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These notes are purely expository; all credit for the ideas and methods is due to others.
As a warning, these being daily notes composed in an hour or two before class each day,
they are prone to errors, typos, and other errata. Each “chapter” represents a single day’s
lecture.

Part I of these lecture notes almost mostly consists of notes on the text ”Introduction
to Lie Algebras and Representation Theory” by James E. Humphreys. Notable exceptions
are our look into the interaction of Lie algebra theory with the quantum theory in Chapter
and the exercises in Chapter Unfortuantely many of the notes from the end of Fall
2012 have been lost; at some point I may reproduce those notes from outlines that I still
posess.

Part II was taken from a variety of sources.
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Chapter 1

Basic Definitions and Examples
of Lie Algebras

September 6, 2012

1.1 Definition

A Lie algebra lis a vector space V over a base field F, along with an operation [, -] : VxV —
V' called the bracket or commutator that satisfies the following conditions:

e Bilinearity: «fz,y] = [az,y] = [z,ay] for « € F and z,y € V
e Antisymmetry: [z, y] = —[y, z] for z,y € V
e The Jacobi Identity: [z, [y, 2]] + [y, [z, z]] + [z, [z, y]] = Ofor z,y,z € V.

This definition works for any base field except those of characteristic 2, in which case the
second condition is replaced by [z, z] = 0, which is then not equivalent to [z,y] = —[y, z].
However most theorems required algebraic completeness, which will generally be assumed.
We will also generally ignore the case of finite characteristic, which sometimes requires
additional considerations. Thus realistically we are talking about FF = C. In addition, we
almost always require that V' be finite dimensional.

It should be noted that the Jacobi identity is formally identical to the Leibnitz rule.

A brute-force construction of an arbitrary Lie algebra may begin with selecting a finite-
dimensional vector field V, a basis {e;}_;, and n® many constants cf] € IF subject to the
relations



[ ] Ck, = —Ck.;.
n U .5 U .8 U L8 _
LDy (Ciscjk + CjsCpy t+ ckscij) = 0.

One then defines the brackets [e;,e;] = Y'_; ¢f;e), and extends by linearity.

1.2 Non-Fundamental Examples

1.2.1 The abelian case

If V is any vector space with origin o, it has the structure of a Lie algebra where we define

[z, y] = o (1.1)

for all z,y € V. Any such example is called an abelian Lie algebra.

1.2.2 The cross product

In high school we had the cross product on R?, given by
X xY = sin(0)|X||Y] - gy (1.2)

where 7 3¢ is the unit normal to X and Y chosen by the right-hand rule, and 6 is the angle
between the vectors. Orientation (the right-hand rule) requires that

XxY = -¥YxX (1.3)
and a simple check shows that

Xx(?xf)—i—?x(fx)f)—kfx(fx?):0. (1.4)

1.2.3 The Heisenberg algebra

In 1-dimensional quantum mechanics, the state of a system is given by an L? function f :
R — R, denoted f(g). The collection of all such states is the Hilbert space H = L?(R). The
coordinate g can itself be considered an operator q : H — H, which acts by multiplication:
f(q@) — ¢qf(g). Thinking for a moment like a physicist and ingoring the fact that derivatives
of L? functions do not exist and might not belong to L? if they did, a second operator
p: H — H, called the momentum operator, can be given by

_ of
p(f) = ﬁha—q. (1.5)



Letting [, ] be the usual commutator, the action of [p,¢] on f € H is

podf = ﬁhﬁq@f)—q(mhgg) (1.6)
= V-1nf, (1.7)

or in other words, multiplication by the constant /—1 h. The Heisenberg algebra is the Lie
algebra on

V = spanc{p, ¢, V—1h} (1.8)
with this bracket operation.
Of course this algebra can be defined abstractly by V' = spanc{X,Y, Z} where
X, Y] = Z [X,Z] =0 Y, Z] = 0. (1.9)

The Heisenberg algebra is isomorphic to the concrete example given by
0 1 0 0 0 0 0 0 1
X=|1 000 Y=10 0 1 Z=10 0 0 (1.10)
0 0 0 0 0 0 0 0 0
and V = spanc{X,Y, Z}, with the bracket given by the usual matrix commutator.

1.2.4 The angular momentum operators

In 3D quantum mechanics, we have three position operators ¢', ¢2, ¢*> and three momentum
operators p; = \/—7171(%, with the usual commutators. From these other useful operators
are defined, such as l;,1,,[,, whose eigenvalues record a wavefunction’s angular momenta
about the the respective axes. They are defined by

le = ¢°ps = ¢’p2 Ly = ;1 —d'ps L= q'p2 — ¢p1. (1.11)
One easily chechs the commutator relations

(e 1)) = V=1hl,  [l,,1.] = V=1hl, [, 1] = V=1hl,. (1.12)

Under the basis X = ﬁle = ﬁly,Z = ﬁlz, we have
X,Y] =2 [Y.Z2 =X [2X] =Y (1.13)

This is just the cross product algebra (from above), and is the same as the Lie algebras
50(3) and su(2) (below).
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1.2.5 Lie Groups

A Lie group is a differentiable manifold G along with a group structure so that the group
operation (multiplication and inversion) are differentiable. Any Lie group M has an associ-
ated Lie algebra }, given by derivations at the identity I € G. Specifically, any element a of
the tangent space T7G at the identity can be represented by a path A : (—¢,¢) — M with
A(0) = I. Given a,b € T1G, we define their bracket [a, b] to be the vector given by one half
the second derivative of the path

t — A(t)B(t) A{t) ' B(t)" L (1.14)

If G is an Abelian group, then clearly g is an abelian Lie algebra.

1.2.6 Linear Lie Groups

If G is a linear Lie group, meaning a subgroup of some L(V'), then its Lie algebra g,
defined before as derivations at the identity, will have its bracket given precisely by the
usual commutator operation on matrices. Indeed, letting the paths A(t), B(t) represent the
vectors a, b, then using the definition we compute

1d -1 -1
0,8 = §ﬁ’t:0A(t)B(t)A(t) B(t) (1.15)
_ (dAdB | dA=1 dB~! N dAdB~! N dB dA~! (1.16)
 \ldt dt dt  dt dt dt dt dt ) li=o ’
= A(0)B(0) — B(0)A(0) = ab—ba (1.17)
where we have abbreviated A(7) = %}t:TA(t).

Example. Consider the special Linear group SL(n,C), defined to be group of matrices
with unit determinant. If a(¢) is a path in SL(n,C) with det(a(t)) =1 and a(0) = I, then

0= —

;lt‘tzodet(a(t)) = Trace (C;?L:O) (1.18)

so the associated Lie algebra g is the special linear algebra, or sl(n,C), which consists of the
trace-free matrices. (Of course we only proved containment—actual equality comes from
exponentiation along with det(e?) = e77(4) )

Example. Consider the orthogonal group, O(n), consisting of n x n matrices A such
that ATA = I. Taking derivatives at the origin, we see that if A(t) is a path through

I € O(n) with a = A(0), we have
d
dt
The Lie algebra therefore associated with O(n) is the orthogonal algebra o(n), consisting of
antisymetric n x n matrices.

O:

- (A)TAt) = a” + a. (1.19)

11



Example. The third main examples is the symplectic group on V. Assume V has
dimension 2n, and, after choosing a basis, let

J = ((}n Ig) (1.20)

The symplectic group Sp(2n, C) consists of matrices A so that AT .JA = Ip,. Taking deriva-
tives, we see that if A(t) is a path in Sp(2n,C) with A(0) = I3, and A(0) = a, then
d
0= 2| (ATJ4) = d"J + Ja. 1.21
dt lt=0 ( ) @St Ja ( )
The symplectic algebra sI(2n, C) is the set of complex matrices a so that a”J = —Ja. (In a
bit of unfortunate notation, the groups Sp(2n,C) are not the same as the groups Sp(n).)

1.3 The Fundamental Examples

1.3.1 The general linear algebra, gl

Let V' be any vector space, with L(V) its linear group (End(V') is equivalent notation).
We know L(V) is a vector space, and has the structure of an associative algebra under the
usual operation of composition. It also carries the structure of a Lie algebra, denoted gl(V'),
where the bracket is the usual commutator

[2,y] = zoy —you. (1.22)

(Exercise: Verify the Jacobi identity). The Lie algebra gl(V') should not be confused with
the general linear group GL(V') (the subgroup of L(V') of invertible transformations); in
particular GL(V') is not a vector space so cannot be a Lie algebra.

Any subspace of any gl(V') that is closed under the commutator operation is known as
a linear Lie algebra.

1.3.2 Series A, B, C', and D

Cartan’s notation for the special linear algebras was A;, which is defined to be simply
sl(l +1,C). Likewise, the C-series algebras are precisely the symplectic algebras defined
above: C; = sp(2l,C). For reasons that are certainly not clear at present, the orthogonal
algebras are divided into two series, with the B-series being the odd dimensional and the D-
series being the even dimensional orthogonal algebras. Specifically, Humphreys defines B; to
be the algebra of (204 1) x (2] + 1) matrices (with complex entries) a so that a’Q+Qa = 0,
where

10 0
Q=100 I (1.23)
0 0



Of course this is not the definition of the orthogonal algebra that was given above, but B;
and 0(2/4 1) ® C are isomorphic by conjugacy. Finally the algebra D; consists of the 2] x 21
matrices (again with complex matrices) a so that a’Q + Qa = 0, where now

Q:(?l g) (1.24)

Again, the algebras D; and 0(2]) ® C are isomorphic via conjugacy.
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Chapter 2

Fundamental definitions, and
Engel’s Theorem

September 11, 2012

2.1 Basic Definitions

A representation of a Lie algebra L is a homomorphism ¢ of L into the Lie algebra gl(V') for
some vector space V over F. Every Lie algebra has at least one representation, the adjoint
representation ad : L — End(V).

A subalgebra K of L is a subspace that is closed under the bracket.
An ideal I of K is a subalgebra so that € L, y € I implies [z,y] € I.

If I and J are ideals, so is I + J, defined to be the set of all elements c;x + coy where
c,eo €EF,zel, yeJ.

If I and J are ideals, so is [I,] J], which is defined to be the vector space spanned by
elements of the form [z, y] where z € J and y € J.

Two ideals possessed by any Lie algebra are the derived algebra [L, L], and the center
Z(L) or C(L), defined to be the set of elements « € L so that [z,y] = 0 for all y € L. Either
of these algebras may be trivial or may equal L itself.

Proposition 2.1.1 (Humphreys 2.2) Assuming I,J C L are ideals. Then (I +J)/J is
canonically isomorphic to I/(INJ), and if I C J then K/J is canonically isomorphic to

14



(E/D)/(J/T)

If K C L is a subalgebra, we define the normalizer of K in L
Np(K) = {xGLHx,K}GK}. (2.1)

Using the Jacobi identity, Ny (K) can be seen to be a subalgebra of L. It is the largest
subsalgebra that contains K as an ideal. If N (K) = L then K is an ideal. If N (K) = K
then K is said to be self-normalizing.

If K C L is a subalgebra, we define the cetralizer of K in L to be
Cr(K) = {z€lL|[z,K]=0}. (2.2)
Note that K is usually not contained in Cr(K). Also, Cr(L) = C(L).

A derivation of a Lie algebgra L is a linear map 6 : L — L so that d[z,y] = [0z, y] +
[, dy]. The vector space of derivations Der(L) is in fact a Lie algebra; it is easily checked
that if 6,6’ € Der(L) then [6,6'] £ 56’ — 6’6 is also a derivation. By the Jacobi identity, the
adjoint map can be thought of as ad : L — Der(L).

If [L, L] = {0} then L is called abelian. If L has no nontrivial proper ideals, then L is
called simple.

If L, N are Lie algebras, a homomorphism ¢ : L — N is a linear map that commutes
with the backets; that is

¢ (2, ) = le(@), e(y)] (2.3)

whenever x,y € L. The Kernel of ¢, denote Ker(y) is the vector space kernel of the map
@. It is easily checked that Ker(p) is an ideal.

A homomorphism ¢ : L — N is called a monomorphism if Ker(y) is the trivial
subspace. It is called an epimorphism if its image is N. It is called an isomorphism if it is
a monomorphism and an epimorphism.

Proposition 2.1.2 (Humphreys 2.2) If ¢ : L — N is a homomorphism, then Im(p) is
canonically ismorphic to L/ Ker(p).

A Lie algebra L is called a linear Lie algebra if it is a subalgebra of gl(V') for some
finite dimensional vector space V.

Proposition 2.1.3 Any simple Lie algebra is isomorphic to a linear Lie algebra

15



2.2 Solvable Lie algebras

Let L be a Lie algebra. We can define its derived series L(9, L) by L = L and
L® = [LUH% L] (2.4)

We call L solvable if L(™) = {0} for some n.

Proposition 2.2.1 (Humphreys 3.1) Let L be a Lie algebra.

a) If L is solvable, so are all subalgebras and all homomorphic images.
b) If I C L is a solvable ideal and L/I is solvable, then L is solvable.
c) If I,J C L are solvable ideals, then I + J is a solvable ideal.

Pf. Easy. O

2.3 Nilpotent Lie algebras

Let L be a Lie algebra. We can define its descending central series L°, L', ... by L = L
and

L* = [L,L*1]. (2.5)
We call L nilpotent if L™ = {0} for some n.

Proposition 2.3.1 (Humphreys 3.2) Let L be a Lie algebra.

a) If L is nilpotent, so are all subalgebras and all homomorphic images.
b) If L/Z(L) is nilpotent, so is L.
¢) If L is nilpotent, then Z(L) is not trivial.

Pf. a) Easy

b) If L/Z(L) is nilpotent then L™ C Z(L) for some L. Then L™! = {0}.

c) There is some n so that L™ = {0} but L"~! # {0}. Clearly {0} = L™ = [L, L™~!] implies
"1 C Z(L). O

Definition An element x € L is called ad-nilpotent if (adx)™ = 0 for some n. A Lie
algebra L is called ad-nilpotent if every element of L is ad-nilpotent.

If 2,y € L, then (adx)"y = [z, [z, ..., [x,y]...],] € L. Thus if L is nilpotent, it is
ad-nilpotent.

16



Theorem 2.3.2 (Engel’s Theorem) If L is ad-nilpotent, it is nilpotent

Theorem 2.3.3 If L is a subalgebra of gl(V') (V finite dimensional) and every x € L is a
nilpotent transformation (meaning given x there is some n € N so that x™.v = 0 whenever
v €V ), then there is some v € V so that x.v =0 for all x € L.

Pf. Induction on the dimension of L. The theorem is clearly true for all L with dim(L) = 1.
This is because € L implies ™.v = 0 for some n, so that there is a largest i € x with
x'.w # 0 but °T1.v = 0, in which case v; = z°.v is a zero eigenvector.

Assume the theorem is true for all Lie algebras K with dim(K) < dim(L). Let K be any
maximal subalgebra of L—clearly subalgebras exist, for instance 1-dimensional subalgebras.
We will prove first that K has codimension 1, and since the theorem is true for the action
of K on V we are left just a single basis element whose action must be checked.

To prove K has codimension 1, consider the adjoint action of K on L/K (of course
L/K is not a Lie algebra but only a vector space; still the action of K is well-defined
(check)). By the inductive hypothesis, there is some vector z € L so that z+ K € L/K is a
zero-eigenvector for every element of K. This means that K + Fz is also a subalgebra that
strictly contains K, implying that either K was not maximal (which it is) or that K +Fz is
in fact L, verifying that K has codimension 1. Since L = K + Fz and we showed[z, k] € K
when k € K, K is an ideal.

Now let W C V be the subspace consisting of all zero-eigenvectors for K, or
W ={weV|kw=0whenke K}. (2.6)
To see that L fixes W, let w e W,y € L, and k € K. Since
kyw = ykw + [k, ylw (2.7)

Because k, [k, y] € K, the right-side is zero. Therefore y.w € W. Using again L = K + Fz
and knowing that z has a nilpotent action on V' and therefore on W, there must be a
zero-eigenvector w’ for z in W. Thus w’ is a zero-eigenvector for all of L. O

Proof of Engel’s theorem. Again we argue inductively on the dimension of L, assuming
Engel’s theorem holds for all Lie algebras K with dim(K) < dim(L). The adjoint action
ad : L — gl(L) expresses L as an algebra of nilpotent endomorphisms, which therefore have
a common zero-eigenvector. Thus Z(L) is non-trivial. Since L/Z(L) is ad-nilpotent, and
therefore nilpotent by the induction hypothesis, L is also nilpotent. |
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Chapter 3

Lie’s Theorem

September 13, 2012

3.1 Weights and Weight Spaces

Proposition 3.1.1 If L is a vector space of endomorphisms of V and v € V is an eigenvec-
tor common to all endomorphisms x € L, then v determines a linear operator A, : L — F,
defined implicitly by

v = Ay(x)v. (3.1)
Pf. To verify linearity, we have
(c1z + coy)v = A(c1x + cay)v (3.2)
and
(c1x + cy)v = 1w + cyv = () v + 2y (y) v. (3.3)
$0 Ay(c1z + coy) = 1 () + cary(y). O

If L is a Lie algebra with a representation ¢ : L — gl(V) and if @ : L — F is a linear
functional, we define

Vo = {veV]zw=caz) forall z€L}. (3.4)

If V, is non-trivial, we call the functional a a weight for the representation, and V,, the
weight space corresponding to .

18



3.2 Lie’s Theorem

Unlike Engel’s theorem which required no special restriction on the base field, Lie’s theorem
requires both algebraic closure and characteristic 0, so realistically, although there are other
possibilities, we are working with F = C.

Theorem 3.2.1 Let L be a solvable subalgebra of gl(V'), where V is finite dimensional and
non-trivial. Assume also that F is algebraically closed and char(F) = 0. Then V contains
an eigenvector common to all endomorphisms in L.

Pf. To imitate the proof of Engel’s theorem, we use induction on the dimension of L, and
assume the theorem holds for all algebras K with dim(K) < dim(L).

Step 1: Identifying a codimension 1 ideal. We first find an ideal of codimension 1 in L.
Note that [L, L] is a strictly proper ideal; if [L, L] = {0} then L is abelian, hence nilpotent,
and by Engel’s theorem we are done. Since L/[L, L] is abelian, and codimension 1 subspace

of L/[L, L] is an ideal, and taking the inverse image along the projection L — L/[L, L] we
have a codimension 1 ideal in L. Call it K.

Step 2: Identifying a weight space for K. There is at least one common eigenvector
w € V of K, which induces a linear operator \,, : K — F. Let W,, C V be the subspace of
common eigenvectors that induce the same linear operator on K. That is

We = {ueV ]|l =} (3.5)

Next we show that L = K +TFz leaves W, invariant. To see this, let u € W,,; we must show
that for k € K and | € L we have k.l.u = A\, (k) l.u. We have

klu = Lk + [kla = do(k)lu + Ao([k, 1)) u (3.6)
so we must show that A, ([k,]) = 0.

Step 3: Proving L fixes the weight space. Consider the space U, C V spanned by an
arbitrary u € W, and powers of z acting on u up to the (n — 1)*h power:

U, = spang{u, z.u, ..., z2"u}. (3.7)
This gives a sequence of nested subspaces

which obviously terminates. We show that K stabilizes each U,. Letting k € K, then on
U, = Fu we have

kau = Ao(k)u € Uy (3.9)

19



On Uy = Fu @ Fz.u we have
kzu = zku + [k zlu = Ap(k) zu + Ay([k, 2]) u (3.10)

which is in Us. Continuing inductively, we have that K stabilizes each U,,. Further, from
this calulation and an induction, it is clear that, on the natural basis for U, we have

Molk) Mo(kez) Ao(kzlz) oo Aol Tkz],..s2])

0 Aw (k) 2 ([k, 2])

k= 0 0 Ao (K) (3.11)
0 0 0
0 0 0 0 A (K)

in other words k£ can be expressed as an upper-triangular matrix, and
niy(k) = Try, (k). (3.12)

Taking U,, to be mazrimal, we have that k and z both act as endomorphisms on U,,, and so
[k, z] € s{(Up,). Therefore Try, ([k, z]) = 0, and so, because F has characteristic 0, we have
A ([k, 2]) = 0, as desired.

Thus L = K + Fz stabilizes W,,.

Step 4: Finding a common eigenvector for L. Since F is algebraically closed and z
fixes W,,, it has a complete set of eigenvectors on W,,. Any such eigenvector is therefore an
eigenvector common to K and z, so is an eigenvector common to L. (|

Corollary 3.2.2 (Lie’s Theorem) Let L be a solvable subalgebra of gl(V') for some finite
dimensional V. Assume further that the base field is compelete and has characterstic 0.
Then there exists a flag

0y =WwcWc..cCcV,=YV (3.13)
that is stabilized by L. Further, it is possible to take each V; to be of codimension 1 in V;_1.

Pf. The theorem along with induction. Letting v; be a common eigenvector and setting
Vi = Fz, the quotient space V/V; has a well-defined action by L (an easy check). Then
V/V; has an eigenvector common to L, leading to an element vy € V whose image under
any | € L is a multiple of vs plus an element of V3. Continuing inductively, the theorem
follows. (|

Corollary 3.2.3 If L is a solvable, finite-dimensional Lie algebra over a complete field of
characteristic 0, then L has a chain of ideals

{0}:L0CL1C...CLH:L (314)

each of codimension 1 in the next.
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Pf. Apply Lie’s theorem to ad L. O

Corollary 3.2.4 If L is solvable, then any element of [L, L] is ad-nilpotent in L, and [L, L]
is a nilpotent algebra.

Pf. The ad-action of each x,y € L can be expressed as an upper-triangular matrix

a
0 a9

adrr = ) . (3.15)
0 0 ... ap
by
0 b

adry = ) ) . (3.16)
0 0 b,

Thus adrz adpy is an upper-triangular matrix

a1b1
0 a2b2
. (3.17)
0 0 ... apby,
Therefore
adplz,y] = adrxadry — adpyadpx (3.18)

is strictly upper-triangular, and therefore a nilpotent operator on L. Since adyx stabilizes
[L, L], adL[L,LH[L 0= adir,rj[L, L], so that any element of [L, L] is ad-nilpotent with
respect to the algebra [L, L]. Engel’s theorem now gives the nilpotency of [L, L]. O
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Chapter 4

The Fitting and
Jordan-Chevalley
decompositions

September 18, 2012

4.1 Minimal and Characteristic polynomials

If z € End(V), its minimal polynomial M is the monic polynomial of smallest degree so
that the transformation M(x) € End(V) is zero. The characteristic polynomial Ch is a
polynomial in one variable given by

Ch(\) = det(\ — ). (4.1)

Clearly it is monic. Plugging x itself into the resulting polynomial and formally evaluating,
we clearly have that Ch(z) is the zero endomorphism. We have

M) = H(A - )% (4.2)

Ch(\) = ﬁ()\ — ) (4.3)
=1

(4.4)

and that f; > e;. The numbers \; are the eigenvalues of z, f; is the multiplicity of \;, and
e; is the degree of \;.



4.2 The Fitting Decomposition

Let x be a linear operator on a finite dimensional vector space V. Then V is isomophic to
a direct sum V = Vy , ® Vi », where V; , is a subspace of V. Further, V; , has the property
that 2.V , C Vo, and for some n € N we have

" Vo = {0}, (4.5)
and V; , has the property that
x.VLI = Vl,z (46)

or that x is an isomorphism on V; ;. With respect to z, Vg . is called the Fitting null space
and V; . is called the Fitting one space.

First, define

Voo = {veV|z'wvforsomeic N}. (4.7)

Since
V 2aV D22V D ... (4.8)
and V is finite dimensional, there is some r so that 2.V = 2"V = ... Simply define

Vi,» to be this z".V.

Clearly Vo, and Vi, are invariant under z. Now let w € V; we show that w €
Voo @ Viz. Letting r € N be large enough that 2".Vp , = {0}, we see that 2.V = V; ,
implies

zhw € Vi, (4.9)

But z, hence 2" is an isomorphism on Vj ., so there is some w; € Vi, with z".w = z".w;.
But then z".(w — w;) = 0, so setting wg = w — wy we have

w = wy + wi. (4.10)

A further decomposition exists. If y is any polynomial in one variable, set
V, = {veV|pux)".V =0 for somer € N} (4.11)

Let m; be the irreducible factors of the minimal polynomial of z, so M (X) = [[;—, m(\)*,
and consider the spaces V. Since  commutes with m;(z), we have 2.V, C V..

Proposition 4.2.1 Ifm;(\) # A, then the restriction of x to Vi, is an isomorphism. Futher,
it is the sum of two operators x5 ; and x,, ;, with the following properties. The operator x ;
acts on Vi, by constant multiplication, and x, ; : Vy, — Vr, is a nilpotent endomorphism.
Finally, xs; and x,; are the unique operators on Vi, with these properties.
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Pf. Were x : V;, = Vi, to have a zero eigenvector vy, then

0=m@)%v = (—-ND“" (x - NI (4.12)
= Nz =MD (4.13)

(4.14)

= A (4.15)

so A; = 0, which is false by hypothesis. Thus = : V;, — V, is an isomorphism.

Of course z is the sum of the operators z,;, = \;I and x,; = x — A\, and © — A\ is
nilpotent on V., by definition. The three operators z, A\;I, and x — A\;I clearly commute.

If z{ ; is another operator on V, that acts by constant multiplication and = — z ;
is nilpotent, then x}; — x4, acts by constant multiplication. Clearly also x ; and s ;

S,
. 3 / /
commute; an easy computation then shows 7, ; and z,, ; commute as well. Also, z;, ;, —2y,; =

, L . e T . S St
(x — 2l ,;) — (x —254) = x5 — 2 ;. Since x, ; — x,,; is nilpotent, so is zs; — z{ ;, which is

8,19

impossible unless it is zero. O

Proposition 4.2.2 Let M()\) =[], mi(\)® be the minimal polynomial for the endomor-
phism x : V. — V, where mo(A) = A (and possibly eg = 0). The vector space Vi 5 has the
decomposition

Vie = @PVn, (4.16)
=1

Therefore the vector space V' has the decomposition

n
V= PVa. (4.17)
1=0

Pf. We have V , = Vi, by definition. Since z is an isomorphism on each V., when ¢ # 0,
we have

x’. (EnB Vm> = éVm (4.18)

so that @, V, C Vi ,. If there is some v € Vi , \ @D, Vy,, then

W = Vi./ PV (4.19)
i=1

is non-trivial, and is acted on by z. Further, because the action of x on Vi, is by iso-
morphism, its action on W is also an isomorphism. Therefore there is some w € W with
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z.w = cw for some non-zero ¢ € F. Letting v' € V; , be in the inverse image of w under the
quotient V; , — W, we have

zv = cv' + vy (4.20)
200 = v + vy (4.21)

where vy, v2 € @, Vx, Now let Q(\) = [, m(A)¢. We have that Q(x) kills B, Vx,,
z¢Q(x) kills V, and Q(x) commutes with x. Thus

0 = Y + vy (4.22)
z°.Q(z)v = °Q(z).0. (4.23)

Since ¢ is non-zero, this forces Q(z) to kill v/, which means v’ € @, Vr,.

O

Corollary 4.2.3 (The Jordan-Chevalley decomposition) Ifz is an endomorphism on
V, then x = xs+x,, where x5 and x,, have the following properties: the roots of the minimal
polynomial of xs are distinct, z,, is nilpotent, and x5 and x, commute. Further, x5 and x,
are the unique operators that satisfy these properties.

Pf. By Proposition , we have x|VM = x5, + Z, i, where all three operators commute.
We can extend the action of zs ;, z,, ; from V., to V by requiring them to act as multiplication
by zero on all V., when i # j. This makes sense because V = DB, Vx., so we have well-
defined projections onto the V. Further, all the x,;, x, ; operators commute. Defining

Ty = éxsﬁi and T, = ioxnl (4.24)

provides the required operators. Now assume 2, and 2/, are other choices for the semi-simple
and nilpotent parts of . But then x5 — ), = x,, — x},. Because x — «/, is nilpotent, z and
z!. have the same eigenspace decomposition, so z’, acts by constant multiplication on each
Vi, Clearly then z, = 2, so also z,, = z,. O

If z:V — V is an endomorphism, x, is called its semisimple part and x,, is called its
nilpotent part.

Proposition 4.2.4 Given an endomorphism x : V. — V, where V is a finite dimensional
vector space over the algebraically complete field T, there are polynomials Ps(\), Pp(\)
without constant terms so that s = Py(x) and x, = P,(x). Further, z, x5, and x,, commute,
and if 2, z!, are other semi-simple and nilpotent endomorphisms with x = x!, + =, then
=z and !, = z,.

Pf. As usual let

MRy = T = 2" (4.25)



be the minimal polynomial of z. Consider the (commutative) algebra in End(V') generated
by = and the identity I. By the Chinese remainder theorem, we can find an element P; of
this algebra that satisfies the following congruences:

Py(z) = 0 (modx) (4.26)
Py(z) = M1 (mod (x — M I)) (4.27)

: (4.28)
Py(z) = M (mod (x — N\ I)*™ ) (4.29)

Set P,(x) =  — Ps(z). Since Ps(xz) = 0(modx) we have that z is a factor of Ps(x), so
neither P, nor P,, have a constant term.

These congruences mean in particular that Ps(z) — A\ I = ¢;(z) - (z — \I)“* for some
polynomials ¢;(x). Since (z — A\;I)% acts by 0 on Vg, we have that Ps(x) acts as constant
multiplication by A; on Vi,. Thus Ps(z) is semisimple. Define z, = Ps(z) and z,, = P, (z).
Clearly x5 commutes with x. Further, it is clear that the only eigenvalue of z,, = x — z; is
Z€ero, so T, is nilpotent.

If 2/, were another semisimple endomorphism with 2 — 2, nilpotent, then since x — 2/,
has all zero eigenvalues, it must be the case that 2/, and z; have the same action on each
V. Thus they are the same. O

It should be noted that = acts on L via the adjoint representation. Sometimes this
allows x to be separated into its abstract semisimple and nilpotent parts. Clearly adx €
End(L) has components adx = (adx)s + (ad x),, but when does (adx), = ad x,, (adx), =
ad x,, for elements x4, z, € L? The most we will prove today is the following.

Proposition 4.2.5 Assume © € End(V) has Jordan decomposition © = x5 + x,. Then
adx € End(End(V)) has Jordan decomposition adx = adzs + ad x,.

Pf. An inductive argument easily shows that ad x,, is nilpotent if x,, is; indeed if N € N has
(z,)N = 0 then (adz,)?N = 0. To see that adx, is semi-simple when z; is, pick a basis
{v1,...,v,} so that x5.v; = \;v;. Then V = span{vy,...,v,} is identified with C", so we
can let the usual matrices {eij}?,j:l be the basis for gl(V'). We have e;;(vy) = 0;xv;, and

(adxs (€if) )op = Ts.€;5.V% — €;5.T5.Vk
== §jkms.vi — )\k €ij-Vk
= (N — Ag) Gjvi
= (/\z — )\j) ij v, = (/\z — )\j) €ij-Vk

(4.30)

so (adzs)(ei;) = (A — Aj)ei;. Thus ad zs acts diagonally on gl(V') and is therefore semisim-
ple. By the uniqueness of the Jordan decomposition therefore (ad x)s = ad x5 and (ad z),, =
ad T,,. O
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Chapter 5

Cartan’s criterion and
semisimplicity

September 20, 2012

5.1 Cartan’s Criterion

Theorem 5.1.1 Assume the base field is C, and let A C B be vector subspaces of End(V).
Set M = {x € End(V)|[z,B] C A}. If x € M and Tr(zy) =0 for any other y € M, then
x 18 nilpotent.

Pf. Choose a basis {v1, ..., Va, Va1, -« -V, Ubt1s- - -, Un for V so that {vy,...,v,} is a basis
for A and {vy,..., v} is a basis for B. Let & € End(V) be the operator whose matrix is
given by the complex conjugate of the matrix for z. Clearly € M.

Let P, be the polynomial without constant term so that
(adz)s = Ps(adx) (5.1)

Because adz : B — A, we have also (adz)s : B — A, due to the fact that P has no
constant term. But also = 25 + x,, and by a previous lemma, adzs = (adz)s. Because
adxs = (adx)s : B — A, we have x5 € M.

It is easily verified that the polynomial producing (adz)s is just the polynomial ob-
tained from P; by taking the complex conjugates of all coefficients. Thus, as matrices,
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Ts = T,. Thus

0 = Tr(zx) (5.2)
= Tr((zs+zn)(Ts + Z))

by since x4, T,, commute, x,%, is nilpotent and therefore of trace 0, and likewise for Z;x,,.
Thus

0 = Tr(zz) = Tr(zZs) = [M> + ... + Al (5.4)
so that \; = 0 for all ¢. Therefore z is nilpotent. O
Note that for any operators z,y € gl(V'), we have T'r([z,y]) = 0.

Corollary 5.1.2 (Cartan’s Criterion) Let g be a Lie algebra over C. If x € [g, g] implies
Tr(adz ady) =0 for all y € g, then g is solvable.

Pf. In the context of Theorem let A= adlg,g] and B = adg, both subsets of gl(g).
Clearly M contains B = ad g, but there may be other elements in M. Let Z € M \ ad g; we
must show that still Tr(Z adz) = 0.

Since Z € M we have, by definition, [Z,ad a] € ad[g, g] = A whenever a € g. Consider
a typical generator ad [a, b] of ad [g, g]; we have to show Tr(Z adla,b]) = 0. We ahve

Tr(Zad[a,b])) = Tr(Z[ada, adb)) (5.5)

so Zlad a, adb] — [Z, adaladb = [ada, Z adb] and Tr(Z [ad a, adb)) = Tr([Z, ada] adb).
Thus

Tr(Zadla,b])) = Tr([Z, ada)]adb) (5.6)
But since [Z, ada] € ad g, g], the right side is zero by hypothesis.

Therefore Tr(Z adx) = 0 whenever x € [g,9] and Z € M. By Theorem we
conclude that any such ad z is a nilpotent operator. Since [g, g] is therefore ad-nilpotent, by
Engel’s theorem it is nilpotent. Hence g is solvable. ([l

5.2 The Killing Form

5.2.1 Basic concepts

The bilinear map Tr(adx ady) for z,y € g and ad : g — gl(g) is used so often that it is
given a name, the Killing form. Specifically, we define

k(z,y) = Tr(adzady). (5.7)
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To be clear about context, we often write g to indicate what Lie algebra the adjoint map is
acting on. For instance, if [ C g is a proper subalgebra, it is entirely possible that k| # rgr.

The null-space, or radical, of rq is the subspace Radrg C g of elements = € g so that
kg(z, ) =0.

If W C g is any vector subspace, we define
WJ‘:{xeg‘ﬁg(a:,w)=Oforallw€W}. (5.8)

It is entirely possible that W+ N W is non-trivial. For instance if g is commutative then
g+ = g. Of course Rad Kg = gt

5.2.2 The Heisenberg algebra |

This algebra is spanned by X,Y, H with [X,Y] = H, [X,H] = 0, and [Y, H|] = 0 Thus as
matrices we can express ad X, adY, and ad H as

0 0O
adX =1 0 0 O (5.9)
010
0 00
adY = 0 0 0 (5.10)
-1 00
0 00
adH = [ 0 0 O (5.11)
0 00
Thus the matrix for ky is
000
ky = | 0 0 0O (5.12)
0 00

so the Killing form is completely degenerate. This is necessarily the case, because the

nilpotency of h implies the nilpotency of each element in ad b, so each such element has
only zero eigenvectors.

5.2.3 The algebra of upper triangular 2 x 2 matrices

This is the solvable algebra given by g = spanc{X, Y, H} with

X,Y] =0, [X,H = H, and [Y,H] = —H. (5.13)
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Powers of ad X or adY never vanish so in particular g is not nilpotent. We compute

0 0 O

ad X = 0 0 O (5.14)
0 0 1
0 0 O

adY = 0 0 O (5.15)
0 0 -1
0 0 O

adH = 0 0 O (5.16)
-1 1 0

Thus

1 -1 0

Ky = -1 1 0 (5.17)
0 0 O

which is degenerate, and has rank 1. As we shall see, the degeneracy of rg is related to the
fact that g is solvable.

5.2.4 The algebra sl(2)

This is the Lie algebra spanned by A, B, and H where
[A, B] = H, [H, A] = 24, and [H, B] = -2B. (5.18)

This algebra is simple. We have

0 0 -2
adA = 0 0 O (5.19)
0 1 0
0 0 O
adB = 0 0 2 (5.20)
-1 0 0
2 0 0
adH = 0 2 0 (5.21)
0 0 O
Therefore
0 4 0
K,g[(g) = 4 0 O . (522)
0 0 8

The Killing form is non-singular with indefinite signature (4, +, —). From Cartan’s criterion
we know that the definiteness of kg4 (2) is implied by its semi-simplicity. The indefinite
signature is related to the fact that the (real) Lie group SL(2,R) is non-compact.
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5.2.5 The algebra o(3)

This is the Lie algebra spanned by X, Y, and H where
(X, Y] = Z, [Z,X] =Y, and [Y,Z] = X. (5.23)

This algebra is simple. We have

00 0

adX = [0 0 -1 (5.24)
01 0
0 0 1

adY = 0 00 (5.25)
-1.0 0
0 -1 0

adZ = |1 0 0 (5.26)
0 0 0

Anyone familiar with 3-dimensional geometry knows these are the infinitesimal generators
of the rotations about the X-, Y-, and Z-axes, respectively. That is, the operator ¢/ 24X =
Ade®X :0(3) — 0(3) is the rotation through the angle 6 about the X-axis in o(3) ~ R3.

We compute

-2 0 0
ﬂo(S) = 0 -2 0 . (527)
0 -2

The Killing form is negative definite. The definiteness of the signature is related to the fact
that the (real) Lie group SO(3) is compact.

However, one might notice that o(3,C) and s[(2,C) are the same Lie algebra, a fact of
some importance in quantum mechanics.

5.2.6 Applications
A rephrasing of Cartan’s criterion is

Theorem 5.2.1 If g is a Lie algebra with the usual conditionﬂ and if [g,9] C Radkg,
then g is solvable.

Unlike the case of subalgebras, the restriction of the killing form to an ideal is the
killing form on that ideal.

Hinite dimensional, over an algebraically closed field of characterstic 0
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Lemma 5.2.2 If [ C g is an ideal, then ki = Kg];.

Pf. For x, y € [, we have adzady : g — [, so that Trg(adz ady) = Tr(ad x ady). O

A bilinear form B : g x g — F is said to be associative if B([z,y],z) = B(z, [y, 2])-

Proposition 5.2.3 We have

Kg([$7y], z) = Hg($7 [y, 2]). (5.28)
Corollary 5.2.4 The null space of kg, Rad kg, is an ideal.

Pf. If x € Radrg and y, z € g, then

H([Z‘,y], Z) = H(xv [y,z]) =0 (529)

so that [z,y] € ky also. O
Lemma 5.2.5 We have Rad kg C Rad(g).

Pf. Assume z € [Rad kg, Rad kq] and y € Rad kg. Because Rad k4 is an ideal,

HRadng (LL', y) = ’%g(mv y) = 0. (530)
Thus Cartan’s criterion implies Rad kg is solvable, so by definition Rad kg C Rad(g). O

Theorem 5.2.6 (Humphreys §5.1) A Lie algebra g is semisimple if and only if kg is
non-degenerate.

Pf. If g is semisimple, we have Rad kg C Rad(g) = {0}, so kg is non-degenerate.

If Rad(g) # {0}, then Rad(g) has an abelian ideal. (This can be seen using Lie’s
theorem, which decomposes Rad(g) as a flag of ideals of Rad(g), each of codimension 1 in
the next. The “lowest” ideal will then have dimension 1 and therefore be abelian.) Let
[ C Rad(g) be this ideal.

Given any = € [, y € g, we examine the map adyadz : g — g. First, it is clear that
adyadx : g — Rad(g), and therefore

Tr(adyadzx : g — Rad(g)) = Tr(adyadz : Rad(g) — Rad(g)) (5.31)
However, we actually have adyadx : Rad(g) — [, so
Tr(adyadzx: Rad(g) =) = Tr(adyadx : 1 — 1) (5.32)

But [ is abelian so adyadx : [ — [ is the zero operator. |
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Chapter 6

Structure of Semisimple Lie
Algebras

September 25, 2012

6.1 The abstract Jordan decomposition for semisimple
Lie algebras

Recall that a derivation ¢ of a Lie algebra g is a map 6 € End(V) so that §[z,y] = [dz,y] +
[x,dy] for all z,y € g.

Proposition 6.1.1 The vector space Der g C End(g) of derivations is a Lie algebra.

Pf. If §,6" € Der(g) and z,y € g then

[0,0')[z,y] = 60'[x,y] — &'d[z,y]
= 58w g] + [ 5y]) — O (6,y] + [ 9]
= [66'z,y] + [0z, 6y] + [0z,0'y] + [x,60"y] — [0'0x,y] — [0z,0'y] — [0'x,dy] — [x,8'6y](6.1)
= [60"z,y] + [z,08"y] — [6'6z,y] — [z,6'dy]
= [0,z y] + [2,18,0]'y].

Thus [, ¢'] is again a derivation. O
Proposition 6.1.2 If § € Der(g), then ds, 6, € Der(g).
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Pf. Let § € Derg. Because § is algebraically closed, there is a Fitting decomposition

n
g = EBQ‘“ (6.2)
=0

where g,, consists of those z € g with (§ — a;1)%.z = 0 for some e; € N. We show that
[8a;> 9a;] € Ba;+a,- This follows easily using an induction argument and the the computation

(0 = (ai+aj)D).[z,y] = [(6 —ail)z,y] + [z,(5 — a;I)y]. (6.3)

Now assume ¢ has Jordan decomposition § = o + v where o,v € End(g). We know that
Yi € g4, We have oy; = a;y;, so that

olzi, ;] = (a;i +aj)i, 2] (6.4)
= [Ul'i,l'j] -+ [CL’i, O'.’Ej]. (65)

Thus o is a derivation on basis elements, and so on g. Thus o,v € Der(g). 0

Proposition 6.1.3 If g is a semisimple Lie algebra, then g is isomorphic to Der(g) via the
adjoint map ad : g — Der(g).

Pf. Because Z(g) C Radg = {0}, the map ad : g — Der g is injective. An easy computation
shows that if § € Derg and = € g then [6,adz] = ad (6x). Thus g is included in Der(L)
as an ideal, so that kg = Kperg g0 SO that the orthogonal complement I = g satisfies

I'ng = {0}. Because I and g are non-intersecting ideals, we have [I, g] = {0}, meaning that
if 6 € I we have 0 = [§,adz] = ad (6z) for all x € 4. Since Ker(ad) = {0} we have dx =0
for all z € g, so § = 0. O

Corollary 6.1.4 (The abstract Jordan decomposition in semisimple Lie algebras) If g is
semi-simple and x € L, then there are elements xs,x, € g so that (adx)s = adzs and
(ad ), = ad x,,.

Pf. Combine the previous two propositions. O

Question: Assume ¢ : g — gl(V) and g is a semisimple Lie algebra. If € g then
it has abstract Jordan decomposition = = =5 + x,, and the image p(z) of = has ordinary
Jordan decomposition ¢(z) = ¢(x)s+¢(z),. What is the relationship between ¢(xs), ¢(zy)
and ¢(z)s, p(x)n?

6.2 Basic structure of semi-simple algebras

We finally come to the relationship between simple Lie algebras (defined as those Lie algebras
with non non-trivial ideals) and semisimple Lie algebras (those with no solvable ideals).
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Theorem 6.2.1 If g is a semisimple Lie algebra, there are ideals g1,...,9x C g (unique,
up to ordering) so that

g=01D Dok (6.6)

and so that each g; is a simple Lie algebra.

Pf. If [ is an ideal of g, then so is I[*. Because k4|1 = 0, we have ki = 0, and because
[Nt = Rad ki € Rad(IN+), we have that [N [+ is solvable. But any solvable ideal in
g is trivial, so [N [+ = {0}.

Now we proceed by induction. If [ is any ideal, it has a complimentary ideal [ so that
g=1lalt (6.7)

The ideals [ and [+ can be similarly subdivided. Note the if I’ C [ is any ideal of [, then
because [I, [+] = 0, we have that I is an ideal in g also. Thus we can continue to subdivide
ideals, until we reach simple ideals. Uniqueness is clear. O

Corollary 6.2.2 If g is semisimple, then g = [g, g, and all ideals and homomorphic images
of g are semisimple. Further, every ideal in g is a direct sum of simple ideals. Finally, the
adjoint map ad : g — gl(g) is one-to-one.

6.3 Modules

Given a Lie algebra g and a vector space V', a g-module on V is a map g x V — V, given
on elements by z.v € V for z € g, v € V, that satisfies linearity in both variables, and the
usual relation [z,y].v = z.y.v — y.z.v. This is the same as a representation.

A g-module is called irreducible if it has precisely two submodules, itself and {0}. A
module on V is a direct sum of modules V' & V" if V is a direct sum of V/ and V" as a
vector space and g.V/ C V/ and g.V"” C V”. A module on V is called completely reducible if

V = Vool (6.8)

for some submodules {V;}%_,.
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Chapter 7

Complete Reducibility of
Representations of Semisimple
Algebras

September 27, 2012

7.1 New modules from old

A few preliminaries are necessary before jumping into the representation theory of semisim-
ple algebras. First a word on creating new g-modules from old. Any Lie algebra g has an
action on a 1-dimensional vector space (or F itself), given by the trivial action. Second, any
action on spaces V and W can be extended to an action on V ® W by forcing the Leibnitz
rule: for any basis vector v @ w € V ® W we define

z.(v@wW) =z Q@ W+ v ® Tw (7.1)

One easily checks that z.y.(v @ w) — y.2.(v@w) = [z,y].(v®w). Assuming g has an action
on V, it has an action on its dual V* (recall V* is the vector space of linear functionals
V — F), given by

(v.f)(x) = —f(zw) (7.2)

for any functional f : V — F in V*. This is in fact a version of the “forcing the Leibnitz
rule.” That is, recalling that we defined z.(f(v)) = 0, we define z.f € V* implicitly by

z. (f(v) = (z.f)(v) + fz.v). (7.3)
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For any vector spaces V', W, we have an isomorphism
Hom(V,W) ~ V*@W, (7.4)

so Hom(V, W) is a g-module whenever V and W are. This can be defined using the above
rules for duals and tensor products, or, equivalently, by again forcing the Leibnitz rule: for
F € Hom(V,W), we define x.F € Hom(V,W) implicitly by

z.(F(v)) = (z.F)(v) + F(z.v). (7.5)

7.2 Schur’s lemma and Casimir elements

Theorem 7.2.1 (Schur’s Lemma) If g has an irreducible representation on gl(V') and if
f € End(V) commutes with every x € g, then f is multiplication by a constant.

Pf. The operator f has a complete eigenspace decomposition, which is preserved by every
x € g. Namely if v € V belongs to the generalized eigenspace with eigenvector )\, meaning
(f = A)*.v = 0 for some k, then

(f =ADrxv = o.(f = A)Fw = 0. (7.6)

Thus the generalized A-eigenspace is preserved by g and is therefore a sub-representation.
By irreducibility, this must be all of V. Clearly then f— AI is a nilpotent operator on V' that
commutes with g. Thus Vo = {v € V| (f — AI).v = 0} is non-trivial. But Vj is preserved by
g, so must equal V. Therefore f = AI. O

Now assume V is a g-module, or specifically that a homomorphism ¢ : g — gl(V)
exists. As with the adjoint representation we can establish a bilinear form B, : g x g = F

Be(z,y) = Tr(p(x)e(y)). (7.7)

If ¢ is the adjoint map, of course this is the Killing form. Clearly

By([z,yl,2) = Byl [y, 2]) (7.8)

so that the radical of B, is an ideal of g. Also, the Cartan criterion implies that the image
under ¢ of the radical of B, is solvable.

Thus if ¢ is a faithful representation of a semisimple algebra, B, is non-degenerate.
Letting {x;}!_; be a basis for g, a (unique) dual basis {y;}; exists, meaning the y; satisfy

=1
By(zi, yj) = dij- (7.9)

We define the casimir element c, of such a representation by

Cp = ng(mz)go(yl) € EndV. (7.10)
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Lemma 7.2.2 Given a faithful representation ¢ of a semisimple Lie algebra, the casimir
element commutes with all endomorphisms in ¢(g).

Pf. Let € g be arbitrary, and define constants

[z, 2] = a2,

o] = bis 2 (7.11)
We have
~bji = =Y bipdix = —By(zi[w,y;)) = Bolle,xil.ye) = D aydn = ay (7.12)
k=1 k=1
Therefore
[p(x), cp] = Z lo(x), o(x:)e(ys)]
= Z[@(m‘), ()] e(yi) + Zw(xi) [o(x), o(ys)]
= S ol o) + 3 elae (e w) (r13)
=1 i=1
= Z aijp (z5) o(yi) + Z bijo(xi)e (y;)
=% ’
0

Lemma 7.2.3 If ¢ : g — gl(V) is an irreducible, faithful representation of the semisimple
Lie algebra g, then the Casimir endomorphism c, acts by constant multiplication, with the
constant equal to dim(g)/dim (V).

Pf. That c, acts by constant multiplication by some A € F follows from Schur’s lemma. We
see that

dim(g) dim(g)
Tr(cy) = Y Trp@)e() = Y By(wi,y) = dim(g) (7.14)
i=1 i=1
and also that Tr(c,) = X - dim(V). Thus A = dim(g)/dim(V). O

7.3 Weyl’s Theorem

Lemma 7.3.1 If o : g — gl(V) is a representation and g is semisimple, then p(g) C sl((V).
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Pf. Because [g, g] = g, we have [p(g), ¢(9)] = »([g,0]) = ¢(9). O

Theorem 7.3.2 (Weyl) Let ¢ : g — gl(V) be a representatz’orﬂ of a semisimple Lie alge-
bra. Then ¢ is completely reducible.

Pf. First, we can assume ¢ is faithful, for Ker(p) consists of summands on g, and we can
quotient g by these summands without affecting the reducibility of the representation.

Step I: Case of an irreducible codimension 1 submodule. Assume ¢ is a representation
of g on V, and assume W C V is an irreducible codimension 1 submodule. The representa-
tion on V, being faithful, has a Casimir operator c,, which acts by constant multiplication on
W (because W is irreducible). In fact T'r(c,) = dim(g) > 0. Since V/W is a 1-dimensional
module and since pg = [pg, ¢g] (by the lemma), we have that V/W is a trivial g-module,
so ¢, also acts on V/W by multiplication by 0. All this means that ¢, : V' — V has a
1-dimensional Kernel that trivially intersects W, so

V = W Ker(c,). (7.15)
Since ¢, commutes with ¢(g), we have that Ker(c,) is indeed a (trivial) g-module.

Step II:  Case of a general codimension 1 irreducible submodule. Let W C V be an
arbitrary codimension 1 submodule of g. If W is not irreducible, there is another submodule
W1 € W, which we can assume to be maximal. Then W/Wj is an irreducible submodule of
V /W1, and still has codimension 1. Thus by step I, we have

V/W1 = W/W1 D %/Wl, (716)

where V3 /Wi is a l-dimensional submodule of V/W;. Because dim(W) # 0, we have
dim(V1) < dim(V'). We also have that W7 is a codimension 1 submodule of V;.

Since dim(V7) < dim(V'), an induction argument lets us assert V; that V3 = W; @ Fz,
for some z € Vj, as g-modules. Note that FzNW = {0}, so V = W @& Fz as vector
spaces; the question is whether this is a g-module decomposition. However because V/W; =
(W/W1) @ (V1 /W1), we have g.WW C W, so indeed W @ Fz is a g-module decomposition.

Step III: The general case. Assume W C V is submodule of strictly smaller dimension,
and let V € Hom(V,W) be the subspace of Hom(V,W) consisting of maps that act by
constant multiplication on W. Let W C V be the subset of maps that act as multiplication
by zero on W. Moreover, W C V has codimension, as any element of V/W is determined
by its scalar action on W.

However we can prove that ¥V and W are g-modules. Letting F € V, w € W, and = € g,
we have that F(w) = Aw for some A € F and, since z.w € W also F(z.w) = Az.w. Thus

(x.F)(w) =z.(F(w)) — Flz.w) = z.(Aw) — AMz.w) = 0. (7.17)

lunder the usual conditions: g and V are finite dimensional, and the field is algebraically closed and of
characterstic 0.
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Thus all operators in g take V to W, so in particular they are both g-modules.

By Step II above, there is a g-submodule in V complimentary to W, spanned by some
operator Fj. Scaling F; we can assume Fi|y is multiplication by 1. Because Fj generates
a 1-dimensional submodules and g acts as an element of sl(1,C) ~ {0}, we have g.F; = 0.
Thus we have that x € g, v € V implies

0 = (z.F1)(v) = z.(Fi1(v)) — Fi(z.v). (7.18)

This is the same as saying F} is a g-module homomorphism V — W. Its kernel is therefore
a g module, and, since Fj is the identity on V and maps V to W, must be complimentary
as a vector space to W. Therefore

V = W & Ker(F) (7.19)

as g-modules. O
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Chapter 8

Preservation of the Jordan
Decomposition and Levi’s
Theorem

Oct 2, 2012

8.1 Preservation of the Jordan decomposition

Theorem 8.1.1 Assume g C gl(V) is a semisimple linear Lie algebra. Given any x € g,
the abstract and usual Jordan decompositions coincide.

Pf. Assume z; = Ps(z) is the usual Jordan decomposition. Because Tr(zs) = Tr(z) = 0,
we know z; € sl(V). Consider the subalgebra g’ C gl(V') generated by g and z;. Since g’
is a g-module, it is completely reducible by Weyl’s theorem, so there is some submodule M
with

g =ga M (8.1)

To see that M = {0}, let y € M, and note that [y,g] = 0. Thus y acts by constant
multiplication on every irreducible g-submodule of W C V. Finally we prove that Tr|w (y) =
0, forcing y to be zero.. To see this, first note that Tr|w (zs) = Tr|w(z) = 0. The final
equality is due to the fact that = € [g, g] so is a linear combination of brackets of operators
that preserve W, so has trace zero. Then since g’ is generated, via brackets and linear
combinations, of elements of g along with x, all of which preserve W, we have Tr|w (y) =0
forally € g'.
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This proves that every y € M acts trivially on every submodule of g. Thus y =0. O

Corollary 8.1.2 If ¢ is a representation of the semisimple Lie algebra g on V', then if
T € g and T = x5 + T, s its abstract Jordan decomposition, p(x) = o(xs) + ©(x,) is the
Jordan decomposition of the operator p(z).

Pf. We have

g = @gi (8.2)

where the g; are simple. We can write x = Y z; uniquely where x; € g;. Each x; has its own
Jordan decomposition z; = x; s + ;,, Where x; 5, %; » € g;. By the mutual commutativity
of the g;, we therefore have that

T = ixi,s =+ ixiﬂl (83)
=1 =1

is the Jordan decomposition of z. If ¢ is a representation, it is faithful on sum subalgebra
I

g = Zgl gi, and has kernel g” = Ker(p) = 30" 4 g Writing 2 = 2’ 4 2 where
¥=x1+ -+ xy and 2" = xp1 + - - + 24 we have Jordan decomposition

ml m/
= Zx“ + in’"' (8.4)
i=1 i=1

Now ¢ restricted to g’ is a faithful representation, so by the previous theorem we have
Jordan decomposition

p(x) = o@') = o) + o). (8.5)

But p(z5) = ¢(xs) and ¢(x7,) = p(zn). O

8.2 Levi’s Theorem

Theorem 8.2.1 Assume g is a finite dimensional Lie algebra over an algebraically closed
field of characteristic 0, and let v be its radical. Then there is a semisimple subalgebra | C g
so that INt={0} andg =t + L.

PfE| The proof goes by imitation with the proof of Weyl’s theorem.

I This proof was taken from Fulton-Harris.
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Step I. We first reduce to the case that v does not properly contain any ideal of g. So
assuming the theorem is true when v contains no ideal that is also an ideal in g, then let
a C [ be such an ideal that is maximal in t. We have

g/a = t/a + [/a (8.6)

where [ C g has the properties that [[,t] C a, [Nt C a, and [/a is semisimple so Rad([) = a.
One can then make an induction argument on the dimension of g; since dim(l) < dim(g)
we have a splitting [ = a + I'. Therefore

g=t+a+l =cv+/ (8.7)
since a C t.

Step II. We next reduce to the case that, in addition to the conclusion from step I, ¢
is also abelian. If [v,t] # {0}, then actually a = [r,t] = t N [g,g] is an ideal in g properly
contained in t, so we are back in the situation of Step I.

Step III. In addition to the conclusions from steps I and II, we can reduce to the case
that v # Z(g). For if that were the case, the adjoint action passes to a natural action of the
semisimple algebra g/Z(g) on g. Since Z(g) C g is a submodule, Weyl’s theorem gives the
existence of a complimentary submodule [ and

g =1& Z(g) (8.8)

where both [ and of course Z(g) are ideals.

Step IV. Due to steps I-11I, we assume t is abelian, has no ideals that are also ideals
of g, and that v # Z(g).

Let V = End(g). We have an action of g on V, that is, a map g — End(End(v)),
defined for any x € g, ¢ € End(g) by

x.o = [adz, 9] = adzoy — poadx. (8.9)
This is a Lie algebra homomorphism, so in fact g — gl (End(g)).

Now consider the following subspaces of V:

A:{adaj|m€t}

B={peV|p:g—randy| =0} (8.10)
C = {(pEV|<p:g—>tandap’t:const.}
Note that
ACBCcCC (8.11)
and B C C is a subspace of codimension 1. We claim
.C CB
wcca 12
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To see these, assume ¢ € C, so that p(y) = cy for some constant ¢ and all y € v. Then if
z € g and y € v we have

(.9)(y) = (adz) (y) — e((adz)(y))
= c(adz) (y) — o[z, y]) (8.13)
=clz,y] — clz,y] = 0.
so that indeed g.C C B. Next assume z € v and y € g. Then

(z.9)(y) = (adz)p(y) — p((adz)(y))

= [z, ()] — ¢([z, y]) (8.14)
=0 - C[.T, y}

where [z, p(y)] € [v,v] = {0} and [z,y] € t so ¢([z,y]) = ¢[z,y]. Thus also t.c C A.

Now consider the g-modules B/A C C/A. These both have the property of being
cancelled by the radical t, so these are in fact g/t-modules. Since g/t is semisimple, Weyl’s
theorem provides a complimentary submodule D/A (necessarily 1-dimensional) so

CJ/A = DJA + BJA. (8.15)

Clearly g/t acts trivially on D/A, so there is a non-zero map ¢ € C with ¢|, = 1 but
g.p € A. Given this ¢, set

[ ={zecg|zp=0}. (8.16)

We clearly have [ as subalgebra of g. If there is some x € [Nt, we have (by the computation
above) that

0 =29 = —adx (8.17)

Then z is central, so Fx is an ideal of g, so we must have v = Fz. But then v = Z(g), which
was assumed not to be the case. Thus [Nt = {0}.

Finally we show that g = [t in the vector space sense. Because g.¢ € A, if y € g then
there is some y, € v with y.o = ady,. Because y,.¢ = —ady, we have have (y + y,).0o =0
soy = (y+vyr) — yr where y + y, € land —y, € t. |

A reductive Lie algebra is any Lie algebra that can be written in the form

g=013 - DOgn (8.18)

where each g, is irreducible under ad g (meaning each is an ideal in g with no proper sub-
ideals). It is easy to see that each g; must be simple. Note that, unless [Rad(g), Rad(g)] =
{0} then the ideal Rad(g) is never an irreducible g-module, and also that unless the Levi
decomposition

g = [ + Rad(g) (8.19)

is a Lie algebra direct sum (meaning [ is also an ideal), then g is not reductive. Thus g is
reductive if and only if Rad(g) = Z(g).
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Chapter 9

Structure of sl(2, C)-modules

Oct 4, 2012

9.1 Structure of sl(2,C)-modules

We use the standard basis sly = span{x,y, h} with
[z,yl = h [h,a] =2z [h,y] = -2y (9.1)

Note that x and y are abstractly nilpotent and h is abstractly semisimple.

Assume the (finite dimensional) vector space V has the structure of a simple module
over g. Because h is abstractly semisimple, it is semisimple as an operator on V and so V
decomposes into eigenspaces on which A acts by constant multiplication. Define the A\-weight
space

Vi={veV|hv=2X\v}. (9.2)

We have that V is the direct sum of the V) that are non-trivial.

If Vi # {0} we call A a weight of h, and V) a weight space.
Lemma 9.1.1 Ifv € V) then x.v € Vaio and y.v € Vy_a.

Pf. We have

haxw = z.ho + [h, x]v
Az + 2z0 (9.3)
= (A+2)zw
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and similarly for y.v. O
From this we easily see that any irreducible V- = @V, is generated by any vector

v € V3, and that each V) is 1-dimensional.

Lemma 9.1.2 Let vg € V) CV be a mazimal element, meaning x.vg = 0. Setv_1 =0 and
v; = (i) lytwg. Then

a) ho; = (A — 2i)v;

b) Yy.v; = (Z + 1) Vi4+1

c) v, = AN—1+ v

Pf. Part (a) is obvious from the lemma, and part (b) is by the definition of the v;. To prove
part (c), assume by induction that z.v;—1 = (A — i+ 2)v;_9

.UV = —X.Y.Vj—1
(3
1
= ;([ x, yl.vi—1 + y.x.vi—1)
1
= L (hois + yavi)
! : (9.4)
= ;(()‘_22—’_2)”1 1+ ()\—%+2)y.vi,2)
1
= ;(()\—224-2)’1)1 1 + ()\_'L+2)(Z—1)’01,1)
1
= (i A2+ i b2 - D)
= ( _Z—"_l)vzfl
(]

Lemma 9.1.3 The highest weigh A of h is an integer.

Pf. Because the representation is finite-dimensional, there is an integer m so that v, # 0
but vy,+1 = ﬁﬂy.vm = 0. Then

0 = zume1 = A= (m+1)+1) vy (9.5)
so that A = m because v,, # 0. ]

To summarize:
Theorem 9.1.4 Let V' be an irreducible module for s1(2,C).
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a) If dimV = m+1 thenV is the direct sum of weight spaces V,, for p =m,m—2,...,—m
b) V has, up to scalar multiplication, a unique mazimal vector, whose weight is m

¢) The action of s[(2,C) on V is as described above. In particular, there is precisely one
irreducible sl(2,C)-module of dimension m + 1, m > 0.

One notices that the abstractly nilpotent operators x, y are nilpotent as operators on
V) as well. Similarly h is abstractly semisimple, and acts as a semisimple operator on V).

9.2 A word on the Casimir operator

We already know the that on the irreducible module V), the Casimir operator is Aiﬂ’ but
let us see this in action. Letting V) be the irreducible module of dimension A+ 1, and letting

v = (i) "ty (9.6)
we have
0 A 0 0 0 0
0 0 x—-1 0 0 0
0 0 0 A—2 0 0
. — 0 0 0 0 0 0 (9.7)
0 0 0 0 0 1
0 0 0 0 0 0
0 00O 0 0
10 00 0 0
0 2 00 0 0
y. = 0 0 3 0 0 0 (9.8)
0 00O 0 0
0 00O A0
A 0 0 0 0 0
0 N—2 0 0 0 0
0 0 A—3 0 0 0
h. — 0 0 0 A—4 0 0 (9.9)
0 0 0 0 -A+2 0
0 0 0 0 0 -



From these we easily compute

A 0
0 20—-1)
xy. = iA—i+1) (9.10)
A0
0 0
0 0
0 A
y.x. = (t—1(AN=—i+2) (9.11)
2(A=1) 0
0 A
A2 0
0 (A—2)?
h.h. = (A — 2i)? (9.12)
A=2)2 0
0 A2
The representation’s bilinear form is then
0 %)\()\—1-2)()\—1-1) 0
By = %)\()\—1—2)()\—1— 1) 0 0 (9.13)
0 0 FAA+2)(A+1)
and the Casimir operator is therefore
C ! + + lh h (9.14)
= x.y. .x. + =h.h. .
YT Do+ T 2

We easily compute that z.y + y.x + %h.h is the (A + 1) by (A + 1) diagonal matrix with
%)\()\ + 2) on the diagonal. We therefore have

IAA+2) 3
C = 2 = . 9.15
L VG W T Wiy S (9.15)
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Now the intrinsic (aka Killing) bilinear form is

0 4 0
Hﬁ[(g,(c) = 4 0 O (916)
0 0 8
so the intrinsic Casimir operator is
: + + 1h h (9.17)
i \zy- tyz 4+ Shh ). .
which operates on V) by
1
§)\ A+2). (9.18)
For various reasons we will multiply by 2, and obtain the operator
1 1
Cy = 3 <xy +y.z. + 2h.h.) (9.19)
which acts on V) by
1
Z)\ A+2). (9.20)

9.3 A word on notation

Although the real lie algebras sly and 0(3) are distinct, we have see that an isomorphism
sh®eC =~ o(3)®C (9.21)

exists. In those applications for which this is a dominant consideration, it is standard to
use an slo-basis for which

[z, y] = 2h [h,x] = x [hy] = —y. (9.22)

Basically the old h has been replaced by the vector of half its length. The notation for
modules is also a little different: the irreducible module with highest weight [ is denoted

v (9.23)

where now [ takes on integer and half-integer values. Also, the weight-spaces that comprise
V; are denoted V;* where V™" is a 1-dimensional weight space of weight m, and

l
V- @ (9:20)

m=—1
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(the summation increments by 1 even when [ is half-integral). The creation and annihilation
operators now raise and lower weights by 1 instead of 2, meaning z.V;™ = VlmJrl (unless
m = 1) and y.V;" = V! (unless m = —1).

The Killing form is slightly different

0 40
Kk = 4 0 0 (9.25)
0 0 2
The abstract Casimir operator is then
1
—(r.y. + yx. + 2h.h.) = 2[(1+1) (9.26)

4

(note that with A = 21 we have 1A(XA+2) = 2I(l +1)). Again it is common to multiply by

% and use the following expression for the abstract Casimir operator:
1
Cy = 3 (x.y. + y.x. + 2h.h.) = [(1+1). (9.27)

To see the significance of this, consider the o(3)-basis X, Y, Z for which [X,Y] = Z
and cyclic permutations. The isomorphism is

r = =Y +v-1X
y = Y +V-IX (9.28)
h = v-1Z

and the Casimir (9.27) has the very natural expression
Cy = XX -YY - ZZ (9.29)

which, incidentally, is half the intrinsic Casimir on o(3).
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Chapter 10

Examples of s[(2, C)-modules

Oct 9, 2012

This chapter was not taken from Humphrey’s book. Rather, it is a description of a
concrete—and extremely famous—use of the thoery so far: computing quantum numbers for
the Hydrogen atom.

Let H = L?(IR?) be the space of complex-valued L?-functions on R?, and let S = L?(S?)
be the space of complex-valued L2-functions on S2.

10.1 Preliminaries: Riemannian geometry of S?

To coordinatize the sphere of radius r, S?(r) C R?, we use stereographic projection. The
coordinates (u,v) on R? are given in terms of the R3-coordinates (x,y, z) by
rx rx
u = v = (10.1)

r—z r—z

Conversely, the old coordinates (z,, z) are now functions on S?, given by

2124y
r = —
u? + v2 4 r?
212w
Y= 52 2 (10.2)
us + vt +r
r(u? 4+ v? — r?)
s =

u?2 4 12 4 r2
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We compute the metric

272 2

In particular we have the Laplacian operator
u? 0212\ [ 92 0? u? + 0% +r? 9] 9]
ASQ(T) = <2T2) (auQ + W) - T (uau + 1)81}) . (10.4)
10.2 Action of SO(3) and s0(3) on H

There is a natural representation of SO(3) on this space: if G € SO(3), we define

where the action on (z,y, 2) is by left multiplication, or

G G2 G x
G.(2,y,2) = | Ga Gz Gas y |- (10.6)
G Gs2 G Z
Let
1 0 0
Gz(0) = | 0 cosf —sind

0 siné cos6

cosf# 0 sinf
Gy(0) = 0 1 0 (10.7)
—sinf 0 cos@

cosf) —sinf 0
G.(0) = sinff  cos@ 0O
0 0 1

be the principle rotations. Then we have that so(3) = spang{X,Y, Z} where as usual

0

X == % QZOGz(e)

0 0
Y = —‘ 9 Z = 7‘ z 9 . 1 .
00 9:0Gy( ) 00 9:0G ©) (10.8)
To compute the action of X, Y, Z on H, we simply compute, for any f = f(z,y,z2) € H,
that

XDy ) = 2

oG en) = (v~ =F) (109)

yaz Zay
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and so on, so that

0 0

(10.10)

Note that the rotations themselves can now be expressed as differential operators. For

example rotation about the z-axis by an angle of 6 is

G.(0).f = @0u—vde) f,

(10.11)

In the past we have discussed the existence of a Lie algebra isomorphism so(3,C) =

5[(2,C). This can be realized by
Jip = =Y + v-1X

0 0
J_ =Y + v-1X
0 0 0
(3 o32) + 1 (g - =5y
J. = =1z
0 0
A )

In this basis, the brackets are
[y, J_] = 2J. [J., J4] = J4 [J., J_] = —J_
and the Killing form is

Ksi(2) =

S = O
S O =
N OO

Thus the abstract Casimir operator is
1

We compute
2 9 O 2 9y O 2 9y O
Cy = —(y +2)@+—($ +Z)8T/2+—(33 +y7)
2 2 2

2 20y ———
oYz * “axaz * xyaxc?y

+ 2yz

0 0 0
20— 29— 2z—.
+ xa:r + y@y + Zaz

53

922

(10.12)

(10.13)

(10.14)

(10.15)

(10.16)



Unfortunately this is an unusable mess, so let’s try our luck elsewhere.

10.2.1 Action of SO(3) on S

The action of SO(3) on R? restricts to S?(r), so there is a natural action of SO(3) on
S = L%(S?). Although writing it down is bulky, the action of s0(3) is

uv 0 w? —v2—r2 9
XY= w
—u?2 402 =72 9 uv O
— = _ = 10.17
Y 2r ou r Ov ( )
0 0
Z = U% — ’U%.

Once again we form the sly-basis
Jy=-Y+v/-1X J.=-Y-—-v-1X J. =v-1Z. (10.18)

In computing the Casimir, we have to be a bit careful, due to the non-trivial geometry.
Computing just J; J; for instance will not give a covariant object. The actual Casimir is

Cy = XX -YY - ZZ +VxX +VyY 4+ VzZ (10.19)
Worked out, we obtain
c o (U + 0% +1r? 27 o2 n 0? e u? +v? 4 1? 7] n 7]
= —1r|— — 4+ — re|l ——— | (u=— + v—
g 272 ou? O r4 ou Ov J(10.20)
== 77’2A§2(T)

or r2 times the Laplacian.

10.3 Example: Spherical Harmonics

The operators J,, J_, J, commute with the Casimir operator C' = Agz, so we gain a great
deal of information on the spectrum of Age.

From Fredholm theory we know that the multiplicity of each eigenvalue of Age is finite,
and that the span of the eigenvalues is a basis for S. Representation theory gives us further
structure on the eigenspaces. We have seen that the eigenvalues of Agz(,y must be

1

—5l+ ) (10.21)

for integral or half-integral values of [ > 0. Further, any function f € H with Ag2f =
—r~2](l + 1) f generates an eigenspace of dimension 2/ + 1, which is produced by powers of
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J+ and J_ acting on f. Finally, if f1, fo € H both have Agzf; = —I(I 4+ 1)f; and J,.f; =0,
it is easy to prove f; = fo. This is because f1, fo are rotationally symmetric, so the Poisson
equation on S? reduces to an ODE (2nd order linear) with two fixed boundary conditions,
so has a unique solution. Thus the eigenspace corresponding to the eigenvalue I(I + 1) is
irreducible and has dimension precisely 27 + 1.

Eigenvalues corresponding to half-integral I can be ruled out, as the resulting o(3)
representation does not pass to an SO(3) (although it does pass to an SU(2)). On the
other hand, every integral [ corresponds to an eigenvalue. This is because a function f with
Z.f =0and Af = —I(l+1) can be constructed (by reducing to a second order linear ODE
and using some Sturm-Liouville theory).

We have shows that for given integers [, m where !l > 0 and m € {—I, —l+1,...,1—-1,1},
there is a unique function

Yy .S? 5 C 10.22
l

that has norm 1, is an [(I + 1)-eigenvalue of —Ag2, and is an m-eigenvalue of J,. These are
known as the (complex) spherical harmonics. Note, for instance, that Yy o = (Vol S?)71 is
a constant.

10.4 Quantum Numbers

Consider the Hamiltonian for a particle trapped in a 7%z—ﬁeld:

Ly (10.23)

H = —
2m r

for some constant . Rechosing units, of course we have

H=-A—-r1 (10.24)
In Quantum mechanics we look for solutions to the Schrédinger equation

ﬁh%(p = Hyp (10.25)

of the form v : R® — C in # = L?(R?). To do so, we find 1 : R — C with the property
Hvyg = Evypg for some constant E (the energy), which means

e~ T Bty RIS 5 C (10.26)

satisfies (10.25[), and create a superposition

b = /)\(E)e‘

V=1
1t

Vi dE (10.27)
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where A(F) is some function.

To solve EvY = H, we have

Ay +r~ )+ By = 0. (10.28)
Since
0? 20
Ags = 92 + o + Ag:}(r) (10.29)

where Ags(,) is the intrinsic Laplacian on the 2-sphere of radius r.

Decomposing H = @ H; where H; is spanned by functions of the form f(r)Y;™ for
—1 <m <, we have that ¢ € H;, = f(r)Y;", satisfies

<f”(r) 4 %f’(r) 4 <i +E - l(l; 1)> f(r)) Y = 0 (10.30)

The remainder of the theory follows from quite classical analysis, which we will not go into
except to say that the ODE inside the larger parantheses is well-studied, and it is known
that bounded solutions only occur when [ + 1 — \/%ﬂ is a non-positive integer, meaning the

allowable values for E are

1 1
N E=-— <0 (10.31)
so in particular, we have the condition
1
(1+1)? < n?= % (10.32)

which corresponds with the intuition that E is the electron’s potential energy, has a definite
lower bound, and approaches zero energy (as n — co) when it reaches its unbound state.

Thus the three integers n,l,m (aka “quantum numbers”) completely characterize so-
lutions to the eigenvalue problem Eyp = Hy. These are the principle quantum number
n = 1/y/—FE with n € {1,2,...}, the azimuthal (or total angular momentum) quan-
tum number [ (with [ € {0,1,...,n — 1}), and the magnetic quantum number m (with
me{-l,—-1+1,...,1—1,1}).

Of course in high school we learned that four quantum numbers exist; the missing
number is spin. However spin has no classical analog so cannot be ascertained via SO(3)
representations on 3-space (and in addition requires the Dirac, not the Schrédinger, equation,
along with the representations for half-integral [ which we threw away).
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Chapter 11

Cartan Subalgebras

October 11, 2012

11.1 Maximal Toral Subalgebras

A toral subalgebra of a Lie algebra g is any subalgebra consisting entirely of abstractly

semisimple elements.

Lemma 11.1.1 Ift C g is any toral subalgebra, then t is abelian.

Pf. Assume x € t has (adz)|; # 0. Because z is semisimple, it is ad-simisimple, so there is

some y € t with (adz)(y) = ay. Note that
0 = (ady)(ada)(y) = —(ady)2e.
However, y is also semisimple, so we can write
r =21+ ...+ 2y
where (ady)(x;) = A;jx;. Therefore
0 = (ady)’z = zn:)\?xz
i=1

so that each \; = 0. However this contradicts

0 # ay = (ada)y = —(ady)zr = ZAZ%
i=1

o7

(11.1)

(11.2)

(11.3)

(11.4)



O

If g is a semisimple Lie algebra, then any maximal toral subalgebra b is called a Cartan
subalgebra or CSA for short. Caution: in the non-semisimple case, this is not the proper use
of the term CSA.

Since b is a commuting subalgebra, the action of adgh is simultaneously diagonalizable.
This means that g has a complete root-space decomposition: there are finitely many linear
functionals o € h* £ A, o : h — F so that

s=EP s (11.5)

ach
where
0o = {z€g|ha =cah)zforallhel} (11.6)
is the (non-trivial) weight-space associated to the functional o. Note that go is Cy(h), the

centralizer of § in g.

Proposition 11.1.2 Assume g is a semisimple Lie algebra. Then

a) Given a, B € b*, we have [ga, 98] € Ga+s-
b) If x € g, then adx is nilpotent.
¢) If B # —a then L, is perpendicular to Lg under the Killing form.

d) The restriction of adgh to go is non-degenerate.

Pf. Let 24 € 9o, 3 € gg. For (a), we have

[h’ ['ravxﬁ]] = [[h,l‘a],l‘lg] + [xav [hvxﬁ]] (11'7)
= a(h)[za,zs] + B(h)[ra, 28] = (o + B)(h) [0, z]. (11.8)

For (b), note that (adxq)™ : g3 — 98+na. Since the number of weight spaces is finite, there
is some n so (adx4)™ = 0. For (c), by associativity of x we have

0 = r(lh, 2ol 2p) + K(2a, [h,25]) = (a(h) + B(h)) K(2a, p)- (11.9)

For (d), we know that adgh : g — g is non-degenerate, but also that adgf)’g = 0 unless
a = 0. Thus adzh must be non-degenerate on b. ([l

Proposition 11.1.3 We have go = b.

o8



Pf. Write C = Cy(h) = go.

Step 1. C' contains the abstract semisimple and nilpotent parts of all its elements. Since
z € C has adz : h — 0 and (adz)s = adzs, (adx), = adx, are given as polynomials in
ad x without constant term, so also (ad x)s, (ad x), : h — 0 meaning that x5, z, € C.

Step I1. All semisimple elements of C lie in §. If x is semisimple and x : h — 0 then
h 4+ Fx is both an algebra and is toral.

Step III. The restriction of k to b is non-degenerate. If x € C is nilpotent, then
because x commutes with h we have x(x,h) = 0. But C = b + nilpotents so if h € b, its
dual must be in b.

Step IV. C is nilpotent. Since C = b + nilpotents and C' commutes with b, any
element of C' is a sum of something in h with a nilpotent, and since everything commutes,
and arbitrary element is nilpotent. Thus C, being ad-nilpotent, is nilpotent.

Step V. We have h N [C,C] = {0}. We have (b, [C,C]) = &([C,b],C) = 0. Thus
[C, C] intersects b trivially.

Step VI. C is abelian. If D = [C, C] is non-trivial, then any xz € D is nilpotent. Also
D N Z(C) is nontrivial, so we can assume z € DN Z(C'). But then z,, € Z(C) is non-zero,
so k(zp,C) = 0, which is impossible because k restricted to C' is non-degenerate.

Step VII. If 2 € C' \ H then its nilpotent part x,, € C' commutes with C, and so
k(zn,C) = 0, which is impossible because k|c is nondegenerate. O

We can now identify b with h* via k4. Given any linear functional o € h*, define ¢, € b
by

a(h) = k(ta, h) (11.10)
for all h € b.
Proposition 11.1.4 Assume g is a finite dimensional simple Lie algebra over an alge-

braically closed field of characteristic 0. Let ® be the set of roots of the adjoint action of b
on g. Then

a) @ spans h*.
b) If « € ® then —a € D.
¢) Ifae® and x € go, Y € g—a, then [z,y] = k(x,y) ty (recall ty is the k-dual of a).

d) If a € ® then [ga, 9—a] C b is I-dimensional.
e) If o € ® then a(ty) = k(ta,ta) # 0.
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f) If a« € ® and x4 € ga, there is some Yo € g_qo S0 that setting ho = [Ta, Yo] we have
Spang{Za, Yo, Pa } = s1(2,F).

. In addition ho, = —h_,.

g) Given x, € gq, the choice of yo in (f) leads to hy = ft‘*

ta)

w(

Pf. (a). If not, there is some h € b so that a(h) =0 for all « € ®. But then [h, g,] = 0 for
all « € , so h € Z(g), an impossibility.

(b). If &« € ® but —a & ® then [g,, g] = {0}, meaning g, € Z(g), again an impossibility.
(c). Given h € b, © € g4, Y € g—a, the associativity of x implies

k(h, [z, y]) = w([h,2], y)
h) K(z, y)
(ta, h) k(z, y)
= k(tak(z,y), h)
)

(
( (11.11)

I
=

but then ([z,y] — k(z,y)ts) € h and h L ([z,y] — k(z,y)t,) for all h € b, forcing [z,y] =
Kz, y)ta.

(d). Follows directly from (c).

(e). Assume a(ty) = k(ta,te) = 0. Then s = spanc{z,y,ts) is a nilpotent Lie algebra.
Consider its ad-representation on g.

f) and . Given any z, € Ly, pick y, € L_, so that k(zq,ya) = —2te— £ h,.
( g y , pick y Y

K’(toe.ta)
Then [ha, o] = a(ho)To = 224 and [ha, Ya] = —a(ha)Yo = —2Ya, so we have our copy of
s1(2,C). O
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Chapter 12

Root Space Decomposition

October 16, 2012

12.1 Review

First let us recall the situation. Let g be a simple algebra, with maximal toral subalgebra
b (which we are calling a CSA, or Cartan Subalgebra). We have that h acts on g via the
adjoint action, and since h has only mutually commuting, abstractly semisimple elements,
we have that the action of § is simultaneously diagonalizable. Thus g decomposes into
weight spaces, called in this special case root spaces:

g = @ Ja

acdu{0} (12.1)
9o = {z€glha = ah)zforallh el }.

We defined ® to be the set of roots of g relative to the choice of f, or in other words, the
non-zero weights for the adjoint action of h on g. We proved:

]

Cy(h) = g0

14) P spans h*

1) a € ® implies —a € ¢

v

) b
)
)

) [8a, 85] € Garp
) Ta € Bas Ya € §—q implies [Tq, Ya] = Kg(Za, Ya)ta (Where t, is the kg-dual of «)
)

vt [gaa a} Fto CH
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vit) If x4 € go then y, € g4 exists s0 {Zq, Ya, ha} is a standard basis for some s[(2,C) C g

vit)) ha = gy and ha = —h_q

Since x is nondegenerate, we can define an inner product on the dual space h* directly by

(a, B) = K(ta, tg) (12.2)

where, recall, ¢, (resp. tg) is the dual of o under k.

12.2 Structure of the root set

Given any x,, € gq, it spans a copy of s[(2,C). We will use S, to denote this copy of s[(2, C).
There is no reason, presently, to think S, is uniquely defined, as some other choice of x € g,
could result in a different S, although we know they would have the same h,,.

Proposition 12.2.1 The root space g, is 1-dimensional; in particular the choice of S, is
unique. Further, if « € ®, then ca € ® if and only if c € {1, —1}.

Pf. Picking any x, € gq, let S, be the sly subalgebra {24, Ya, ha} guaranteed by (vii).

Let t,, C g be
to = spang{gca |cEF }. (12.3)
By definition of g, we have that hg, : gca — gea acts by
ho(z) = calhy) = 2c, (12.4)

or multiplication by 2c. However note that t, is itself an S,-module, so h, acts by integral
multiplication on all elements. Thus ¢ € {£in|n € Z}.

Further, by (i) above, hy.x = 0 (in other words [hq, 2] = 0) only when z € §. Now
Ker(a) is a codimension 1 subspace of h on which S, acts trivially. Thus if t is an irreducible
submodule of t, of odd dimension (so it has a vector space of weight zero), it is generated
by hq acted on by S,. But the module generated by the action of S, on h,, is just S, itself.

Now suppose t C t, is an irreducible submodule of even dimension. There must be a
weight space g1, so let x1, € g1,. But by (vii) above, there is some y1, € g_1, and an
hio € b so that {z1,,Y14,h1,} spans a copy of sl(2,C), which we can denote Si,. But
then the original v, is an S 1 o-module. However the subspace S, C v generates (via the
action of S1,) an irreducible module of odd weight, so by the previous paragraph, S, must

be precisel; S%a, an impossibility. O

In the proof of Proposition [12.2.1] we examined the action of S, on the span of all root
spaces of the form g.,, and proved a nice structure theorem (that spanc{ge. |c € C} = S,).
But if § € ® is a distinct root, meaning 8 # +a, how does S, act on the various gg?
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Chapter 13

Root Space Decomposition II

October 18, 2012

13.1 Review

First let us recall the situation. Let g be a simple algebra, with maximal toral subalgebra
b (which we are calling a CSA, or Cartan Subalgebra). We have that h acts on g via the
adjoint action, and since h has only mutually commuting, abstractly semisimple elements,
we have that the action of § is simultaneously diagonalizable. Thus g decomposes into
weight spaces, called in this special case root spaces:

g = @ Ja

acdu{0} (13.1)
9o = {z€glha = ah)zforallh el }.

We defined ® to be the set of roots of g relative to the choice of f, or in other words, the
non-zero weights for the adjoint action of h on g. We proved:

]

Cy(h) = g0

14) P spans h*

1) a € ® implies —a € ¢

v

) b
)
)

) [8a, 85] € Garp
) Ta € Bas Ya € §—q implies [Tq, Ya] = Kg(Za, Ya)ta (Where t, is the kg-dual of «)
)

vt [gaa a} Fto CH
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vit) If x4 € go then y, € g4 exists s0 {Zq, Ya, ha} is a standard basis for some s[(2,C) C g

Vi) N Zta _ and hy = —h_qg

= (tasta)

iz) Kglp is positive definite.

Since k is nondegenerate, we can define an inner product on the dual space h* directly by
(a, B) = K(ta, tg) (13.2)
where, recall, ¢, (resp. tg) is the dual of o under .

Lemma 13.1.1 Assume « and 8 are roots, and that a+cf are all roots where c € C. Then

e The number 2((5’5)) s an integer

® c is an integer

o The direct sum of root spaces of the form ggiio ts an irreducible S, module. In
particular if T, € g, we have that (adx,)" : §o — Gatip 15 an isomorphism.

Pf. The vector space

T = @96+ca (13.3)

where ¢ ranges over all numbers in C so 5+ ca € ®, is a finite dimensional S,-module, and
each ggtiq is 1-dimensional. The weight (in the sly-sense) of the space gg4cq is computed
by selecting some z € go4c3 and computing (ad hq)z. We have

(adho)r = (B4 ca)(ha)z = (2(53’0[)) + 20) T (13.4)

Since weights must be integers, we can take ¢ = 0 to obtain the integrality of % Then
we also have that 2c € Z.

Now we rule out ¢ being half-integral. Assume ¢ = 5 (n odd). We can always choose n

SO gp+ 2o has weight 0 or else weight 1 (with respect to the weight operator h,). We have

ha.mﬂ_,_%a = ( + n) Z‘[g+%a (135)

2(a,8)
50 Ta,a)

is —nor1—n.

2(aB) _

() ™

Case I: Assume the S,-weight of ggi 2, is 0, so
Consider the action of Sg, 1, ~ sl;. We have

—n.

_ 2(8,8) + n(a, B)
(8,8) +n(e, B) + % (o, )

hB-ﬁ-%aﬂ;ﬁ = /B(hﬁ-‘r%a)xa Lo (13.6)
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so with (a, @) = —2(a, ) we have
hBJr%a.SUg = 2l‘a (13.7)

Therefore (adys4 na)(7p) is non-zero, and lies in g_n,. This is impossible because —Fa is
not a root.

2(a,B) _
(e,0) ™
First note that since n is odd, the right side is even so that % is an integer. Applying a
destruction operator, we get that gz, n_2

Case II: Assume the S,-weight of ggiz4 is 1, so —n.

., is also a non-trivial weight space. Since § is a
root, we have the algebra Sg, and we can find the Sg-weights of ggt 24, Opyn=2, a3 follows:

n 20
hg.zgyna = (ﬁ + 704) o Xy ng
2 2 /8 . 5 2
(13.8)
—92(1+ na-p Lo n
25-5) PR
Since 2 —I—n% is an integer, n is odd, and 2% is an integer, we have that % is an integer.

Now we cheat a bit and use the theorem below, which states that & is positive definite (note
that this is not cyclical: that result does not use this one). By Cauchy-Schwarz we have

(a-B)?
oG H ! (13.9)

so either o+ f =0, or o and 3 are parallel. We assumed they are not parallel, so o - 5 = 0,
meaning the calculation above gives

hﬁ.xﬁ+%a = 2x5+%a. (13.10)

Therefore we can apply a destruction operator (namely yg) to obtain a non-trivial weight
space, namely gz,. Yet this is impossible because 3 # £1.

The lemma’s final assertion is a direct consequence of the fact that 5 4+ i« is a root
only when ¢ € Z and that each root space is 1-dimensional. (Il

2(8,a)
(,a)

is called the a-string through g.

The numbers are called the Cartan integers. The set of roots of the form 5 +ia

Proposition 13.1.2 Assume a, 5 € ® and B # ta Then

a) The Sq-weight of gg is 2(?5))

b) If B is a mazimal weight for Sy, then the S, module generated by gg is

980880 D - Dgp 200, (13.11)
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2(57 a)

(o, )

¢) If a, B are any roots, then B — a € bh* is a root.

Pf. For (a), we compute

2, e,
(adha)(l'g) = 6(ha)1’g = <t5, W) Tp = (((zaﬂ)) xg. (1312)
For (b), (¢), let 8 be a root. The weight of the (possibly trivial) root space 9 2022, is
2(a, 8) B Aasf) o\ 2AeB)
(ﬁ " lwa) a) (ha) = B(ha) — (o) alhy) = (.0) (13.13)

which is the negative of the weight of the root space of gg. Since the negative of a weight

is a weight, we have that 05205, must be non-trivial. O
(a0

13.2 The Euclidean space E and its inner product x

Lemma 13.2.1 If 3,y € b* then (8,7) = > ca(a, B)(a, 7).

Pf. If ® ={ay,...,an} then the decomposition

g=ha EB o, (13.14)
a; €D

diagonalizes the adjoint action of all elements of . In fact if A € h then

0

adh = a1 () (13.15)
am(h)
Thus
(B,7) = klts, ty)
= Tradtgadt,
i=1

m

= (5’ ai) (77 ;).

i=1
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Lemma 13.2.2 Let {ay,...,an} € ® be a C-basis of h*. Then ® C spang{ai, ..., an}.

Pf. We have 8 = Y I | ¢;o; for some constants ¢; € C. Then (8,;) = >, ¢;A;; where
Aij = (a4, o). Note that A;; is invertible. Then

2(8,04) _ iCM (13.17)

(aj,05) = (a5, o)

Since M;; = A;j(aj, ;)71 is invertible and all numbers besides the ¢; are integers, the ¢;
are rationals. g

Lemma 13.2.3 If 8,7 € ®, then (3,) is rational, and (8, 5) > 0.
Pf. We have (8,08) = Eaeq)(a,ﬁ)Q so that

4 2(a, )\
G5 Z((m)) ' (13.18)

=1

The numbers on the right are all integers, so (8, 5) is rational. Now letting v € ® we have
B = > (. B)(a,)

4(8, v) 2(a, B) 2(av, )
(B, B)(v,7) 2 (B,8) (v:7)

(13.19)

acd

where the right-hand side is integral, and (8, 8) and (v,~) are rational. Therefore (f,~) is
rational. Finally with (8,8) = Zaeq)(oz,,b’)2 again, we see that (3, 0) is the sum of non-
negative rationals. Thus & is positive semi-definite. Since it is non-degenerate, it is therefore
positive definite and (3, 8) > 0. |

Theorem 13.2.4 Setting E = spang® and restricting k to FE, we have that dimpFE =
dimch and k is positive definite inner product.

Pf. Trivlal. ]

13.3 Root Space Axioms

It is useful to put some of our conclusions into one place; the theorem that follows verifies
what we will call the root space axioms.
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Theorem 13.3.1 Let g be a semisimple Lie algebra, b any mazimal toral subalgebra, ® the
set of roots associated to hy, and E = spang® with positive definite inner product k. Then
a) ® spans E, and 0 ¢
b) If « € & then —a € ®, but ca € O for ¢ # £1

¢) Ifa,Be®, then f — 2200 € ¢

(o, @)

d) Ifa,B e then 252 ¢ 7

(o, @)
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Chapter 14
0(4) and g9

October 23, 2012

In this lecture we take a closer look at the orthogonal algebras.

14.1 Example: o(4)

14.1.1 Identification with an alternating algebra

Given a Riemannian metric g(-, -) on any vector space V, there is are two a bilinear maps

G:V®2gVve 5 C

H: V2V - V&2 (14

The “metric” G is directly inherited from the metric on V. Namely, on basis elements
Glei®ej, e @er) = glei, ex) g(ej, er) (14.2)

On /\2 V', it is conventional to divide by 2:

1
G(ei Nej, ex Ne) = iG(ei Re;j—ejRe;, e e —e R ey)

(14.3)
= g(ei, ex)glej,er) — glei, er)g(ej, ex)-
The second map, H is given by contraction on middle terms:
H(e;®ej, ex@e) = e;Qer-gley, ex). (14.4)

69



This passes to /\2 V', which becomes a Lie algebra under the bracket:
leiNej,ex Nel = HleiNej, exNey) — H(ex Ney, e; Aej). (14.5)

If V = spanc {e1,...,en} is R™, then /\2 V', with this bracket, is isomorphic to sl(n, C).

14.1.2 The 4-dimensional case

The 4-dimensional case is special, because there exists a second non-degenerate, bilinear,
symmetric form. If V = {e1, ez, e3,e4} is R*, then define

2 2
B:ANVveANVv-cC (14.6)
on homogeneous elements by

Det(Ai;)

e i 14.7
| Det(Eij)| 1

B(a; Naj, ar Nay) =

where A;; = g(e;,a;) and B;; = g(e;,e;). One clearly sees that this definition is bilin-
ear, symmetric, and independent of the choice of basis, as long as the change retains the
orientation. If eq, es, e3, e4 is an orthonormal basis, we can abuse notation and set

ay Naz \Nag A\ ay

B(a; Naj, ax ANay) = (14.8)

61/\62/\63/\64.

It is easy to verify non-degeneracy; since A\“V is 6-dimensional, one can check this on a
basis.

Thus a unitary linear operator * : /\2 V — /\2 V', known as the duality operator or
Hodge star, can be defined implicitly by

B(vAhw, x(vAw)) = G(vAw, vAw). (14.9)
By the bilinearity of both factors, we have
2 2
wo=1Id: NV - \'V. (14.10)

Note that if eq, eo, €3, e4 is an ordered, orthonormal basis, then we have as usual

x(e1 Aea) = ez ANey x(egNeq) = e1 Ney
x(ex Nes) = —eaNes x(eaNey) = —ep Nes (14.11)
x(eg Neq) = eaNes x(ea Ne3) = e Ney.

We have thus established a map

x:0(4) — o(4) (14.12)
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with
*x = 1.

The possible eigenvalues of * are therefore +1. These can denoted by

/\+V = 0"(4) = +1 eigenspace of *

/\7V = 0 (4) = —1 eigenspace of *
Further, it can be proved that

v Aw, aNb] = [*(vAw), aAb.

From this and the semi-simplicity of 0(4) it follows that

)
[07(4), 0T (4)] = 0"(4)

14.2 Example: go

There is a single Lie algebra of rank 2: sl =~ spy = 03.

(14.13)

(14.14)

(14.15)

(14.16)

(14.17)

There are four semisimple Lie algebras of rank 2: sly X sl & 04, sl3, sp, =~ 05, and go.

The only other simple Lie algebra that has a maximal toral subalgebra of dimension
less than three is go. This Lie algebra can be defined as the Lie algebra of derivations on

the purely imaginary octonions. It has the following root system:

71



72



14.3 Example: go

The smallest representation as a matrix group is by 7 X 7 matrices. We have go C 0(7). A

basis for a maximal toral subalgebra can be taken to be

-1

0 0

(14.18)

(14.19)

0

0

The rest of the Lie algebra is given by the following matrices

0

-2 2

0

-2 0 0

—24

24

0

0 0

—1

0 0

0
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27

27

—1
-1

0 0 0
0 0 0

—1

-1

0 0 O

The matrices representing the adjoints of n; and ns are diagonal, and we have

P
i
® [
— )
| — | <t
=) _7
S I
2 |o — 1
— I
[
Nl -
ﬁiA.. ‘I:an/u
| —
- |
o -
fo —
T
ﬂiﬁ |
_ —
e S
=)
=) =3
=) =3
~
> >
3 S
S =
= =
I I
— o
< Iy
3 =
3 S
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and their negatives. Root lengths are therefore of length % and %

in the ny,n9, 1, Y1, T2, Y2, T3, Y3, T4, Y4, T5, Y5, Le, Y6 ordered basis. The roots are therefore

(14.27)



Chapter 15

Root System Axiomatics

Nov 1, 2012

In this lecture we examine root systems from an axiomatic point of view.

15.1 Reflections

If v € R™, then it determines a hyperplane, denoted P,, through the origin. Reflection
about this hyperplane, denoted o,, is just

2 (z, v)
— 15.1
O',U(.’II) (’U, ’U) ( b )
We make the general definition
s 2(w,v)
£ 15.2
(w,v) & 2208 (152)
meaning
ou(x) = — (z,v) v (15.3)

Lemma 15.1.1 Let ® C R™ be a finite set which spans R™, and also has the property that
v € ® implies that o, leaves ® invariant. Assume o € GL(R™) leaves ® invariant, fives a
hyperplane P C R™ in the pointwise sense, and sends some vector v € R" to its negative.
Then o = o, and P = P,,.

Pf. Set T = 0 0 0,, so obviously 7 : & — ®. Note that 7 : Rv — Rv acts as the identity.
We can identify R ~ P ® Rv so w € R" is w = wp + w,, wp € P and w, € Rv. We
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have o,(wp + wy,) = wp — %v — w, so T(wp) = wp + %

on R"/Rv =~ P, and acts as the identity. This means 7 has only unity eigenvalues, so its
minimal polynomial divides (T'— 1)". If w € ® then {w,7(w),...,7%(w)} cannot all be
independent if k > Card(®). Thus there is some number I so that 7! acts as the identity on
® and therefore on R™ (I will be the l.c.m. of the various k for the various w € ®). Thus
also the minimal polynomial of 7 divides T' — 1. However gcd (Tk —1,(T - 1)”) =T-1,
so the minimal polynomial is T'— 1. Thus 7 = Id. O

v + w,. Thus 7 acts

15.2 Root System Axiomatics

We say a subset @ of E = R"™ (with its Euclidean metric) is a root system provided

R1) @ is finite, spans E, and does not contain 0

R3

)

R2) If o € @, then ca € ® if only if ¢ = £1
) If @ € ®, then o, leaves ¢ invariant
)

R4) If a, B € @, then (8, a) € Z

The dimension of R" is called the rank of the root system.

Given a root system ® € E, denote by W C GL(E) the group of transformations
generated by o, for all & € ®. This is called the Weyl group for the root system.

Lemma 15.2.1 If 0 € GL(E) leaves ® invariant, then co,o0~! = Os(a) and (B,a) =
(0(8), o(a)) for all a, B € P.

Pf. There is some v € ® so that 0~1(8) = v. Thus

00,0 1 (B) = 004 (7)
= o(y—{na)a) 154

and since v — (v,a) a is a root, so is o(y — (y,a)a). Thus co,0~ ! leaves ® invariant.
Also, 00,071 sends o(a) to —o(a), and fixes the plane o(P,). By the lemma we have
00aq0 =~ = O0g(a)-

For the second assertion,

o (B = (o(B),0(a))a) = o(B) — (of
= O'a(a)(a'(ﬂ))
= 00,0 ‘o (p) (15.5)
= 004(B)
=08 - (B a)a).

B),o(a))o(a)
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Taking c~" we get the assertion. O

If o € ® define its “dual” & to be

a = (15.6)

and define ® = {& |« € ®}. This is also a root system, and the Weyl groups of ® and P are
canonically isomorphic. In the Lie algebra situation, & is the metric dual (under the Killing
form) to hg.

Proposition 15.2.2 Assume a, € ®. We have {a, 8) (5,a) > 0. The only possibilities
for {a, B) are 0,£1. £2,£3. If 0 is the angle between o and 3, then (up to sign) 6 can only

take on the values 0, 5, 7, 5, 5, %ﬂ, ?jf, 5%. Finally, one of {a, B), (B,a) is £1.

Pf. Since cos = (S’ﬁ)

Bk
(o, B) (B,) = 4cos*(h). (15.7)

Since 0 < 4cos? 6§ < 4, and because 4 cos? § = 4 only when 6 = 0, 7, the first two assertions
hold. Obviously cosf = O,il,i%,i@, so the third assertion also holds. The final
assertion is obvious from the fact that 6 # . (]

Proposition 15.2.3 Let o, € ® be non-proportional roots. If (a,B) > 0 (the angle is
strictly acute) then o — B is a root. If (o, 8) < 0 (the angle is strictly obtuse) then o+ 3 is
a Toot.

Pf. The second assertion follows from the first, by replacing o by —«. Both (a, ), (8, @)
are positive, so by the previous proposition, one of them equals 1. If (o, 8) = 1 then

ople) = a—(,B)B = a—p (15.8)
is in ®. If (8,a) = 1 then

0a(B) = B — (B,a)a = B—« (15.9)
is in @, so also o — 3 € . O

The set of all roots of the form 5 + i« for ¢ € Z is called the a-string through 5.

Proposition 15.2.4 Facts about strings:

e The a-string through B is unbroken.
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e 0, reverses all a-strings.

e Strings have length at most 4.

Pf. Let q,r € Z2° be integers so 3 —rB € ® but B — r’a ¢ ® for any ' > r, and so
B+qae®by B+¢adgd for any ¢’ > q.

Now assume p, s can be found with —r <p <p+1<s—1< s <gsothat §+pac P
and 8+ sa € @, by 8+pag ®foral p+1<p <s—1. Then according to the lemma,
we have both (a, B) + pla|? = (a, B + pa) > 0 and (a, B) + s|al? = (o, B+ sa) < 0. Thus

p < —% < s which is impossible by assumption.

Because o, reverses the string, we have

oa(B+qu) = B—ra (15.10)
so that
b= Baja=ga = f-ra (15.11)
— By = (g—r)a
Therefore |¢ — 7| is at most 4. O

15.3 Bases and the Weyl group

We have seen that new roots can be constructed from old, via strings. The question naturally
arises, can we find some minimal set of roots that generates all the others?

A subset A C ® is called a base if

B1) A is a basis of E

B2) Each root 8 can be written as a sum § = ) ¢, where o € A and k, € Z where all
k. are either all positive or all negative (or zero).

If a base for ® exists, we can say a root is positive or negative if its coefficients are all positive
or negative. We can also define the height of a root by htf3 = 3 k, where 8 = > kqa. Of
course if a root system has more than one base, a root might have different heights relative
to these bases. However because any given base is a basis, a root has a well-defined height
relative to a given base. Finally we have an ordering of roots. Given roots /3, « we have

a > B (15.12)

provided a — 3 is a root and is positive. Obviously this is only a partial ordering.
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Lemma 15.3.1 If A is a base of ®, then (o, 5) <0 for a # B for all a,f € A, and a — 8
1§ not a root.

Pf. Easy. |

Let v € E be any vector. We call v regular if it does not lie in P, for any o € ®.
Define ®*(v) to be

dt(y) = {ae®| (,v) > 0}. (15.13)

Clearly if 7y is regular, then ® = ®*(y)U—®* (). An element a € @ is called indecomposable
provided o = 81 + 32 implies that either 8 or 5 is not in ().

Theorem 15.3.2 Let v € E be regular. Then the set A(7y) of indecomposable roots in
®T () is a base. Further, every base N\ is a N(v) for some regular .

Pf. Next time. |
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Chapter 16

Simple Roots

October 30, 2012

16.1 Existence of a base

Recall that a subset A C @ is called a base if

B1l) A is a basis of £

B2) Each root  can be written as a sum 8 = Y ¢, where o € A and k,, € Z where all
k., are either positive or all negative (or zero).

If A is a base for ® then we call any element o € A a simple root.

Theorem 16.1.1 Let v € E be reqular. Then the set A(y) of indecomposable roots in
®T () is a base. Further, every base N\ is a /\(v) for some regqular .

Pf. Step I. Ewvery root in ®¥(v) is a Z-linear combination of elements in A(vy). If not,
there is some o € ®*(y) for which this fails; we can assume such « is chosen so (a,7)
is a small as possible. Clearly « is decomposable: o = 81 + 32 for some 1,82 € ®T (7).
Then

(a,7) = (e, B1) + (o, B2), (16.1)

and since both terms on the right are positive, 5, and 2 must be Z-linear combination of
elements in A(y) (or else the minimality of («, ) is violated). However then « is a Z-linear
combination of elements in A(v), a contradiction.
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Step II. If o, B € A7), then (o, 8) < 0. If (o, ) > 0 then o — [ is a root, so either
a—pfor B—aisin ®T(y). In the first case a = («— )+ 3 and in the second 3 = (8—«)+«,
so at least one of a, 3 is a positive sum of elements in ®*(y), which is impossible.

Step III. A(7) is a linearly independent set. Suppose 0 = Y roa for elements a €
A(¥). Splitting this up, we have

> paa =Y ngpB (16.2)

where each po,ng > 0. Because (¢, ) < 0 we have
1Y pacl = (Yo peas DonsB) = > pana(a,f) < 0 (16.3)
« a,B

so that necessarily ) poca = 0. But then 0 = ) p, (a,7), and since («,7) > 0, we have
Do = 0. Similarly ng = 0.

Step IV. A(7y) is a base of ®*(y). Since A(7y) is linearly independent and spans
®T () over the positive integers, it spans E. Clearly also every element in ®(v) is either a
completely positive or completely negative linear combination of elements in A(7).

Step V. FEach base A is of the form A(y) for some v € E. The positive half-spaces
H, associated to the elements o € A(7y) have non-empty intersection (this is an exercize).
Choose any vector v in (,cp Ha- O

16.2 Weyl Chambers

The set of hyperplanes P, where a € ® divide E into open cones, each of which is called a
Weyl Chamber. Each regular v lie in exactly one Weyl chamber, which we call €(v). Further,
from the theorem it is pretty clear that the bases are in one-one correspondence; we call the
chamber corresponding to A the fundamental Weyl chamber relative to A\, denoted €(A).
The chamber is characterized as follows:

¢A) = {BeE]| (B,a)>0forallacA}. (16.4)
Finally, if 0 € W is an element of the Weyl group, we have

o (€(y)) = &a(7)

o (A() = Al)) (16:5)

16.3 Simple Roots

Lemma 16.3.1 If « is a positive but non-simple root, then a— 3 is a positive root for some

B e A.
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Pf. If (o, 8) <0 for all 8 € A then A U {8} would be a linearly independent set, by the
proof of Step IIT above. This is impossible because A is a basis of E. Thus («, ) > 0 for
some 3 € A, meaning o — 3 is a root. Writing o = ) k.- for elements v € A, we have that
the expansion of @ — 3 has at least one positive coefficient, so the expansion is therefore
completely positive. O

Corollary 16.3.2 Each 3 € ®T can be written in the form 8 = ay + -+ + ay with each
a; € A (and not necessarily distinct) so that each partial sum oy + -+ + «; is a root.

Pf. The lemma, along with induction on ht j. ]
Lemma 16.3.3 If a € A\, then o, permutes all positive roots except « itself.

Lemma 16.3.4 Defining the vector 6 by 6 = %ZBE(I,J, B, we have 0,(8) = 0 — « for all
a € A.

Pf. Obvious from the lemma. O
Lemma 16.3.5 Let {a;}!_, € A (not necessarily distinct), and write 0; = 0o,. If o1 ...00—1(t)
is negative, then for some index s with 1 < s <t —1, we have

01...0f = 01...05-10541---0¢—1 (16.6)
Pf. For 0 < i <t—2,setf; =0i41...00-1(), and Br—1 = az. We have 81 < 0 and
Bi—1 > 0. Thus there is a smallest k so that 8; > 0. Therefore o (8x) < 0, so by the lemma
we must have S = aj Thus

O — Uak,
= Oop..o 100 (16.7)

= Ok+1---0t—-100,0t—1...-0k41

which proves the lemma. (I

Corollary 16.3.6 Let 0 = o1...0; be an expression for o € W in terms of reflections in
simple roots, with t as small as possible. Then o(ay) < 0.

Pf. Apply the lemma. ]
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Chapter 17

The Weyl Group

November 1, 2012

17.1 Information on Weyl groups

Theorem 17.1.1 Let A be a base of @

a) If v € E is regular, there exists some o € W so that (o(y),a) > 0 for all a € A; in
particular W acts transitively on Weyl chambers

b) If AN is any other base, there is an element o' € W so that o’ (A') = A; in particular
W acts transitively on bases

¢) If a is any root, there exists some o € W so that o(a) € A
d) W is generated by the o, for a € A
e) If o(A) = A for some o € W, then o = 1; in particular W acts simply transitively on

the bases.

Pf. For the time being we’ll make a distinction between W, the group generated by reflection
in elements in A, and the full Weyl group W.

a) Set § =13 s+ a. Choose o so that (071(8),7) is as small as possible. But then

(c70),7) = (67" (0ab),7) = (6 —a,07) = (6716, 7) — (a,07) (17.1)

Equality exists only when « is not regular, which is assumed not to be the case. Thus
(o7, @) > 0 as promised.
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b) We have seen that W’ transitively permutes the Weyl chambers. Since every base
determine a chamber, there is an element ¢ € W’ that takes the chamber C (corre-
sponding to A) to the chamber C’ (corresponding to A’). By the indecomposability
of A and A’, they must now be the same (up to ordering).

¢) Find a vector v so that @ L ~ but so that v is not perpendicular to any other
root. Slightly perturbing v, we can make («,y) smaller than any other positive (3, 7).
Clearly then « is indecomposable.

d) Given any root 3, by (b) and (¢) we know there is a transformation o € W' so that
o(B) € A. Then

op = 0 lo,-150 (17.2)
is an element of WW’. Thus any generator of W is an element of W', so that W = W'.
e) Any element 0 = 0, ...0,, can be written minimally. By a previous lemma, o takes

at least one positive element (namely ;) to a negative element, and therefore does
not act on A itself.

According to the theorem, given any map o € VW we can write

O = 04y Oa, (17.3)

where o; € A. If t is minimal, we say t is the length of the map o relative to the base A,
denoted (o). We also define I(1) = 0. Define n(o) to be the number of positive roots § > 0
for which o(8) < 0.

Lemma 17.1.2 Given any o € W, we have n(c) = (o).

Pf. This is an induction on (o). Clearly it is true for I(c) = 0. Assume the theorem holds
for all 7 with {(7) <t—1, and let o be so that {(¢) =¢. Then if 0 = 04, ...04, is a minimal
expression for o, we have that o sends o to —ay. Then ¢/ = 0oy, = 04, -..0q,_, (which
is also minimal) sends a; to ay, but since o,, sends all positive roots besides a; to positive
roots, we have n(c’) = n(c) — 1. Since clearly also I(¢’) = (o) — 1, the theorem is proved
by induction. |

Lemma 17.1.3 Assume A, i are vectors in the closure of €(A), and assume some o € W
has oA = p. Then o is a product of simple reflections that fix \; in particular A = p.

Pf. Since o sends at least one simple root, say «, to a negative root, we have
0> (oo, p) = (a,07'0) = (a,A) >0 (17.4)

Therefore equality holds, so o,A = A. But then o'\ = oo, A = oA = pu. However [(0') =
I(c) — 1, so we can apply induction on I(c) to obtain the result. O
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17.2 Irreducible root systems

A root system @ is called irreducible if it cannot be partitioned into non-empty subsets, so
that the elements of either subset is perpendicular to all vectors in the other.

Lemma 17.2.1 A root system ® is irreducible if and only if every base A\ is irreducible.

Pf. If a base A is reducible so that A = A'UA | then the Weyl group, which is generated by
that base, is also reducible. This is due to the fact that if (o, 5) = 0 then on08 = 0g04, S0
W = W' x W". Every root is conjugate to a simple root, but since W/, W” fix, respectively,
the (orthogonal) subspaces spanned by A’,; A", any root that is conjugate to an element of
A’ is not conjugate to an element of A", and vice-versa. Thus since the subspaces span/\’
and span/\" are fixed under W, every root is either in one or the other, so therefore the
root system is decomposable. The converse is even easier. O

Lemma 17.2.2 Let ® be an irreducible root system. Relative to the partial ordering < on
O there is a unique mazimal root 3 (in particular ht B > ht« for all « € ® and (8,a) >0
for all « € ®T).

Pf. Choose a g so that [ is maximal among all roots that it is comparable to. We first
prove that it is comparable to all simple roots. If not, there is some o € A so that f — « is
not a root. Thus (8, ) < 0. But if equality holds, then « is orthogonal to all simple roots
that comprise 8, so that A is partitioned orthogonally, an impossibility. Since (8, «) < 0,
we have that § + « is a root, and 8 + « > 3, an impossibility.

Since (8 is comparable to all simple roots, we can see it is comparable to all positive
roots. Specifically, if § — « is not a root then (3, ) < 0, but equality cannot hold because
both are positive linear combinations of base roots and [ involves all base roots, so because
(8,) < 0 then 5+ « is a root and is comparable to 8, contradicting the maximality of 3.
O

Lemma 17.2.3 Let ® be irreducible. Then W acts irreducibly on E. In particular the
W-orbit of any a € ® spans E.

Pf. If W does not act irreducibly, so E/ C E is a proper subspace preserved by W, then the
orthogonal compliment E” also has an action of W. By reducibility, clearly either « € E’
or else £/ C P, and similarly for E”. As a consequence all roots lie in either E' or E”,
contradicting the irreducibility of ®. O

Lemma 17.2.4 Let ® be irreducible. Then at most two root lengths occur in ®, and all
roots of a given length are conjugate under WW.
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Pf. Provided (a, ) # 0, the only possible ratios of their length-squares are %, %, 1,2,3.
Further, for any «, its orbit under W contains a vector o’ so that (a’,8) > 0. This proved
the first assertion, since the existence of three root lengths would imply a ratio of %

Let a, 8 be roots of the same root length. We may assume («,3) > 0. If they are
distinct, then one of {a, 8), (8, a) is 1, and therefore (o, 8) = (8, a) = +1. Then

(0a0p0a) (B) = (9a0p) (B—a) = ga(-a) = @ (17.5)

O

Lemma 17.2.5 Let ® be irreducible, and have two root lengths. Then the maximal root is
long.

Pf. Let 8 be the maximal root. Because /3 is comparable to all positive roots, (3, «) > 0 for
all @ € ®*, and equality cannot hold, so 3 is in the fundamental Weyl chamber. Given any
@, it is in some chamber, and since the Weyl group transitively permutes chamber, we can
assume « is in the fundamental chamber. Then §—« is a positive root, and (v, 5—«) > 0 for
any 7 in the closure of the fundamental chamber. Then |3]2—(3,a) > 0 and (o, 8)—|a|? > 0,
so that |B]2 > (a, 8) > |l O
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Chapter 18

Classification of Root Systems, I

November 6, 2012

Notes from this day are missing.
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Chapter 19

Classification of Root Systems
I1

November 8, 2012

Notes from this day are missing.
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Chapter 20

Lie Algebras and the Proof of
the Isomorphism Theorem

November 20, 2012

Notes from this day are missing.
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Chapter 21

Examples

November 22, 2012

Notes from this day are missing.
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Chapter 22

Cartan and Engel Subalgebras
(Book: ch 15)

November 27, 2012

22.1 Inner Automorphisms

Notes from this section are missing.

22.2 Engel Subalgebras

Arbitrary (finite dimensional) algebra L over C.

Let x € L. Generalized eigenspace decomposition: L,(ad z) characterized by the maximality

of (adx — a)™ ’La(adx) = 0. Then

L = P La(adw) (22.1)

aeC

(sum taken over non-trivial L,(adx)) is the generalized eigenspace decomposition.

Easy facts: [Ly(adx), Ly(adx)] C Loqp(adzx). Thus Ly(adz) for a # 0 consists of
nilpotent endomorphisms, and Lg(adx) is a subalgebra containing x. The Lg(adz) are
called Engel subalgebras.
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Lemma 22.2.1 Let K C L be a subalgebra. Let z € K have (1) Lo(ad z) minimal among
all Lo(adx), v € K and (2) K C Lo(adz). Then Lo(adz) C Lo(adx), all z € K.

Pf. Set Ko = Lo(adz), so z € Ko C K. Pick z € K and consider ad(z + cz), for varying
c € C. Because z 4+ cx € K C K we have that z.x stabilizes the algebra K, and therefore
passes to an endomorphism of L/ K. The characteristic polynomial of z+ cz therefore splits
into

9(T,c) f(T'c) (22.2)

(put, say, T = z + cz) where g(T,c) is the char. poly. on L/K, and f is the char. poly on
K. We have

J(T,e) = T + AOT + ...+ fo(e) (223)
g(T,c) = TP + gi()T" "1 4+ ..., gn_r(c) (22.4)

and each f;, g; is a polynomial of degree i or less.

Let’s examine g(7T), ¢). For ¢ = 0, the eigenvalue 0 occurs only on Ky so adz : L/Kj is
an isomorphism. Thus g(7,0) has a constant term, so g,—,(c) is not precisely 0. Pick r 41
many values c1, ..., ¢r41 Where g,_,(c;) # 0. For each of these ¢;, we have that ad(z + cx)
is an isomorphism on L/Kjy, so Lo(ad(z + cjx)) C K. This forces Lo(ad(z + c;x)) = Ko
by the minimality of K. Therefore f(T,c;) = T". In particular f,.(c) is a polynomial of
degree r or less with r + 1 or more zeros. It is therefore the zero polynomial. Therefore
ad(z + cx)| g, has only zero eigenvalues, so Lo(ad(z + cx)) C K, for any ¢ € C, x € K. Pick
x—zand c=1. |

Lemma 22.2.2 Assume K is a subalgebra of L that contains an Engel subalgebra. Then
K is self-normalizing. In particular all Engel subalgebras are self-normalizing.

Pf. If K contains an Engel subalgebra, there is some z € K so that Lo(adz) C K. We have
that adz : Np(K) — Np(K) and since © € K stabilizes K, that adx : N(K)/K — L/K
is an isomorphism because Lg(adz) C K. But also adx : N (K) — K. Thus N (K) = K.
U

22.3 Cartan Subalgebras

A Cartan subalgebra (CSA) is a nilpotent, self-normalizing subalgebra. In the semisimple
case, we have root space decomposition

L=Ho P La (22.5)
aced

where H is abelian (hence nilpotent) and Np(H) = H. Thus CSA’s exist.
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Theorem 22.3.1 A subalgebra H C L is a CSA if and only if H is a minimal Engel
subalgebra.

Pf. First assume H = Lg(adx) and properly contains no other Engel subalgebra. We
have Np(H) = H by the previous lemma. Setting H = K, the first lemma gives that
H = Ly(adz) C Lo(adz) for all x € H. Thus each adx is nilpotent on H, so H is ad-
nilpotent, therefore nilpotent.

Second, assume H is a CSA. By nilpotency, H C Lo(adz), allz € L. Set H' = Ly(ad )
where z € H is chosen so H' is minimal (and H C H’). By the lemma, Lo(ad z) contains
H' all x € H. Therefore H acts on H'/H via nilpotent transformations, so there is a vector
y+ H € H'/H which is a common zero eigenvector. Thus H is normal in H & Cy. d

Corollary 22.3.2 If L is semisimple, then H is a CSA if and only if it is a mazimal toral
subalgebra.

Pf. We have already noted that a maximal toral is a CSA. Now assume H is a CSA, so
H = Lo(ad z) for some z. Note that Lo(adzs) C Lo(ad ), so we can assume z is abstractly
semisimple. Further for « semisimple, Lo(adz) = Cr(z). Clearly C(z) contains a minimal
toral subalgebra, which is a CSA and therefore minimal Engel. But because H = C(x) is
a CSA and therefore minimal Engel, it must coincide with the maximal toral. O

Note that just because x = x4 is semisimple doesn’t mean Lg(adz) = Cp(X) is a CSA.
Those semisimple x for which Cp(z) is a CSA are called regular semisimple elements.

22.4 Functoral properties
Lemma 22.4.1 If o : L — L' is an epimorpism, it maps CSAs to CSAs.

Pf. Let H be a CSA. Obviously ¢(H) is nilpotent. If 2’ € Np.(o(H)) there is some = € L
soz’ = p(z) and x ¢ H Then ¢([z, N]) C p(N) so [z, N] C N, and N is normal in N @ Cz,
contradicting self-normalization. O

Lemma 22.4.2 Let ¢ : L — L' be an epimorphism, and let H' be a CSA of L'. Setting
K = ¢ 1(N'), and CSA of K is a CSA of L.

Pf. Let H be a CSA of K. Then p(H) is a CSA of L' lying in H', so ¢(H) = H'.
Then if € L has [z, H] C H, we have that ¢(x) normalizes H' so ¢(x) € H'. Thus
x € H®ker(p) C K. But H is a CSA of K, so in fact x € H. O
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22.5 More terminology

We call € L strongly nilpotent if z € L,(ady) for some y € L. Note that x strongly
nilpotent implies x is nilpotent.

Set N(L) to be the subspace of all strongly nilpotent elements, and let £(L) be the
subgroup of Int(L) generated by N(L). Notice (L) is normal in Aut(L).

A Borel subalgebra is a maximal solvable subalgebra. For example, if

L=He @ L. (22.6)
aced

is a semisimple algebra, then if A C ® is a choice of base, then setting

B(A) = Ho @D La (22.7)
a>0

N(A) = P La (22.8)
a>0

we have N(A) = [B(4A, B(4A)] is nilpotent, so B(A) is solvable. One easily sees it is maximal
(by stability under H it must include some L, with o < 0), so it is a Borel subalgebra.

Facts:
Borel subalgebras are self-normalizing.

Borel subalgebras of L are in 1-1 correspondance to Borel subalgebras of the semisimple
algebra L/Rad(L).

If L is semisimple and maximal toral H is chosen, then choice of base A is a choice of
a Borel subalgebra. All such choices are conjugate under £(L) (therefore under Int(L)).
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Chapter 23

Examples

November 29, 2012

Notes from this day are missing.
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Chapter 24

Conjugacy Theorems

December 4, 2012

Notes from this day are missing.
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Part 11

Spring 2013

98



Coming soon!
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