want we can arrange for these operators to be self adjoint
by taking a function invariant under inverses.

So for every continuous function on G we can break L?(G) up into a sum
of finite dimensional irreducible representations, and a possibly infinite dimen-
sional zero eigenspace. We need to check that there is nothing nasty hiding
in these zero eigenspaces. So suppose f is orthogonal to all finite dimensional
irreducible representations in L?(G). Then f*¢ = 0 for any continuous function
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¢, and we want to show that this forces f to be 0. But if we take a sequence
(or net) of functions ¢, approaching the “delta” measure at 0, then f * ¢,
approaches f, so if all the f % ¢,, are 0 then f is 0. |

Corollary 450 FEwvery irreducible unitary representation of a compact group G
is finite-dimensional.

Proof Any unitary representation of any group can be represented as con-
tinuous functions on G. As G is compact, continuous functions are in L2, so
all irreducible unitary representations occur in L?(G). As L?(G) splits up as a
sum of finite-dimensional representations, all irreducible unitary representations
must be finite-dimensional. d

In particular, since irreducible unitary representations are finite dimensional,
we can define their characters as the traces of elements of G. These are contin-
uous functions on G satisfying orthogonality relations similar to those of finite
groups, except of course one replaces sums over the group by integration.

Just as for finite groups, the space L?(G) splits up as a sum R ® R* of
irreducible representations of G x G, where the sum is over the irreducible
unitary representations of G.

Example 451 If G is the circle group of complex numbers of absolute value 1,
then L?(G) splits up as the sum of the 1-dimensional spaces spanned by 2" for
integers n. The decomposition of an element of L?(G) as a linear combination
of these functions is just the Fourier series of a periodic function.

Example 452 Suppose that G is the group S C R* of unit quaternions. Then
(complex) polynomials of degree n on G form a space of dimension 4 X 5 X - -+ X
(n+3)/n!l —4x5x---x (n+1)/(n—1)! = (n+1)2 These form the space
R ® R, where R is the (n + 1)-dimensional irreducible representation of G.

Exercise 453 Show that the representation R® R of S C R* can be identified
with the space of harmonic polynomials on R* of some fixed degree.

The Peter-Weyl theorem and its corollaries fail when the group G is not
compact. Even the trivial representation is not usually a subrepresentation of
L?(G) as the function 1 is not in L2. For abelian locally compact groups, the
space L?(G) is still an integral rather than a sum of irreducible representations,
but for non-abelian groups things are much more complicated. For example,
for G = SLy(R), the space L?(G) splits up as a sum of some irreducible rep-
resentations (the discrete series), an integral of others (the continuous series),
and there are some irreducible representations that do not appear in L?(G) at
all (the trivial representation, limits of discrete series, and the complementary
series). For semisimple G, the decomposition of L?(G) into a direct sum and in-
tegral of irreducibles was worked out by Harish-Chandra. Even stranger things
can happen for groups that are not semisimple. For example, for the infinite
symmetric group G' = Sy (the union of S, over all n), the space L?(G) cannot
be split up into irreducible representations at all. (This gives an example of
a von Neumann algebra of type II;, an essentially infinite-dimensional object
that has no analogue for finite-dimensional representations.)
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56 Formal groups and Hopf algebras

Just how complicated can the 1-dimensional abelian Lie group get?

57 Lazard’s universal ring

Commutative formal group laws are represented by the following universal ring:
Take the ring generated by elements ¢; ; with the relations that if f(x,y) =
> cija'y? then f is a commutative formal group law. These relations are some
(rather gruesome) polynomial relations between the coefficients, so define a ring
L generated by these coeflicients subject to these relations. It is obvious that
formal group laws over a commutative ring R are the same as homomorphisms
from L to R. The ring L is called Lazard’s universal ring. Lazard discovered the
amazing fact that in spite of its formidable definition it has a simple structure:
it is just a polynomial ring on infinitely many generators of degrees 2,4,6, ....
We can grade the ring by letting x and y have degree = 2, so that c¢; ; has
degree 2(i + j — 1). This grading corresponds to the following action of the
multiplicative group: if f is a formal group, so is A=!f(Ax, A\y). The strange
factor of 2 in the grading is put in because of Quillen’s theorem that Lazard’s
ring is the coefficient ring of complex cobordism.

To prove Lazard’s theorem we need some preliminary results about binomial

coefficients.
a a;
<b> = H (b) mod p

where the product is over the digits of the base p expansions of a and b. In
a

particular (b) 18 divisible by p if and only if some digit of b is bigger than the

corresponding digit of a. Or to put it another way, (azb) is mnonzero mod p

exactly when the sum a + b can be computed without carrying.

Lemma 454

Proof We want to count the number of b element subsets of a elements mod
p. Divide up the a elements into ag blocks of size 1, a; of size p, and so on, and
consider the action of a cyclic p-group acting transitively on each block. This
acts on the subsets of size b and all non-trivial orbits on the set of subsets have
size a power of p, so (Z) is congruent to the number of subsets fixed by this
action, in other words subsets that contain an entire block if they contain one
element of it. But the number of ways of choosing such a subset is []a;b;. O

Corollary 455 The highest common factor of the numbers (Z) for0<b<a
ispifa=p",n>11is a prime power and 1 otherwise.

Proof By the previous lemma we see that the highest common factor is divisible
by p if and only if @ > 1 is a power of p. To complete the proof we just have
to check that the highest common factor is never divisible by p2, which follows

because (pfil) is not divisible by p?. a

Exercise 456 Write out the first 10 or so rows of Pascal’s triangle modulo 2
and 3, and color in the entries that are 0 to see the “fractal” patterns they form.
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The following technical lemma is the key point of the proof of Lazard’s
theorem.

Lemma 457 Suppose that T'(x,y) is a homogeneous polynomial in 2 variables
of degree n with coefficients in some abelian group A. If the coefficients of x™
and y™ vanish, and T'(z,y) = T(y,x), and T satisfies the 2-cocycle condition

D(z,y) +T(z+y,2) =T(z,y + 2) + [(y, 2)

then T is equal to
a((z+y)" —a" —y")

for some a € A unless n is a power of a prime p, in which case I is

a(fﬂ+y)"—x"—y”
p

Proof It is enough to prove this when A is finitely generated (by the coefficients
of T'). Also if it is true for two abelian groups B and C then it is true for an
extension B.C' because we can first solve for I' in C, and subtract a lift of this
solution to get a similar problem with coefficients in B, which we can also solve
by assumption. So we can assume that A is either the integers Z or Z/p for
some prime p because every finitely generated abelian group can be obtained
from these by taking extensions.

Write o
D(z,y) = Z ai,;z'y’
i+j=n
Then
ag,n = Gn,0 = 0 (28)
@ij = aj (29)

i+ j i+ k
(Z —L— j)ai_mk = (‘7 _;; )ai)j_kk whenever ¢ and k are nonzero (30)

Also the expressions given in the lemma are all solutions of these equations.

We first do the case when A is the integers. If A is the rational numbers
the result is clear, because the binomial coefficients in the identity above are all
nonzero, so the space of solutions is at most 1-dimensional, and as we have found
one solution all the others must be multiples of it. So when A is the integers
all solutions must be some rational multiple of the solution given above, but as
the highest common factor of the coefficients of this solution is 1 any integral
solution must be an integral multiple of it. This proves the lemma when Ais
the integers.

Next we do the case when A is cyclic of prime order, in which case we
can assume that A is the field of order p. As before the solutions form a
vector space and we are given one non-zero solution, so it is enough to show
that the space of solutions is at most 1-dimensional. This is somewhat trickier
than the rational case because some of the binomial coefficients can vanish mod
p. The coefficient a;,—; is determined by a;,—; for j the largest power of p
that is at most 4, because the addition (i — j) + j involves no carrying. In

particular the coefficients are determined by those of the form ay: ,,_,i. Next
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we obseyve tha‘p Qpi p—pi = Qp_pi pi is determined by ayit1 ,_pi+1 if pitt < n,
unless p'™! + p’ > n. However in the latter case Qpit1 p_pi+1 is determined by
@pi p—pi- S0 in either case we find a coefficient such that all other coefficients
are determined by it. In other words the space of solutions is 1-dimensional.

O

Theorem 458 (Lazard’s theorem) The Lazard ring is a polynomial ring on
generators of degrees 2,4,6, ...

Proof We will first bound the size of the Lazard ring from above, which is the
tricky part, and then bound it from below, which is easy.

To bound the size of the ring from above, we suppose we have a formal group
f over some ring, and ask how much freedom we have to change the part of f
of degree n. Since we are just trying to get an upper bound on this freedom,
let’s throw away everything of degree greater than n, so our new formal group
will be f(x,y) + IT'(z,y) where T is a homogeneous polynomial of degree n, and
everything of higher degree is quotiented out. Then I' satisfies the following
three conditions:

1. T'(1,0) =T(0,1) = 0 because (f +I')(z,y) =z +y mod zy
2. I'(z,y) = T'(y, z) because a group law is commutative
3. D(z,y)+ T(z+y,2) =T(z,y + 2) + I'(y, 2) because f + T is associative.

By the previous lemma Gamma is determined by the choice of a single element
of R. In other words the Lazard ring has a set of generators with exactly one
generator in each positive even degree.

We now have to bound the Lazard ring from below, by showing that these
generators are algebraically independent It is enough to do this over the ratio-
nals, as any nontrivial relation between the generators over the integers gives a
nontrivial relation over the rationals. But over the rational numbers this is easy
because we can write down a lot of explicit formal groups: take any power series
I(z) = x+c12% +co23+. . ., and form the formal group =1 (I(x)+I(y)). (Here [~}
is the function with [=1(I(x)) = z, not 1/I(z).) In each degree we have complete
freedom to choose ¢;, and in fact over the rational the ¢; can be taken as the
generators of the Lazard ring. So there are no relations between the generators
of the Lazard ring, and it is a polynomial ring in infinitely many generators.
(Note that this argument does not work over the integers: the problem is that
the formal group might have integer coefficients even if its logarithm ! does not:
consider I(z) =x +22/2+23/3+---.)

O

So in principle we can write down any one dimensional commutative formal
group over a ring just by writing down a sequence of elements of R, given as the
images of the generators of the Lazard ring. In practice there is a problem: we
have not actually written down a universal formal group over the Lazard ring,
and this is not so easy to do. (It is easy to do this over the rationals using the
logarithm of the formal group; the problem is to do it over the integers.)
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58 Affine Lie algebras

59 Jacobi triple product identity
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