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Lecture 1

Lecture 1

Lie algebras and Lie groups, and their representations, will be the subject of the quarter.
We will start with an outline for the course.

First of all, an explanation of what is a Lie group. Well, group theory is simply a theory
of symmetry. We’ve studied mostly finite and discrete symmetries, but in the real world
symmetries are continuous. For example in 4-dimensional space, everything is invariant to
translations labeled by elements of R? (this is a continuous symmetry). Everything is also
invariant under rotations (symmetry denoted by SO(3)). So really the study of symmetries
should be the study of continuous groups. First of all, group of symmetries should be a
topological group. (It is a group object in the category of topological spaces.) We have a
notion of continuity therefore.

Definition 1.1. A “Topological Group” consists of a topological space M equipped with
1. a continuous mapping p: M x M — M called the “Law of composition”;
2. a continuous mapping e: 1 — M called the “Identity Element”;
3. a continuous mapping £: M — M called the “Inversion Operation”.

We can further demand that M is a manifold. So if we have a group G, t hen we
can take a neighborhood of the unit element e € U C G where U ~ R" is “topologically
equivalent” (i.e. we can introduce a “good” coordinate system in U denoted by z, ..., 2"
which are continuous and have continuous inverses).

A manifold is a topological space where every point x € M has a neighborhood U, C M
which is equivalent to R™. We have a preferred point, namely the unit point (identity element
of the group), since we have shifts

Ty(z) =g . (1.1)

These shifts are continuous topological transformations with continuous inverses, a continuous
identity, etc. We have
Tyle)=g-e=g Vg € G. (1.2)

We have coordinates in the neighborhood of any point. A Lie group is a topological group
with a coordinizable neighborhood at every point.

Note that this is not a good definition. The coordinates of x - y are coordinates of
these two factors f7(z!,..., 2" y',...,y™) continuous, but that’s not enough. We would
like these functions to be differentiable (moreover smooth, i.e. C'*°). This is not included
in the definition of a Lie group. First could we correct our coordinates to be differentiable
(there is a theorem which says we can). Second, we’d like to incorporate smoothness into
the definition of a Lie group. A Lie group is then a topological group with a neighborhood
at each point with coordinates permitting some smooth structure.

Now what of Lie algebras. If the Lie group is connected, if we know the group in the
neighborhood of e (the identity element), then we know it everywhere. The main thing is
we can take infinitesimally small neighborhoods! of e which is how we get a Lie algebra.

Take the group GL(n). It is easy to see it is a Lie group. If we take any closed subgroup
G C GL(n), then we will get a Lie group. It is a kind of submanifold of GL(n). We can
consider the tangent space of e in this submanifold, and it turns out it is a Lie algebra. So it
is a vector space closed under a commutator operation. This is the Lie algebra of the group
G, denoted Lie(G).

Definition 1.2. A “Lie Algebra” consists of a vector space V' equipped with a commutator
[, ]: VXV =V (1.3)

such that, for all a,b,c € V, we have

1Do not worry about what this rigorously means, we will use the tools of differential geometry to make
such a notion explicit and rigorous.
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1. distributivity [a,b + ¢] = [a, b] + [a, c];
2. anticommutativity [a,b] = —[b, al;
3. Jacobi identity [a, [b, c]] + [b, [c,a]] + [c, [a, b]] = 0.

Proposition 1.3. For every Lie group we can construct a corresponding Lie algebra.
Moreover, if ®: G — G’ is a Lie group morphism, then we can construct a Lie algebra
morphism ¢: Lie(G) — Lie(G").

Question. If we have a Lie algebra, does it come from a Lie group? Does it only come
from only one Lie group?

The answer is that a finite dimensional Lie algebra gives rise to a simply connected Lie
group corresponding to the Lie algebra. Omitting the criteria of finite dimensionality, we
don’t have an answer — no notion of infinite dimensional Lie groups currently exist!

We have, lastly, a notion of representation. It is very simple, namely a group homomor-
phism

p: G — GL(n). (1.4)

By proposition 1.3 this has a corresponding morphism of Lie algebras Lie(G) — Lie(GL(n))
which is the representation of Lie algebras. How to restore, how to classify the representations
of Lie algebras? It is very easy, contrasted to asking the same question for Lie groups.

We will mostly work with compact Lie groups, classical Lie groups, and their representa-
tions. We will also consider infinite dimensional Lie algebras. We will consider applications
to physics.

A Kac—Moody algebra is in general infinite dimensional, given by some commutation
relations. Every classical Lie Algebra may be considered as a Kac—-Moody algebra. Every
Lie algebra of a compact Lie group is a Kac-Moody algebra, to be more precise.

Semisimple and reductive Lie algebras are very closely related to the theory of compact
Lie algebras of compact Lie groups. This is Hermann Weyl’s so-called unitary trick. By
default we will consider Lie algebras over R, i.e. consider the underlying vector space to be
over R. We can consider over any field (viz. over C). At some moment we may switch to
work over C, as we are interested in complex representations.

Lecture 2

The main thing of interest is Lie groups, but Lie algebras are a useful tool to study Lie
groups. We will start with Lie algebras. First what is an algebra. Well, more or less, it’s
obtained from the formula

Vector Space + Ring = Algebra, (2.1)

with some compatibility conditions. When we speak of vector spaces, we need a field F;
a ring has 2 operations: multiplication and addition. (A ring is an Abelian group under
addition, and a magma under multiplication.) The only only relation between addition and
multiplication is distributivity:

a(b+c) =ab+ ac (2.2a)
(b+ c¢)a = ba + ca. (2.2b)
In general, a ring doesn’t have a multiplicative identity, nor is multiplication an Abelian
operation.
The compatibility condition for an algebra is thus
A(ab) = (Xa) - b (2.3a)
=a-(\b) (2.3b)

where A € F. This is associativity.
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Example 2.1. We have Mat,, (F) — the collection of all n x n matrices over a field F — be
a noncommutative, associative algebra.

Example 2.2. If we have some set M, the set of functions on M (denoted by C(M)) is
an algebra with respect to point-wise addition, multiplication, and F-scalar multiplication.
Note that if IF is a field, the algebra is associative. Now C'(M) has a lot of subalgebras if M
has some additional structure. If M is a topological space, we have the set C°(M) C C(M)
of continuous functions be a subalgebra. If M = R™ we may consider C*>°(M) C C(M) the
subalgebra of smooth functions.

Example 2.3. We can consider C*°(S™) where S™ is the n-sphere. We do this by introducing
local coordinates, and define the notion of smoothness in S™ by demanding tit be smooth
in every coordinate system on S™. But it is possible for a function to be smooth in one
coordinate system but not another, so we need to use the notion of a transition function.

A smooth manfiold M is covered by smooth local coordinate systems, and the transition
function between coordinate systems is smooth. So C°°(M), for some smooth manifold M,
is a unital, commutative, associative algebra.

We will introduce a construction of an algebra for a group, called the group algebra.
We consider all formal linear combinations of group elements with coefficients from a ring:

Group — Algebra
G — F[G] (2.4)

which has an element resemble ZTL a;g; where g; € G and a; € F for all i. We have addition

K2
be component-wise, and multiplication also be component-wise. So for example

(91 + g2) + (92 + 393) = g1 + 292 + 393 (2.5a)
(91 + 92)(g2 + 393) = 9192 + 39193 + 95 + 39295. (2.5b)

More generally

(Z aigi)(z bjg;) = Zaibj - (9ig;)- (2.6)

In the language of category theory, this is a functor Grp — Alg.

Recall a representation of a group G — GL(V) are homomorphisms from G to
automorphisms on V. We have very simply for a rep G — GL(n) a representation
F[G] — L(V,V) = Mat,, of the algebras. For every g € G we have its representation
©(g), so this induces a representation

Z aig; — Z aip(9i), (2.7)

where products go to products and sums go to sums. The opposite direction, a representation
of F[G] induces a representation of G, is also true (by the duality principle). Moral:
representations of groups induce representations of associative algebras (a representation of
associative algebras in general is referred to as “Modules”).
Consider 7 an associative algebra. We will define a new operation on &7, namely the
bracket as a commutator
[a,b] = ab—ba (2.8)

for all a,b € o/. So with respect to the bracket, 7 is an algebra (distributivity remains, but
associativity is broken). But observe

1. [a,b] = —[b, a] i.e. we have antisymmetry of the bracket;

2. the Jacobi identity holds.
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This newly constructed algebra is in fact a Lie algebra! So for every associative algebra o7,
we may construct a Lie algebra on &7; this is described by a natural functor, so algebra
morphisms are mapping to Lie algebra morphisms.

Remark 2.4. There are other ways to construct Lie algebras.
N.B.: subalgebras of Lie algebras are again Lie algebras.

Example 2.5. The Lie Algebra Mat,, (F) = gl,,(F) the Lie algebra for GL(n, F).

Example 2.6. Consider sl,(F) = {4 € gl,,(F) | Tr(A) = 0}. This is a Lie subalgebra of
gl,, (F), since Tr(AB) = Tr(BA) so Tr([A, B]) = 0 for all A, B € gl (F).

We can introduce the notion of an “Ideal” in an algebra, especially a Lie algebra! If
I C R where R is aring, then IR = I is a left ideal, and RI = I is a right ideal. This notion
may be generalized to algebras (especially Lie algebras!). Fir Lie algebras, every ideal is a
two-sided ideal.

Proposition 2.7. sl,,(F) is an ideal in gl,(F).

If we have a ring morphism ¢: R — R’, its kernel is a two-sided ideal. Moreover we
may factorize
Im(p) = R/ Ker(p). (2.9)

This construction generalizes to algebras.

2.1 Exercises

» EXERCISE 1
Check that the vector space R? is a Lie algebra with respect to cross-product of vectors. Check
that this Lie algebra is simple (does not have any non-trivial ideals). Check that all derivations of
this Lie algebra are inner derivations.

» EXERCISE 2
Check that the Lie algebra of Problem 1 is isomorphic to the Lie algebra so(3) of real antisymmetric
3 x 3 matrices and to the Lie algebra su(2) of complex anti-Hermitian traceless 2 x 2 matrices.

Lecture 3: Examples of Lie Algebras

Let us consider n-dimensional space R", with coordinates (z!,...,2"), and we can

consider either functions or polynomials of these coordinates C[z!,...,z"] and we will
consider the differential operators on C[z!, ...,z"]. It is an associative algebra, but also a
Lie algebra (when the Lie bracket is the commutator). We can consider Lie subalgebras, e.g.
first order differential operatorszA A?9;. But this is NOT a subalgebra of derivations, the
product AB is a second order differential operator; however note that

[A, B](f) = A'0:(B79; f) — B'0;(A'0 f) (3.1a)
= AN0;B)0; f + A'B10;0;f — B (0;A")0;f — A'B79;0; f (3.1b)
= AN0;B)0; f — B (0;A")0; f (3.1c)

So we write

C = C*0), = AY(8;B7)0; — B (0;A"); (3.2)

This C is a derivation on C[z!,...,z"]. We can write C¥ = A9(9;B*) — B(9; AF). The

commutator of first order differential operators is again a first order differential operator.
We would like to express this operator in two different ways. First what are the

coefficients A’? They are the components of a vector field. So this is really the algebra

2Note that we are using Einstein summation convention; when one index is upstairs and another is
downstairs, we sum over it as a dummy index.
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of vector fields, the commutator of vector fields yield a Lie Algebra. Second, we want to
introduce the notion of derivation of algebra. It is something satisfying the Leibniz rule.
Suppose we have an «7-algebra, and a linear map

a: o — o (3.3)

such that
alab) = ala)b + aa(d). (3.4)

First, these first order differential operators are derivations, and moreover all derivations
are first order differential operators.

This is a bit ambiguous, the algebra considered are left unspecified (smooth functions
or polynomials!). We will prove it for polynomials, but not for smooth functions. If we know
how a derivation behaves on the generators of the polynomial, then we know everything.
Let A(z') = A%(x) where A%(x) is a polynomial.

Remark 3.1. All this stuff works on smooth manifolds despite never specifying what a
“smooth manifold” is!

Theorem 3.2. Given an algebra <7, then we may consider Der(«/) of derivations of of
which form a Lie algebra.

Proof. We should prove it is a vector space, but it is obvious; we should prove the commutator
of derivations «, 8 € Der(«) is a derivation [«, 8] € Der(«?). We consider

(a0 B)(ab) = a(B(ab) (3.50)
=a(B(a)-b+a-B(b)) (3.5b)
=a(B(a) - b) + ala- B(b)) by linearity (3.5¢)
= (aop)(a) b+ Bla)a(b) + ala)B(b) +a- (aoB)(b) (3.5d)

Now we can consider the commutator expression of « with 3, which amounts to

[mmww=(Momw»b+mwmw+awwwww-momwo

— ((5 oa)(a) b+ Bla)a(d) + ala)B(d)+a-(Bo a)(b)) (3.6a)
=(aoB)(a)b+a-(aopf)(b) — (Boa)(a)b—a- (Boa)d) (3.6b)
= [, B(a) - b+ a- o, B](D). (3.6¢)

This concludes our proof. O

One last example of derivations. Consider an algebra o/ (either associative or Lie), take
a,r € of where a is fixed. Consider the derivation

aq(x) = [a,z]. (3.7)

For Lie algebras it is absolutely trivial:

aa([z, y]) = [aa(2), yl + [2, aa(y)] (3.82)
= [a,[z,9]] = [[a, 2], y] + [, [a, ] (3.8b)
= —[z,[y,a]] — [y, [a, 2]] Jacobi Identity! (3.8¢)

Remark 3.3. Such derivations are called “Inner Derivations”.
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Lets compute the commutator of two inner derivations, the answer is the

[ata, o] = afq,p) (3.9)

the result is an inner derivation. We have a homomorphism, so we have a ¢-Lie algebra so
we get a map ¥ — Der(¥) which, for all a € ¢, is mapped to

g = la, —]. (3.10)

N.B.: Henceforth and throughout, I will use the term “morphism” and “homomorphism”
interchangeably.

We can consider the morphism ¥ — L(¥) where L(¥) is the linear operators on 4. We
have a representation of our Lie algebra ¢, called the “Adjoint Representation” where
a — ag = [a,—]. We write ad, = a,. This is one of the simplest and most important
examples of the representation of Lie algebras.

Consider Ker(ad). Then a, = 0. What does it mean that [a, 2] = 0 for all z € 47 This
is precisely the “Center of ¢” denoted by Ker(a) = Z.

Theorem 3.4. If a finite dimensional Lie Algebra has no center (or a trivial one), then it
1s isomorphic to a matrixz Algebra.

Proof. We see that Im(ad) consists of a subalgebra of a Lie algebra of matrices since the Lie
algebra IS a vector space and it is finite dimensional. Thus ad is a matrix algebra. O

Lecture 4
We started discussing the adjoint representation last time. Given a Lie algebra ¢ and
a € ¢, we can construct o, = [a, —], aq: 4 — ¢ and obeys
Qap) = [aa,ab]. (4.1)

The adjoint representation for R? equipped with the cross-product form Lie(SO(3)) — the
Lie algebra for SO(3). The derivations are defined completely if we know the derivations of

the generators; moreover, for e.g. 7, 7, k we only need to think about 7, 7 since 7 x 7= k.

Definition 4.1. The “Structure Constants” for a Lie algebra ¢ (with generators e, ...,
e, which form a basis of the vector space) are specified by [eq, 5] = fag” ey, where foz7
are the structure constants.

Remark 4.2. If we have a real Lie algebra, the structure constants are real; on the other
hand, for complex Lie algebra, the structure constants are complex.

Definition 4.3. Let ¢ be a real Lie algebra. Its “Complexification” consists of a Lie
algebra denoted by C¥ constructed by making the structure constants complex.

So complexification is some “mapping”

(Real Lie Algebras) — (Complex Lie Algebras)

%o — 2%,

where 2% = % 4+ iy® € C, % € R. So we can write C¥ = ¥ @ i¥ where we have this direct
sum be the direct sum of vector spaces. This induces a notion of multiplication.

Example 4.4. Consider the Lie algebra so(n) which is a real Lie algebra consisting of
antisymmetric n-by-n matrices:

AT+ A=0, (4.2)

where A € Mat,,(R). We want to complexify it, which is very easy We consider the same
condition but take matrices with complex entries A € Mat,,(C) which obey Eq (4.2). So we
write so(n,C) = Cso(n,R).



Lecture 4

Example 4.5. The algebra u(n) of anti-Hermitian matrices A + AT = 0 where AT is the
Hermitian conjugate (i.e. conjugate transpose of A). We have A € Mat,,(C) but what is its
complexification? Observe

Cu(n) = gl(n,C), (4.3)
why? Well, for X € Mat,,(C) we have
X:% (X —XT) % (X +X7) (4.4)
alnti-Hermitilan | Hermitianl

but observe if A is anti-Hermitian, we have A + AT = 0, then 74 is Hermtian since
(A +id =i(—AT+ A) =0. (4.5)
So ¢ is anti-Hermitian, i¥ is Hermitian, and C¥ is everything.
We like to work in C since it is simpler than working in R.

Theorem 4.6. Complez representations of real Lie algebras are in one-to-one correspondence
with the complex representations of its complexification.

A representation maps basis vectors to linear operators, requiring us to solve
[€a, €8] = fap ey, (4.6)

where ¢(e,) = €,. For the complexified Lie algebra, we do precisely the same thing!
We will define matrix groups, then matrix Lie algebras. It will not be a general definition.

Definition 4.7. A “Matrix Group” is a closed subgroup of GL(n,R) or GL(n,C).

Theorem 4.8. The tangent space to the matriz group at the point I = e =1 the identity is
a Lie algebra called the Lie algebra of the matriz group.

Suppose we have a curve z(t) € R™ or in any topological space. Well, since x is a curve,
it’s a mapping
z: [o, B] = R™ (4.7)

from an interval of the real line [a, 8] to the space, the tangent vector is

dx(t)
dt

=2/ (). (4.8)

t=a

The tangent space at x¢p € M for a manifold M is the vector space of all tangent vectors at
xg. If the surface is given by

flt,...,2™) =0, (4.9)
we promote x — z*(t) to be components of a curve, implying
ft(@),...,z™(t)) = 0. (4.10)

We thus have by the chain rule

_of dz?
C 9zt dt

= 0. (4.11)

t=a

d n
&f($1(t)> sy T (t))

t=a
If we use the implicit function theorem, we can consider A? vectors such that

; Of
A ozt

=0. (4.12)

t=«
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Example 4.9. Consider O(n) = {A | AT A = I} the group of n-by-n orthogonal matrices.
We take A(t) to be a curve in O(n) such that A(0) = I is the identity. So A(t) = I + a(t).
Consider then

(I+a®)I +a®)")=1+a(t)+alt)" +0), (4.13)

then we can deduce the structure of the Lie algebra for “infinitesimal a(t)” to be precisely
the matrices X such that
X+xT=o. (4.14)

That is, all antisymmetric matrices.
If one has forgotten the implicit function theorem, here it is reproduced:

Implicit Function Theorem. Let f: R**™ — R™ be a continuously differentiable func-
tion. Fiz (z,y) € R"™™ x € R", y € R™ such that f(x,y) = c where ¢ € R™. If the

matric 5
. . w’
g = 9.y (4.15)
oyl
is invertible, then there exists an open set U containing x, an open set V containing b, and
a unique continuously differentiable function g: U — V such that

{(x,9(x))} = {(z,y)|f(z,y) =} N (U x V). (4.16)

Lecture 5: Classical Lie Groups and Algebras

The first example is GL(n,R) and the corresponding Lie algebra gl,,(R) which consists
of all matrices. It is important to consider gl,(R) C gl,,(C) the complexification of the
algebra. We will denote gl,,(C) = Cgl,(R) = gl,,.

Another example SL,, (R) the group of n-by-n matrices satisfying the property of having
unit determinant. To compute the Lie algebra, consider elements close to I or more precisely
a curve

A(r) =T +a(7). (5.1)

Now we should like to consider the tangent vector by Taylor expanding the curve and using
the coefficient of the first order term as the tangenet vector

A(r) =T +7X + O(72), (5.2)

so we want

det (A(e)) = det(I +eX) = I + e Tr(X) + O(£?). (5.3)

We see immediately that the condition Tr(X) = 0 is the condition for elements of the Lie
algebra. So we see that

Lie(SL(n,R)) = sl,(R) = {X € gl,, | Tr(X) = 0}. (5.4)
We may consider the complexification
Csl,(R) = sl,,(C) = sl,,. (5.5)

N.B. sl,, is an ideal in g[,, and gl,, = C @ sl,, is the direct sum of the trivial Lie algebra C
and sl,, since A =« -1+ A’ where A’ € s, so Tr A = o - dim.

We also see O(n) = {4 € GL(n) | AT A = I'}. The Lie algebra is obtained by considering
A =T+ eX where €2 ~ 0 is an “infinitesimal”?. The Lie algebra is obtained by

ATA= T +eX)T(I+eX) (5.6a)

3 Although this is a mathematically unrigorous notion, we can still use it for computational and heuristic
purposes.
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=I+e(XT+X)+0(e?) (5.6b)
=] <= X'+X=0. (5.6¢)
This is the condition for the Lie algebra of O(n) which is denoted
so(n) ={X €gl(n) | X + X =0}. (5.7)
We are interested in so(n) = so(n,C) = Cso(n,R). We see the Lie group
SO(n) = O(n) N SL(n) (5.8)

has unit determinants. We can also quickly compute and find that SO(n) is the connected
part of O(n) which contains the identity.
The group O(n) has elements A € O(n) such that
det(A)? = 1, so it has two separate components. This 41
is seen in figure 1. This means that the group O(n) is
disconnected, there is no continuous path connecting e.g.
an element X € O(n) with det(X) = —1 to an element
Y € O(n) with det(Y) = +1, because the path would
have to go through a point with zero determinant. That
is a singular matrix, which is not contained in the group -1
GL(n), and that would imply O(n) € GL(n) which is a
contradiction.
Remark 5.1. Both SO(n) and O(n) are both compact Figure 1: The Two Seperated
groups, i.e. closed and bounded. Components of O(n).

Remark 5.2. Note that U(n) and SU(n) = U(n) N SL(n) are also compact. The condition

for U(n) = {A € GL(n,C) | A'A = I}, and the corresponding Lie algebra is u(n). The
condition for it is

(I + AN (I +cA)=T+e(AT 4+ A) + O(e?) (5.9a)

=1 < Al+4=0 (5.9b)

So u(n) = {X € gl,(C) | AT + A = 0}. We have for su(n) = {4 € u(n) | Tr(A) = 0}. We
see that C = gl,(C), Csu(n) = sl,, are the complexifications.

The last classical group we would like to consider preserves some skew-symmetric inner
product. That is to say, (z,y) = —(y, x) more generally however we will use a Bilinear form
B which is antisymmetric

B(z,y) = —B(y, z). (5.10)
We write
B(z,y) = 2" By (5.11)
if B is an antisymmetric matrix. We want to find matrices A such that B(Az, Ay) = B(x,y),
i.e.
(Az)TBAy = 2(ATBA)y = By (5.12)
or equivalently ATBA = B. N.B. if B = I we recover the orthogonal group. We get a
group Sp(n) = {A € GL(2n) | ATBA = B}. the Lie algebra is of the form

(I+eX)'B(I+eX)=B = X'B+BX=0. (5.13)
If B is nondegenerate, then
sp(n) = {X|XTB+ BX =0} (5.14)

is the Lie Algebra for Sp(n). This is a noncompact group. We can get a compact group by
examining the intersection Sp,, (C) N U(n) = Sp,,, and C Lie(Sp,,) = sp(n) is the original Lie
Algebra.



Lecture 6

12

Theorem 5.3. All simple Lie algebras that are Lie algebras of compact groups are classical
Lie algebras or one of 5 exceptional Lie algebras.

There is a related notion of semisimple Lie algebra. A semisimple Lie algebra is a direct
sum of noncommutative simple Lie algebras. There is an important class of “Solvable” Lie

algebras.
Remember (e.g. from Lang’s Algebra chapter I §3) that a group G is “Solvable” if we

have a tower of groups

G2G12G2 22 Gy ={e} (5.15)

such that for G,,—1 2 G,, we have G,,_1/G,, be Abelian.
The notion of a solvable Lie algebra is the same except we have g,,_1 O g, be an ideal.
We also can doodle this cute diagram

G > H
epr Iexp (516)

Algebra Lie(G) DLie(H) is an ideal

Group

In a sense, these two notions of solvability and semisimplicity are “complementary” —
an arbitrary Lie group has a semisimple part and a reductive part. A compact Lie group
has a semisimple Lie algebra.

5.1 Exercises

» EXERCISE 3
Find Lie algebras of the following matrix groups

1. The group of real upper triangular matrices
2. The group of real upper triangular matrices with diagonal entries equal to 1.

3. The group T} of real n x n matrices obeying a;; =1, a;; =01if j —i < k and j = 1.

» EXERCISE 4
Check that the groups of Problem 3 and corresponding Lie algebras are solvable.

Lecture 6

Theorem 6.1. Consider a matriz group G C GL(n). Consider 4 the tangent space to G
at 1. Then ¢ is a Lie algebra with respect to commutator of elements.

Proof. Consider a curve
z:[0,1] — G, (1) =1+ a7 + O(7?), (6.1)
we obtain the tangent vector

2'(0) = lim 2n)=2©) _ (6.2)

7—0 T

We are proving this is a vector space and a ring.
Vector Space. If we have two curves

z(ry=14+ar+---, y(r)=14+br+---, (6.3)

we multiply together to find

2(T)y(7) = 1+ (a+b)7 + O(7?), (6.4)
and its derivative at 0 is d
3 @y(n)|  =a+b. (6.5)
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This implies that a + b € 4. We can similarly show

dia:()n') =X€c¥ (6.6)

T 7=0

for all A € R. Thus it’s a vector space.
Ring. The commutator [a, b] is obtained by the group commutator. We first let

z(r)=1+ar+ar’>+---, yr)=1+br+pr2+ -, (6.7)
and for the inverses use primed coefficients
s () =1+dr+ad 7+, Yy r)=14+V74+877 4. (6.8)
Then we plug it into the definition of the group commutator:
z()y()e Yy () =0 4+ar+-- )L +br+--)1+ar+--)1+Br+---) (6.9)

and we demand that
z(r)z (1) =1 (6.10)

produces the conditions that a +a’ = 0, and aa’ +a’ + o = 0 from the first and second order
terms respectively. We see similar reasoning for y(7)y~!(7) = 1 produces b+ b’ = 0 and
b’ + B’ + 8 = 0 as conditions on the coefficients. By carrying out multiplication, we find

(1+ar+ar?+-- )1 +br+ 82+ )1 +dr+o/ 2+ YA+ VT + 72 +--)
=14+ (a+b+ad +0b)r
+(a+ B+ + B +ab+ad +ab +ba’ +bb +a'b)r?+ - (6.11)

The first order term vanishes identically. The second order terms can be factored as
[(a+a +ad)+ (B+ B +bb)+ab+ ab + ba' + a'b']7? (6.12)

which can be rewritten as

[ab + (—a)(=b) + a(—=b) + (—a)b]T? = [ab — ba]T>. (6.13)

Thus
z(T)y(r)z(r) " ty(r) ™t =1 + [a, b]7% + O(T3). (6.14)
We can introduce a new parameter o = /7 and rewrite our equations to first order in o
which implies [a,b] € 4. O

6.1 Derivations as Infinitesimal Automorphisms

We have an algebra 7, all automorphisms of &/ form a group Aut(</). We may say
that derivations are “tangent vectors” to automorphisms, or in other words are infinitesimal
automorphisms. Consider a continuous family of automorphisms z(7), then

x(7)(ab) = z(1)(a) - z(7) (D). (6.15)
We take its derivative, if 2/(7) = «,, then
ar(ab) = ar(a)x(7)(b) + z(7)(a)a, (b). (6.16)

We assume z(0) = 1, then
ag(ab) = ap(a)b + aag(b), (6.17)

in other words derivations are infinitesimal automorphisms. We can say that derivations
form the tangent space to e € Aut().
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N.B. We cheated! We assumed 7 was equipped with a topology, so a curve being “contin-
uous” (much less differentiable!) made sense.

Consider a smooth manifold M, consider C*° (M) the algebra of smooth functions on
M. Any change of variables, i.e. smooth map, ¢: M — M will generate an automorphism.
Diffeomorphisms of M may be considered as automorphisms of C°°(M). Then Diff (M) C
Aut(C>*(M)).

To be completely precise we should write f(¢~!(z)). We may say the diffeomorphisms
form an infinite dimensional topological group. If M is compact, there is a natural notion
of topology on Diff (M). If we have a family of diffeomorphisms ¢;(x), differentiation with
respect to t is obvious. Vector fields are derivations of this algebra; that is Der = Lie Aut &7
and

Vect(M) C Lie Diff (M). (6.18)

We are of course a bit sloppy here....we won’t go into details on infinite dimensional groups.
Suppose that G acts on M, its action can be a smooth action. That is we have a
morphism of G — Diff (M) and at the level of Lie algebras consider Lie(G) — Vect(M).

Lecture 7

We took a matrix group G and considered the tangent space at e € G, T,G = Lie(G)
and showed it was the Lie algebra for G. If we took a curve z: [0,1] — G with 2(0) = e,
then we took 2'(0) € T.G. This tangent space is closed under the commutator, and addition,
so it’s a Lie algebra.

Question. Given a Lie Algebra, could we “restore” all elements of the group?
Yes, lets take x: [0,1] — G without the condition z(0) = e. If z(7p) = e, then

d .
El‘(T) € Lie(G). (7.1)

T=T0
The value of the parameter is completely irrelevant. What if we take z(79) # e¢? Then
nothing dangerous! Because look, we can take another curve

y(r) = (o)~ a(r) (7.2)

which is still a curve in the group. Now y(79) = e. Therefore we can say that y'(m9) € Lie(G).
Or by plugging in the definition, we see y'(79) = x(79) ~'x(7) € Lie(G). This is due to the
product rule and z(7p) being a constant. So for any curve in the group z(7) € G we have
z(7)712' (1) € Lie(G). Let

£(r) = a(r) "1/ (7). (7.3)
So a curve in G will generate a curve in the Lie Algebra of G by means of this simple way.
But now we would like to have a curve in Lie(G) give rise to a curve in G. We know

dz(r)

L — (n)e(r) (7.49)

gives a system of differential equations. To solve it, we need initial conditions. If we take
2(0) = e, then a solution exists.

How to restore the Lie group? Take all the curves in the Lie algebra, then we get all
the curves in the Lie group starting at 1, then...we get the whole matrix group? Not really,
only the “Connected Part”!!! We use the notion of path connected, that any two points
of the group have a continuous path connecting them.

Example 7.1. O(3) is not connected, since det(X) = £1 for all X € O(3). We cannot
connect two matrices X, Y € O(3) if det(XY') = —1. But SO(3) is the connected component
of O(3) since det(X) =1 for all X € SO(3).

Moral: We still have a way to get back the connected part of the group.
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We get z(7) "2’ (1) = &(7) € Lie(G). We can take very simple curves in this alge-
bra, namely constants! So &(7) are constant matrices. Then we get {(7) = A implies
x(7)"12'(7) = A if and only if

da(7)
dr

with 2(0) = e. Then z(7) = exp(A7). One way to define exp(Ar) is as a solution to this
differential equation. The other way is as a series

= z(7)A4, (7.5)

x(r) = Z —(AT)"™ (7.6)

Corollary 7.2. If A € Lie(G), then exp(4) € G.

In reality this is almost sufficient. We have the “Exponential Map”
exp: Lie(G) — G, A — exp(A). (7.7)

It maps a neighborhood of O € Lie(G) onto a neighborhood of 1 € G. Why is this true?
Because look, this is definitely true if the matrix group is a Lie group. Why? Because look,
what we have is a map of the tangent spaces to the manifold. It is obvious this matrix is

nondegenerate. It is really easy to check for classical groups.
If B =exp(A), then A =log(B). So we have

exp: Lie(G) —» G (7.8)

and
log: G — Lie(G) (7.9)

which exists in the neighborhood of 1. In reality matrix groups are the only thing that are
interesting. However we should also consider other groups. This requires a general definition
of Lie algebras.

Take any Lie group G (so take 1 = e € G, we can introduce a coordinate system in
the neighborhood of 1, (z!,...,2™), so it is topologically equivalent to the unit ball, and
moreover permits functions to be differentiable). Take the tangent space at the identity T3 G
and introduce an operation in such a way that makes it a Lie algebra. We consider curves
in G, z(7), such that £(0) = 1 and

dx )
arl| € Lie(G). (7.10)
Although it is coordinate dependent, we know how to change coordinates x — y(z),
yi = yz(x)’ and
dy? B Oyt da’
dr  9zd dr’
so we could define curves in any coordinate system and obtain the curve in any coordinate
system.
We still need to define the Lie Bracket [¢,n] for £,n € T1G. We would like it to be
compatible with the commutator of matrices. So what to do?
We will draw

(7.11)

e
a dr 7'=07

@
7d7— 7=0

13 and n

(7.12)

where x, T are curves in the group. We introduce the commutator

s(VT)E(vT)a(VT) T E (V)T (7.13)
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we would like

61 = <o (VDEVRR(VD VD (7.14)
7=0
We have already proven when we work with matrix groups, this is the exact same thing as
the commutator for matrices.
This is not quite the end of the story. But from this definition, we can derive a lot
of important stuff. Namely, if G, G’ are two Lie groups and ®: G — G’ is a Lie group
morphism, then Lie(®): Lie(G) — Lie(G’) is a Lie Algebra morphism.

Proposition 7.3. Lie is a functor.

Note that the Lie group morphism maps ®(e) = €', . (71G) = T1-G’ which is then a
Lie algebra morphism.

N.B. If the group is simply connected, Lie algebra morphisms induce Lie group morphisms.

7.1 Exercises

Lie algebra sl(n) (denoted also by the symbol A,,_1 ) consists of traceless n X n complex
matrices. The symbol F; ; denotes a matrix with only one non-zero entry that is equal to 1
and located in i-th row and j-th column.

» EXERCISE 5
Check that the matrices E; ;j for ¢« = j and the matrices h; = F; ; — Fit1,:41 form a basis of sl(n).
Find the structure constants in this basis.

» EXERCISE 6
Check that subalgebra h of all diagonal matrices is a maximal commutative subalgebra. Prove that
there exists a basis of sl(n) consisting of eigenvectors for elements of . (This means that b is a
Cartan subalgebra of sl(n).)

» EXERCISE 7
Check that e; = E; ;41 and f; = E;+1,; form a system of multiplicative generators of sl(n). Prove
relations

leis f5] = dizhis  [hiy hy] =0, (7.15a)
[hi,e5] = aije;,  [hi, 3] = —ai; [, (7.15b)
(ade;) "t e; =0, (ad fi) " f; =0 (7.15¢)

for some choice of matrix a;;.
We use here the notation ad(x) for the operator transforming y into [z, y].

Lecture 8

8.1 Main Theorems

We have a group G and we can construct the corresponding Lie Algebra Lie(G) con-
structed by examining the tangent space at the identity e = I € G:

Lie(G) = T.G. (8.1)
We discussed obtaining the Lie algebra from the Lie group, and if we have a group morphism
0: G—= G, (8.2)

we can construct a morphism of the corresponding Lie Algebras

@« Lie(G) — Lie(G"). (8.3)
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That is to say the following diagram commutes

G Lie(G)
© ©x (8.4)
e Lie(G")

we would like to consider going the other way. That is given a Lie algebra ¢, we would like
to construct a corresponding group, and show that Lie algebra morphisms ¥ — ¢’ generate
group morphisms. But the group needs to be simply connected.

Consider SU(2)/Zy = SO(3). However SU(2) has the same Lie algebra as SO(3); when
we identify the algebra topologically as the sphere, this quotient identifies opposite points as
the same. This doesn’t affect the Lie algebra.

If we drop the condition of being simply connected, a Lie algebra may give rise to
two different Lie groups. Simply connected permits us to continuously deform one path to
another. Every closed curved is contractible iff the space is simply connected.

Theorem 8.1. For each Lie algebra there exists a unique simply connected Lie group.

If g: [0,1] — G is a differentiable curve on the group, we may construct a curve

_,dg(t) d
) =gt) 't = 1 t .
7() = (1) A = o (9(1) (5.5)
on the algebra. We have
dg(t)
at ) € Tg(t)G, (8.6)

which is not necessarily in the Lie algebra T,G. However for some g € G we have g-1 = g,
so this is a translation which sends 1 — g. We have a map

g« TeG — T,G, (8.7)
and so the right formula would be
_1 dg(t
1(0) = (g () 0. (35)
But we will abuse notation and write
dg(t
3 () = gt 24 (9)

dt -

We have a correspondence between curves in the Lie Algebra and curves in the Lie group.

We obtain a system of differential equations

dg(t)
@ g(t)(t) (8.10)
which has a unique solution for g(0) = e.
Consider a curve go(t), ¢1(t) in the group,
where
90(0) = g1(0) = e, (8.11) go(t)

and we have g

go(1) =g (1) = g. (8.12) 5
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g
We assume that G is simply connected and we will deform the
path, thus obtaining a family of paths g, (t) = g(7,t) such that
go(t)4 491(t) g(0,t) = go(t) and g(1,t) = g1(t). We can draw a diagram (seen
on the left), we have two variables to consider 7 and ¢, which
l—o¢ to differentiate? Both of them! Consider
og(t,t
§(r,t) = g(ﬂt)‘lﬁg’——2 (8.13)
ot
and dg(r.)
-1 99\7,
n(r,t) = g(r ) =5 "= (8.14)
So what do we know? Well, the curves in the Lie algebra are
_1dgo(t
10(t) = o) 2 — g0, (8.15)
and don (t)
-1499
(1)(t) = gi(t) " ét = &(1,1). (8.16)
We also know ¢,(0) = e =1, and g,(1) = g, for every 7. We see then that
n(7,0) =n(r,1) = 0. (8.17)
We have
deg(7,t) = g(7,t)&(7,1) (8.18)
and
Org(,t) = g(7, t)n(7,1). (8.19)
We deduce from
8Tatg(7-a t) = 81587'9(7—’ t) (820)
that
(0r9)¢ + 90-& = (9eg)n + g(9em), (8.21)
and by multiplying on the right by g(7,t)~! we have
(67'0:9)E+ 0,6 = (g Og)n+0m = Om—0-6=nE—En. (8.22)
(I [
=n =£
We have an equation of r the form
on(r,t)  0&(r,t
70 B _ e, ), 1) (5.23)

ot or

Now, what should we do with this? In reality, we’ve done everything already. What is our
goal? We’d like to restore the group knowing the Lie Algebra. We get points in the group
by considering equivalence classes of paths in the Lie Algebra.

8.2 Exercises
8.2.1 Algebra D,
The Lie algebra D,, consists of 2n x 2n complex matrices L obeying

(FL)' + FL =0 (8.24)
where, in block form,
0 1
F= [1 0] . (8.25)

» EXERCISE 8
Check that D, is isomorphic to the complexification of the Lie algebra of the orthogonal group
O(2n).
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» EXERCISE 9
Check that the matrices

E;; 0
eij = [ s _Eﬂ} (8.26)
together with the matrices
_ |0 Epg—Egp o 0 0
fpq = [O 0 ) 9pq = Epg— Eqgp 0 (8-27)
form a basis of D,,.
Herei,j=1,...,n,1 <p< q<n,and F;; has only one nonzero entry that is equal to unity

located in the ‘" row and j** column.

» EXERCISE 10
Check that the subalgebra b of all matrices of the form

{‘g 0 A} (8.28)

(where A is a diagonal matrix) is a maximal commutative subalgebra, and prove that there exists
a basis of D, consisting of eigenvectors for elements of h acting on D,, by means of adjoint
representation. (This means that b is a Cartan subalgebra of D,,.)

» EXERCISE 11
Check that e; = eji41 for i = 1,....,.n —1 and e, = fn—1,n; fi = €41, for i =1,...,n — 1 and
fn = gn—1,n form a system of multiplicative generators of D,,. Prove the relations

lei, f5] = dijhi (8.292)
[hi, hj] =0 (8.29b)
[hi, 6]'} = Q45€5 (829C)
[his 3] = —ai; f (8.29d)
(ade;)' "“Ye; =0  wheni#j (8-29¢)
(adf;)' "9 f; =0  wheni#j (8.29f)
We use here the notation (ad z) for the operator transforming y into [z, y].
8.2.2 Algebra C,
Consider the Lie algebra C,, consisting of 2n x 2n complex matrices obeying
(FL)' + FL=0 (8.30)
where
0 1
F= [_1 O] . (8.31)

» EXERCISE 12
Check that C,, is isomorphic to the complexification of the Lie algebra of the compact group
Sp(2n) N U(2n) where Sp(2n) stands for the group of linear transformations of C*™ preserving
non-degenerate anti-symmetric bilinear form and U(2n) denotes unitary group.

» EXERCISE 13
Check that the matrices

_[E; 0O
eij = K _Eﬂ} (8.32a)
[0 Epg+E
qu = _O . 0 qp:| (832b)
0 0
Ipq = _qu + Eqp 0:| (832C)

form a basis of C,,, where 7,7 =1,....,.nand 1 <p < g <n.
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» EXERCISE 14
Check that the subalgebra b of all matrices of the form

{’3 0 A} (8.33)

where A is a diagonal matrix, is a maximal commutative subalgebra. Prove there exists a basis of
C,, consisting of eigenvectors for elements of § acting on C,, by means of adjoint representation.

» EXERCISE 15

Check that e; = e€;i41 (1 =1,...,n—1) and ey, = fon; fi =€it1: =1,..,n—1) and fr = gnn
form a system of generators of C,,. Prove

les, fi] = dijhis (8.34a)
[his h] =0 (8.34b)
[hi, €5] = aije;, (8.34c)
(hi, f5] = —ai; £, (8.34d)
(ade;)' ~%ie; =0, i#j (8.34e)
(adfi)' "™ f; =0,  i#j (8.34f)
8.2.3 Algebra B,
The algebra B,, consists of (2n + 1) x (2n + 1) complex matrices obeying
LYF+FL=0 (8.35)
where
1 0 0
F=10 0 I, (8.36)
0 I, O
I, is the n X n identity matrix, and we have written F' in block form.
» EXERCISE 16
Show that B,, is isomorphic to the complexified Lie algebra of O(2n + 1).
» EXERCISE 17
Check that the subalgebra b of all matrices of the form
0 O 0
0 A 0 (8.37)
0 0 —-A

(where A is a diagonal matrix) is a maximal Abelian subalgebra, and prove there is a basis of B,
consisting of eigenvectors for elements of h acting on B,, by the adjoint representation.

» EXERCISE 18
Find a system e;, f; of multiplicative generators of B,, obeying

les, fi] = dijhi (8.38a)
[hi, hi] =0 (8.38b)
[hi,e;] = aije; (8.38c)
(hi, f5] = —ai; fi (8.38d)
(ade;)' "% e; =0, i#£] (8.38¢)
(adfi)' ~"if; =0,  i#j (8.38f)

for “some” matrix a;;.

» EXERCISE 19
Describe the roots and root vectors of A,, B, Cy, Dyp.
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Lecture 9

Let G be a Lie group, consider Lie(G) its Lie algebra. Then there is a correspondence
between curves in the group and curves in the Lie algebra. So if we have two curves in the
Lie algebra, we have two curves in the Lie group, then for simply connected groups we may
deform two curves g1 (t), g=(t) with

91(0) = 92(0) = go, and ¢g1(1) = g2(1) = n (9.1)

by introducing a family of curves g.(t) which has a corresponding family of curves in the
Lie algebra. We have

_1dg.(t
E(r.1) = g 200 (9.28)
_1dg-(t)
_ 1
n(r, 1) = g, 9 (9.2b)
and we have the relation 5 o
j —_ — =
5~ 7 =l (93)
which occurs in the Lie algebra. Observe that
f(ta O) = ’}/0(15), f(t, 1) =N (t)7 77(07 T) = 77(1’ T) =0. (94)
So given these conditions that, for
on(r,t) O&(r,t) _
8t 87‘ - [S(Ta t)ﬂ?(ﬂ t)] (95)
with boundary conditions
£(t,0) =(t) and £(t,1) =n(t) (9.6a)
n(1,7) =n(0,7) =0 (9.6D)

can we get information induced in the group? We have

—1 8g(t7 T)
ot

§(t,m) = g(t,7)

where g(0,7) = 1. We can restore g(t, 7) since there is a unique solution to eq (9.7).

Suppose we have Lie(G) — Lie(G’) be a Lie algebra morphism; how can we induce a
Lie group morphism? Well, how we do it makes heavy use of this curve voodoo. The basic
correspondence we have is that “points in the group” corresponds to “curves in the Lie
Algebra”, and “multiplication in the group” corresponds to “concatenation of paths in the
Lie algebra.” Group curve concatenation can be performed, for

90,6 = G (9.8)
and
g2 [b,a] = G, (9.9)
_ )% (t) t€10,0]
o) = {92@192@ € lbal (910

If the paths ¢1(t), g2(t) are not loops, i.e. g1(0) # g1(b) and g2(b) # g2(a), then

_ )9 (t) te [0, b]
o= {gl(b)g2(b)192(t) te[bal. (9.11)
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We see that g(b) is in the first case equal to gq(b), and in the second case

9(b) = g1(b)g2(b) ™" g2(b) = g1.(b). (9.12)

Thus the two cases agree on the overlap.
The corresponding curve in the Lie algebra is

gt dgét(t)
(0200520 () 920) tepa

t € [0,b]

A(t) = (9.13)

up to a constant (i.e. g1(b)) in the second case. It doesn’t play a significant role, as it is
factored out. We end up with

_1dgi1(t)
g1(t)™? t €[0,b]
(t) = dt (9.14)
! gz(t)—ld%(“ te b a]

We will consider the construction of Lie groups from Lie algebra next time...

We proved there exists a one-to-one correspondence between simply connected Lie
groups and finite dimensional Lie algebras. If we have a discrete normal subgroup N C G,
then the Lie algebra of G/N 2 Lie(G). This is because there is a neighborhood U of 1 € G
such that Y NN = {1}.

Theorem 9.1. If G is simply connected, and Lie(G) = Lie(G’), then G' = G/N where N
is a discrete normal subgroup of G.

Example 9.2. R equipped with addition has trivial commutators in Lie algebra, but
Lie (U(1)) = Lie(R) so U(1) 2 R/Z.
Lecture 10

We will finish the construction of the Lie group from the Lie algebra. There is
an important formula called the “Baker-Campbell-Hausdorff formula.” Recall we

considered a correspondence between a curve in the Lie group and a curve in the Lie algebra.

The question is can we only consider curves exp(tA) one-parameter families of the group;
in the neighborhood of the identity, the correspondence is one-to-one. It would follow that

multiplication in the group
et . eB = CAB) (10.1)

goes to some operation in the algebra. We have
C(A, B) = log(e? - eP) (10.2)

we know

A_ AT
n=0

but there is no such series for the logarithm. There is some expansion for the logarithm in

some neighborhood. We need to be careful about the order of multiplication, we can express

the series in terms of the commutators

C(A,B) = A+ B+ 3[A, B+ 5[4, [4, B]| - S [B, A, Bl 5 [B,[4,[A, B+~ . (10.4

Really, the most important part of this formula is

C(A,B)=A+ B+ ~[A,B] + - (10.5)

1
2
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We expect ab initio that C(A, B) € Lie(G) is in the Lie algebra. This formula permits
us to construct a “local Lie group”, i.e. a group with induced group operation in the
neighborhood of the unit element.

There is a special situation with this being global. Consider a nilpotent Lie algebra.
The Baker-Campbell-Hausdorff formula becomes a polynomial with finitely many terms,
which gives rise to a Lie group from the Lie algebra.

10.1 Representations of s((2)
This is really quite important in math and in physics. We know

C ® su(2) = sl(2). (10.6)
So representations of su(2) may be studies by representations of s[(2). We know
SO(3) = SU(2)/Zs, (10.7)

so we can study representations of so(3) too!
For sl(2), we have generators e, f, h with the commutation relations

le. fl=h (10.8a)
[h,e] = 2e (10.8b)
[h, f] = —2f. (10.8¢)

We would like to describe all representations of sl(2). For a general Lie Algebra, we take
its Cartan subalgebra b C Lie(G). Here h is a generator of the Cartan subalgebra. We will
take any rep

©: 9 — gl(n). (10.9)
So
feo(f)y=F, e—ople)=E, hwoh)=H, (10.10)
and the commutation relations are
[E,F|=H (10.11a)
[H,E] =2F (10.11b)
[H,F| = —2F. (10.11c¢)

We need to find 3 such matrices. We will consider eigenvectors of H called “Weight
Vectors”

HE=\-Z. (10.12)

Once we have one weight vector &, we can construct others via use of F and F. We have
from eq (10.11b)
HE =E(H+2) (10.13)

which, when applied to the weight vector, yields
HEZ=E(H+2)%= (A +2)EZ. (10.14)

This implies that EZ is also an eigenvector of H with eigenvalue A + 2. Thus we have
infinitely many weight vectors, right? Well, this is wrong since EZ could vanish! If EZ = 0,
then ¥ is called the “Highest Weight Vector”.
We also have
H(F¥)=(A-2)F% (10.15)

by the exact same reasoning. This means that F'Z is also a weight vector. We will now
describe all finite dimensional representations of s[(2).
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Remark 10.1. In finite dimensional representations, H always has an eigenvector.

Lets apply E to £ many times, so we get new eigenvectors. Then at some moment
HE*z =0 (10.16)

for some k since we cannot have an infinite number of distinct eigenvectors. Let

7= Bz (10.17)
be the highest weight vector, so
Ev=0. (10.18)
Let
HT = mi. (10.19)
Let
O, = F*7, (10.20)
we know
Hoy, = (m — 2k) . (10.21)
This is a weight vector. We have
Fv), = Uk qq (10.22)
by definition. We should apply
Ety = EFU,_1 = (FE + H)Uj_1. (10.23)

We can guess that E raises the eigenvalue. That is
Ef)'k; = ’yk’l_fk (1024)

where v is some factor.
We can compute

Et, = FEG,_, + Hiy_, (10.252)
= F'(y5—10k—2) + (m + 2 — 2k) V%1 (10.25b)
= V1 FUg—2+ (m+ 2 — 2k)T;—1 (10.25¢)
=(m+2—2k+yp_1)0k_1 (10.25d)
= Y Uk—1 (10.25¢)

This implies that
Ve = Ye—1 + m+ 2 — 2k (10.26)

a recursion relation which permits us to compute v, an arithmetic progression. We have
our representation be irreducible if and only if

span{vj } = C". (10.27)

We have everything, we just need to compute the 4 constants. It turns out that the weights
range from m, m —2, ..., —m.

Lecture 11
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We consider representations of s[(2) = A;. We analyzed completely the finite dimensional
representations; the only place where finite dimensions were used was in proving the existence
of the highest weight vector. We reasoned h has eigenvectors. Then we applied e to the
eigenvectors of h, which produced a different eigenvector or zero.

We had the eigenvector

ht = AU, (11.1)

then
h(e") = (A + 2k)e" v, (11.2)

but in the finite dimensional case we get at some moment
e"v=0 (11.3)

for some n. So in finite dimensions, such a vector always exists. In the infinite dimensional
case, we will assume a highest weight vector exists. Then we will describe all irreducible
representations, we did this basically. Let ¢ be such that

et =0, (11.4)
then let
o = f*o, (11.5)
SO
hUk = (m - Qk)Uk (116)
and we have “ladder relations”
[ = Ukt (11.7)
and
67_)'}c = ’ykﬁkfl, (118)

where ~y;, is some coefficient which requires solving a recursive formula. We have
v =k(m—k+1). (11.9)

Lets prove this is an irreducible representation. What does this mean? It doesn’t have any
nontrivial subrepresentations. Suppose we do have some nontrivial subrepresentation, it
should contain at least one vector. Suppose this one vector is of the form

> oty = (11.10)

Lets apply to this vector e®w, what happens? It is pretty clear it should be W = U5y where
s’ is some index, this is due to h having an eigenvector in any representation.
We can now apply e and f to @, we end up recovering

e’ W  p. (11.11)

We made the mistake that
ety = k(m —k + 1)Uk_1 (11.12)

exists, i.e. m —k+1# 0. If m ¢ Z, then this is an irreducible representation. But if m € Z,
more specifically

k=m+1, (11.13)
then

€Umy1 = 0. (11.14)
So we get an irreducible subrepresentation spanned by vy, ¥1, ..., Uy,. So for each m € N, we

have on irreducible representation of dimension m + 1, so we have m +1=1,2,3,....
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Now lets discuss the group SU(2), recall su(2) consists of traceless anti-Hermitian
matrices; recall unitary matrices satisfy

ATA=1T. (11.15)

The rows and columns form an orthonormal basis:

a b
A= L d} (11.16)
$0
la? + b =1 and |c/*+|d?*=1 and ad—bc=1. (11.17)

If we know a and b, we can deduce that

{CC‘ Z] = {_ab 2} (11.18)

We can consider the topology here, if
a=ag+1iay and b=by+ib; (1119)

then we are working with a 4-dimensional sphere. We can say that topologically SU(2)
is compact and simply connected. The representations of SU(2) may be identified by
representations of its Lie algebra. We recall

CLie (SU(2)) = sl(2). (11.20)

We may describe the representations directly.

Remark 11.1. su(2) has a scalar representation, i.e. the most boring representation imaginable
(everything is represented by the unit matrix). It’s trivial, and has dimension 1.

Now we have the vector or “fundamental” representation. It is 2-dimensional. Every
matrix is represented by itself. Let V = C? be the representation of SU(2). For this special
situation, we can work with polynomials of z,y € C.

That is to say, if {(z,y)} =V, we may take the space of functions on V. We introduce

by (2) = p(g7'2) (11.21)
which “deforms” ¢(z) into p(g~'2). If we have
U p(2) = p(h™'2), (11.22)
then we demand
enopy: () = ¢((hg)™'2). (11.23)

Functions of V' are contravariant functors.

This is a reducible representation, since we may restrict our focus to polynomials over
V. Is the space of polynomials an irreducible representation? No! Why? We can have
the subspace of homogeneous polynomials of degree m. So it would be irreducible and
spanned by ™, 2™ 1y, ..., zy™ !, y™ which is of dimensions m 4+ 1. We can deduce the
representation of the Lie algebra. Observe for us in su(2),

b [(1) _01] (11.24)

so it corresponds to

[g ugl] € SU(2). (11.25)
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How h acts on the basis is that
h:x—ur, y—u 'y (11.26)

So in effect,
m

M RyR 2R gmehy R (11.27)
with the Lie algebra u = 1 + ¢ where |¢]? < 1. So
u™ =1+ me (11.28)

and so on.

Lecture 12: Representations

Today we will talk about representations, and this is the main part of the class. First
some things about representations. We have a representation be a morphism G — GL(n,C)
for Lie groups, a Lie algebra representation is a morphism ¢ — gl(n, C). How do we classify
representations? Well, the most important group representations are orthogonal or unitary
in the sense of using an inner product (-,-), i.e. morphisms

G —0O(n) and G — U(n) (12.1)
respectively. However, in the language of Lie algebras
A=1+a (12.2)

and the condition is as follows
(az,y) + (z,ay) =0, (12.3)

which for algebras results in morphisms
Y —so(n) and ¥ — u(n) (12.4)

respectively for orthogonal and unitary representations.

Theorem 12.1. Unitary and orthogonal representations are completely reducible (i.e. a
direct sum of irreps).

Lemma 12.2. If W is an invariant subspace, then W= is also an invariant subspace.

Lemma 12.2. We have AW C W, where A = ¢(X) for some X € G. If z € W+,

(z,wy=0 (12.5)
for all w € W. But
(x, Aw) =0 (12.6)
since Aw € W. But
(z, Aw) = (ATz,w) =0 (12.7)
if and only if
Alz e W+ (12.8)

for every A in our representations. But AT = A7! = o(X)™! = (X 1), so we are done. If
(r,z) >0 for all 2, then V =W @ W+. O
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Theorem 12.1. We have by our lemma, if our representation is irreducible we’re done;
otherwise, we write

V=waow (12.9)

We iterate on our summands, until we end up writing

V=P (12.10)

el

for our representation as a direct sum of mutually orthogonal irreps. For finite dimensional
V', there is only finitely many recursions; note this is the first time finite dimensionality is
used. There is an analogous notion for infinite dimensionality, but we need to use the direct
integral. O

Now are all representations unitary or orthogonal? Or...equivalent to unitary or
orthogonal representations? The answer is “No” for the simple reason they are not completely
reducible!

Example 12.3. Consider the one-dimensional Lie algebra R. It has one generator e, and
its commutator

[e,e] = 0. (12.11)

Now to construct a representation of this, how to do this? Send this generator to somewhere
satisfying the commutation relations...but they are always satisfied. So representations of
this Lie algebra are merely all linear operators.

We should classify these representations. Two representations are “involutive” if they
are, as matrices, similar

E' = A7'EA. (12.12)

Every matrix may be written in Jordan normal form, and that’s it! We’ve classified
everything. We get a series of eigenspaces embedded in each other, but no direct sum of
invariant subspaces for the simple reason every invariant subspace should have an eigenvector.
So this representation is not equivalent to a unitary or orthogonal representation, and it is
not completely irreducible. Only when all the Jordan cells are one dimensional, then the
representation is completely reducible.

The corresponding Lie group to R is RZ ), but there is one more group which corresponds
to the same Lie algebra viz. U(1). Geometrically U(1) is a circle, and its elements are
of the form exp(iy)...there is a whole in this circle, it’s not simply connected. So the
representations of the Lie algebra R does not coincide with representations of the Lie group
U(1). They are related but do not coincide. This group has representations that are
equivalent to unitary representations, moreover are completely reducible; if z = exp(ip),
then the representations are given by

z 2" (12.13)

How to prove all this stuff?
First how to prove all representations of this group are equivalent to unitary ones. Lets

consider any representation
p:U(1) >V (12.14)

and introduce an inner product on V', i.e. (-,-). There are two possibilities: inner product is
invariant (we’re happy, the representation is unitary), or it’s not invariant (it’s not equivalent
to a unitary representation). Then we can make the inner product invariant, namely by
introducing a new inner product

(vnvn)) = / (o(9)vr, (g)v2)dg (12.15)
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which is already invariant with respect to the group G. Namely

(euzspyon) = [(ola)oten, elo)elhyuaidy (12.16a)
= / (p(gh)va2, p(gh)vi)dg g'=gh, dg’'=dg (12.16b)
= /<s0(g’)vzy<p(9’)v1>dg’ (12.16¢)
= ((va, v1)) (12.16d)

For us g = exp(iy), gh = exp(ip) exp(if) = exp (i(¢ + #)) is merely a shift. So we need a
measure on the circle which is invariant with respect to translations; we have it. We proved
more, really, we almost proved the theorem:

Theorem 12.4. Every complex representation of a compact group is equivalent to a unitary
representation.

The proof is exactly the same, the only thing missing is a lemma.

Lemma 12.5. Every compact group can be equipped with an invariant measure (measure
invariant with respect to shifts).

Really a measure invariant under right (or left) shifts always exists, but may not be
finite for noncompact groups. To fix the measure, fix it in the tangent spaces, but we know
the tangent spaces for Lie groups! For compact groups, left invariant measure coincides with
right measure, and are finite.

Lecture 13

Today we will talk about compact Lie groups. First a few remarks about characters.
Suppose we have
¢: G — GL(n) (13.1)

be a group morphism. We have

Tr (0(9)) = x4 (9) (13.2)

be the character at the point g. The character is an invariant of a representation. If ¢, ¢’
are two isomorphic representations, so

¥'(g9) = Ap(g)A’ (13.3)
then
Xe(9) = X (9) (13.4)
for every g € G. The character is a class function, it doesn’t depend on conjugation
Xe(aga™) = xe(9)- (13.5)

This is basically everything we need. In general, for compact groups G, the characters
determine everything.

Theorem 13.1. If p: G — GL(n), p': G — GL(n) are two representations such that
3o(9) = X (g) for cach g € G, then p= /.

For a compact group, we have the invariant volume be

/1 cdv =1 (13.6)
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which can be normalized. For a finite group, this integral averaging a function is merely a
sum

f= /f(v)dv for compact groups (13.7a)
= % Z f(g) for finite groups (13.7b)
geG
‘We have
)= [ £ fEd=TF (13.8)

we can compute the norm of characters

0 otherwise

1 if the rep is irreducible
Xl = v{x,x) = { (13.9)

So we have

(Xi» Xj) = 0ij (13.10)
so we have orthonormal characters from an orthonormal basis. Where? For class functions!
Note class functions only depend on conjugacy classes. For example, consider G = U(n),
we can diagonalize any unitary matrix by means of unitary transformations. We have then

diagonal matrices consists of

21
D= (13.11)
Zn

where zj, = exp(ipy), so T = U(1)" the n-torus.

What’s relevant is that 7" forms a commutative subgroup of U(n). This is the maximal
commutative subgroup for U(n), or the maximal torus. Since every element is conjugate
to this stuff, if we want to know the character, we only need to be concerned about the

character on the torus. But can the character be an arbitrary function here? No, it can’t.

So the characters x(z1, ..., 2z,) is a symmetric function on T', so it is invariant under any
permutation.

Let G be a connected, compact Lie group. Let T' be the maximal torus, i.e. the maximal
Abelian subgroup. It will always be a Torus, always a product of U(1). Then every element
of g € G is conjugate (conjugated in G) to an element of T'. Not every function on the torus
is a character. We should consider elements of G that form the normalizer of T, i.e.

N(T)={x € G| 2T =Tx}. (13.12)

We know T' C N(T) trivially, so to examine the nontrivial part of the normalizer we should
consider the quotient
NT)/T =W (13.13)

called the “Weyl Group”. The Weyl group acts on the Torus. It is obvious that characters
should be invariant with respect to this group.

Now to Lie algebras. We will work with complex Lie algebras. We will take G to be
a compact Lie group, CLie(G) the complexification of its Lie algebra. The Lie algebras

obtained in this way are “Reductive Lie Algebras”. They have an invariant inner product.

Every representation of a compact group is equivalent to a unitary representation (if complex),
or an orthogonal representation (if real). Lets take a Lie group G, lets take its (real) Lie
algebra

¢ = Lie(G) = T.G (13.14)
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which is the tangent space to the group at e € G. The group G acts on T.G in the obvious
way. For some z € G, then
grg ' € G (13.15)

is an inner automorphism. It maps e — e. So every curve starting at the identity goes to

a curve also starting at the identity, so we can define an action of G on tangent vectors.

This is called the “Adjoint Representation of G”, this is probably the most important
representation. We had a notion of the adjoint representation for Lie algebras, and really
it’s related to adjoint representations of Lie groups. We should consider

g=1+~ (13.16)
where v is “small.” Then the adjoint group representation is

1+y)z(l+y) P =s+yz—ay+-- (13.17a)
=x+[y,x]+--- (13.17b)

We are concluding that the adjoint representation of the group corresponds to the adjoint
representation of the algebra. Adjoint representation for compact group is equivalent to
an orthogonal representation. There exists an inner product (x,y) in ¢ which is invariant
under

(Adgz, Adgy) = (z,y), (13.18)

we see
Adijyrz=x+[y,z]+ =z +adyz +---. (13.19)

(The convention is adjoint representation for the Lie group is written as “Ad” but for the
Lie algebra is “ad”.)
We get
(v, 2], 9) + (2, [v,9]) = 0. (13.20)

If G is compact, then Lie(G) is equipped with a nondegenerate positive invariant product
(which is precisely the Eq (13.20) condition). We can extend this to the complexified Lie

algebra CLie(G) but it is a nondegenerate invariant inner product. This is a general result.

Examples. Consider gl(n), we have an invariant inner product (x,y) = Tr(zy).

Lecture 14

We have defined a reductive Lie algebra as the complexification of the Lie algebra for a
compact group. The Cartan subalgebra (usually denoted §) corresponds to the maximal
torus in the group T' C G is the maximal, Abelian, connected subgroup. Diagrammatically

€
—_—

Xp
exp
—_—

O ——>

G
I (14.1)
T

It is obvious that 7= U(1) x --- x U(1).
We can see R is the Lie algebra for R positive reals equipped with multiplication.
Note that

R, @ R* (14.2)

is an isomorphism for R™ the reals equipped with addition. This is not a unique Lie algebra,
we should factorize with respect to a discrete subgroup. To get a compact group, U(1)™ is
the only choice.

Let G be a compact group. Let ¥ = Lie(G), since T C G, we see G Lie(T) = 7 is the
Cartan subalgebra. This is its definition.
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It is tempting to define the Cartan subalgebra as the maximal Abelian subalgebra
of ¢4, but this is wrong. It is clear the Cartan subalgebra is really important, since the
character restricted to the maximal Torus permits us to reconstruct all information of the
representation. We will consider a representation of the Lie algebra

v: Y — gl(V), (14.3)
and we will assume the representation comes from a compact Lie group
o: G — GL(V). (14.4)

This is true for compact groups, and the corresponding representation of the corresponding
Lie algebra. Consider a representation for an Abelian Lie algebra, it is not necessarily
semisimple; not every representation of Abelian Lie algebras comes from U(1), it comes
from RT. We have for any z, a representation of U(1) is z + 2", n € Z. We can restrict the
representation ® to the maximal torus, and it is completely reducible. The same may be
said about

w: H — gl(V) (14.5)

the representation of the Cartan subalgebra, it is completely reducible. What are the irreps of
Ablian Lie algebras? It is very easy to see irreps of Abelian Lie Algebras are one-dimensional;
it may be proven in precisely one million different ways.
Now lets introduce the notion of a “Weight Vector” of a representation ¢, it is a
vector x € V such that
w(h)x = A(h)x (14.6)

it is an eigenvector for the Cartan subalgebra, we call A(h) the weight (it is a linear functional
for the vector space underlying 5#). That is to say A € J€*.

Proposition 14.1. There exists a basis of V' consisting of weight vectors.

If we know all the weights, we may compute the character of the representation. Suppose

we write
H = {Z{khk} , (14.7)
k

then any linear function hg — «j acts as

S > ray (14.8)

There is an exponential map
A — exp(A) (14.9)

that maps A € ¢ to exp(A) € G. If we have a one-parameter family in the Lie algebra tA,
then we have a one-parameter family in the subgroup exp(tA).
Suppose the coordinates of the Lie group is {z!,...,2*}, then the basis for the Lie
algebra would be
& = log(%), (14.10)

to recover the group you should exponentiate. We get the maximal torus, and then we can
compute the trace.
We have the adjoint representation

where E; is the weight vector for «;(h). Nonzero weights for the adjoint representation
are called “Roots” and weight vectors for the adjoint representation are called “Root
Vectors”.We can give a different definition for the Cartan subalgebra:
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Definition 14.2. The “Cartan Subalgebra” is a maximal Abelian subalgebra that is
completely reducible in (all representations, but in particular) the Adjoint representation.

Consider U(n), and gl(n) = CLie (U(n)), the maximal torus here consists of all diagonal
matrix ‘
exp(ip1)
H= (14.12)

exp(ipn)

is the maximal Torus. Here the basis of the weight vectors may be taken to be the standard
basis, the representation is
p: U(n) — Aut(C"). (14.13)

So we have n weights which are functionals on J7.

Lecture 15

Today we will start with some general examples. First some simple constructions of
representations which are quite general. We will consider a representation

¢: G — GL(V). (15.1)

If we have one representation, we may consider many others related to it. We may use any
natural construction, any functor, will give you something. For example we may consider
the dual space

Vi ={v:V > F} (15.2)

This is a contravariant functor. Remember ¢(g) € GL,, if V' is finite dimensional; duality is
related by the transpose ¢(g)”, we may ask ourselves if it is a representation?
We see immediately no it isn’t! Because we may say the transpose

(e(@)p()" # o(g) p(h)T (15.3)

therefore we do not have a representation. It is simple to cure this, we take

(e@)") " = (e(9)™)

which is the “Dual Representation”, i.e. the representation on the dual space. We demand

-1 T

(15.4)

then that -
(P9 =wlg™H" (15.5)
and then the character of the dual representation is
Xauat(9) = Tr (p(g™1)") = Tr (p(g7 1)) (15.6)
S0
Xauat(9) = x(97 ) (15.7)

There is another operation that is important, namely taking the tensor product. Suppose
V has basis (v1,...,v,) and W has basis (w1,...,w,), then V. ® W has basis

(V] @ Wiy ey, V1 @ Wy v oy Uy @ W, e, Uy @ Why) (15.8)

and a vector in V ® W is of the form

m

z=2"v; ® w, :ZZzijviQ@wj (15.9)

i=1j=1
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where we use Einstein summation conventions where indices upstairs are summed over the
indices downstairs. The dependence on the choice of basis is fictitious. If we have a change
of coordinates in V' have the components transform by

2t 7 =at il (15.10)
and we consider some arbitrary vector
v=a2lv; inV (15.11)
and if we do likewise consider a change of coordinates in W by
y =g = byt (15.12)
where we implicitly sum over k, then we have
w = yFwy, (15.13)

describe an arbitrary element. What is the transformation in the coordinates of the tensor
product? It is very simple. We obtain them by

7 = a’ bl 2" (15.14)
so if
a=a(g) and b=0b(g) (15.15)
for some group element g € GG, then
a®b=(a®b)(g) (15.16)

depends on g too. This gives rise to a tensor product of representations, which is a
representation by functoriality.
If we have
v: G —= GL(V) (15.17)

and
¥: G — GL(W) (15.18)

be representations, then we have the tensor product of representations as

(e @ v)g(v@w) = (2(g)v) @ (V(g)w). (15.19)
What about vectors that are not basis vectors? We can use distributivity, if
v=2a'v; and w=ylw; (15.20)
then by definition o
v w = z'y (v; ® w;). (15.21)

In other words, if V' and W are G-modules, then V ® W is a G-module. We may iterate for
as many G-modules tensored together as possible. We may recall

WeoV=VeWw (15.22)

naturally.

We may construct more representations via some gadget called an “Intertwiner” which
is a morphism of G-modules (i.e. preserves commutator, group operation). Sometimes we
use shorthand

PgU = gu (15.23)
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for the group action. Then a morphism is
a(gv) = g(awv). (15.24)

If an intertwiner is invertible, we have an equivalence of representations.
If we consider V ® V| then we have a natural intertwiner namely

VRW W . (15.25)

This is a natural isomorphism of representations, so nothing changes. If we have V&7,
then we have the symmetric group S,, consisting of intertwiners. So a permutation is an
intertwiner. We may consider vectors x such that

alz) == (15.26)
is invariant under such permutations; they form a subspace. More precisely
r =z ®v; (15.27)

and the coefficients are tensors, what we do is consider symmetric tensors which are fixed
points of the intertwiner which implies the coefficients obey

24 = It (15.28)
for all 4, j.
We may consider the subspace obeying
alr) = —x (15.29)
then the coefficients are - -
24 = =20 (15.30)

antisymmetric tensors. The symmetric one is denoted by Sym? V' and the antisymmetric by
/\QV. We generalize to the tensor product of n spaces

VO =V®---eV (15.31)
|
n times

then we get guys with n indices z"1-“». We can apply various demands of indices. We use
the notation

il %(Zij 0 (15.32)
and 1
2() = 5(2”‘ + 279, (15.33)

We may also take tensor products including the dual space and the vector space, for
example

Ve o (V) =V R VeV e V* (15.34)
| m times - n times |
which results in guys o
ajn (15.35)

with mixed indices.
We have been talking about groups, but we may consider analogous gadgetry for the
Lie algebra. If we have

(pg @ g) (u@v) = (p(g)(w) @ (V(g)(v)) (15.36)
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for the Lie group, and we take
g=1+~ (15.37)

where v is “small.” We obtain from the Lie group representation ¢i,~ a Lie algebra
representation ¢~, but how does the representation behave under the tensor product of Lie
algebra representations? We have

(B ® ) (@ 0) = (B5(w) @ v+ u® (4(v). (15.38)

Why? Well observe that

(Proy ®P14q) = (1+3) ® (1+¢) (15.39a)
=143, 01+12¢%, +0(e?) (15.39b)

Lie Algebra rep.

where ¢ is the “magnitude” of «, which is negligibly small in comparison to 1, and 1 is the
identity operator.
Consider the simplest example U(n) and its fundamental representation GL(C™). The
maximal torus is )
el
T= , (15.40)

elpn

this corresponds to the Cartan subalgebra consisting of diagonal matrices. The weight
vectors are the standard basis

which is 1 for the i*" component, 0 for all others. Now it is clear what are the weights,
merely the corresponding components. We may consider the tensor product of two such
representations. The basis is by our definition v; ® v, and it is very easy to understand

i @ v; = (i + @) (Vi © ;) (15.42)
is a weight vector. There is a rule for the characters

Xo@y = XXy (15.43)

using the characters of the “component” representations. We also have a representation of
symmetric tensors with the basis

v @V +v; QU; (15.44)
and for a representation of antisymmetric tensors
V; @ Vj — V5 QU; (15.45)

up to some overall factor of 1/2. Both bases have almost the same weights ¢; + ¢;, but for
the antisymmetric tensors we require i # j.

Lecture 16

If we have
©: G — gl(V) (16.1)

a representation, and J# C ¢ is the Cartan subalgebra, then we recall a weight vector v is
an eigenvector

w(h)v = A(h)v (16.2)
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for every h € 7. We have an adjoint representation
ad: 4 — gl(¥9) (16.3)

where
(ad z)v = [z, v] (16.4)

and the weight vectors for this representation are called root vectors, and the weights are
called roots. To define roots and root vectors for & we are solving

[h,v] = a(h)v. (16.5)

We can construct new root vectors from a given root vector by applying e;, f; to it. We
have

[h,e] = a(h)e <= he=eh+ a(h)e (16.6a)
< h(ev) = (eh + a(h)e)v (16.6b)

but
hv=Ah)v = h(ev) = (A(h) + a(h))ev. (16.7)

This is either zero or another distinct eigenvector.

Proposition 16.1. If v is a weight vector with weight \ and e is a root vector with root a,
then ev is a weight vector with weight A + o unless ev = 0.

Now we will introduce a definition. Well several definitions. First we introduce a notion
of a Cartan Matrix which is presented differently in different papers.

Definition 16.2. A “Cartan Matrix” is a matrix A = [a;;] such that
1. a;; = 2 are the diagonal components;
2. a;; € Z for any 1, j;

a;; <0 for off-diagonal components;

- W

although not necessarily symmetric, if a;; = 0 then a;; = 0;

5. it should be symmetrizable, i.e. we have a diagonal matrix B such that AB = D is
also diagonal.

Remark 16.3. Most of the time we will work with A nondegenerate, i.e.
det(A4) #0 (16.8)

But this is not a necessary condition, so we do not make it part of the definition.

For every classical Lie Algebra, the matrix a;; is nondegenerate

We have explicitly computed this, so we should look at our answers and nothing more.

The only thing that needs discussion is “Why is A symmetrizable?” We know there exists
a nondegenerate invariant inner product on classical Lie algebras. The adjoint representation
is orthogonal with respect to this inner product, i.e.

([h,z],y) + (z,[h,y]) =0 (16.10)

where h,z,y € ¢. This could be viewed as a consequence of compact Lie groups having
unitary representations giving invariant inner product.
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We can introduce the Killing form as
(z,y) = Tr (ad, ad, ) (16.11)

which is an invariant inner product. We may introduce an invariant inner product on the
group

(Uz,Uy) = (z,y) (16.12)
where U € G, but when U = 1 4 ue where ¢ is “small”, then we get
(p(u)z,y) + (2, o(u)y) =0 (16.13)

where ¢ is a morphism. But as a representation we have

<[uw], y> + <w [u,y]> =0. (16.14)

If we let u=1¢;, x = f;, y = h; we get

(lwal,y) + (a wy)) = (fear £ by ) + (Fisless b)) (16.153)
= <h2, hj> + <fz, —ajiei> (16.15b)
This holds if and only if
(hi, hj) = aji(fi,e)
l | (16.16)
(hj hi) = ai;(fj,€:)
Using the inner product on the group, we may construct the matrix B = diag(e;, f;) which
implies AB is symmetric.

For every Cartan matrix, we may construct a Lie algebra called a Kac-Moody algebra.

Really simple Lie Algebras are Kac—-Moody algebras with additional condition that the
Cartan matrix is positive definite. We will now describe all irreducible representations
of classical Lie Algebras; this is true for all Lie Algebras related to compact groups, and
reductive Lie Algebras.

In reality we may say for every compact group, the corresponding Lie algebras have
precisely the right generators. Moreover, we may classify algebras of compact groups. This
gives us a general theorem for representations of compact Lie algebras. We would like to
explain the notion of a highest weight vector in this situation. Namely the highest weight
vector v is such that

wle;)v =0 (16.17)
for all e; € 4. Of course this means that
o(h)v = A(h)v (16.18)

for all h € S, then this A is called the highest weight.
First of all, what is A(—)? It is a linear functional A € J*, i.e.

A —F (16.19)
it is a linear functional acting on the Cartan subalgebra. Then:

1. Irreducible representations contain not more than one highest weight vector, up to a
constant factor;

2. Finite dimensional irreducible representation <= finite dimensional representation
with one highest weight vector;

3. For every A € J¢* one can construct a unique irreducible representation with highest
weight A but this representation can be infinite dimensional,

4. This representation is finite dimensional if and only if A(h;) is a non-negative integer.

This gives us a complete description of finite dimensional irreducible representations.

(4) is the most important
point!
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16.1 Dynkin Diagrams

It is a very convenient way to depict Cartan matrices. Namely first of all the dimension
of the Cartan algebra is called the “Rank of the Lie Algebra”. We have A,, By, Cy, Dy
all of rank /.

The Dynkin diagram for A, we draw £ vertices and we draw v, vy w5 Vg
edges. We have the number of edges connecting vertices v; to 0—0——0—--+-—0
v; be given by the formula using the Cartan matrix

Nij = Qijjq- (16.20)

Suppose we know B, its diagonal so we only need to keep track of one index really. Since we
suppose we know B, then

aijb; = a;;b; (16.21)
implies
by — b (16.22)
ajl'
we get
nib; = a;;°b;, (16.23)
or equivalently
ibi
a2 = 20 (16.24)
bj

What is the conclusion? If we know [n;] and [b;], we can compute [a;;].

Let us write down the Dynkin diagrams for the classical Lie groups we have considered.

For D,, we have the diagram drawn on the right for the case 1

when n = 7 (observe there are 7 vertices). The Cartan matrix 1 1 1 1 1 /o

for D,, is symmetric. One can observe this by considering ©——°0—0——0o——0

the adjacency matrix for the graph. \o
1 1 1 1 92 For C,, we see the Cartan matrix is not symmetric, but we
0—0—0—o0—0 can symmetrize it. We find that a,—1 nann—1 = 2.

For B,, we see the Dynkin diagram is “the same” as for C, 9 9 9 2 1

but with different labels for the vertices. 0—0—0—0—0

Almost all of these groups are simple and almost all of them are not isomorphic. But

almost all. For example, in Dy we have two disconnected vertices for the Dynkin diagram.

So D5 is not simple, it is the direct product of SU(2) at the level of Lie Algebras, and almost
the direct product at the level of Lie groups. So we may examine the Dynkin diagram for
D3 to find:

So we see this is the same Dynkin diagram as for Az which implies at the level of Lie Algebras
SU(4) = SO(6) (16.25)

but only at the level of Lie Algebras. We similarly have By = Cy by inspection of the Dynkin
diagrams, but again it is an isomorphism at the level of Lie Algebras.



Lecture 16

40

Box 16.1 Dynkin Diagrams

The problem we are facing is really two-fold: (a) given a Dynkin diagram obtain the
Cartan matrix, and (b) given the Cartan matrix obtain the Dynkin diagram. This
box is really based off of §4.7 of Kac’s book Infinite Dimensional Lie Algebras. No
secrets among friends: Kac provides the method of, given a Cartan matrix, producing
the Dynkin diagram. We review this, and provide the algorithm going in the opposite
direction. We also consider examples. Throughout A = [a;;] is the Cartan matrix.

Given Cartan Matrix Obtain Dynkin Diagram. The basic idea is that we will
have an n x n matrix A. The Dynkin diagram is a graph that will have n vertices, which
are labeled by integers i = 1,...,n. If

aijaji <4 and |ag] > |agl (16.26)

then vertices ¢ and j are connected by |a;;| lines; moreover if |a;;| > 1, then these lines
are equipped with an arrow pointing towards vertex j.

Why do we need an arrow? The idea is that the Cartan matrix is not symmetric,
but has a weaker condition that a;; # 0 implies a;; # 0. Since we know the product
by the number of lines, we know the values by considering which direction the arrow
points.

Given a Dynkin Diagram Obtain Cartan Matrix. This occurs more often in
practice (at least, for physicists). What can we know immediately from the properties
of a Cartan matrix? Well, we know

for all i. We know that the number of vertices n gives information about the number of

rows, and the number of columns, of the Cartan matrix — i.e. A is an n X n matrix.

We also know if ¢ # j that
Qi <0 and a5 € Z. (1628)

The rest we need to find from the diagram.
If vertex ¢ and j are connected by k lines, then a;; < 0. What values can this
component be? Well, if £ = 1, then

Q5 = Qj5 = -1 (1629)

since there is no arrow, it must be —1. If there are multiple lines, we have an arrow to
indicate which entry

Remark 16.4. Note that in these examples, the vertices are labeled by indices to keep
track of which we are discussing. Usually, the labels of a vertex are the relative (squared)
lengths of the fundamental roots as Gilmore describes it [see Robert Gilmore, Lie
Groups, Lie Algebras, and Some of Their Applications Dover Publications (2002) Ch 8
§IIL.2 pp 306 et seq.].

N.B. the method we have described are used to deduce a generalized Cartan matrix
from a Dynkin diagram. So if we restrict focus to Dynkin diagrams corresponding to
“strict” Cartan matrices, we recover precisely the same information. But we can do more!
We can consider “closed loops” in our approach! The only requirement we have for our
considerations is that there are less than 4 edges connecting any pair of vertices.

Example 16.5. Consider the Dynkin diagram given by

1 2 3 4
0O—oO0==0—0
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We see that there are 4 vertices, so immediately we know that the Cartan matrix is

4 x 4 and we can write:

(16.30)

2
2
A= 2
2

We also see that there is one line connecting vertex 1 to vertex 2, so that means we can
write ~ _

2 -1

-1 2

A=

We then observe that there are no other edges connected to 1, so

(2 -1 0 O]
-1 2

A= 0 2
0 2

Similar reasoning holds for vertex 4, it’s connected by a single edge to vertex 3

2 -1 0 0]
A:

There are no other edges that connect vertex 4 to any other vertex, so

We see that there are two lines connecting vertex 2 to vertex 3 and there is an arrow.

The arrow means that
az3 # asz.

The arrow points towards 3, so
|a32\ < \a23|.

Then we use the fact that there are two edges means that
\a23| =2

This is sufficient information to conclude

Thus we conclude our example.

Example 16.6. Consider the Dynkin diagram given by

1 2
o==o

(16.31)

(16.32)

(16.33)

(16.34)

(16.35)

(16.36)

(16.37)

(16.38)
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We see that there are 2 vertices, so immediately we know that the Cartan matrix is
2 x 2 and we can write:

A= {2 2] . (16.39)

The two vertices are connected by 3 edges. There is an arrow pointing from vertex 1 to
vertex 2. This implies that

A= [21 23} : (16.40)

Observe that if the arrow pointed the other way, we would merely have the transpose of
our matrix.

16.2 Returning to Representations
The representations are described by means of highest weight. We had previously

ple)zr =0 (16.41)
where z is our highest weight vector, and the highest weight is described by
w(h)x = A(h)x (16.42)

where \ € 7 is the highest weight. We should demand A(h;) > 0, and A(h;) € Z. We will
now turn our attention to examples.

We will consider the fundamental representations of Ay = sI(¢ + 1). The fundamental
representation is the representation by (1 4 ¢) x (1 4 ¢) matrices. We found

€ = L 41 (1643)
where F; ; has zero components everywhere except at 4, j it is 1. The Cartan subalgebra is
At

% = T . SuCh that )\1 4+ 4 Al+1 = 0 (1644)
An

What are the weight vectors here? It is quite clear that the weight vectors uq, ..., ugy1 are
the standard basis vectors. Observe

hui = /\Zul (1645)
What is the highest weight vector of this representation? We see that

unless j =1+ 1 we have
€iUij41 = Uy (1647)

The highest weight vector is clearly u; because the shift goes down and there is no way
down. This implies the representation is irreducible as the highest weight vector is unique
up to some coefficient. We see that
A(hi) = 631 (16.48)
also holds.
What about the tensor product of representations. We find the basis to be u; ® u; and

hi(uj ®ug) = (hluj) Quk +u; @ (hijug) (16.49a)
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= (Aj + M) (uj @ ug) (16.49b)

We found all the weight vectors. .. well not really since u; ® us is a weight vector with the
same weight as us ® uq, S0 U1 ® us £ us ® up is again a weight vector. We find the highest
weight vector to be u; ® ui, but we see that

eq (’LL1 (9 UQ) =u; QU1 (16.50)

and
e1(uz ®u1) = u1 @ uy (16.51)

so it follows that u; ® us — us ® uq is again a highest weight vector. . .so we have 2 distinct
highest weight vectors! This cannot be an irreducible representation. This we know, we may
consider the symmetric and antisymmetric parts of the representation.

Lecture 17

Recall we start with a compact Lie group G, and we are interested in complex represen-
tations of this group. If the group is simply connected, this is the same as representations of
its Lie Algebra

CLie(G) =¥ (17.1)

which is called “Reductive” if it is obtained in this way. If we have a compact group,
every representation is reducible (i.e. it can be written as the direct sum of irreducible
representations). Moreover if we consider the adjoint representation of this reductive Lie
Algebra, then we may consider it as a matrix Lie Algebra. .. well not entirely. The adjoint
action is

ad, x = [a, 2] (17.2)

but the center is mapped to zero. Well, the center’s not interesting, so we factorize the
reductive algebra by its center, and we obtain a semisimple Lie Algebra. The maximal
Abelian subgroup is known as the maximal Torus in the group. The corresponding notion
for Lie Algebras is the Cartan subalgebra 7.

A reductive Lie Algebra = (center) @ (semisimple part) (17.3)

We wish to work with completely reductive representations, so we will talk about semisimple
Lie Algebras. We are looking at representations of # C ¢ the Cartan subalgebra, which
will be the direct sum of irreducible representations. But they’d be 1-dimensional, since 57
is Abelian. So we have a set of eigenvectors

(h)Xx = A(h) X\ (17.4)

called “Weight Vectors” where we label X with an index A its “Weight”. These X, form
a basis; now we can consider as a representation the adjoint representation. And then simply
we repeat the formulas

which are weights and weight vectors for the adjoint representation. Well, if
a;(h) #0 (17.6)

then a;(h) are called the “Roots” and the E; are called the “Root Vectors”. Loosely we
have
basis of ¢ = root vectors + basis of 7. (17.7)

Now we will deviate. We would like to give a definition for a simple root, or more
precisely a simple system of roots. Recall if we take a root vector and act by means of
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root vector on the weight vector ¢(F;)x we get either a weight vector or we get zero. By
considering the adjoint representation, we have [E;, E;] be either a root vector iff

a; + oy #0 (178)

or an element of JZ iff
o; + Qj = 0, (179)

or it could be zero. We can try to minimize our work, and find the roots with the property
that all other roots are obtained by means of a linear combination of these guys. These
roots are called “Simple Roots”.

How many simple roots would there be? Well, if

¢ = dim(5#) = rank(¥) (17.10)
is the number of simple roots «aq,...,ap which form a basis of 7#*. We also require that
every other root has the form

a=miaq + -+ meay (17.11)

where the coefficients are all positive, or all negative, but not mixed coefficients. There is
a challenge that such things exist, but it does; moreover we have done this for all classical
groups. If we have a simple system of roots aq, ..., ay we can form a good basis.

First of for each root, we have a corresponding root vector denoted by eq, ..., e;. Then
we have —agq, ..., —ay with corresponding root vectors f1, ..., fy. This is not the end of
the story. We've listed root vectors of this kind. We may consider commutators of

[e,-,fi] = ht (1712)

They are sitting in J# since their weight is

We can take

lei, f3] =0 (17.14)
since it has a weight of

a; — Qy 75 0 (17'15)

which cannot appear by definition we have no mixed coefficients. We have
[h,e;] = aj(h)e; (17.16)
by construction, since e; are root vectors. Lets denote
[hi, ej] = a;je; (17.17)
where a;; = aj(h;). In the same way,
[hi, fi] = —aij f. (17.18)

So we’ve obtained this stuff, and this matrix a;; is called the “Cartan Matrix” of the Lie
Algebra. We came to the same conclusion from a different starting point. We have introduced

the notion of a simple system of roots, and proven a theorem that such manipulations work.

Recall we are working with classical groups, which are matrix groups. We are finding
the weight vectors of the fundamental representation. We will start with

sl(n+1) = A,. (17.19)
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This is generated by matrices, the Cartan subalgebra consists of diagonal matrices, with ¢;
on the diagonal such that

Z%- =0 (17.20)

since the matrices are traceless. We can see that the standard basis are the weight vectors,
we will let u; denote the canonical basis. We see that

Y1
On+1

so we see that @; is a functional on J7.

What are the roots? The weights of the adjoint representation, we will skip this part.

We need to look at other Lie Algebras. They are defined in a similar way, namely as matrices
preserving some Bilinear form. That is

(z,y) = z7wy, (17.22)
the demand of invariance amounts to
(Az, Ay) = 2T ATwAy = (z,y) <= ATwA=w (17.23)
but if we consider
A=1+a (17.24)
for “infinitesimal” a we get
ATwA = (1 +a)"w(l +a) (17.25a)
=(w+a'w)(1+a) (17.25b)
=w+ (wa+ aTw) + aTwa (17.25¢)
L
~0

So with summation convention we explicitly have
abwik + wijaj, =0, (17.26)

or if '
bjk = wjiay, (17.27)

then our invariance condition amounts to
bjr = Fbr; (17.28)

for orthogonal groups this is antisymmetric, for the symplectic group it is symmetric. We
have a one-to-one correspondence between bj), and a}, so the conclusion is:

1. for so(n) we have its adjoint representation antisymmetric square of its fundamental
representation

2. for sp(n) we have its adjoint representation be the symmetric square of its fundamental
representation.

That is, the symmetric or antisymmetric parts of V ® V.

Lecture 18

I was absent due to family reasons.
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Lecture 19

Consider gl(n) where the Cartan subalgebra is simply the diagonal matrices, which
we'll denote by diag(Aq,...,A,) or simply (A1, ...,A,). By definition the weight vectors are
merely the canonical basis, denoted by 1, ..., i, with the corresponding weights Ay, ...,
An. This is the fundamental representation. Also —Aq, ..., —\, are the weights of the dual
fundamental representation, or covector representation.

The adjoint representation consists of matrices (i.e. a tensor with 1 upper and 1 lower
index):

al eVeV:. (19.1)

Consider the action of
VeV )xV =V (19.2)

defined in the obvious way using the map
V*xV = F. (19.3)

At any rate the adjoint representation is precisely this tensor product. So we see that
(A; — A;) are the weights of the adjoint representation. If it is nonzero we call them “Roots”
with the condition that i # j. Now gl(n) is not simple, so we should talk about sl(n). We
have in sl(n) the Cartan subalgebra satisfy

A+ 4+ A, = 0. (19.4)

The roots are (again) the same.

We would like to find simple roots (recall we can decompose roots into positive and
negative, the minimal set of positive roots are called “Simple Roots”). We consider the
situation when ¢ > j and ¢ < 7, one should be called “positive”, the other “negative”. We
choose ¢ > j to be negative roots, ¢ < j to be positive roots. Thus A\; — A2, Ao — A3, ...,
An—1 — A are the simple roots of sl(n) = A, _1, there are n — 1 simple roots.

Now, for SO(2n) we have the fundamental representation be 2n-dimensional. For the Lie
algebra business so(2n) the weights are A1, —A1, ..., A\n, =\, (weights of the fundamental
vector representation, to be precise). What are the weights of the adjoint representation?
We know the adjoint representation for so(2n) is

VeV =veV (19.5)

since

V=V (19.6)

as far as the representations are concerned. The antisymmetric part preserves the inner
product. The weights of the adjoint representation, we consider @; (1 = 1,...,2n). When
we take the tensor product we should get @; ® ;, and for /\2V consider

U @ Uy — Uy @u; for i # j. (19.7)

The weights should be £\, + Ag. The nonzero guys are the “Roots”. We say that A, + Ag
are the positive roots, —\, — Ag are the negative roots, and A, — Ag be positive iff o < 3.
We have A\ — Ao, ..., A\p,_1 — A\, be the simple roots. .. but that is not sufficient, we have
n — 1 roots and dim(.#°) = n. So we should add A; + A, to our list of simple roots. We can
obtain everything by considering these guys. The Dynkin diagram looks like:

o1
11 1 1 1~

O—O0——O0—0—0

\o
1
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As previously noted in Lecture 16, the Cartan matrix here is symmetric.
The next Lie algebra we will consider is B,, = so(2n + 1). The Cartan subalgebra is

H = . (19.8)
[s0(2)]

What are the weights of the fundamental vector representation? They are 0, A1, —Aq, ...,
An, —An. The adjoint representation is again A*(V) and again we are doing the same thing.
We are adding the weights for i # j: A; + Aj, Ai — Aj, —A; — A; but we have more, we can
take 0 + A; and 0 — A;. What are the positive weights? They are: A;, A; + A;, and A\; — A;
for i < j. What are the simple roots? We take Ay — Ao, ..., \y_1 — A\,, and A,,. These are
the n simple roots. But in this situation, the Dynkin diagram is

2 2 2 2 1

O—O0—0 ——0—/0©0

Remember the number of lines connecting the nodes ij are

Nij = QqjAji- (19.9)

We will get
Qi 75 Aj4 (19.10)
the diagonal matrix diag(2,2,...,2,1) symmetrizes the Cartan matrix. The root vectors e,

have positive roots, and f, has negative roots. We obtain
lea, fo] = ha € H and [ha,es] = anpes (19.11)

and so on.
For C,, = sp(n), the weights are Ao, —A, and the adjoint representation has Ao + Ag,
Aa — Mg, —(Aq + Ag) for all a, B. The descriptions of the simple roots begins with the same
stuff. The simple roots are \; — Ao, ..., \y_1 — Ay, 2X,. We are allowed to add 2 guys,
which is how we get 2)A,,. The Dynkin diagram is:
1 1 1 1 2

O——O0—0 ——0—/0

Observe that this resembles B,,’s Dynkin diagram, but it is different. The diagonalization
here requires the matrix diag(1,...,1,2).

Lecture 20

We formulated a theorem of the structure of semisimple algebras, then considered
examples. Lets go back. Recall we considered the situation when we had ey, fo, ha
(members of the Lie Algebra) with the relations that

[ha,hg] =0 (20.1a)

[eoéa fﬁ] = haaaﬁ (201b)

[ha,es] = anges (20.1c¢)

[has f8] = —aapfs- (20.1d)
We see that ey, f, are root vectors, so

[ha ea] = )‘a(h)ea (20.2)

and similarly
[h, f5] = =X (h) fs- (20.3)
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We recall that a mapping
A —F (20.4)

is called a “Root”, it’s a linear functional on J#. We see that
)\g(ha) = Qap- (20.5)

Moreover aqg should be the Cartan matrix, so

Qo =2 (20.6a)
aag <0 fora# B (20.6b)
anp 1s symmetrizable (20.6¢)
We also assume that
det(ans) # 0 (20.7)

i.e. the Cartan matrix is nondegenerate. We can find the Cartan matrix for semisimple Lie
Algebras. An ideal corresponds to an invariant subspace of the Lie algebra under the adjoint
representation. We know a simple Lie Algebra is simple iff it has only trivial ideals. For
semisimple Lie Algebras, we can partition roots into positive and negative roots. Positive
roots contain a subset that generates all roots, we call this subset “Simple Roots”.
What may be said of representations with this data? We take ¢4 a Lie algebra, we take
a representation
©: 9 —gl(V) (20.8)

for some vector space V', and we may consider the weights of this Lie Algebra
p(h)U = a(h)v (20.9)

and weight vectors ¢ (where we take h € ). The root vectors act on weight vectors, namely
o(er)V is a weight vector (supposing that ¢ was initially a weight vector) with weight o+ Ay
provided that it is nonzero. Similarly ¢(f;)¥ is a weight vector with weight a — A;, so ¢(f;)

lowers the weights. The highest weight vector is annihilated by applying ¢(e;)v = 0 for all i.

The highest weight vector always exists in in finite dimensional representations, although
this is not necessarily true for infinite dimensional representations.

Theorem 20.1. (The highest weight vector exists in finite dimensional representations.) If
a finite dimensional representation is reducible, then the highest weight vector is not unique.

Why? Well, at least one exists in the finite dimensional case. Why? Trivially, because
in linear algebra the eigenvalue problem has no solution if the matrix is all zeros. We cannot
have that for a nontrivial representation.

Now suppose there exists a representation that is a subrepresentation which will be
irreducible and contains a different highest weight vector. Let us suppose we have highest
weight vector, then we may construct a subrepresentation consisting of fo, (- -+ ) fa, ¥ which
is a subrepresentation — it is highest weight since

el =0 (20.10)
for all 8. Suppose our representation is reducible. If this is so, there is a highest weight

vector in the subrepresentation.

Remark 20.2. To prove a representation is irreducible, it is sufficient to prove the uniqueness
of the highest weight vector.

How to classify, to describe representations (especially irreducible representations). This
is a simple thing, namely take this highest weight vector

o(h)T = a(h)T (20.11)
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where a € J#*, and we should calculate a(hy), ..., a(hy,) for all basis elements of the
Cartan subalgebra. We will prove that a(h;) > 0 and a(h) € Z. To prove this is extremely
simple, because — look — we have these commutation relations

span{hi, €;, fz} = 5[(2) (2012)

for fixed i. For this algebra s[(2) we know everything, in particular all finite dimensional
irreducible representations, which is precisely the guys we are interested in. So the repre-
sentation is characterized by n non-negative numbers. So can we take thse numbers in any
way we want? Yes we can, we’ll prove it in the next lecture. We will merely check this
for A,,. This is interesting by itself. We will later check this for B,,, C,,; the proof will be
constructive.

For A, we have e; = E; ;11, fi = Eit1,;. We see
hi=FEi;— Eit1i+1 (20.13)
What to do? Well, we have first of all n numbers a(hq), ..., a(h,). We will prove these

numbers may be taken by considering the standard basis in R"™.

We will call the name for these representations “Elementary Representations”.
First it is sufficient to find elementary representations, they represent ¥ in spaces Vi,
cooy V. We will take V1®m1 ® -+ ®@ V& and the highest weights aq, ..., a;, with the
corresponding highest weight vectors ¥y, ..., ¥,, then the corresponding weight vectors in
V1®m1 ® -+ ® VO have weights miaq + -+ + mpay,. If we analyze these weights, we may
consider any representation constructed from the elementary representations.

What to do? Construct the elementary representation, which is very easy. .. we take the
fundamental representation. If (1, ..., p,) are the coordinates of the Cartan subalgebra
(bear in mind because we work with A,, we have @1 +---+ ¢, = 0 and we work with diagonal
matrices), then the weights are simply ¢1, ..., ¢,. The highest weight correspond to ¢1.
We see

1 k=1
h) = 20.14
o () {O otherwise ( )

We would like to now note this corresponds to (1,0,...,0).

We want to consider (0,1,0,...,0). This is constructed by considering A*(V), the
antisymmetric part of V ® V. The highest weight vector is v; ® vy — vy ® vy, and the
corresponding weight is a1 + ao. We see

0 k+#2

20.15
1 k=2 ( )

(1 + az)(hg) = {

This corresponds to the desired (0,1,0,...,0).

The general case we have the highest weight be oy + - - - + ay, which corresponds to the
representation A"(V) — the antisymmetric part of V®*. The highest weight vector is then
TRV ® - @ Ty

Lecture 21

Let us discuss some notions important in themselves, namely, the notion of a “Universal
Enveloping Algebra”. Lets start with a Lie Algebra ¢, and the commutation relations

eases] = ¢} gey- (21.1)
We want to embed this into an associative unital algebra

G CUY) (21.2)
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in such a way that

[a,b] — ab — ba. (21.3)
We take U(¥) to be unital and associative with generators ey, ..., e,, and with relations
€atp — €FEa = Cl ey . (21.4)

It is clear in U(¥) we have part which consists of linear guys c¢“e,, which is the Lie algebra
with respect to the commutator, but this is only a small part of the Universal Enveloping
Algebra. It has, first of all, an arbitrary guy written as

c 14 c%eq +cPeqes + - (21.5)

with quadratic, cubic, and higher order terms. We can consider commutators of these guys,
but note that

Cas = €5€a + €l ey (21.6)
so not all of these guys are unique. We may assume that always @ < § <~ < ---. This sum
is finite. The alternative to doing them ordered, we may do them symmetrically.
Remark 21.1. The universal enveloping algebra is an infinite dimensional algebra, even
for the simplest case! Consider cgﬂ =0 for all o, B, 7. So [eq,e5] = 0, then U(¥) is a
commutative polynomial algebra of n-variables.

We would like to say
Hom (¢, gl(n)) = Hom (U(¥), Mat,, ). (21.7)
We represent the generator e, € ¢4 by F, such that
E.Ez — EgE, = czﬁEW (21.8)

which specifies (by ¢ /3) the representation of the Lie Algebra. That’s pretty important in
physics, we considered such a thing even if not in this vocabulary. Consider M,, M,, M,
which are all the angular momentum operators, which are precisely a representation so0(3).
The commutator of these guys are precisely the commutation relations from the Lie Algebra.
We have the total angular momentum

M? = M + M, + M? (21.9)

but this isn’t in ¢, it’s in U(¥).

The universal enveloping algebra is useful in many relations. What is important is to
consider the center of U(%). When considering stuff that commutes with everything; it is
sufficient to consider the stuff that commutes with the generators.

Schur’s Lemma. If we have an operator that commutes with all operators in the irreducible
representations of a Lie Algebra, then it is a scalar times the identity.

As a corollary the central element is a scalar, if not it’s an irreducible representation. We
may consider the eigensubspaces, which form a decomposition into irreducible representations.

Now we will talk about the highest weight representation. We have generators e, fq,
he (in principle these are either multiplicative or linear basis elements); we may consider
the subalgebras

1. ¢, generated by e, (it’s basis as a vector space is all positive roots, although in
principle we can use simple roots since we can obtain all other roots this way);

2. 4_ generated by fu;
3. J generated by h,,.
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When generating the universal enveloping algebra, we use all roots. We use wither the
simple roots or all the roots for the Verma module. We may consider as vector spaces

G =G, oG N (21.10)

How to construct the highest weight representation? We take the highest weight vector v,
and we may apply the operators e, and we get zero

ea¥=0 (21.11)
for all . We can apply h € S, we get
hv' = A(h)U (21.12)
Now we apply fa,, -, fa,, € 94— and
span{fo, - fa,U} (21.13)

forms an invariant subspace. Further it forms a representation. Why is this an invariant
subspace? For the simple reason that

lea, f5] = daphs (21.14)

in the representation it is
[Ew, Fp] = 0apHp (21.15)

and so we may interchange e and f at some price. We can push all the e’s to the right, etc.
So we have some subspace. What if we don’t have it? Then we will construct it. We
will take U(¥_), or more precisely U(¥4- )0 which are the combinations

D e On fo e fa, B (21.16)

where ai; < --- < «,,. We can define the action of ¢ on this set, and this is called a “Verma
Module”. There is another construction which is more or less immediate.

So for every A we may construct an infinite dimensional module, an infinite dimensional
representation with highest weight A...and X is completely arbitrary. It is infinite dimensional.
Why? Well, consider s(2) where we have e, f, h. We consider all elements of the form f™,
then

h(f"0) = (A —n)f"v (21.17)
and in principle it’s an infinite dimensional representation since we are completely arbitrary

here. But is this representation irreducible? We know for s[(2), the representation is
reducible when A > 0 and A € Z. At some moment we would get

h(f"0)=0 (21.18)
and we would get more importantly
e(f"v)=0 (21.19)

we have 2 highest weight vector in the same representation. Which means we can do the
following: we can factorize our representation with respect to this subrepresentation and get
a finite dimensional and irreducible representation.

So for every A we have an infinite dimensional representation with highest weight A called
the Verma Module. What can we do? This is not necessarily reducible. If A(h;) € Z and
A(h;) > 0, then the Verma module is reducible. Let us take the largest subrepresentations
(well largest nontrivial representations), then the quotient

(Verma Module)/(Largest Nontrivial Subrepresentation) (21.20)
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is a finite dimensional irreducible representation.

The fact it is an irreducible representation is trivial, since we factorized by the largest
nontrivial subrepresentation; if we have a subrepresentation in the quotient, then there’s a
larger nontrivial subrepresentation in the Verma module, which is impossible. The nontrivial
part is the finite dimensionality of the irreducible representation.

Lecture 22

Now we will give another construction of the Verma module. Really, it will be a
general case of our particular construction called “Induced Representations”. We will
talk about representations of associative algebras, it is more general than representations of
Lie Algebras (since we may construct for any Lie Algebra ¢ with its universal enveloping
algebra U(¥)). So representations of ¢4 and U(¥) are precisely the same. Therefore we
will consider representations of an associative algebra 7. To ever x € &/ we assign a linear
operator

z: V=V (22.1)

‘We have
Ty = T7. (22.2)

We would like to say that representations of 7 is the same as a left .&/-module. An o/-module
is a vector space V and we have multiplication by elements of &/ (so we may consider z¢/
for x € o and ¥ € V). We may think of it as a vector space over o7. We should have the
standard relations for a sort of associativity

(zy)v = x(y?). (22.3)

This is precisely what we have if we write

o7 = 27, (22.4)

We see
(zy)0 =x(yv) <= TY=727 (22.5)

If we can talk about left modules, we may talk about right modules. What does it
mean? Well o/-scalar multiplication occurs on the right, i.e. we have

(Vz)y = U(zy) (22.6)

We write
vr = TV (22.7)

is it a representation? Not really, observe
Ty = yx. (22.8)

We may say a right module is a representation of &7 °P, where 2/ °P has multiplication defined
by -y = yz.

Example 22.1. A left module could be 7, but this is also a right module. Or we may say
that o7 is a bimodule, i.e. a left and a right module such that

(za)y = z(ay) (22.9)

for all z,y,a € &.
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Now we would like to define the tensor product of algebras. If we have a right module
Ve and a left module oW, both over the associative algebra o7, then we may take the
tensor product as modules
Vew

V. W= 92.10
ot Ol Vaa W ~V @ aW (22.10)

as vector spaces, and we identify
va @ W~ ¥ ® aW (22.11)

which is the definition of taking the tensor product over /. The tensor product describes
bilinear functions

VoW —=Z (22.12a)
vRw— f(v,w) (22.12b)

be bilinear.
This means that bilinear functions of &/-modules would be such that

f(va,w) = f(v, aw). (22.13)

A really nice picture occurs when we work with bimodules, or (&7, %)-modules. We have
o, P be associative algebras. An (&, Z)-module is simultaneously a left «7-module and a
right #-module. The corresponding operation should commute. We have

(av)b = a(vd) (22.14)

be such a condition. In particular, what is an (<, o/)-module? It is something we called a
“bimodule”. Suppose we have an (&7, #)-module Vg and a (£, € )-module z2We then we
may consider

dVg%@Wg (22.15)

by identifying
b @ w ~ v ® bw. (22.16)

We can say that V @ W is an (&7, ¢)-module. We see that
7
alv@w) = (av) ® w. (22.17)
Is it possible to do this with the relation
vb @ w ~ v bw? (22.18)

We assert the multiplication by a is compatible with this equivalence because, well, it is:

a(vb ®@ w) = a(vd) @ w (22.19a)
= (av)b@w (22.19b)
~av ® bw (22.19¢)
= a(v ® bw) (22.19d)

Example 22.2. Lets take a simple example & C & a subalgebra. Suppose we have a
PB-module zV. We would like to get an &/-module. How to do this? Look, we consider .o/
our algebra as an (7, %)-module, now we take the tensor product of these guys over &

Py ggav (22.20)

which is an &/-module.
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We have ¥ D ¥'. Let & =U(Y), B=U(¥Y"). Tt is obvious that
o DB (22.21)

Suppose we have a representation of ¢’ we recall this is a ¢’-module, which is precisely the
same as a U(¥’)-module; lets call this thing V. We get the

Uug)ev (22.22)

a ¢-module. This is precisely the notion of an “Induced Representation of Lie Alge-
bras”.
For the Verma module, we have

=G, o H Y (22.23)

there is a highest weight vector ¥. We have for h € 52,

ht = A(h)V. (22.24)
For
G.T=0 (22.25)
So we write
G =GoH (22.26)

which is a subalgebra. The one-dimensional ¢’-module is span{¢}. This gives us a represen-
tation of ¥, too. We can write that the Verma module is an induced module

U@ K a (22.27)
u@)

where V), is precisely the span{7}, A is precisely the highest weight. The only that remains
is to prove that (22.27) is precisely the Verma module. We see that

UG- )T =U@) K Va (22.28)

U@

we did prove something before (although perhaps not in this name): the Poincaré-Birkhoff-
Witt theorem. We proved something about the structure of U (¥), namely

G ={E,...,E,} (22.29)

SO
UG) ={co+ B+ VBB +---} (22.30)

but such a representation is not unique: it may be made unique by (1) demanding i < j;
or (2) that ¢, ¢¥* and all the other coefficients, be symmetric in its indices. This is
the Poincaré-Birkhoff-Witt theorem. Then it is clear that U(¥) is on the left hand side
of the tensor product; what is not clear is this identity. We speak of all possible roots
FE = {ei, fi, hl}

Lecture 23

Today we will talk about spinor representations.

Now we will repeat what we know about sl(n). For this Lie algebra, we can construct
all irreducible representations as tensor representations. What does this mean? We have the
fundamental representation V', we can take tensor powers V ® --- ® V and there are a lot of
invariant subspaces there. All irreducible representations are equivalent to representations
in one of these invariant subspaces, we can give a more precise result. The algebra sl(n) has
Cartan subalgebra of rank n — 1, we can draw the Dynkin diagram for A, _; as

Poincaré-Birkhoff- Witt
theorem
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ki ka k3 kn_1

0—O0—0— ... —0

We assign to each node a number. When we take n — 2 nodes to be zero, and one node to
be 1, we can get an elementary representation. This corresponds to /\kV. Here we have the
highest weight vector

T e N'V (23.1)

then we take
QN V)E™ and Q)" (23.2)

will be the highest weight vector with weight (ni,...,ng,...). This representation is
reducible, but we can get an irreducible part.

We can restrict our attention to any subgroup of SL(n), in particular SO(n), or more
precisely so(n). Not all representations of so(n) are tensor representations, not all of them
may be embedded in this tensor representation. Remember for D,, = SO(2n) the Dynkin
diagram is of the form

o1
111 11—

O——O0—O0—0—0

\o
1

and for B,, = SO(2n + 1) the Dynkin diagram is
2 2 2 2 1

O——O0—0 ——0—/0©0

There are some special nodes. We have really from the left (n — 2) nodes in D,,:

—

I

o

(e]

the solid nodes are precisely when we get the same situation as A, _2. For the special
nodes, putting 1 as the value on the black nodes gives special representations called “Spinor
Representations”. We want to construct spinor representations. The main tool will be
Clifford Algebras.
What is the Clifford Algebra? It is a unital associative algebra with generators ey, ...,
e, and relations
eaep +egeq =205 - 1 (23.3)

where 77,3 are numbers and form a symmetric matrix
Nap = Nga- (23.4)
We will require the matrix be degenerate
det(n) #0 (23.5)
but really we can impose the opposite condition
n=20 (23.6)

and we get what is called a “Grassmann Algebra”. We can reduce everything to these
two opposite conditions. We can consider any field, but we will work with C.

What is important is that 1,3 may be diagonalized. For complex numbers this shows
all Clifford Algebras of a given dimension are isomorphic. So we may choose 7,5 as we’d
like. And we choose

y = [(1) (1)] (23.7)
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when n = 2m (for some m € N). We have two sorts of generators, lets denote generators by
symbols a:f, a;. Then the defining relations will be of the following form

aia; + a}ai = 251] (238&)
a?=0 (23.8b)

which gives us
a;a; + aja; = aja} + a;-aj =0. (23.9)

Physicists give a different name for this stuff, referring to it as “Canonical Anticommu-
tation Relations”, and a;, al-L play the role of creation and annihilation operators. What
may be said of the representations for this Clifford Algebra. It is extremely simple: when
n = 2m, C¥(n) has only one irreducible representation. By the way, Physicists also have
another name for representations of C'¢(n): representations of Clifford Algebras are called
“Dirac Matrices”. We are sending

ea Ty (23.10)

generators to matrices which obey
Falg + T30 = 2148 - 1. (23.11)

We would now like to prove: if we require irreducibility, then we will have only one irreducible
representation of Clifford Algebras.

So how to prove this? It is very simple and more or less based on the idea of the highest
weight vector, although in this situation it is named the vacuum vector ¢. The Fock Vacuum
vector ¢ is annihilated by all a;

a;¢» =0 (23.12)
for all i. Here we can consider ajl e a;rnd), we may take arbitrary linear combinations of
these guys. We can define the action of a on these guys. We just use the relations

a;al = 26;;1 — ala; (23.13)

and we are golden.
We have some questions. Maybe this vacuum vector does not exist at all. We construct

this sum R
N=>" ala (23.14)
i

observe that we may consider eigenvectors of N:
Ny = N (23.15)

which always exist for non-trivial finite-dimensional representations. We see

al: N N+1 and a;: N— N-—1. (23.16)

We have
N(aa) =" alaany (23.17a)
= ao(N — 1)1 (23.17D)

We cannot go down indefinitely, and the number operator does indeed exist. The represen-
tation is irreducible iff the vacuum vector is unique (it is more or less obvious, if we had
reducibility we’d have another vacuum vector). It is very easy to show that there is only
one irreducible representation, and all other representations are direct sums of irreducible
representations.
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Remark 23.1. How to realize this representation? We can consider the Grassmann algebra
with n variables, we have “functions of anticommuting variables” in the jargon of physicists.
We may multiply by «; and differentiate with respect to them 9/d«;. Differentiation amounts
to “canceling after moving to the left.” These two operators give a Clifford Algebra.

The question is why do we need this? Elements of the orthogonal group generate
automorphisms of the Clifford algebra. What does this mean? It means if we take generators
e; of the Clifford algebra, and we use the transformation

Ej = ajiei (23.18)

and we assume a;’ is an orthogonal matrix, then it is clear that the commutation relations
for e are precisely the same as for e. We see

In other words, if we have Dirac Matrices, then we can obtain “new” Dirac matrices by
using precisely the same orthogonal transformation:

T; = a’T;. (23.20)
We only have one irreducible representation, so
T; ~T; (23.21)

should be similar. Is this matrix unique? That is we have matrices U, indexed by elements
of the orthogonal group such that

T; = U DUy, (23.22)
we can replace
U, — \U,. (23.23)
We demand
UUp = AUy (23.24)

for the simple reason that we may perform 2 change of coordinates. This is a small problem,
the U, specify a representation of the orthogonal group called the “Spinor Representation”
of the orthogonal group. It is a projective representation due to this pesky A.

Lecture 24

We have a Clifford algebra over any field F, we take some nondegenerate matrix 7, and
we look for generators obeying

Tl + Tl = 2005 - 1 (24.1)
This is a representation of a Clifford algebra, they may be classified quite easily:
1. all representations are irreducible;
2. the symmetric matrix 1,4 is a symmetric (m, n)-form, which corresponds to C¢(m, n, R).

We have orthogonal groups O(m,n,R) for the metric which is similar to

g = diag(+1,...,4+1,~1,...,-1) (24.2)
m +1’s n —1’s
If we take ~
Foz = aaﬁr,@ (243)

(using Einstein summation convention) and a,” € O(n,F), then the commutation relations
are preserved.
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Classification Theorem for Representations of Clifford Algebras. There is only one
irreducible representation for C€(2n) for each dimension, and other irreducible representations
i the same dimension are equivalent:

T, =UJT. U, and Uy = (constant)U,U, (24.4)
and we cannot set this constant to be unity.

Consider SO(3), odd-dimensional guys. The situation is a little different. How to
construct representations of the group in odd dimension? Recall

SO(2n,C) C SO(2n + 1,C) (24.5)

is an embedding. We may construct I'y, ..., Iy, which obey the desired relation. After that,
the theorem is: we may add the last matrix in such a way that the commutation relations
are satisfied. The construction is very simple:

LPopyr =T1( )2 (24.6)
up to some constant. We should quickly verify that I's,, 41 satisfy the desired properties, e.g.
I3, =1 (24.7)

It is very clear that
I3, ==1 (24.8)

so we merely choose the coeflicient to make it unity. Therefore we may extend any irreducible
representation of the Clifford Algebra over 2n-dimensions to be an irreducible representation
of C¢(2n+ 1), with an appropriate choice of coefficient. This may be done in two ways really
(up to sign).

Lets compute the dimensions. C¥¢(2n) has one irreducible representation. What is its
dimensions? It is

2" = dim (C/(2n)) (24.9)

Why? We have our guys divided into 2 parts, creation and annihilation operators, and we
may apply them to a vacuum state. The rest follows trivially.

Consider C'¢(2n+1) we have 2 irreducible representations both of dimension 2", since we
considered irreducible representations and added 1 Dirac matrix generator. For, e.g., n =1,
we get C¥(3) and moreover we have an irreducible representation of SO(3) of dimension
2! = 2. But a 2-dimensional representation of SO(3) does not exist! What does exist is

SU(2) — SO(3) (24.10)
which is a 2-sheeted covering. We may take the inverse mapping:

SO(3) — SU(2) (24.11)
which is a 2-valued representation. This is precisely the spinor representation.

24.1 Review of Previous Stuff

Here we will stress several points which should be stressed. There is a notion of a
“Reducible Representation”, i.e. a representation with a nontrivial subrepresentation
(an invariant subspace). There is a notion of “Completely Reducible Representation”
which is the direct sum of irreducible representation. Is an irreducible representation
completely reducible? Yes! It is! Really, it is p = p.

Remember unitary and orthogonal representations are completely reducible, representa-
tions of a Lie algebra/group are not necessarily reducible (standard example: Abelian Lie
algebra, u(1)¥ which has more representations since U(1) is not simply connected).
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Irreducible representations of an Abelian Lie algebra are always 1-dimensional, but
this doesn’t mean that every representation of the Abelian Lie Algebras are direct sums
of irreducible representations. For a representation onto a matrix with not normal Jordan
form, the representation is not completely reducible; for the representation of the single
generator by a diagonalizable matrix, we get the direct sum of 1-dimensional irreducible
representations.

Remember

Reductive Lie Algebra = (Center) @ (semisimple part) (24.12)

It has a non-trivial center which is an Abelian Lie Algebra.

The Cartan subalgebra is a maximal Abelian subalgebra, but this is not the end of the
story because we should have some sort of requirement of semisimplicity. It was defined
as the Lie Algebra of the maximal Torus for a compact group. What does “maximal”
mean? If we add anything else, it become non-Abelian. But it is WRONG to state
it contains every Abelian subalgebra. Consider gl(n), the Cartan subalgebra consists of
diagonal matrices. .. but we should have a basis. If we change basis, we get a completely
different Cartan subalgebra. .. well, a conjugate Cartan subalgebra. Really, 2 maximal Tori
are conjugate; this is a nontrivial statement. Care needs to be taken when working with a
Cartan subalgebra.

We have a similar situation with simple roots, and the highest weight representation.
We need additional data to introduce these notions. There is no intrinsic information in the
Lie Algebra. The first choice is to fix the Cartan subalgebra 5. Then we decompose the
Lie Algebra into 3 parts:

G=Y DY (24.13)

where this direct sum is as vector spaces. Each summand is a subalgebra. We have a basis
consisting of 3 types of elements

E €9, (24.14a)
Hye A (24.14b)
Fe9. (24.14c)

The commutation relations are nontrivial. The computations may not be made component-
wise. We can define the highest weight vector ¢’ by

Ev=0 (24.15)
for all F; € 4, and
Hy v = \N(Hy)v (24.16)
where
X —TF (24.17)

is a linear functional called the “Highest Weight”. This picture is not terribly convenient,
we’d like one with more information. Namely a system of multiplicative generators denoted
by lowercase letters: ey, ho, and f,. We take E; as the roots of Lie Algebra, so

[H, 9] C %9, (24.18)

thus
[Hk, Ei] == Oz(Hk)Ei (24.19)

are root vectors E; and roots a(Hy). We see the commutator of root vectors is a root vector
again [E;, E;] with root a; + a;. We consider the e, sufficient to generate all E;, and f;
sufficient to generate all F}.
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Lecture 25

The goal here on out is twofold: (1) the Virasoro algebra is important, (2) we will be
forced to reconsider the relevant theorems for semisimple Lie algebras. We will touch upon
the notion of central extensions explicitly.

Definition 25.1. Lets suppose we have a group (G/N) and N C G is a normal subgroup,
or more precisely N C Z(G). Let H := G/N. Then G is a “Central Extension” of H.

Example 25.2. Consider GL(V), consider its center which consists of scalar matrices
N={cl:ceC}. (25.1)

We have PGL(V) be the “projectivization” of GL(V'), and GL(V) is the central extension
of PGL(V) = GL(V)/N.

The notion is very close to the notion of a “Projective Representation” where we
have
U.Up = c(a,b)Ugp (25.2)

the product be up to a factor ¢(a, b) which may depend on a and/or b. We have U, € GL(V),
denote
[U,] € PGL(V) (25.3)

Therefore we may write
[Ua][Us) = [Uas] (25.4)

We may alternatively think of a projective representation as a morphism
p: G — PGL(V). (25.5)

One more thing to say is we may consider the situation when G is a central extension
of H. This means
H=G/N. (25.6)

Then we may say an irreducible (complex) representation p of a group G gives us a projective
representation of H. The image of p(N) commutes with the image p(G), so by Schur’s
lemma

p(N) ={cl}. (25.7)

for each scalar ¢ € C. So then p(H) is “up to constants” p(G). We have this situation be
described by demanding the diagram

G Y . GL(V)

£ (25.8)
H
We lift A to G in many ways, we get a multivalued map
p: H— GL(V) (25.9)
This is precisely a projective representation.
There is a parallel notion for Lie Algebras. We have
G|N =, (25.10)

and we have that 4 C center of 4. Then we have ¢4 be the central extension of 7.

Everything may be repeated, with small changes of course. For groups it is difficult to lift a
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quotient group H to the group Gj for Lie algebras, we may lift it as linear spaces. If we
have a surjective morphism V' — W of vector spaces, we may lift it in th following way: find
W C V such that W = W. Then we have

V = W @ (something) (25.11)
this is something special for vector spaces. So therefore for Lie Algebras we may say that
G=HDN (25.12)

as vector spaces!! Does it work for the direct sum as Lie Algebras?

For simplicity we will consider 4" = {Ac} where Ac € C and c¢ is one single generator.

We can now say that g € 4 may be represented as
g=h+Ac (25.13)

for some h € 7. The general properties are really clear. Suppose we have the commutator

[9:9'] = [h+ Ac, B + N ] (25.14a)
= [h, '] + [Ae, B] + [hy N] + [Ae, ] (25.14b)
=0 since c is in the center
So we find
Element in A
1
[hy B Jnew = @(h,B') + X(h, W) -c (25.15)

| I
element in 7

This is our new commutator, if we factorize with respect to A4, we get a morphism

G — H (25.16)

The formula is as follows
[y W lnew = [B, I']ora + AR, 1) - (25.17)
which is precisely our central extension. Note that [, ]new is the commutator in ¢, and

[, Jola is the commutator in #. Can we use any A(h,h’)? Of course not, otherwise it’d be
too easy. We want the new bracket to form a Lie Algebra. So it needs to obey the condition
of antisymmetry (which is easy), but also the Jacobi identity.

25.1 Spinor Representations
How to construct spinor representations in the language of Lie Algebras? Remember the
Clifford algebra is an algebra with generators 7, and the anticommutator of these generators
is
YV + YoV = 2N - 1 (25.18)
where 7, is a symmetric, nondegenerate matrix. So a representation of the Clifford algebra
is given by the Dirac matrices

F/J,FV + Furp, = 277;1,1/ -1 (2519)

We know something about the representations of Clifford algebras. We will denote C'¢(n)
as the n-dimensional Clifford algebra. Now what we would like to do, since C¥(n) is an
associative algebra, is to note it is also a Lie algebra:

[T, Tp) = Loy — eI (25.20)
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We will divide our Clifford algebra into parts, a standard trick! The general element
a € Cl(n) can be written as

a=a’ 1+a"T, +a"T,I,+ - (25.21)

We will now consider elements only up to quadratic terms. Is it a subalgebra? Not
exactly. .. but if we use the Lie algebra operation, we get a Lie subalgebra. Why is this true?
First of all, constant terms drop out of the commutator, and

[I',,T',)] = something quadratic (25.22)
But what about

r.r,,r,I,] = (25.23)

Well, we see first of all that
Lo, Tpl,] =ToI'pl, =TI Ty (25.24a)
=TTl — D(—Tuly + 200, - 1) (25.24D)
=T T + Dol — 290, T (25.24¢)
= (Lol +T'gTa)ly — 274,13 (25.24d)
= 200sT — 20T (25.24¢)

Then we take advantage of the identity of the commutator

[AB,C] = A[B,C] + [A,C]B (25.25)
to find

[0,T,,Tols] = Tu[T,, Tuls] + [T, Tals]T,, (25.26a)
= 20 (val's = Msla) + 2(0ual’s = 1usTa )Ty (25.26b)
= 2o (=TsL0 + 20up1) — 205(=Lal'y + 200, 1) + -+ (25.26¢)

= 4(771/047);43 - nuﬁn/ux)l
+ 2(Mual8T ) — Muslaly = mualsTp + muplaly) (25.26d)
~al'ely+0-1 (25.26e)

We find that a-1+1I',I',a*” is itself a Lie subalgebra. What is this Lie algebra? We may say
that a"” may be restricted, due to the anticommutation relation any symmetric combination
disappears. So

a = —a"" (25.27)

is an antisymmetric matrix. It is pretty clear it is the orthogonal Lie algebra, as it is
described by means of antisymmetric matrices. But we have this extra stuff, so we have
no chance for it to be an orthogonal Lie Algebra, but it is the central extension to the
orthogonal Lie algebra. Moreover it is the trivial central extension.

Lecture 26

Last time we considered Clifford algebras and its representation by gamma matrices
TETY + TVTH =29 - 1 (26.1)
We can consider part of this business which is spanned by

al + by, TFT” (26.2)
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zero order terms and quadratic terms. This is a subalgebra of the associative algebra. We
may consider it with an induced Lie algebra structure. We consider the coefficients of the
quadratic term

buy = —byu (26.3)

to be antisymmetric. Moreover this is an “almost” orthogonal Lie algebra.
We will introduce new notation

1
r* = i(F“I"’ —TvTH). (26.4)
This implies that

I'*v = TV, (26.5)

We also observe that

1

™ = 5(1““1“" + T — 2nt¥1) (26.6a)
=TT —ptv -1 (26.6b)

This is something created in such a way it gives us an orthogonal Lie algebra. We may take
A, I requiring4

Auy = —Ayp. (26.7)
If we take the commutator of
(@ TH 0o TP7] = CogTP (26.8)
where
C = la,b]. (26.9)

The only thing we should check, that’s not so easy, is that the scalar part goes away. We
see by adding a scalar part, we get a central extension of so(n). This is a trivial central
extension, we managed to separate it into 2 parts. A representation of Clifford algebra

gives us a representation of the orthogonal algebra called the “Spinor Representation”.

For s0(2n), i.e. D,, we get a reducible representation — alternatively, for public relations
reasons, we say we get 2 irreducible representations. The spinor representation corresponds
to the Dynkin diagram:

1
o 0 0 0 0~

O—O0—0—0——0

\O
0

So lets consider all this stuff in the case when the Lie algebra is so(2n). In this case,
remember what did we do? We constructed the Clifford algebra in such a way

= [(1) (1)} , (26.10)

and instead of the T we took a and a with the anti-commutation relations

lai,a;]4 = [af,al], =0 (26.11a)
[a;, al]+ = 20;; (26.11b)

Of course this describes the canonical anticommutation relations; this is of course a Clifford
algebra, or more precisely a particularly case of it.

4 Although this requirement is not really necessary. We can write auy as the sum of the symmetric and
antisymmetric part. But if s, is symmetric, then s, I'*” = 0 always.



Lecture 26

64

We have proven in any finite dimensional representation there is (for Clifford algebras)
a vacuum vector ¢ such that
a;p=0 (26.12)

for all a;. We have a basis by applying the creation operators to ¢ our vacuum: ajl (-~ )a;fkqb
(where iy < --+ < i), it follows
(ah)? =0 (26.13)

for all 4, so we need the indices to be strictly ordered. We have a spinor representation here,
we should consider these guys I'*”. But really what will we do? We will only write I'*T",
we should write the constant part

alal —n;1 (26.14)
but
nij =0 (26.15)
in this instance, so we have terms of the form
aja} and a;a; (26.16a)
1 1
Q(agaj —ajal) = ala; — §5ij (26.16b)

These are the generators of the spinor representation acting on the Fock space; it is reducible.

Look at the number of a'’s and a’s — they’re always even. The parity is preserved. The
Fock space is the sum of two parts

F = ]:odd ® -/T"even (2617)

where even/odd refer to the number of a’s. So we have 2 representations, one is called the
“Left Spinor Representation” and the other is surprisingly enough the “Right Spinor
Representation”.

We want to check these representations are irreducible. How to do this? Take the
Cartan subalgebra of this stuff. The Cartan subalgebra is generated by

1

hi = ala; — 5 (26.18)
What we see here is something similar to one of the exercises, with D,, we had elements of
the form N
B
z= [C D] (26.19)
written in block form, where
B=-BT (26.20a)
c=-0" (26.20b)
D=-AT (26.20c)

describe the n x n block components. We know the Cartan subalgebra, we should take the
simple roots, although this is unnecessary. We decompose the algebra into three parts:

algebra = (positive) @ (negative) @ (Cartan). (26.21)

Let us take
alal ~ B (26.22)

be the negative part,
;a5 ~ C (26.23)
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for the positive part. We have additionally

1
aij (a;raj — 55”) (2624)
where «;; is the Cartan matrix. There are two places to make a choice: positive guys
form a Lie algebra, and the negative guys form a Lie algebra too. These choices should be
compatible, how they form Lie algebras should be done compatibly. Now the highest weight
vectors must be determined. We have ¢ as the highest weight vector, but we see that

a;(al¢) =0 (26.25)

for all a;[ and a;. But only one of them is the highest weight vector, really. Since we can
decompose F into two irreducible representations, we have two highest weight vectors.

What we would like to do now is consider infinite-dimensional Clifford algebra. This is
taught all the time in physics, there are an infinite number of creation/annihilation operators
for fermions. What to do? We have creation and annihilation operators a;[, a; which obey
the canonical anticommutation relations

lai, a4 = [a],al] = (26.26a)
[a;, al]+ = 0 (26.26b)

We may try to consider infinite dimensional representations of this algebra, constructed in
exactly the same way. Consider a vector ¢ such that

a; =0 (26.27)

for all a;. We may consider
al (-+-)al ¢ (26.28)
where i; < -+ < ip. We can act by means of annihilation operators a; on this stuff.

Something new happens, namely:
e First of all, we do not know if this vector ¢ exists at all. Maybe it doesn’t exist!

e Second we may introduce a;r , a; in many ways. These operators are on completely
equal footing, and we may interchange them! Or parts of them! Why not? If we do
this in finite dimensions, we have a vector annihilated by all a’s, and we have a vector
annihilated by all a’s. They the operators are on completely equal footing. Physicists
are brave, they apply an infinite number of a!’s. Mathematicians are not so brave.

This Fock space may be definite in the infinite-dimensional case.
We would like to consider analogous generators for an infinite-dimensional spinor
representation. We have some problems. We consider

A=) "ayalal + 81 (26.29)
i!j

we consider operators of this form (we can do it for finite dimensions). Then this is
a representation of GL(n), it is sitting inside of SO(n). Well gl(n) to be precise. We
may consider something like this here. We get a nontrivial central extension for infinite-
dimensional representations. We will describe an infinite-dimensional general linear Lie
Algebra gl(co). We cannot consider them all, but we will restrict our focus. These guys
appear in physics all the time during quantization. We have projective representations as
our tool in quantum theory.
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Lecture 27

We will discuss some stuff that generalizes what we considered. Last time we considered
infinite dimensional Clifford algebras with generators aL, ay, such that

lai,a;]4 = [af,al]s =0 (27.1a)
la, al]4 = 0 (27.1b)

We can construct a representation in analogy to the finite dimensional case: take a vector ¢
such that
a;¢=0 (27.2)
for all a;. We consider
af, (---)af, ¢ (27.3)
where k; < --- < k,. This gives us a space called the “Fock Space” and the vector ¢ is
called the “Vacuum Vector”. We may swap

al = a (27.4)

we get another Fock space; we may exchange only parts of the operator, and we still get
another Fock space. Maybe these Fock spaces are equivalent, maybe not.
Consider terms of the form aklaLal with Euclidean summation convention®. We consider

[amalar, Brsalas] = apalaBrsalas — Brsalasanala (27.5a)
= aklﬂmalalaias — aiasazal (27.5b)

Well, we deduce
aal = —ala; + 6, (27.6)

We thus get something of the form
[ozkla,tal, Brsa:[as] ~ ’ymna;rnan + Trle, 5] - 1, (27.7)

the trace of the commutator is nonzero for infinite dimensional matrices «, .
What we would like to do is move from formal considerations to reality. When working
with infinite sums, it is not terribly clear. But with representations, we may ask questions

regarding the sum
(Z akﬂl@) (aj1 --~aj-s o) (27.8)
Kl

we may questions. If the sum is infinite, then sometimes it is still well-defined. Suppose for
every [, there are finitely many k’s which have nonzero components

(if k,1 € Z, we could say ay; if |k — 1| < N for some fixed N). We have finite number of
indices; therefore if [ is sufficiently large, then we can obtain a vanishing answer. Therefore
only finitely many cases are possible, but the expression is well-defined! So everything is
fine! But such operators appear in such matrices.

In particular with the Virasoro algebra, we have

d
O = —2FH1— 27.1

5If two indices are repeated, either upstairs or downstairs, sum over it. So e.g. ajapa; = >k CkIOKG-

The term “Euclidean summation convention” is due to Misner, Thorne and Wheeler’s Gravitation Chapter
12.3: “(‘Euclidean’ index convention: repeated space indices to be summed even if both are down; dot
denotes time derivative.)”.
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If we take the basis z", the derivative shifts the index

d
e 2R k2Rl (27.11)

multiplication by z shifts the index too:
z: 2K 2P (27.12)

We have a nontrivial central extension of some algebra gl(co) the Lie algebra of good infinite
dimensional matrices (but not all infinite dimensional matrices). We can embed the Witt
algebra into gl_.

Remark 27.1. The infinite dimensional Clifford algebra appears to be the limit or colimit of
all finite dimensional Clifford algebras; Schwarz says this is not so for the infinite dimensional
case; there appears to be canonical embeddings

Ct—C'"tt 2 e ... (27.13)

which is the limit of this sort of representation. There are some side-effects with this,
especially regarding the central extension — it becomes trivial in this limit!

We would like to describe a very interesting situation when we get an affine algebra,
a situation of the Kac—Moody algebra. Take any Lie Algebra ¢. Now take all Laurent
series Y a,z" where a, € 4 and n € Z, but we restrict ourselves specifically to Laurent
polynomials so this sum is finite. We can obtain a Lie algebra, defining the Lie bracket as

[az™, bz"] = [a, b]z™ ", (27.14)

and by demanding linearity, distributivity, etc. This is not the most interesting one; the
most important thing here is the central extension. One of the ways is by means of matrices
and infinite matrices, then perform the central extension.

We will merely write the answer. (This is related to the answer to one of the problems
on the final!) We will define a new Lie Algebra denoted 4 in the following way: take the
central extension of the algebra in the following manner. Generators are of the form az",
the central extension c. We assume

[az",c] =0 (27.15)
We don’t really have a choice! Define the new commutator by
(a2, b2 |new = [a, blotaz™ " + m{a, b)Smin.0C (27.16)
e — |

central term with coefficient

This is the answer, we get a central extension this way. Well, do we? Prove it! Check it is a
Lie Algebra, check the Jacobi identity:

Hazm; bz”]newy rzs]new = [[a, b]oldzm+n’ 7’Zs]new (2717&)
= [[a, blo1d; ]oraz™ "% + (m + n){[a, bloid, ) Om+ntsoc  (27.17b)

By taking cyclic permutations, the first term vanishes identically (we borrow the Jacobi
identity from the old Lie bracket). What about the second term? Well, we use the invariant
inner product, i.e. for a representation ¢ we have

(v, (2)) + (o(y), 2) = 0; (27.18)
the adjoint representation has
([z,9],2) + (y, [z, 2]) =0 (27.19)

So really the cyclic permutations of {[a, b],r) are equal up to a sign (or more closely examined,
we see it is identical). We can repeat more or less everything from finite-dimensional Lie
algebras.
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Remark 27.2. This is useful in physics, if symmetry coincides with Lie algebra, we need
projective representations, thus we need central extensions; the cohomology of Lie algebras
gives us the central extension being unique.
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B Solutions to Exercises
B.1 Problem Set 1

» EXERCISE 20
Check:

1. that the vector space R® is a Lie algebra with respect to the cross product of vectors;
2. this Lie algebra is simple (i.e. does not have any non-trivial ideals);
3. all derivations of this Lie algebra are inner derivations.

Answer to 20:
For the matter of R? being a Lie algebra, we have the following proof:

Proof. We have a vector space R? over R. We need to show that when we equip it with the
cross product operation, we obtain a Lie algebra. That is, we induce a Lie Bracket

[3,@] == 7 x @ (B.1)

where 7, @ € R3. We need to check that it obeys the properties of the Lie bracket, and that
the property of distributivity holds.
For the properties of the bracket, we see that antisymmetry holds:

[¢0,wW] = T x W (B.2a)
=—W XV (B.2b)
= —[w, 7). (B.2¢)

We see that it is linear in the second slot (and by antisymmetry, the first slot too):
[@, 0+ W] =dx (T+d (B.3a)
=UXT+UXT (B.3b)
= [u, ¥] + [@, W]. (B.3c)

i@ % (7 x W) = (il - ) — (@ - ¥) (B.4a)
7 x (0 x @) = w(0 - @) — @0 - ) (B.4b)
@ x (@ % ¥) = @@ - 0) — 5@ - ) (B.4c)

[@, [¥, ]| + [V, [0, @] + [, [@,9]] = @ x (U X W) +Tx (@ x @)+ @ x (@ x V) (B.5a)
= (U - W) — W(u - V) + (0 - 1) — u(v - )
+ (W - U) — (W - ) (B.5b)
= [0(@ - W) — (@ - @)] + [W(T - @) — (T - )]
+ [ - T) — 4T - )] (B.5¢)
=[0]+[0]+[0]=0 (B.5d)

which holds. Thus the cross product satisfies the properties of the Lie bracket, implying R?
equipped with the cross product is a Lia algebra. O

Answer 1.2: For the matter of this Lie algebra being simple, we have another proof.

Proof. Assume for contradiction there is an ideal I C R3 which is nontrivial. Then there is
a nontrivial center for the Lie algebra. That is, we have some & € I such that

[Z,7] =0 (B.6)
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for all ¥ € R. However, this happens if and only if

Z = Ay for some nonzero A,

or

7 =0. (B.7)

The second case is trivial, the first case implies I = R3. In either case, R?® does not have a

nontrivial center, so it doesn’t have a nontrivial ideal.

O

Answer 1.3: Last part of the first exercise, we need to show that all derivations of this
Lie algebra are inner derivations. We thus produce the following proof.

Proof. We find that a derivation a:: R? — R3 would be of the form

a([a, v)) = [a(@), 9] + [d@; o

). (B.8)

which occurs whenever o = [}, —] (for some W € R3) by the Jacobi identity. We want to
show that there are no other derivations. We see that « is represented by an antisymmetric
matrix X + X7 = 0. But we also recall any matrix B can be written as

B=A+S

(B.9)

where A is antisymmetric, and S is symmetric. Then if B were a derivation we see that

Bla, 7| = |Ba, ) + |a@, BY) (B.10)

but this would have

Sla, o] = [, v) + [4,

which is not true. This means that a derivation is of the form of an antisymmetric matrix,

which is the same as being of the form o[, —].

» EXERCISE 21
Check the Lie algebra in problem 20 is:

5]

1. isomorphic to the Lie algebra so(3) of real antisymmetric 3 x 3 matrices; and

2. isomorphic to the Lie algebra su(2) of complex anti-Hermitian traceless 2 x 2 matrices.

Answer 2.1: For the first matter of s0(3) we have the following proof:

Proof. The linear map ¢ basically maps bijectively

1 [0 0
51 = 10| — 90(61) =0 0 -1
0] 01 0
[0] [0 0 1]
52 = (1| — (,0(62) = 0 0 0
0] -1 0 0
[0] [0 -1 0
53 = 10| — (,0(63) = |1 0 0
1] 0 0 0
(El_ 0 —X3
T= 12| = (@)= | 73 0
$3_ —XT2 T

0

(B.11)

O

(B.12a)

(B.12b)

(B.12¢)

j; (B.12d)
0

which we will prove is an isomorphism. By direct computation, we find the commutator

[p(Z), p()] is:

0 —z3 2 0 -y 0 —us

x3 0 -z Y3 0 —wn|—1 u3 0
Ty X1 0 —Y2 Y1 0 —Y2 N

Yo 0 —z3 22
- x3 0 —m
0 —x2 I 0
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-—xzyz — Z3Y3 T2Y1 L3Y1 —X2Y2 — T3Y3 L1Y2 L1Y3
= T1Y2 —Z1Y1 — 23Y3 T3Y2 - T2Y1 —Z1Y1 — 23Y3 L2Y3
r1Ys3 T2Y3 —T1Y1 — T2Y2 ZT3Y1 Z3Yy2 —Z1Y1 — T2Y2
(B.13a)
[ 0 T2y1 — T1Y2 T3y — T1Y3
= |T1Y2 — T21 0 T3Y2 — T2ys| = @(T X ¥) (B.13b)
| T1Y3 — T3Y1  T2Y3 — T3yY2 0
so it preserves the Lie bracket. We see by inspection
e~ ([p(@), (@) =T x ¢ (B.14)

the inverse map also preserves the Lie bracket. This implies that this linear mapping is a
Lie algebra isomorphism. 0

Answer 2.2: The isomorphism with su(2) is contained in the proof:

Proof. We have another mapping 1 which is an isomorphism of vector spaces which behave
on basis vectors and an arbitrary vector by:

1] 0 1
1 0
_0_ -
0] (0 4
=1 »v@) =il . } (B.15b)
-1 0
_0_ -
0] 1 0
53 = 10| — 77[1(63) =1 :| (B15C)
1 0 -1
21| T T 1T
. - 3 1 — X2
Z= ig — P(T) =1 LUl + ity s ] . (B.15d)
3_

To show that 1 is an isomorphism of Lie algebras, we need to show that the Lie bracket is
preserved. We see that the commutator of basis elements of su(2) are

wew@n=-g O o+ o o A (B.160)
__{_01 (1)}“{(1) _01: (B.16b)
= 2¢(€2) (B.16¢)

el =il) o 5 3= 3 (B.164)
=i (1) _1_ z[_ol (1)_ (B.16e)
= 2¢(€3) (B.16f)

we el =il) S5 4] -l Al[F ] (B.162)
= B é —[fi _ﬂ (B.16h)

= 2(éY) (B.16i)
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We see that this is isomorphic to the Lie algebra on R? equipped with the Lie bracket incuced
by
[@,V] =Ux¥—UXxU (B.17)

the commutator of the cross products. O

B.2 Problem Set 2

» EXERCISE 22
Find the Lie algebras for the following matrix groups:

1. The group of real upper triangular matrices.
2. The group of real upper triangular matrices with diagonal entries equal to 1.
3. The group T} of real n x n matrices obeying a;; =1, a;; = 0if j —i < k and j # ¢.

Answer 22.1: We see that a curve v: [0,1] — G in the group of real upper triangular
matrices such that (0) = I has components of the form

y(t) = I+ c(t) (B.18)

where ¢(t) has zero lower triangular components. This implies that the Lie algebra consists
of matrices ¢/(0) which are upper triangular.

Answer 22.2: We see that curves v: [0,1] — G in the group of real upper triangular
matrices with the diagonal components equal to 1 (such that (0) = I) is of the form

0 Clg(t) e Cin (t)
0 0 - con(d)

V& =I+|. . : (B.19)
0 0 0

8 0’120(0) C}n(g)
yo=|. . ch:() (B.20)
0 0 0

where c;j(O) € R for 0 < 7 < j <n. These are strictly upper triangular matrices with real
entries.

Answer 22.3: We have a matrix T}, with components a;; = 0 if both j <i+k and j # i.

For example, consider 3 x 3 matrices. We see that

1 a2 as
T1 =10 1 ass (B?l)
0 O 1

where a12, a13, and as3 are real numbers not necessarily zero (we use the well known fact
that 2 £ 141,33 £ 1+ 1, and 3 £ 2+ 1 respectively). Similarly, we see that

bi3

T, = 0 (B.22)
1

O O
o = O

where b13 € R, since here bjo = bag = 0. Lastly we see that

Ty=1 (B.23)
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is the identity element. We see then that the product of two matrices T,T, = fmin{a’b}
produce another matrix in the group.

We see, however, that this group’s elements of the form 7; form a subgroup which is
isomorphic to the Lie group described in Exercise 22.2. We also see that {T;11} C {T;} are
subgroups, for all ¢ € N. The Lie algebra for the group described in Answer 22.2 is thus
completely isomorphic to the Lie algebra we are interested in.

» EXERCISE 23
Check the groups of Exercise 22 and corresponding Lie algebras are solvable.

Answer 23: Recall that if g is the Lie Algebra for the group G, then we use the notation
from Knapp’s Lie Groups: Beyond An Introduction (Second Ed.) that

=9 o=l =] (B.24)
We say that g is “Solvable” if g/ = 0 for some j € Z. Here we are using notation that
[a,b] =span{[X,Y]| X € a,Y € b} (B.25)

wbere a, b are subsets of a Lie algebra g and we take the span over a field F (in our case R).

A group G is solvable iff it is connected and its Lie algebra is solvable. So we need to check
for each group that: 1) it is connected, and 2) its Lie algebra is solvable.

Answer 23.1: We consider g the Lie algebra for the group of n X n upper triangular
matrices with real value entries. Let XY € g, write

X=Dx+X, Y=Dy+Y (B.26)

where Dx, Dy are diagonal matrices, and X , Y are off-diagonal matrices. We see that the
commutator of these two elements are then

[X’ Y] = [DX “r)?,DY—Fi;] (B.Q?a)
= [Dx,Dy] + [Dx,Y] +[X,Dy] + [X,Y] (B.27D)
=04+0+0+[X,Y] (B.27¢)

and we can write in block form that

oy 0 ifi+1<y
X.¥]=ay=47 0 HiTls] (B.28)
0 otherwise.
By induction, we see that elements of g are matrices of the form
"y <
aij = #0 ZJF?T.L_J (B.29)
0 otherwise

which is zero for all m > n.

We need to prove that the group is connected in order to conclude that it is solvable.

We can see that given any two matrices X, Y € G there is a path «: [0,1] — G connecting
them defined by

yt)=tX+ (1 -t)Y (B.30)
which is always in the group V¢ € [0,1]. Thus the group is path-connected. This implies
that G is connected.

Answer 23.2: We see that the Lie algebra we are working with is actually isomorphic to
g! from Answer 2.1, which we saw is solvable. We need to show that the group is connected
to prove that it is solvable. Let X, Y € G be arbitrary group elements. We construct a path
v:[0,1] = G from X to Y defined by

N(t) = tY + (1 —1)X. (B.31)

We see that v(t) € G for all ¢t € [0, 1], which means that the group is path-connected. This
implies that the group is connected and, moreover, solvable.
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Answer 23.3: We see that the Lie algebra we are working with is, again, isomorphic to
g' from Answer 2.1, which we saw is solvable. We need to show that the group is connected,
which we will do by proving it is path-connected (a stronger notion!). For T, T} be arbitrary
matrices in our group, we construct a path v: [0,1] = G by

y(t) = tT; + (1 — )T, (B.32)

We see that this path v(¢) € G for all t € [0,1]. This implies path-connectedness and, more
importantly, solvability of the group.

Definition B.1. A group is “Solvable” if
G:Go;)GlQQGn:{e} (B33)
is a tower of groups such that G,,—1 2 G,, and G,,_1/G,, is Abelian.

Definition B.2. A Lie Algebra g is “Solvable” iff we can find ideals go = g, g1, ..., g =0
such that g; O g;+1 and g;/g;+1 is Abelian.

N.B.: Recall that an ideal § for a Lie algebra g satisfies the property that

[b, 6] = span{[X,Y] [ X €,V € g} Cb. (B.34)
Proposition B.3. Let g be a Lie algebra, g* = [g, 9], and inductively gt = [g°, g°]. Then
gt /gt is Abelian.

Proof. 1t is obvious. We mod out all commutation relations to vanish, which is the necessary
and sufficient conditions for a Lie algebra to be Abelian. O

Proposition B.4. Let g be a Lie algebra, h C g be an ideal. Then [h,5] C b is an ideal of
h.

Proof. Tt is obvious. O

Proposition B.5. Let N C G be a normal Lie subgroup. Then n C g is an ideal of the Lie
algebra.

Proof. We see that since N is normal, for any g € G that gNg~' C N. Consider a curve
v:[0,1] = N such that (0) = I is the identity element. O

Theorem B.6. Let G be a Lie group and g its Lie algebra. If g is solvable, then G is
solvable.

Proof. We recall that exp: g — G recovers the Lie group. We see that if we have a tower of
ideals
g0 2012 - 2 gn =10}, (B.35)

then by exponentiation we get a tower of normal Lie subgroups
G2G 2 DG, ={exp(0)}. (B.36)

We also see that proposition B.3 gives us a method to construct a tower of ideals to demon-
strate solvability for a Lie algebra. Additionally, if g?/g*™* is Abelian, by exponentiation
G'/G*! is Abelian. This is sufficient to stating that if g is solvable, then G is solvable
too. O

Remark B.7. The Lie algebra sl(n) (also denoted by the symbol A,,_1) consists of traceless
n X n complex matrices. The symbol E; ; denotes a matrix with only one nonzero entry
that is equal to 1 and located in the i-th row and j-th column.
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B.3 Exercises
» EXERCISE 24

1. Check that the matrices F; ; (for ¢ # j) and the matrices h; = E;; — Eiy1,,41 form a basis of
sl(n).
2. Find the structure constants in this basis.
Answer to 24:
1 We need to check that any matrix X € sl(n) can be written as a linear combination of
E; ; and h;. We see that if we work in the canonical basis of C", then we can write out X

with components _
X =D+ X =0\ + [Tij] (B.37)

where D is diagonal, X has the diagonal components identically zero. We see then that we
can trivially write out

X =) %;Ei;. (B.38)
(2]

So we need to show that we can write out the diagonal part D in terms of h;.
We see that we can write

D =Mhi+ (M +A)ho 4+ + (Z Aj)hg + -+ (Zn: Aj)hn (B.39)

j=1 j=1

which permits us to verify that D is indeed traceless, and a linear combination of the basis
vectors h;.

Answer to 24:
2 We see first of all that
[hi,hij] =0 (B.40)

for all 7,5 = 1,...,n. It is obvious, since h is diagonal.
We observe that

E,;E;,=FE; = E;jE,;= 6j,kEi,l (B.41)
where d; 5, is the Kronecker delta, which implies
[Eijs Ext]l =0 kEi1 — 0i1E; k- (B.42)

This permits us to observe that

[Eij hie] = [Eijs Exk — Ery1p41] (B.43a)
= [E;j, Ex ] — [Eijy Exgt ks (B.43b)
= (6 Lik — 0i kEjk) — (8 k+1Ei k1 — ikt 1Ej k+1) (B.43c)

Thus we have the commutation relations for the generators of sl(n), which permits us to
deduce the structure constants. Observe if we omit the commas in the indices, we can write

[Eij, Brt] = fijta® Eab (B.44a)
= (08670, — 05036i1) Eap (B.44b)
which permits us to deduce some of the structure constants. We also have
[Eijs hie) = fijim ™ (0108 = 61168 1) Eat (B.45)
and
[hi, h;i] = 0. (B.46)

» EXERCISE 25
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1. Check that subalgebra b of all diagonal matrices is a maximal commutative subalgebra.

2. Prove that there exists a basis of sl(n) consisting of eigenvectors for elements of h. (This
means that h is a Cartan subalgebra of sl(n).)

Answer to 25:
1 Let b consist of diagonal matrices in sl(n). We need to show (a) it is Abelian, (b) it is
maximal. We see that

[b,b] = Span{[X, Y] | X, Y € b} (B.47a)
= Span{0} (B.47b)
=0. (B.47c)

Thus it is Abelian and moreover a nilpotent Lie algebra.
We see that
Ns[(n)(b) = {X € 5[(n) | [Xv Y] € b VY € h} (B488L)
—{E; esl(n) | [B, Y] €h VY € b} U {hy €sl(n) | [, Y] € VY € b}
(B.48b)
=0U{hy €sl(n) | [k, Y] EH VY € b} (B.48c)
=pubh=nh. (B.48d)

That is to say that b is self-normalising, so § is a Cartan subalgebra.
Since b is self-normalising, if h’ is another Abelian subalgebra, then by definition for
each z € by
[z,y] €b (B.49)

for every y € . This implies that x € h and more importantly b’ C b.

Answer to 25:
2 We observe that ' '
[ain)i,Ej’k] = (aj — ak)Ej’k. (B50)

It implies that A A _
[azhi,Ejvk] = [EZEZ'J',EJ"]C] == (Zij 7ak)Ej7k (B51)
or that Ej is an eigenvector for ad(a’h;).

» EXERCISE 26
Check that e; = E; ;41 and f; = Fi+1,; form a system of multiplicative generators of sl(n). Prove
relations

lei, fi] = 0ijhi,  [hishy] =0, (B.52a)
[hi, €] = aije;,  [hi, fi] = —ai; [, (B.52b)
(ade;) "t e; =0, (ad fi) " f; =0 (B.52c)

for some choice of matrix a;;.
We use here the notation ad(x) for the operator transforming y into [z, y].

Answer to 26:
Observe that

k
Ej’k = H €p (B53)
p=j
assuming that k£ > j and

J
Ejr= H fo (B.54)
p=k
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otherwise. So e; and f; generate the algebra.
With regards to the commutation relations, we see first that

[hishy) =0 (B.55)

for all i, j since h; is diagonal and thus commutes with other diagonal matrices.
We also see that

eif; = Eiip1Ej11; (B.56a)
=5, B, (B.56b)

which implies
lei, fi] = 0i i Eii — 6 jEit1,i41 = 64 . (B.57)

It follows then from the last homework problem that

[hi, Bj} = 2(5@‘6]‘ - 5i,j+1ej~ (B58)
Similarly
[hi, fj] = _25ijfj + §i,j+1fj- (B59)
If we write
lei, €] = cij¥ex, [fir fi] = &5" f (B.60)
then we see that if [j — 4| > 1 then
ad(e)(e;) =0, ad(fi)(f;) = 0. (B.61)
If : = j, then
ad(ej)ej = 0, ad(fj)fj =0 (B62)
and for s = j + 1 we have
ad(ejy1)e; =0, ad(fj41)f; =0. (B.63)

This is precisely as desired.

B.4 Exercises
B.4.1 Algebra D,
The Lie algebra D,, consists of 2n x 2n complex matrices L obeying

(FL)' +FL=0 (B.64)
where, in block form,
0 1
F= [1 0] . (B.65)

» EXERCISE 27
Check that D, is isomorphic to the complexification of the Lie algebra of the orthogonal group
O(2n).

Answer to 27:
We see first that we can diagonalize F'. Observe that

Rt e R
(b Db S Gl B

So we have

S
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We observe that since we are working with complex matrices, we can write

AR

where [ is the 2n x 2n identity matrix. Thus we have a mapping

CIR e | R Y R (369

which maps the condition
e (FX)T+FX) = o(X)T + o(X) (B.70)

to the condition for ¢(X) € Co(2n). We see that this mapping is invertible trivially.

» EXERCISE 28
Check that the matrices

E;j 0
€ij = [ % _Ejj (B.71)
together with the matrices
— O EP‘I - E‘ZF o— 0 0
fPlI T |:0 0 ) 9pq = qu _ Eqp 0 (B72)
form a basis of D,,.
Herei,j=1,...,n,1 <p< qg<n,and F;; has only one nonzero entry that is equal to unity

located in the ‘" row and j** column.

Answer to 28:
We see that, when written in block form, the condition for D,, implies that

F[é ﬁ] = [(j g] (B.73a)
[gz gﬂ - {gz éﬁ] (B.73b)
- E 1[3)] :_LC; ;ﬂ (B.73c)

Thus we see that if L € D,,, it can be written in block form as

L= [é‘, —iT} (B.74)

where A is any n X n matrix, B, C are antisymmetric n X n matrices. We see we can write
this as N
L =a"e;; + 0P frq + cPlgpq (B.75)

where we sum over i, j, p, q.

» EXERCISE 29
Check that the subalgebra h of all matrices of the form

{’3 0 A} (B.76)

(where A is a diagonal matrix) is a maximal commutative subalgebra, and prove that there exists
a basis of D, consisting of eigenvectors for elements of h acting on D, by means of adjoint
representation. (This means that § is a Cartan subalgebra of Dy,.)
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Answer to 29:

Well, we see that h; = e; ; forms a basis of h. We know from homework 1 that if we include b is Cartan Subalgebra
nonzero off-diagonal components, the algebra is non-Abelian. So every Abelian subalgebra
must be generated by some subset of h;. This means that

h = span{a’h;: a* € C} (B.77)
is a Maximal Abelian subalgebra.
We see that Eigenbasis
[hiseji] = hiejr — ejrhi (B.78a)
(B 0 1[EBx 01 [Ex 0 |[E. 0
= [ 0 —E] [ 0 —Ek]} [ 0 —Ekj { 0 —E} (B.78b)
_ | BiiBjk — EjrEi 0
B [ 0 EiiEkj— Ey Ei, (B.78¢)
= 0;,j€ik — Ok,i€j i (B.78d)
= (6i,j — Ok,i)€j k- (B.78e¢)
Similarly
_ . _Ei,i 0 0 Epg—Egp| |0 Epg— Egp| |Eii 0
[hz, qu] - I 0 _Ez,:| |:0 0 0 0 0 —Ei’l (B79a)
— [0 EiyiEp,q - Ei-,iEq,p 0 _(Ep,quyi - Eq,pEi,i)
= 0 -1 0 (B.79b)
= (5i,p + 6i,q)qu~ (B-79d)
Lastly
L [Eu 0 o 0o [ o 0[Es o0
[hwgpq] - |: 0 Ez,1:| |:qu _ Eqp 0:| |:qu o Eqp O:| l: 0 El,z:| (BSO&)
0 0 0 0
- [—Ei,iEM + EiE,, 0] - [Ep,qu7i — By, Ei; o} (B.80b)
= _(51',1) + 5i,q)gp,q' (BSOC)

Thus ejr, fpq, and gpq form a basis for the Lie algebra, and are weight vectors.

» EXERCISE 30
Check that e; = e;ji41 for i = 1,....,.n — 1 and e, = fun—1,n; fi = €i41,s for i = 1,...,n —1 and
fn = gn—1,n form a system of multiplicative generators of D,,. Prove the relations

les, fi] = dijhi (B.81a)
[(hishy] = 0 (B.81b)
[hi, e5] = aije; (B.81c)
[hi, f3] = —ai; f; (B.81d)
(ade;) " *ie; =0 when i # j (B.81e)
(adf;)' "7 f; =0  wheni#j (B.81f)

Answer to 30:
It follows immediately from the calculations performed in the answer to 3.
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B.4.2 Algebra C,
Consider the Lie algebra C,, consisting of 2n x 2n complex matrices obeying

(FL)' + FL =0 (B.82)

where

F= [_01 (1)] . (B.83)

» EXERCISE 31
Check that C,, is isomorphic to the complexification of the Lie algebra of the compact group
Sp(2n) N U(2n) where Sp(2n) stands for the group of linear transformations of C*" preserving
non-degerate anti-symmetric bilinear form and U(2n) denotes unitary group.

Answer to 31:
We see first of all that we may diagonalize F' when we write it as

17 ) 0 -r 331

We see that we can construct a morphism

p(X) = 2 hl i] X {7 ﬂ (B.85)

which is invertible, whose domain is C,, and whose codomain is precisely the complexified
Lie algebra for U(2n) N Sp(2n).

» EXERCISE 32
Check that the matrices

_[Ey; O
€ij = I 0 —Eji:| (B86a)
[0 Ep+E
fm=lo " qp} (B.86b)
[ o 0
9pq = _qu + Eqp 0:| (B86C)
form a basis of C,,, where 7,7 =1,....nand 1 <p < g < n.
Answer to 32:
If we write an element of our algebra in block form as
A B
L= [C’ D} (B.87)
then by our conditions, we deduce
cC D
FL= {—A —B] (B.88a)
T 4T
LTF = LC;T gT} (B.88b)
which implies that B and C are symmetric, and —A” = D. So in other words we can write
A LB+ B7T)
_ 2
However, this permits us to write
A 0 0 I(B+BYT) 0 0
= 2
L [0 AT] + [0 0 |Tlic+cer) o (B-90)
=a"e;; + P f,q + gy, (B.90b)

which is precisely what we desired to demonstrate.
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» EXERCISE 33
Check that the subalgebra b of all matrices of the form

{‘g 0 A} (B.91)

where A is a diagonal matrix, is a maximal commutative subalgebra. Prove there exists a basis of
C,, consisting of eigenvectors for elements of § acting on C,, by means of adjoint representation.

Answer to 33:
The reasoning for the maximal commutative subalgebra is the same as for the D,, case.

» EXERCISE 34
Check that e; = €;i41 (i =1,...,n—1) and €n = fan; fi =€it1,: (=1,...n—1) and fn = gn,n
form a system of generators of C,,. Prove

lei, fi] = dijha, (B.92a)
[hi,hj] = 0 (B.92b)
[hi, e5] = aize;, (B.92c¢)
[his f5] = —aij f3, (B.92d)
(ade;)' ~%ie; =0, i#j (B.92¢)
(adfi)' =" f; =0,  i#j (B.92f)

Answer to 34:
We see that it follows from the calculations performed in the previous answer to exercise 32.

B.4.3 Algebra B,
The algebra B,, consists of (2n + 1) x (2n + 1) complex matrices obeying

L'F+FL=0 (B.93)
where
1 00
F=10 0 1 (B.94)
01 0

is written in block form.

» EXERCISE 35
Show that B, is isomorphic to the complexified Lie algebra of O(2n + 1).

Answer to 35:
We construct an isomorphism by diagonalizing F':

1 0 0 1 0 o]/[1 0 0
1 1 1 1
F=|0 &% —Z|lo -1 0||0 &% = (B.95)
0 % ] 0 0 1]]0 —% %
which allows us to write
1 9 (1) 1 00 1 0 o] [L (1) 01
eX)=10 7 #|0 i ojx|0o i 00 5 —5 (B.96)
0 -7 ][0 01 00 1[0 5

which clearly is an isomorphism as desired.



Solutions to Exercises

83

» EXERCISE 36
Check that the subalgebra b of all matrices of the form

00 0
0 A 0 (B.97)
00 —-A

(where A is a diagonal matrix) is a maximal Abelian subalgebra, and prove there is a basis of B,
consisting of eigenvectors for elements of h acting on B,, by the adjoint representation.

Answer to 36:
The proof for h being a Cartan subalgebra is ALMOST the same as for the D,, case. The
basic reasoning is the same, we have our beloved isomorphism

¢: B, — CLie (O(2n + 1)) (B.98)

which is defined by
o(X)=PXPT (B.99)

where P is the orthogonal matrix

(B.100)

~§‘~ [an}
~S]

V2 V2

where I here is the n x n identity matrix. The inverse to this morphism would be
e '(v)=P'YP (B.101)

and we know the Cartan subalgebra is spanned by h; = E; ;41 — Ei+1., by applying ¢~ to
it we deduce that
0" hi) = Brtiiti — Biontiitnti (B.102)

up to some change of coordinates by multiplication by 7.

» EXERCISE 37
Find a system e;, f; of multiplicative generators of B,, obeying

lei, f3] = dijhi (B.103a)
[hi,hs] =0 (B.103b)
[hi, €] = aije; (B.103c)
[hi, f5] = —aij f; (B.103d)
(ade;)' "“e; =0,  i#j (B.103e)
(adfy)' 9 f; =0, i#j (B.103¢)

for “some” matrix a;;.

Answer to 37:
We know that C Lie (O(2n + 1)) 2 B,,, and that the basis for CLie (O(2n + 1)) consists of
n(2n + 1) antisymmetric matrices. We observe

0 —al —oT 1 0 —i(T—a)" —(@+a)T
ot la 0 0 = — |i(7— @) 0 0 (B.104)
70 0 V2 | (54 ) 0 0

which permits us to deduce how these particular basis vectors transform. The others are
remarkably similar to D,,, which calculations have been performed or given.
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If we let
0 0 0
H=|0 D 0 |ep (B.105)
0 0 -D
(for some diagonal n x n matrix D) and
0 —ar —T
L=|u A 1(B-BT)| € B, (B.106)
i %(C’ -CT) —AT
(for arbitrary n x n matrices A, B, C, and n-vectors @, /) be arbitrary, then we find
0 —a'D 7' D
[H,L]|=| Du [D, A] %{B — BT, D} (B.107)
-Dv —3{C-CT,D} [D, AT]

where {a,b} = ab+ ba is the anticommutator. We see that in addition to the basis root
vectors given by D,,, we have the additional root vectors

[0 —@l 0]
eg=|u 0 0 (B.108)
0o 0 o0
and ) )
o o —af
fi=0 0 0 (B.109)
(d4; 0 0 |
where {@;} is the canonical basis for R”. We see that, if
0 0 0
hi=10 E;; 0 |€bh (B.110)
0 0 —E;,
then
[hi, €5] = dij€; (B.111)
and N _
[hi, f5] = —6ij f; (B.112)

which tell us the roots corresponding to e; and }T]

» EXERCISE 38
Describe the roots and root vectors of A,,, By, Cy, Dy.

Answer to 38:
We find the roots and root vectors described by the previous exercises for algebras D,,, C,,
and B, respectively. We also examined the root system for A, in a previous homework.
We can describe the roots by examining the Cartan matrices of these algebras. These
are obtained by the commutation relations, the coeflicients a;; are the components of the
Cartan matrix. Additionally we have by definition a;; < 0 for non-diagonal components.
With these conditions in mind, we can write the Cartan matrices merely from the results we
have already computed. For A,, we have

2 -1 0 0
-1 2 -1 0
- 10 -1 2 0

(B.113)
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For B,, we have

2 -1 0 0 0 0
1 2 -1 0 0 0
0 -1 2 -1 0 0
ay=|0 0 -1 2 -0 0} (B.114)
0 0 0 0 2 -9
L0 0 0 0 -1 2|
For C, ) )
2 -1 0 0 0 0
1 2 -1 0 0 0
0 -1 2 -1 0 0
a; =10 0 -1 2 0 0 (B.115)
0 0 0 0 2 1
L0 0 0 0 —2 2|
For D, ) .
2 1 0 0 0 0
1 2 0 0 0 0
aj =10 0 2 -1 0 0]- (B.116)
0 0 1 2 -1 -1
0 0 0 -1 2 0
0 0 0 -1 0 2]

B.5 Additional Exercises

» EXERCISE 39
Let V be the fundamental representation of sl(n). Let V* be the representation dual to V. Find
the decomposition of V@ V and V ® V™ into the direct sum of irreducible representations.

Answer to 39:
Well, we first see that if
p: sl(in) — gl(V) (B.117)

is our representation morphism and
p*sl(n) — gl(V™) (B.118)
is the dual representation, then we have
p®p:sl(n) — gl(V) @ gl(V) (B.119)

and
p®p*isln) = gl(V)®gl(V*). (B.120)

We know that we can decompose
VeV =Sym?(V) e AX(V) (B.121)

which intuitively corresponds to writing an arbitrary matrix as the sum of an antisymmetric
matrix and a symmetric matrix. We would like to show that this decomposition corresponds
to a direct sum of irreps.

We first of all see that if

V = span{uy, ug, ..., un } (B.122)
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where w7 is the highest weight vector, e;us = u1, and so on, then we can write
VeV =Span{u; ®u; | i,j =1,...,n}. (B.123)
However we note that the decomposition in eq (B.121) amounts to

1 1
Ve = Span { 5 08 1+ 0y 90 [ = L f 0 Span {5 (60 05~ 05 9) [ 21,

=Sym?(V) =A2(V)

To show that the representation of the group acting on V ® V is the direct sum of two
irreducible representations, we will show that the representation has exactly one highest
weight vector in Sym?(V) and exactly one highest weight vector in A%(V'). We will also show
that the group acts on all basis vectors, which is sufficient to demand that the representations
is irreducible (thus implying p ® p is the direct sum of two irreps).

CLAIM 1: There is exactly one highest weight vector in Sym?(V).

Proof. We see that

p @ p(hi)(ui @ uj) = (A + Aj)(ui @ uy) (B.124)
and thus
We see that
p®ple;)(ur @ug) =0 (B.126)

for all 7, implying that u; ® u; is a highest weight vector. There are no others since
p @ plei)(u; @ ug) = 0 juj1 @ up + i puj © up— (B.127)

up to some constant, which implies there are no other possibilities for a highest weight
vector. O

CLAIM 2: There is exactly one highest weight vector in A2(V).

Proof. We see that similar reasoning holds. More explicitly

p@p(e;)(ujQup—ur®@u;) = (0; juj—1 ® Uk + 0; pj; @ up—1)— (05, jur @ uj—1 + & gUk—1 ® uj)
(B.128)

but only
p®plei)(ur @®ug —ug @uy) =0 (B.129)

for all 7 identically. This is precisely uniqueness of a vector that vanishes when acted upon
by e; for any 4, which is the condition for the highest weight vector to be unique. O

Lemma B.8. If p: G — GL(V) is a representation of a Lie group, its induced dual
representation for the Lie Algebra is

p*(x) == —p(z)". (B.130)

Proof. We observe that, from Lecture 15, the dual representation of a Lie group is defined
to be

p*(g) =plg~ )" (B.131)

for any g € G. If we take g = 14+ eX for an “infinitesimal” ¢, then we can write

(1+eX)'=1-eX (B.132)
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and
p*(1+eX) =p(1—eX). (B.133)

By Taylor expanding about 1, we deduce
p*(1+eX)=p(1)" +e[-p(X)T] (B.134)
which permits us to induce a “dual” representation for the Lie Algebra defined by
p"(X) = —p(X)T (B.135)
precisely as desired. O

Since we are working with the fundamental representation p of sl(n) we have

pled)” = p(fi)- (B.136)
Additionally, the Cartan subalgebra elements are such that
p(hi)" = p(hi) (B.137)

since they are represented by diagonal matrices. So we have

(p® p)(e)(u; ® u¥) = (ples)uy) ®ub —u; @ (p(fi)ub) (B.138)

where superscript indices here indicate that it is a covector, a linear functional, an element
of the dual vector space. We observe

p(fi)ui = uiqa, and  p(e;)u; = uj—q (B.139)

since we noted in Lecture 16 the weight vectors for the fundamental representation is nothing
more than the canonical basis. This permits us to deduce

(p@p")(e)(ur @u™) =0 (B.140)
for all 7, which means u; ® u™ is a weight vector for this representation. We also see that
(p@p*)(ei)(uj @u?) =0 (B.141)

identically, since
(0 p") ey ®ub) = (A — M)y @ ), (B.142)

Setting j = k we find the right hand side vanishes identically.

» EXERCISE 40
Prove the fundamental represenation of so(n) is equivalent to dual representation. Find the decom-
position of the tensor square of this representation into direct sum of irreducible representations.
CLAIM 1: The fundamental representation of so(n) is equivalent to its dual representation.

Proof. Well, we know the dual representation for p: G — GL(V) is
p*(g) =p(gH)". (B.143)
By making g = 1 + X where ¢ is “infinitesimal,” we get by Taylor expanding about 1
p(1—eX)T = p(1) + & (—p(X)T) (B.144)
which permits us to deduce for a Lie algebra, the dual representation for an element X is

p*(X) = —p(X)7. (B.145)
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We know for the fundamental representation of s0(n) we are working with n xn antisymmetric
matrices. However, this means that for the fundamental representation p of so(n)

p(X)T = —p(X) (B.146)

for all X € so(n), which implies
p(X) = —p(X)T = p*(X) (B.147)
precisely as desired. O

Proposition B.9. The Cartan subalgebra is
b= span{ _ z;(Ezjzj-1 — Baj-12))} (B.148)
j=1
and the weight vectors are, for the fundamental representation
Uj = €25 + €51 (B.149)
forj=1,..,n.

Proof. It follows from the definition of the maximal torus that eq (B.148) holds. The
eigenvalues for the 2 X 2 matrix
[O _1} (B.150)

1 0

is +1 with eigenvectors (4,1) and (—,1) for —i, i respectively. Thus we deduce the weight
vectors to be as desired. O

Proposition B.10. We deduce that

[hj, N¥(Ey,05 — Bajg) + 1 (Beaj—1 — Ezj—14)] = =N (Br2j—1 — Baj—15) + 1 (Ee2j — E2j).
(B.151)

Proof. We find this by direct calculation. O

We can further compute how these terms act on the weight vectors. We observe

N (Byoj — Boj)ii; = \eéy — iN0p.05 18 (B.152a)
W (Bezjo1 — Bajo1,0)T; = ip'8 — py25¢0. (B.152b)

Thus we observe that when ¢ =25 4 1 and k = 2j + 2, we get

N (B2 = Ej o) + i (Bezj—1 — Baj—1,0)T; = 1. (B.153)
We also observe that when ¢ =25 — 3 and k =25 — 2, we get

N(EBy0j — Fojg)iy + 1 (Eroj—1 — Eaj_1.0)l; = ;1. (B.154)

Thus we have found our raising and lowering operators e; and f; respectively.
But notice since the representation is “self-dual”, we have the decomposition of

VeV =Sym?(V)®A%(V). (B.155)

Thus we have two irreps, one acting on Sym?(V') and the other acting on A%(V). We can
observe the following thing: a symmetric matrix X is such that

Tr(PXPT) = Tr(X) (B.156)



Solutions to Exercises

89

for P € O(n). So, we can consider traceless symmetric matrices X which forms an invariant
subspace of Sym?(V). Additionally, matrices of the form ¢I where ¢ € R is some constant,
also obey

P(cI)PT = ¢(PIP") = ¢(PPT) = cI (B.157)

for P € O(n). Note these are group elements and the group representation acting on V@ V|
which permit us to find invariant subspaces and thus subrepresentations for the group which
correspond to subrepresentations of the Lie algebra.

So the invariant subspaces are three:

1. A%V the antisymmetric part;
2. Span{I} the scalar matrices; and
3. {X € Sym?V| Tr(X) = 0} traceless matrices.

Each of these are irreducible, since there is precisely one highest weight vector for each of
them.

» EXERCISE 41
(Schur’s lemma) Let us consider a complex irreducible representation ¢ of Lie algebra ¢. Let us
assume that the operator A in the representation space commutes with all operators of the form
¢(z) where z € 4. Prove that A = X-1 where A € C and 1 stands for the identity operator.
Hint: Consider Ker(A — p - 1).

Answer to 41:
We will first make a small lemma.

Lemma B.11. Let ¢: 4 — V be an irreducible representation of the Lie algebra ¢, and
L:V =V be a linear mapping. Then either L is an isomorphism, or it is zero.

Proof. Consider Ker(L). It would be an invariant subspace of V', but since ¢ is irreducible
this subspace is either V' or 0. For nonzero L, we have Ker(L) = 0. This implies that L is
injective. But since we have an injective endomorphism, thus it is surjective and moreover
bijective. We have L be an isomorphism or, alternatively, 0. O

Consider A. It has at least 1 nonzero eigenvalue A, or it is the zero mapping necessarily
(in which case, A =0-1). We see that A — A -1 is not an isomorphism, by our lemma since
its kernel is all of V' it follows that A = A -1 for some A € C.

» EXERCISE 42
Let us consider a Lie algebra ¢4 with basis e1, ..., e, and structure constants Ckij:

[61‘,6]‘] = ckijek. (B158)

We define universal enveloping algebra U(¥) as a unital associative algebra with generators e; and
relations

€i€j — €5€; = ckijek. (B159)

Let us assume that there exists an invariant inner product on ¢ and that the basis e, ..., e, is
orthonormal with respect to this product. Prove that that the element

w= Z eie; (B.160)

(Casimir element) belongs to the center of enveloping algebra.

Hint. It is sufficient to check that Casimir element commutes with all generators. Write
the condition for exw = wey in terms of structure constants and check that the same condition
guarantees invariance of inner product.
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Answer to 42:

Let B be a nondegenerate symmetric invariant bilinear form on ¢. Let x4, ..., x, be the
basis for ¢, z!, ..., ™ be the dual basis so
B(x,27) = 6. (B.161)
Let z € 4, we have
[2,25) =) d'jwy = a'ja; (B.162)
i
and _ . .
[z,27] = Z bl x" = bz (B.163)

where a;7 and b;” are “some constants.” Since B is invariant we have

0 = B([z, ], 2%) + B(xy, [z, 27]) = a;? + b, (B.164)
We see
2(wxt) = [z, 3]0 + w22 (B.165a)
= Z ai’z;x’ + w22t (B.165Db)
J
and 4 , _ A _ 4
(x;2%)z = (z3]2*, 2]) + w22’ = — Z bl xixd + xza’ (B.166)
J
Thus we find ‘ . . ‘ ‘ ‘ A ‘
[z, z;2'] = Z a’zixt + b ! = Z(aj’ + b))z’ (B.167)
J J

but due to the invariance of B, we see that the parenthetic term must be zero (we sum over
dummy indices, which we may rewrite as we like). This implies

[z, ;2% = 0 (B.168)

for any z € 9.

» EXERCISE 43
A representation ¢: 4 — gl(n) can be extended to a homomorphism of universal enveloping algebra
to the algebra of n x n matrices. If the representation is irreducible the image of the Casimir
element has the form A - 1. Show that this follows from Schur’s lemma.

Answer to 43:

We have that the Casimir element be denoted by w. In the universal enveloping algebra, it
is an n X n matrix. It has at least one nonzero eigenvalue A € C or it is the zero matrix. By
Lemma B.11 we have for w — A - 1 its kernel is either 0 or all of C". If

Ker(w—X-1)=C" (B.169)

then
w=A-1 (B.170)
by Schur’s lemma. Otherwise it is the zero matrix.

» EXERCISE 44
Calculate the image of Casimir element for an irreducible representation of the Lie algebra s[(2).
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Answer to 44:

Let
p:sl(2) — gl(V) (B.171)

be an irrep. We have the dual basis for e, f, h in s[(2) be 2f, 2e and h respectively. By our
previous calculations, it follows that

w= H?+2EF +2FE (B.172)

where F' = p(f), E = p(e), H = p(h).
Observe if ¢ is the highest weight vector for the irrep in eq (B.171), and A is the
corresponding highest weight, we have

p(h?)T = p(h)*v (B.173a)
= \(h)?7. (B.173b)

Similarly, we see

plef + fe)v = (p(e)p(f) + p(f)p(e))v (B.174a)
= p(e)p(f)T + p(f) (p(e)?V) (B.174b)
= p(e)p(f)T+0 (B.174c)
= p(e)p(f)v -0 (B.174d)
= p(e)p(f)7 = p(f) (p(e)?V) (B.174e)
= (p(e)p(f) = p(f)p(e))v (B.174f)
= [p(e), p(f)]¥ (B.174g)
= p(h)v (B.174h)

Thus the Casimir acting on the highest weight vector is

wt = (p(h)* 4 p(h))7 = X(R) (1 + A(h)) 7. (B.175)
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