Lie Algebras in Mathematics and Physics

Gert Heckman

December 14, 2009



Contents

8

9

Preface

Associative algebras and Lie algebras

Poisson algebras and universal enveloping algebras

The Poincaré-Birkhof-Witt Theorem

The Lie algebra sl; and its Verma representations

Lie algebra representations via linear algebra constructions
Formal characters

The bound states for the Kepler problem

Spinning elementary particles

Reductive Lie algebras

10 Triangular decomposition and Verma representations

11 The Lie algebra sl;

12 Quarks

13 Spherical harmonics

14 Spherical representations of the Lorentz group

11

15

20

32

40

47

50

60

69

75

82

87



Preface

Sophus Lie (1842-1899) was a Norwegian mathematician, who created an
algebraic language (Lie algebras) to deal with the notion of continuous sym-
metry (Lie groups). Let us consider GL,(R) as an open subset of Mat,(R),
which we identify with the Cartesian product of n? copies of R. A linear Lie
group G is by definition a closed subgroup G C GL,(R) for some n € N. Ex-
amples of linear Lie groups are GL,(R), SL,(R), SO,(R), GL,(C), SL,(C),
SU,(C) with these last three closed subgroups of GLs, (R).

Let us be given a linear Lie group G C GL,(R). A smooth curve in G
through the identity element is a smooth map (—e¢, €) — G, denoted ¢ — ¢(t),
for some € > 0 and ¢(0) is equal to the identity of G. For n a positive integer
we can stretch such a smooth curve by a factor n, defined by t — g(t/n)".
Because G is a closed subgroup of GL,(R) the limit for n — oo exists, and
can be shown to be of the form ¢ — exp(tx) for some x € Mat,(R). In fact
x equals the velocity vector of the original curve ¢t — G at time ¢t = 0. The
Lie algebra g of the linear Lie group G C GL,(R) is by definition the set of
all such velocity vectors x € Mat,(R). It is clear that g is invariant under
scalar multiplication. Just rescale the time of the defining curve, and use the
chain rule. It is also clear that g is invariant under addition of two elements.
Just consider the product of the two curves, and use the Leibniz product
rule. Hence g is a linear subspace of Mat,(R).

For x,y € Mat, (R) we define the commutator bracket by [z,y| = zy—yx.
It is straightforward to check that the commutator bracket is antisymmetric

[yw%] = —[x,y]

and satisfies the Jacobi identity

[z, [y, 2]] + [y, [2,2]] + [z, [z,9]] = 0

for all x,y,z € Mat,(R). A bilinear form [-,-] on a vector space with these
two properties is called a Lie bracket, and a(n abstract) Lie algebra is a vector
space equiped with a Lie bracket. For example Mat,(R) is a Lie algebra with
respect to the commutator bracket.

We claim that [z,y] € g for all z,y € g. Consider therefore the following
curve through the identity element of G defined for positive time by
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and for negative time by
(—€,0] 2t g(=t)".

One can show that t — ¢(t) is a smooth curve in G (just expand g(t) in
a power series of t) with velocity vector at time ¢ = 0 equal to [z,y] € g.
Therefore [z,y| € g for all x,y € g. Hence g becomes a Lie algebra relative
to the Lie bracket [-, -].

The Lie algebra g of a linear Lie group G C GL,(R) only sees an in-
finitesimal neighborhood of the identity element e € G. In particular G and
the connected component G° of the identity have the same lie algebra g. It
is a truely remarkable fact the the Lie algebra captures most of the structure
of a connected linear Lie group. In these lectures we forget the linear Lie
group G altogether, and only work with the Lie algebra g.



1 Associative algebras and Lie algebras

Unless otherwise stated all vector spaces are defined over the field C of com-
plex numbers. This text is about algebra, and if we use the word Hilbert space
we usually shall mean pre Hilbert space, that is a suitable dense subspace
of the Hilbert space completion. Likewise we write B(H) for the bounded
operators on H, although sometimes operators are also unbounded.

Definition 1.1. An associative algebra A is a vector space with a product
rule Ax A— A, (a,b) — ab which is associative

(ab)c = a(bc)
and compatible with the vector space structure
(a+b)c=ac+bc, a(b+c)=ab+ac

(Aa)b = a(A\b) = A(ab)

for all a,b,c € A and \ € C.
A star structure on A is an antilinear antiinvolution, that is a map A —
A, a— a* with B
(a+b)*=a"+0b°, (Aa)" = \a*

(ab)* =b"a*, a™ =a
for all a,b € A and N € C. An associative algebra together with a star
structure is called a star algebra.

Example 1.2. If V is a vector space then End(V') = {linear operators on
V} is the standard example of an associative algebra with product rule the
composition of linear operators. If V. = H is a Hilbert space with scalar
product (-,-) then B(H) = {bounded linear operators on H} is an associative
algebra with star structure a* = a' with the dagger defined by {ag,v) =

(¢, aT) for all ,1) € H.

Example 1.3. If G is a finite group then the space L(G) = { complex valued
functions on G} is an associative algebra with respect to the convolution
product

¢xp(x) =G> dlay™)(y) .
y
The associativety of the convolution product follows easily from the associa-
tivety of the product rule on the group G. A star structure on L(G) is defined
by ¢*(x) = ¢(x~1). Indeed one easily checks that (¢ * )* = * * ¢*.
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Example 1.4. On the Hilbert space H = L*(R) the operator p = —ihd (with
0 = d/dx) and the multiplication by x operator q are selfadjoint and satisfy
the Heisenberg commutation relation

p,q] = —ih
with h > 0. The "creation” and "annihilation” operators are defined by
a-=(q—ip)/V2, ay = (¢ +ip)/V2
and satisfy the commutation relation
lay,a_]=h.

We have ¢ = q and p' = p, or equivalently aJﬂr = a_ and al = ay. The
enerqy operator

H=(aya-+a-ay)/2=(p*+¢°)/2 =a_ay + 12
satisfies the commutation rules

[H,a_]=ha_ , [H,as] = —ha, .
The vector vy(x) = e~ in ‘W satisfies asvy = 0, and is characterized
by this equation upto a scalar multiple. This implies Hvy = hvg/2. If
we write v, = a™vy then the commutation relation [H,a_| = ha_ yields
[H,a™] = nha", which in turn implies that Hv, = h(n + 1/2)v,. So the
eigenvalue spectrum of H is equal to h(N+1/2). This is Dirac’s treatment of
the quantum mechanical harmonic oscillator. The star algebra A with gener-
ators the creation operator a_ and the annihilation operator ay has a vector
space basis a™a” with m,n € N, and is called the oscillator algebra. The
basis a™a’y is called in normal ordering, which means creation operators on
the left and annihilation operators on the right.

Definition 1.5. A representation of an associative algebra A on a vector
space V' is an associative algebra homomorphism A — End(V). If V ="H is
a Hilbert space then a unitary representation of a star algebra A on H is a
representation of A on H such that the star on A corresponds to the dagger

on B(H).



Suppose we have a representation of an associative algebra A on a vector
space V. A linear subspace U C V is called invariant if au € U for all a € A
and v € U. The representation of A on V is called irreducible if the trivial
subspaces 0 and V' are the only two invariant linear subspaces. Remark that
by definition the vector space 0 is not irreducible, since there is just one
invariant subspace 0.

Suppose G is a finite group. A unitary representation U : G — U(H)
extends to a unitary representation U : L(G) — B(H) by

U(¢) =G> ¢(x)U(x) .

Indeed one easily verifies U(¢ * ) = U(p)U (), U(¢*) = U(p)'. The con-
clusion is that a unitary group representation of GG is equivalent to a unitary
associative algebra representation of L(G). However L(G) is more flexible
than G itself, e.g. the center C(G) of (class functions in) L(G) yields inter-
twiners in representation spaces.

Definition 1.6. A Lie algebra g is a vector space equiped with a product rule
x,y € g — [x,y] € g which is bilinear

[z +y,2]=[z,2]+ [y, 2], [2,y+ 2] =[z,9]+[z,7]
Az, y] = [z, \y] = Az, 9]
and which is a Lie bracket (i.e. antisymmetry and Jacobi identity holds)
[ya‘r] = _[xvy]

[z, 9], 2 + [y, 2], 2] + [[2, 2], 4] = O

for all x,y,z € g and all scalars X.

The three Lie algebras (with gl,, for n by n matrices) with Lie bracket
the commutator bracket of square matrices

sl, = {x € gl,; tr(z) =0}

s0, ={r €gl,; ' +2 =0}
spy, = {7 € gly,; 2'J + Jz = 0}



are called the special linear algebra, the orthogonal algebra and the symplec-
tic algebra respectively. Together they constitute the classical Lie algebras.
The verification of the Lie algebra properties is outlined in the exercises.
Here J is the 2n by 2n matrix
On _1n
(i)

so that w(u,v) = (u, Jv) in the notation of the exercises.
If go C g is a real form (i.e. g = go + g0, g0 Nigo = 0 and [z, y] € go for
T,y € go) then put
(x +1iy) = —x+iy

for x,y € go. It is easy to check that that the star operator is an antilinear
antiinvolution on g. Any antilinear antiinvolution of a Lie algebra g arises in
this way for some real form gy C g.

An associative algebra A is in a natural way a Lie algebra, with Lie
bracket [x,y] = xy — yx the commutator bracket in A. The antisymmetry of
the Lie bracket is obvious and the Jacobi identity is a matter of spelling out.

A representation of a Lie algebra g on a vector space V' is a Lie alge-
bra homomorphism g +— gl(V) with gl(V) = End(V) as a vector space,
but End(V') is an associative algebra with respect to composition of linear
operators, whereas gl(V') is the associated Lie algebra with respect to the
commutator bracket. The concepts of invariant subspace and irreducibility
for a representation of a Lie algebra g on a vector space V' are defined in the
same way as for associative algebra representations.

A unitary representation of a real Lie algebra gy on a Hilbert space H is
a representation of the complexification g = gg + igo on H such that the star
on g corresponds to the dagger in the representation space.

Our goal is to associate to a Lie algebra g in a canonical way an associative
algebra Ug (called the universal enveloping algebra) such that Lie algebra
representations of g on V' give rise to associative algebra representations of
Ug on V, and vice versa. The construction of Ug is rather abstract, but in
the end it will pay back greatly, because associative algebra representations
are easier and more fundamental than Lie algebra representations. Indeed
the associativity condition (ab)c = a(bc) is more basic and easier than the
Jacobi identity [[z,y], 2] + [[v, 2], z] + [[z, z],y] = 0.

This correspondence between Lie algebra representations of g and asso-
ciative algebra representations of Ug should be thought of as analogous to
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the transition from groups representations of a finite group G to associative
algebra representations of the convolution algebra L(G).

Proposition 1.7. Let V' be a representation of a Lie algebra g. Suppose
h € g (or h a polynomial expression in some elements of g) is a diagonalisable
operator in 'V so that

V:EBKer(h—)\)

algebraically (any v € V is a finite sum v = ), vy with huy = Avy). Then
any subrepresentation U of V' respects this decomposition so that

U=UnKer(h—2\).

Proof. Write uw € U as u = ), uy with huy = Auy. Then h"u = ), A"u, lie
in U for all n € N. Using the nonvanishing of a Vandermonde determinant
we can write each uy as a linear combination of h"u with n € N. O

Exercise 1.1. Prove that a™a’} with m,n € N is a vector space basis of the
oscillator algebra Cla_, a| with relation a4, a_] = h.

Exercise 1.2. Check the relations U(¢ * 1) = U(¢)U (), U(¢*) = U(o)' for

a unitary representation U of a finite group G on a Hilbert space H.

Exercise 1.3. Check that the commutator bracket on an associative algebra
satisfies the Jacobi identity. Conclude that gl, is a Lie algebra with Lie
bracket the commutator bracket.

Exercise 1.4. Check that for V a finite dimensional vector space
sl(V) ={z e gl(V);tr(z) = 0}
is a Lie subalgebra of gl(V'), called the special linear algebra.

Exercise 1.5. Let V' be a finite dimensional vector space with a nondegen-
erate symmetric biliniear form (-,-). Check that

so(V) = {x € gl(V); (xu,v) + (u,zv) = 0 Vu,v € V}

is a Lie subalgebra of gl(V'). The Lie algebra so(V') is called the orthogonal
algebra of V" with (-,-).



Exercise 1.6. Answer the same question as in the previous exercise but with
the form (-, -) replaced by a symplectic form w on V', which is a nondegenerate
antisymmetric bilinear form. The Lie algebra

sp(V) ={z € gl(V); w(zu,v) + w(u, zv) = 0 Vu,v € V}
is called the symplectic algebra of V' with w.

Exercise 1.7. Check that the Lie algebra sl3(C) of traceless two by two ma-
trices with basis

0 1 1 0 00
=(o0)n=( ) =)
has commutation relations
[h7€]:2€7[h7f]:_2f7[e7f]:h'

Exercise 1.8. Prove that the antilinear antiinvolution on sly(C) defined by

a b\" (a c
c d) —\b d
corresponds to the real form su(2) of sly(C).

Exercise 1.9. Prove that the antilinear antiinvolution on sly(C) defined by

(=057

corresponds to the real form su(1,1) of sly(C).
Exercise 1.10. If in the notation of Example 1.4 we define

e=al/2h, h=—(ara_ +a_a)/2h, f=—a’/2h
then verify that the operators {e, h, f} satisfy the commutation relations

[h76]:267 [hvf]:_2f7 [evf]:h

of sla(C). This representation of sla(C) is called the oscillator representa-
tion. Compute the eigenvalue spectrum of the operator h in the oscillator
representation. Check that e* = —f h* = h, f* = —e. Conclude that the

oscillator representation of sly(C) is unitary for su(1,1).

Exercise 1.11. Show that the oscillator representation of sla(C) decomposes
as a direct sum of two irreducible representations. Hint: Use Proposition 1.7.
Ezxplain these two subrepresentations in terms of the original Hilbert space

H = L2(R).
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2 Poisson algebras and universal enveloping
algebras

Suppose U,V are finite dimensional complex vector spaces. Define
UV =UxV,6U"=Hom(UC),
Hom(U, V) = {linear maps U — V'} |

Bil(U @ V,W) = {bilinear maps U &V — W}

with U @ V the direct sum of U and V', and U* the dual vector space of U.
The tensor product U ® V of U and V is defined by the property

Bil(lUe& V,W)=Hom(U®V,W)

so any bilinear map B on U & V with values in W factorizes trough U @ V
as a linear map b to W, in a commutative diagram

vev 2ow

i i
UeVv - w
with B=boiandi:UdV — U ®YV, i(u,v) = u® v the natural bilinear
map.
If {u;} and {v;} are bases of U and V' then {u; ® v;} is a basis of U ® V.
Hence dim(U ® V') = dimU - dimV', whereas dim(U @ V) = dimU + dimV.

Definition 2.1. The tensor algebra on 'V is equal to TV = &T*V (sum over
keN)withTV=C, T'V=V, T?V=VQV,...0TV=Vg -V
(with k factors).

The tensor product operation turns 7'V into an associative algebra
(1@ Qup) @V - Qu)=(® QU U @ )

so the product is a linear map T*V @T'V — TV Any linear map 7 : V —
A with A an associative algebra extends uniquely to an associative algebra
homomorphism T'r : TV — A by T'n(v1@ua®- - -@uy) = w(v1)w(v2) - - - (k).
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Let us write
IV = span{TV ® (v @ vg — v @ v1) @ TV; vy, vy € V}.

This is a linear subspace of TV closed under multiplication by arbitrary ten-
sors on the left and on the right (so a two sided ideal of TV). The factor space
SV =TV/IV is called the symmetric algebra of V. The space SV inherits
a natural product rule from 7'V turning SV in a commutative associative
algebra. The product of s,t € SV is denoted st. If {v;} is a basis of V' then

{vy, @viyy @+ Qui; 1 <iig, -+ ixg <n=dimV}, keN
is a basis of T'V while
{v"vy"? o 0 < my,ma, -+ ,my, < 00}

is a basis of SV. Note that

dim(T*V) = n* | dim(S*V) = (" * : - 1) .

The symmetric algebra can be canonically identified with the commuta-
tive algebra PV* of polynomial functions on the dual vector space V*. The
above basis of SV is just the basis of monomials of PV* relative to a fixed
basis {v;} of V' = V**. This ends our discussion of the linear algebra con-
structions of the tensor algebra 7'V and the symmetric algebra SV = PV*
associated with any vector space V.

Now take V' = g to be a Lie algebra with Lie bracket |-, -]. The Lie bracket
on g extends to a bilinear Poisson bracket on Sg = Pg* via the Leibniz rule

{"_} . Pkg*@Pl * —>Pk+l_1g* 7{.’.} — [,] ongedg,

{r,st} ={r s}t +s{rt}, {rs,t} ={r,t}s+r{s,t} Vr,s,t € Pg*.

Equipped with this Poisson bracket Pg* is called the Poisson algebra of g.
It is a graded algebra, i.e. Pg* = @P*g* and P*g*P'g* C P**g*. A Poisson
bracket reminds us of classical mechanics. The quantization of the Poisson
algebra Pg* will be the universal enveloping algebra.

Let us denote

Jg=span{Tg@ (z@y—yz—[z,y]) ®Tg; z,ycg};.
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This is again a two sided ideal of T'g, and therefore the quotient Ug = T'g/Jg,
called the universal enveloping algebra of g, becomes an associative algebra.
We have natural linear maps ¢ : g — T'g and j : g — Ug. Note that

iz y]) = 3(@)j(y) — j(y)i(x) Y,y € g
so that under j the Lie bracket becomes the commutator bracket.

Theorem 2.2. Let g be a Lie algebra and j : g — Ug its universal enveloping
algebra. Given an associative algebra A and a linear map m : g — A such
that

([, y]) = m(x)m(y) — n(y)n(z) Yo,y € g

then there exists a unique associative algebra homomorphism Unm : Ug — A
such that the diagram

g L Ug
lz’d lUﬂ'
g — A

1s commutative. It is common to denote the associative algebra homomor-
phism Ut also by 7, if no confusion arises.

Proof. Any linear map 7 : g — A extends to a unique associative algebra
homomorphism 77 : Tg — A by the very definition of the tensor algebra.
By assumption we have

m([z,y]) = m(2)7(y) — 7 (y)m(2)

and therefore
Tr(r@y-—y®@z—[r,y]) =0

Vx,y € g, which in turn implies that Tw(Jg) = 0. Hence Tm induces an
associative algebra homomorphism U : Ug — A. Since Tr =7 on T'g=g
we conclude that T'moi7 = m and Unmoj = m. The uniqueness of U is obvious
from Uroj = . O]

Corollary 2.3. Fvery Lie algebra representation m of g on a vector space V'
yields a unique associative algebra homomorphism Urm : Ug — End(V') such
that Uroj =m.
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If g is an Abelian Lie algebra then Jg = I'g and Ug = Sg is a commutative
associative algebra. But for g not Abelian the universal enveloping algebra
Ug is a noncommutative associative algebra, which can be thought of as a
quantization of the Poisson algebra Sg = Pg*. We shall make this phrase
more precise in an exercise of the next section. One should think of the
associative algebra Ug as some universal operator algebra attached to g, in
which associative algebra computations can be universaly performed without
being limited to g with its Lie bracket and nasty Jacobi identity.

For the moment Ug is a rather unapproachable abstract object. A fun-
damental theorem about the structure of Ug is the Poincaré-Birkhof-Witt
Theorem, which gives a vector space basis for Ug from a vector space ba-
sis of g. The idea behind the PBW Theorem is reminiscent to the normal
ordering basis for the oscillator algebra.

Exercise 2.1. Check that the Heisenberg algebra a with basis {p,q, z} given

by
010 000 00 1
p=(00 0| ,¢g=(00 1| ,2=[00 0
000 000 000

1s a Lie algebra with commutation relations

[Pl =z, [2,p] =[24¢ =0.

Exercise 2.2. In the new basis {a_,a,,z} of the Heisenberg algebra a given
by

a_=(g—ip)/V2, ay = (q+ip)/V2

the commutation relations become
lay,a_] =iz, [z,a_] =[z,a4] =0.

Exercise 2.3. Show that for any Lie algebra g the Poisson bracket on Sg =
Pg* is a Lie bracket.

Exercise 2.4. Let g be a Lie algebra with a real form gy C g. Prove that the
associated antilinear antitnvolution of g extends in a unique way to a star
structure on Ug.
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3 The Poincaré-Birkhof-Witt Theorem

Let g be a Lie algebra of dimension n with a basis x1,--- ,x,. The tensor
algebra Tg = ®T%g is a graded algebra with corresponding basis of T%g given
by

{2, @2, @+ @uiy; 1 <y, - ,ig<n=dimV}, deN.
The symmetric algebra Sg = ®©S%g = Tg/Ig = Pg* is also graded with
degree d part Plg* = Tg/I%g with

I'g=IgnT'9= P Pt (@02 —z;@1)@T'g} .
kl=d—2 i<j
In turn this implies that S%g has basis
{wg @iy -y 1 <0 <ig <2 <ig <}

The universal enveloping algebra Ug = T'g/Jg is no longer graded because
the ideal Jg, defined by

Jg=P{Te® (1@ 2 — vy © 2, — [m3,2)]) @ Tg}

i<j
is no longer homogeneous. What remains is a filtration Ug = UUyg with

T.g = @T’“g tensors of degree < d
k<d

Jig= P Pl (@iez— @z —[1,1]) @ Tig}

ktl=d—2 i<j
Uag = Tug/Jag , Jag=JgNTag .
Clearly multiplication in Ug defines a linear map Uyg @ U.g — Ugy ..

Definition 3.1. The excess e of a basis vector x;, ® - - ®@x;, of Tg is given
by
e =#{(p,q0);p < q.1p > iq}

We write “T%g = span{x;, ®---®@x;,; excess = e} and “T'g = P4 “T%. A
monomial z;, ®- - -®x;, has excess equal to 0 if and only ifi; < <--- <i4in
which case we also speak of a standard monomial. The standard monomials
in the basis of °T" descend to the basis {z; z;, ---2;,} of Sg = Tg/Ig. In
other words T'g = °T'g ® Ig, i.e. Tg="Tg+ Ig and “T'gn Ig = 0.

A similar result holds for Ug = T'g/Jg, and is called the PBW theorem.
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Theorem 3.2. We have Tg ="Tg® Jg.

Proof. We will first show that T'g = "T'g + Jg.

Consider a monomial z;, ® - - - ® z;, € “Tg of degree d and excess e. We
shall prove that z;, ® --- ® z;, € “T'g + Jg by induction on the degree d and
the excess e. If d = 0 then e = 0, and there is nothing to prove. Likewise if
d>0and e=0then z;, ® - ®u;, € Tg C °Tg + Jg. Now suppose that
e > 1. Then we write (with say i, > 7,.1)

x’i1®"'®x’id:xi1®.“®mip®xip+1®”'®xid:

xi1®"‘®xip+1®$ip®"‘®$id+xi1®"‘®[xip7$ip+1]®”‘®xid+
Tiy (SO0 (xip ®«rip+1 — Tipyq ®$ip — [Iip,.%ierl]) SR ®.§L’id

which lies in °T'g+ Jg, because the first term has degree d and excess (e — 1),
the second term has degree (d — 1), while the third term lies in Jg.

The second claim °T’g N Jg = 0 is proved by a similar induction, but the
details are more complicated.

Lemma 3.3. There exists a (unique) linear map L : T'g — T'g such that L
is the identity on “T'g and (in case i, > iy, 1)

L<Iz’1®"‘®$1p®$ip+1®"‘®Iz’d):

Lz, ® - @i, ®Ti, ® - ®Tyy) + L(xiy @+ ® [T, Tipyy | ® - B T3,) -
We shall refer to this formula as the ordering formula. Note that the
ordering formula amounts to

L(wy @+ @ (T4, @ Typyy — Tiyyy ® Ty — [Ty, Tippy ) @ -+ - @ T3,

so that L =0 on Jg. Hence °T'gNJg C Ker(L—1)NKer(L) = 0. Therefore
the second claim is a direct consequence of the existence of the linear map L
of the lemma.

Proof. We prove the lemma by a double induction on the degree d and the
excess e. The problem is to define L on the monomial basis z;, ® - -- ® x;, of
°Tlg. If e = 0 then L(z;, ® -+ ® 2;,) = 73, @ - -+ ® 1, by assumption. Now
suppose e > 1. If we have initially (with say i, > i,41 and iy > 441)

[:L<xz’1®"'®xip®l’ip+1®"'®xiq®l’iq+1‘“®l’id)
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and then rewrite it using the the ordering formula of the lemma as a linear
combination (involving the structure constants of g for the given basis) of
the image under L of monomials of lower excess or degree. However the
rewriting can be done using the ordering formula at place (p,p + 1) or at
place (¢,q + 1). We have to check that the outcome is the same.

In the first case we assume that p 4+ 1 < g. Let the final expression F' be
obtained from I by using the ordering formula at place (p,p+ 1), and let F”
be obtained from I by using the ordering formula at place (¢,q + 1). Then
we get F' = I’ by using the above lemma for F' at place (¢,q + 1) and for
F’ at place (p,p + 1), which is allowed by induction on the excess and the
degree. Explicitly

F:L(l'z‘l®"'®$z‘p+1®$ip®"‘®$z‘q®1’iq+1"'®xz’d)
+ L($z‘1 KRR [xip,xip+1] R ® 5, ® Tigpr ® xid)
which can be rewritten as
F=Lx,®  ®u,, 0, @ Qi Qi - D T;,)

+ L(Iil ® - ®xip+1 ®$z‘p R R [$iq7xiq+1] A ®xid)
+ L(ffil R ® [xiwfipﬂ] R .- ®xiq+1 ®1‘iq e ® xid)
+ L(‘Til Q- ® [xip7xip+1:| Q- ® [xiq7xiq+1] e ®xid) .

The outcome has a symmetric role in p and ¢, and hence F = F”.
In the second case we assume that p + 1 = ¢. Our initial expression is

I=L(z;, ® ®2i{, ®Ti,, @i, Q- D Ty,)
or more simply (but without loss of generality)
I=L(z; @z, @x;y)
with i; > iy > i3. So we have
F =Lz, ®x;, @xi) + L([wi, 2:,] @ 244) =
L(zi, @y @ x,) + L(wiy, @ [, 24,]) + L([w4,, 24,] @ 45) =

L(xia* ® Ty ® xil) + L([xiwxi?,] ® xil) + L(xiz ® [xiwxis]) + L([xilaxlé] ® xi3>
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and similarly

F' = L(l’zl R Ty ® Iig) + L(xu & [ZL’Q,ZL’%]) =

L<$i3 RT; ® J]Z'Q) + L([xil,xi?,] ® xiz) + L(le ® [xim xlg]) =

L(xig ® Ti, @ xi1)+L(xi3 ® [miu xiZ])_’_L([xil?xiS] ® xi2) +L(xi1 ® [$i27xi3]) .
Hence we find

F—F = L([gjiz’ x13] Rxy — T, ® [xiza xls]) +

L<xi2 ® [ximxi:s] o [$i17xi3] ® xiz) + L([$i17xi2] ® Tig — Tig & [zil’xiz])
= L([[$i2,$i3], xh] + [miw [xilvxis]] + H$i1’ $i2]7$i3])

= L(Hxizv “Tis]?xil] + [[xi?)?xilL x’iQ] + [[milvxlé]v xls]) = L(O) =0

by the antisymmetry of the bracket and the Jacobi identity. This concludes
the proof that F' = F' in the second case, and finishes the proof of the
lemma. O

As mentioned before the ordering formula of the lemma has the theorem
as immediate consequence. This finishes the proof of the PBW theorem. [J

Corollary 3.4. Given a basis x1,- - ,x, of g the universal enveloping algebra
Ug has PBW basis

{rpxiy - wiy; 1<i3 <ipg <+ <iyg<n=dimV, d e N},

or equivalently

{7 zy? -l 0 <my,mg--- ,m, < oo} .
Corollary 3.5. The natural map j : g — Ug s an injection. From now on
we write x — x for the canonical injection g — Ug.

This corollary justifies the terminology universal enveloping algebra for
Ug, since it is truely an enveloping associative algebra of g. Moreover Ug is
generated as an associative algebra by g. Finally it is universal with respect
to these two properties.
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Exercise 3.1. Let a be the Heisenberg algebra with basis a_,a,,z and com-

mutation relations [ay,a_| =iz, [z,a4] = [z,a_] = 0. Prove that the algebra
Ua/Ua(z + ih) becomes the associative algebra A with generators a_ and
ay and with relation [ay,a_] = h. So the normal ordering basis a™a’; with

m,n € N of A is nothing but the PBW basis of Ua/Ua(z + ih).

Exercise 3.2. Show that the natural linear bijection Tyg/Ty_1g — T in-
duces a linear bijection Ugg/Uq 19 — S that is compatible with the multi-
plication in Ug and Sg. Show that the Poisson bracket {-,-}

Sdg ® Sd’g N Sder/flg
amounts to
Uag/Ug—18 @ Uag/Us-18 — Usyar—18/Udar—28

sending u @ v to uwv — vu (multiplication in Ug). The conclusion is that
the Poisson bracket is the leading term of the commutator bracket. This
1s entirely analoguous to the way classical mechanics can be obtained from
quantum mechanics as the classical limit.
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4 The Lie algebra sl, and its Verma represen-
tations

The Lie algebra sl has Chevalley basis

0 1 1 0 00
=5 0) o= 5) =0 o)
with commutation relations
[h7€]:26’[h7f]:_2f’[e7f]:h'

The universal enveloping algebra Usl, has the associated PBW basis fih7e®
for 7,7,k € N.

Lemma 4.1. In Usly the following relations hold
1. [h, f*H]) = —2(k + 1) fFH
2. [e, f = (k+1)f*(h — k)

for all k € N.

Proof. The proof of the first formula goes by induction on k£ € N. The case
k = 0 is clear, since [h, f] = —2f. Now for £ > 1 we have

[hvfk—H]:[h7ffk]:[h7f]fk+f[hvfk]:_fok_2kffk:_2(k+1)fk+1

which proves the first formula.
Likewise the proof of the second formula goes by induction on £ € N.
The case k = 0 is clear, since [e, f| = h. Now for k£ > 1 we have

le. [ = [es fIf* + fle f5] = Rf* + k71 (h — (k= 1))
by using the induction hypothesis. Using the first formula we get
e, [ = [h, f+ PR+ kfE(h— (k= 1)) = =2k f* + f*h+ ko (h— (k- 1))
and therefore
e, A = (b + 1) f*h — f*(2k + k(k — 1)) = (k + 1) f*(h — k)

which proves the second formula. [l
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The universal enveloping algebra Usly has a natural (associative algebra)
representation on the infinite dimensional vector space Usly by left multipli-
cation. For A € C the linear subspace

J()\) = U5[2<h — )\) + (U5[2)6
is clearly an invariant linear subspace, and hence the quotient
M(X) = Usly/J(N)

also becomes an associative algebra representation space of Usl,, called the
Verma representation of Usly with parameter A € C. By restriction from
Usly to sly the Verma representation M () can be equally well considered as
a Lie algebra representation of sls.

Lemma 4.2. The Verma representation M (\) of sly has basis vy = f*+J(\)
for k € N, and the generators {e, h, f} act on this basis as

ho, = (A= 2k)vg , evr, = k(A — (k — 1))vk_1, for = Ups1

with v_y = 0. The operator h in M(\) is diagonal in the basis vy, for k € N.
The operators e and f in M(\) are called "ladder” operators.

Proof. The PBW basis vector fihie* can be reduced modulo J(\) to a mul-
tiple of f*. Hence vy, k € N span M()), and vy, # 0 Vk € N,
By definition vg = 1 + J(A), hence

hvg=h=X+(h—X) =)=y
with = denoting equality modulo J(A). Moreover
hve = hffvy = [h, fFlog + fPhog = =2k fFoo + Affog = (A — 2k) v,
and therefore vy, k € N is a basis of M(\). Clearly
evgp=e=0
so that
evr = effvy = [e, fFlvo + fFeve = k(A — (k — 1))vp_y .

The last formula fvr, = vp4q is trivial. O
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Definition 4.3. The eigenvalues of the operator h in a representation space
of sly are called the "weights” of that representation. For example, the weights
of the Verma representation M (\) are {\ — 2k; k € N} and the parameter
A € C is therefore called the "highest weight” of M(\).

Lemma 4.4. A linear subspace of M(\) that is invariant under h is the
linear span of some of the vy. A nonzero linear subspace of M(\) that is
invariant under h and f is the linear span of the vy for k > ko, for some
ko € N.

Proof. The first statement follows from Proposition 1.7, and the second state-
ment is obvious from the first statement. O]

Corollary 4.5. A nontrivial (distinct from 0 and the full space) linear sub-
space of M(X) that is invariant under sly ezists if an only if evy, = 0
for some kg > 1, i.e. X =n € N and kg = (n+ 1). In this case we
have M(—n — 2) < M (n) with irreducible quotient representation L(n) =
M(n)/M(—n — 2) of dimension (n + 1), and weights {n,n —2,--- ,—n}.

We shall denote by L() the irreducible quotient of M (). In other words
L) = M(n)/M(—n —2) if A =n € N while L(\) = M(\) if A & N.

We have seen that sly(C) has two real forms su(2) and su(1,1) with cor-
responding antilinear antiinvolutions

h*:hye*:f7f*:€
h*=h,e =—f, ff=—e

respectively. A Hermitian form (-,-) on V assigns to each pair u,v € V a
complex number (u,v) which is linear in v € V' and antilinear in v € V. We
do not require the Hermitian form to be unitary (which means (v, v) positive
for all v # 0), and even the kernel of the Hermitian form (which consists of
all uw € V with (u,v) = 0 for all v € V) might be a nonzero linear subspace.
Now let V' also be a representation space for sly. The Hermitian form (-, -)
is called invariant for sly with respect to the given star structure if

(xu,v) = (u,x*v) Yu,v € V | Vo € sly .

In particular for V' = M(\) an invariant Hermitian form (-, -) satisfies

(/\ - 2]€)<Uk, Ul> = <hl)k, Ul> = <U]€, hvl> = ()\ - 2l)<vk, Ul>
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and hence (A —A) —2(k —1)){vg, v;) = 0. Since (A\—\) € iR and (k—1) € Z
we get (v, v;) = 0 if k # . Furthermore we find

(Uki1, V1) = Uk, fon) = £(evpyr, vp) = F(k + 1) (A — k) vk, vx)
with + = + for su(2) and £ = — for su(1,1).

Theorem 4.6. The irreducible representation L(\) of sly is unitary for su(2)
if and only if \ =n €N, i.e. L(A=n) has finite dimension (n+ 1).

Proof. We may assume that (vg, vg) is positive. If A = n € N then in M(n)
we see that

(0, V) = (k:!)2<Z) (00, o)

is positive for 0 < k < n, while (vgi1,vk41) = 0 VE > n. Hence the kernel
of the invariant Hermitian form on M (n) is exactly equal to the maximal
proper subrepresentation M(—n — 2), and the invariant Hermitian form on
M (n) descends to an invariant unitary structure on L(n). If A ¢ N then
M(X) = L(\) is a unitary representation if and only if (A — k) > 0 Vk € N.
These inequalities have no solution. [l

All unitary representations L(n) for n € N of su(2) can be integrated to
unitary representations of the group SU(2). In fact these are all the unitary
irreducible representations of SU(2).

Theorem 4.7. The irreducible representation L(\) of sly is unitary for
su(1,1) if and only if X < 0.

Proof. Assume that (vg,vg) is positive. Like in the above proof we get

(vp, v) = (KD2(—1)" <2> (vo, Vo) -

Clearly (vi,v1) = (—=A){(vg,v0) to be nonnegative is a necessary condition
for unitarity of L(A) is that , ie. A < 0. If A = 0 then L(0) is the one
dimensional trivial representation, which is always unitary. If A < 0 then
L(X\) = M()) is indeed unitary since —(A — k) > 0 Vk € N. O

All unitary representations L(—n) for n € N of su(1, 1) can be integrated
(after a Hilbert space completion) to unitary representations of the group
SU(1,1). For n < —1 these representations are so called ”discrete series”
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representations of SU(1,1), because all the matrix coéfficients are square in-
tegrable with respect to a biinvariant measure on SU(1,1). These (and their
lowest weight companions in the first exercise below) are not all the unitary
irreducible representations of SU(1,1). The family of unitary representa-
tions of su(1,1) described in the above theorem is ususally referred to as the
analytic continuation of the discrete series representations of SU(1,1).

Exercise 4.1. The Verma representations M(\) of sly are sometimes called
the highest weight Verma representations to distinguish them from the lowest
weight Verma representations M'(X\) = Usly/J' (X) defined by

J/(/\) = Uﬁ[g(h — /\) + U5[2f .

Sow that for n € N the irreducible quotient L'(—n) has finite dimension
(n + 1), and is unitary for su(2). Show that L(n) and L'(—n) are equiva-
lent representations. Show that the irreducible quotient L'(X\) is unitary for
su(1,1) in case A > 0.

Exercise 4.2. Write formally exp(z) = ., a"/n! for the ezponential
series.

1. Show that exp(x)exp(y) = exp(x +y) if xy = yz.
2. Deduce that exp(x) is invertible with inverse exp(—x).

3. Show that exp(e) is a well defined operator in the Verma representation

M(X) of sls.

4. Show that exp(f) is a well defined operator in the finite dimensional
representation L(n), n € N of sl,.

5. Show that in the adjoint representation ad : sly — End(sly), ad(x)y =
[z, y] the operator s = exp(e)exp(—f)exp(e) satisfies

sh=—h,se=—f,sf=—e.

6. Show that (exp(x))y(exp(—x)) = exp(ad(x))y in any representation
space of a Lie algebra g.

7. Conclude that for a finite dimensional representation sly — End(L(n))
the operator s is well defined, and maps vectors of weight k to vectors
of weight —k.
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5 Lie algebra representations via linear alge-
bra constructions

Suppose g is a Lie algebra, and U, V,W,--- are representation spaces for g.
The tensor product U ® V' becomes a representation space for g by defining

r(u®@v)=(ru)@v+u® (zv)Vexeg YVuelU YVveV

because [z, y](u ® v) = z(y(u ® v)) — y(z(u ® v)) by a straightforward com-
putation. Likewise the dual vector space U* = Hom(U, C) becomes a repre-
sentation space for g by defining

ef(u) = —f(zu),

and more generally the vector space Hom(U,V') becomes a representation
space for g by defining

vf(u) = x(f(u)) — flzu) .

The tensor algebra TV = @T*V is also in a natural way a representation
space for g, and the subspaces

IV = span{TV @ (v @ vg —v2 @ v1) @ TV; vy, v € V} |

JV = span{TV @ (v @ va + 12 @ v1) @ TV; v1,v9 € V'}

are easily seen to be invariant linear subspaces for g. Hence the quotient
spaces SV = TV/IV (the symmetric algebra on V) and AV = TV/JV
(the antisymmetric algebra on V') become in this way natural representation
spaces of g. Written out explicitly in a basis {v;} of V' we have for the
symmetric algebra

(vt vy? o) = mw{”l_l(:wl)v;m R
mw{”lv;"rl(xvg) coeumtt e m v oy ~v7’f‘”’1(:cvn)

and for the antisymmetric algebra (with the product denoted by A)
(Vg AUy Ao Ay ) = (2vy) Aviy A=+ A, —
vi, A (2 A Avy, F - (=D o Avgg A A (2y,)
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which are called the Leibniz product rules. If the dimension of V' is equal to
n then the dimension of S*V is equal to (”J“]Iz*l) while the dimension of A*V
is equal to (}). In particular SV is infinite dimensional (if n # 0) while the
dimension of AV is equal to 2".

We write V¢ ={v € V; zv =0V x € g} for the space of invariants in V.
In the particular case of Hom(U, V') the linear operators in Hom/(U, V') are
called intertwiners. If A € Hom(U, V)% is in addition a bijection then we say
that U and V' are equivalent representations, and we denote U = V. Here is

Schur’s Lemma, which is easy and fundamental!

Lemma 5.1. If U and V are irreducible finite dimensional representations
of g then the space Hom(U, V)9 of intertwiners has dimension 1 if U =V
and dimension O otherwise.

Proof. Suppose A € Hom(U, V)9 is a nonzero intertwiner. Then the kernel
of A is a proper invariant subspace of U, hence equal to 0. Likewise the
image of A is a nonzero invariant subspace of V', hence equal to V. Hence
A # 0 is equivalent to A being a bijection, which in turn is equivalent to
U = V. Therefore for nonequivalent U and V' we get Hom(U,V)? = 0.

Now suppose that U and V are equivalent, and fix a nonzero (hence
bijective) intertwiner A € Hom(U,V)%. For any B € Hom(U,V )% we see
BA™' € End(V)? is a selfintertwiner on V. Pick an eigenvalue \ of BA™!
(which is always possible because V' is finite dimensional by assumption).
Hence the selfintertwiner (BA™!' —\) € End(V)? has a nonzero kernel, which
by irreducibility of V' implies that (BA™' — \) = 0, or equivalently B =
AA. The conclusion is that for U and V equivalent the intertwiner space
Hom(U, V)9 is one dimensional. O

Suppose g is a real form of the Lie algebra g with corresponding antilinear
antiinvolution (z 4 iy)* = —x + iy for x,y € go. If U,V,W,--- are unitary
representations of g then the tensor product U ® V' and the dual space V*

carry natural Hermitian inner products, defined by

(u@v,d @) = (w0, (f.9) =) fv:)g(v)

with {v;} an orthonormal basis of V. It is easy to check that U ® V and V*
become unitary representations of g. Likewise the vector space Hom (U, V),
the tensor algebra TV, the symmetric algebra SV and the antisymmetric
algebra AV all become unitary representations of g.
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Theorem 5.2. A finite dimensional unitary representation V' of a Lie alge-
bra g with star operation x — x* is completely reducible, in the sense that
V' can be written as a direct sum of irreducible subrepresentations. If each
unitary irreducible representation of g occurs with multiplicity at most one
then we say that the representation is multiplicity free.

Proof. f U C V is an invariant linear subspace for g then the orthogonal
complement U+ = {v € V; (u,v) = 0 Vu € U} is easily seen to be invariant
as well, and V = U @ U*. A required orthogonal direct sum decomposition
of V' into irreducible subrepresentations can be found by induction on the
dimension of V. O

Remark that the above proof does not come with an algorithm how to
find a direct sum decomposition into irreducibles. In actual examples finding
an explicit decomposition of a unitary representation into irreducible subrep-
resentations can be an outstandingly complicated task!

An important remark is that constructions of linear algebra with uni-
tary representations of g with star structure x — x* produce again unitary
representations. The proof is easy and given as an exercise.

A last remark is that the decomposition of V' as a direct sum of irreducible
subrepresentations is in general not unique. However what is unique is the
direct sum decomposition

V=ViggV

with V@ the direct sum of all the trivial subrepresentations and gV the direct
sum of all the nontrivial subrepresentations. The selfadjoint projection oper-
ator R € End(V') with image V¢ and with kernel gV’ is called the Reynolds
operator. Clearly R € End(V)e.

Corollary 5.3. IfV is a finite dimensional unitary representation of g then
the the tensor algebra TV and the symmetric algebra SV = PV* are com-
pletely reducible.

Proof. Since TV = ®T*V and SV = ©S*V are direct sum decompositions
with finite dimensional components invariant under g this follows indeed from
the previous theorem. [l

Lemma 5.4. In the notation of the above corollary the Reynolds operator
R on SV = PV* satisfies R(fg) = fR(g) for all f € (SV)® and g € SV.
Moreover the Reynolds operator can not raise the degree.
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Proof. Observe that multiplication by f € (SV')® preserves both (SV)® and
g(SV). If we write ¢ = Rg + (g — Rg) then fg = fRg + f(g — Rg) with
fRg € (SV)® and f(g — Rg) € g(SV). Hence R(fg) = fR(g) for all f €
(SV)9 and g € SV. O

Example 5.5. The standard representation of sly on C% is by definition
unitary for su(2). The representation space S™(C?) has dimension (n + 1)
with basis " "y™ for m = 0,1,--- ,n. The Chevalley basis {e, h, f} acts in
this representation space via the first order differential operators

e=x0/0y, f=yd/0x, h=le, f] =x0/0x —y0 /Dy .

The representation S™(C?) of sly is called the degree n binary forms repre-
sentation. The monomial x™ is the (up to a multiplicative constant unique)
highest weight vector of weight n, and therefore S™(C?) is equivalent to L(n).
Now the corollary implies that L(n) = S™(C?) is also unitary for su(2). This
proof is a quick alternative for Theorem 4.6. Proving unitarity of a given
representation via constructions of linear algebra somehow not only proves
but also explains why the given representation is unitary.

Example 5.6. The decomposition of L(m)® L(n) into irreducible subrepre-
sentations is multiplicity free and given by the Clebsch-Gordan rule

Lim)®@Ln) 2 Lm+n)®Lim+n—2)®--- @& L(m—n|) .

By Theorem 5.2 we can write L(m)® L(n) as a direct sum over k € N of the
L(k) with certain multiplicities my, € N. The weights of L(m) ® L(n) are on
the one hand (as a set with multiplicities) equal to

{i+7;lil <m, |jl <n, (n—1i) €2N, (m—j) € 2N}

and on the other hand equal to the union over k € N of {k,k —2,---  —k},
counted with multiplicity my. A bit of combinatorial puzzling gives the above
Clebsch-Gordan rule.

Example 5.7. A special case of the Clebsch-Gordan rule gives
L(n)® L(n) =L(2n) ® L2n—2)---® L(2) ® L(0) .

Note that the occurence of L(0) with multiplicity one is also clear from Schur’s
Lemma. On the other hand we also have the decomposition in symmetric and
antisymmetric tensors

L(n) ® L(n) = S*(L(n)) & A*(L(n)) ,
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and one can ask how the two decompositions match? The answer to this

question s
S%(L(n))=L(2n) @ L2n —4) @ -,

AX(L(n))=L(2n—2) & L2n —6) @ - --

One can mimic the argument of the previous example. Indeed the weights of
S%(L(n)) are given by (as a set with multiplicities)

{t+7:li <m, |jl <n, (n—i) €2N, (m—j)€2N, i<j},
while the weights of A%(L(n)) are given by (as a set with multiplicities)

{i+35;lil <m, |jl <n, (n—1i)€2N, (m—j)€2N,i<j}.
We leave the combinatorial details to the reader.

If V is a representation of g then the vectorspace SV9 is in fact a sub-
algebra of SV, called the algebra of invariants for g. Indeed if f,g € SV®
then fg € SV® by the Leibniz product rule. The next theorem is one of the
fundamental results of invariant theory due to Hilbert and Weyl.

Theorem 5.8. If V is a finite dimensional unitary representation of a Lie
algebra g with a star structure then the algebra of invariants (SV)9 is a
finitely generated algebra.

Proof. The theorem will follow from the Hilbert basis theorem. Let V' be a
finite dimensional vector space. An ideal I C SV is a vector subspace with
the property that fg € I for all f € I, g € SV. The Hilbert basis theorem
says that any ideal I in SV is finitely generated, so

I=fSV+ fo8V 4+ £,.5V

for some fi, fo---, fn € I. The proof of the Hilbert basis theorem can be
found in any text book on (commutative) algebra.

We shall apply the Hilbert basis theorem to the homogeneous ideal gen-
erated by (SV)%, consisting of all homogeneous invariants of positive degree.
Suppose fi, fa- -+ fn, € (SV)Y are homogeneous ideal generators of degree
1 <d <dy <---<d, Let f e (SV) be a homogeneous invariant of
degree d > 1. We shall prove that f € C[fi, fa, -, fu] by induction on the
degree d.
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Write f = figi + fogo + -+ fngn With g1, 92, -+ , g, € SV homogeneous
of degree strictly smaller than d. Application of the Reynolds operator and
using Lemma 5.4 gives

f=R(f) = fiR(g1) + f2R(g2) + - - + fuRR(gn)

and because R(¢1), R(g2),- -, R(gn) € (SV)® are all homogeneous of degree
strictly smaller than d the theorem follows from the induction hypothesis. [

Example 5.9. The algebra of invariants S(L(n))*2 for degree n binary forms
has a (upto multiplicative scalar unique) generator fy in degree 2 if n > 2 is
even, and has no generator in degree 2 if n > 2 is odd. This is clear from
Ezample 5.7. In the special case of the adjoint representation L(2) = sly one
can show that S(L(2))2 is isomorphic to C[fs].

Example 5.10. In the next section we will show that the algebra of invariants
S(L(4))*2 for degree 4 binary forms is isomorphic to C|fs, f3] with generators
f2 in degree 2 and f3 in degree 3.

Describing in an explicit way generators (and relations) for the algebra of
invariants SV9 is an extremely hard problem. Even in the case of invariants
S(L(n))*% of sl, for degree n binary forms the problem is still hopeless, and
even with the help of modern computers beyond comprehension for say n
greater than 10.

Exercise 5.1. Show that the linear isomorphism of vector spaces
U@V — Hom(U,V), f@v— {ur f(u)v}
s a natural isomorphism of representation spaces for the Lie algebra g.

Exercise 5.2. If U and V' are unitary representations of g then check that
U®V and V* are unitary representations of g as well.

Exercise 5.3. Show that the Chevalley basis {e,h, f} of sly acting in the
representation space S™(C?) with basis x™~™y™ for m = 0,1,--- ,n via the
first order differential operators

e=x0/0y, f=y0d/0x, h=le, f]| =x0/0x — yd/dy

defines a representation of sls.
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Exercise 5.4. Show that the degree 2 invariant in S(sly)2 is given by the
expression h? + 4def.

Exercise 5.5. Show that the Casimir operator C = h*+2ef +2fe is central
in Usly. By Schur’s Lemma the Casimir operator C' acts in L(n) as a scalar
operator. Rewriting C' = h?>+2h+4fe check that this scalar equals n®+2n =
(n+1)2—1.

Exercise 5.6. Show that the Casimir operator C in a unitary representation
V' of suy is selfadjoint. The eigenspace decomposition V. = @V (n) with
V(n) = Ker(C — (n? 4+ 2n)) is called the direct sum decomposition of V
in isotypical components. Apparently the direct sum decomposition of V' in
wrreducible components is not unique, but the direct sum decomposition of V'
in isotypical components (so we take irreducible components of the same type
together) is unique by the above argument.

Exercise 5.7. Suppse we have given a representation of sly on a finite di-
mensional Hilbert space V' that is unitary for suy. The eigenvalues of h on
V' are called the weights of V. Suppose k € 7Z occurs as weight of V' with
multiplicity my, € N.

1. Show that m_;, = my, for all k € 7Z.

2. Show that mg > mgo > my > --- and my > msg > ms > ---. The first
and second items together are rephrased by saying that the multiplicities
of the even weights and of the odd weights form so called palindromic
sequences.

3. Suppose all weights of V' are even and mg = 5,ms = 3,my = 3,mg =
2,mia = 1,myy = 0. Describe the decomposition of V into irreducible
components.

4. Suppose all weights of V are odd and ms = 4, m7; = 1 and the dimension
of V is equal to 28. Describe the decomposition of V' into irreducible
components. These data do not quite suffice for a unique solution, but
there are two possibilities.
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6 Formal characters

Suppose we have an Abelian Lie algebra h and a representation h — gl(V')
of h on a vector space V. For p € h* we shall write

V,={veV;hv=p(h)vVh e h}

for the linear subspace of vectors of weight p, and we shall call V,, the weight
space of weight p. All weights p with V,, # 0 are called the weights of the
given representation. We say that the representation is h-diagonalizable if

V=V,
o

and h-admissable if in addition all weights spaces are finite dimensional. For
example, Verma representations for sls restricted to h = Ch are h-admissable.
If by is a real form of b, then any finite dimensional representation of h that
is unitary for b is indeed h-diagonalizable. Moreover all weights of such a
unitary representation are real, i.e. satisfy pu* = pu.

Suppose we have given a basis h = {hy,--- ,h,} of h. This allows us to
identify h* with C" via u +— (p(h1), -+, u(hyn)). A vector p € h* is called
h-integral if ; maps into Z".

Suppose we have given a Lie algebra g with a fixed Abelian subalgebra
h, together with a fixed basis h = {hy,--- , h,} of h. Suppose we have given
a representation g — gl(V), that is h-admissable and h-integral, in the sense
that all weights of V are h-integral. Under these assumptions we can define
the formal charachter by

chary (g, h,q) = try(q®) = try(¢f* - ¢')

which lies in Z[[q*']] = Z[[¢{",--- ,¢""]]. Clearly the familiar relations of
characters for the dual representation

chary-(g,h, q) = chary(g,h,q"")
and for the tensor product of two representations

CharU@V(Q? h7 q) = Cha’TU (97 h7 Q)Cha,’f’v (gv h7 q)

do hold, like in the case of finite groups. However the multiplication in
Z[[q*™]] is not well defined, and one should either restrict to Z[q*!] for finite
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dimensional representations, or possibly work with Z[q*!]] and Z[[q*!] for
Verma representations and their duals.
For example, for g = sl, with h = Ch we have for n € Z

charyr) (sta, b, q'?) = ¢ /(1 = ¢7") € Zlg'?, ¢712]
which in turn implies for n € N
chargm(sly, b, ¢*?) = charyiny(sly, h, q?) — chary(—n—2)(sla, h, ?) .
Therefore we find
charpy(sla, b, ¢"?) = (¢"* — ¢ ") (1 —¢7") =

(¢ tV/2 — g~ 0I2) j (g1 — 7)€ Z[g" 2, g7

Y

which is called the Weyl character formula for sl;. Observe that
charp(ny(sls, h,q'? = 1)=(n+1),

which is the dimension of L(n) as should.

For f(q) € Z|q*'] written out in multiindex notation f(q) = Y__ amq™
we denote the constant term by CTy(f(q)) = ao. The ring of Laurent poly-
nomials Z[g*!] with integral coéfficients has a natural star structure defined
by f*(q) = f(q7!). The finite dimensional irreducible characters of sly are
invariant under this star structure on Z[q'/?,¢='/?], which is a reflection of
the fact that the representations L(n) are selfdual. The bilinear form

(f,9) = CT4(f(a)g"(q))

is an inner product on Z[q*!]. The Schur orthonormality relations for an
Abelian Lie algebra h with fixed basis h are really trivial, and take the

following form.

Theorem 6.1. The irreducible h-integral characters q™ with m € Z" are
an orthonormal basis of Z[q™!].

This theorem is nothing but the familiar orthonormality relation from the
theory of Fourier series. The Schur orthonormality relations for su, take the
following form.
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Theorem 6.2. The characters of the finite dimensional irreducible unitary
representations of suy in Z[q"/?,q /%] are orthonormal with respect to the
inner product

(fi@awe = (fF(L=q7"),9(0 = ¢ ))/2=CTy(fg"(1 —q)(1 — ¢ 1))/2
on Z[q"?, ¢~ /2.

Indeed, this is obvious from the Weyl character formula for sly, since

(charL(m) (Q)7 Cha?”L(n) <Q>>5u2 =
CT,((q"* = g~ ") (g2 — g7 +272)) /2

is equal to 0,,, for all m,n € Z.

We shall illustrate the power of formal characters in the example of the
algebra of invariants V' = S(L(4))*% for degree 4 binary forms of sl,. In
the basis {z*, 23y, 22y?, 2y, y*} of L(4) the operator h of sly has eigenvalues
4,2,0,—2,—4. Let d be the identity operator on L(4). The formal charachter
chars(ray)(p,q) of S(L(4)) is given by

trsry (°¢"?) = 1/((1 = pg®)(1 — pg)(1 — p)(1 — pg ") (1 — pg~?)) .

We should expand this expression as a power series in p, with coéfficients
Laurent polynomials in q. So we can take 0 < p < 1 and ¢ a complex
number on the unit circle. Using the Schur orthonormality relations for sus
the formal character chary (p) of V- = S(L(4))*2 viewed as a representation
space for Cd becomes

CT (1 — )1 = ¢7)/((1 = pg*) (1 = pa)(1 = p)(1 = pg")(1 — pg~2))/2 ,
which is equal to 1/27i times

]{ [(1—q)(1— ¢ ")dg/((1 — pg®)(1 — pg)(1 — p)(1 — pg~")(1 — pg—>)q)]/2

with § the contour integral over the unit circle. Using the residue theorem
we can rewrite chary (p) as

> resg[(1—q)(1—q")/((1 = pg®) (1 = pg)(1 = p)(1 — pg~ ") (1 — pg~)q)]/2

with > the sum over the singular points ¢ inside the unit circle.
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The singular points inside the unit circle are ¢ = 0, p, £p*/2. The residue
at ¢ = 0 becomes

resol(1 —q)(1 — ¢ )/((1 = pg®)(1 — pg)(1 — p)(1 — pg")(1 — pg~?)q)]/2 =
reso[(1 —q)(q¢ — 1)q/((1 — pg®)(1 — pg)(1 — p)(q — p)(¢* — ))]/2 =0,

while the residue at ¢ = p becomes

resp[(1—q)(1— ¢ ")/((1 = pg®)(1 — pg)(1 — p)(1 — pg~")(1 — pg?)q)]/2 =

resp[(1—q)(1— ¢ ")/((1 = pa®)(1 — pq)(1 = p)(qg — p)(1 — pg?))]/2 =

(I—p)(1—p H/L-p)A-p)1—p)(1—p ")) =1/2(1—p*)(1—p%)) .

1/2

Finally we have to compute the residue at ¢ = £p'/* of the function

[(1=q)(1—=¢H)/(1 = pg*)(1 = pg)(1 = p)(1 —pg ") (1 — pg~2)q)]/2 =
(1= )1 = "a/((1=pg*)(1 = pg)(1 = p)(1 = pg ") (g — p"*) (g +P"/*))]/2.
The residue at ¢ = p'/? becomes

(1=p"*) (1 =p )2/ (201 = p*)(1 = p**)(1 = p)(1 — p'/*)2p"?) =

(1=p )1+ /41 —p) (1 = p*)(1 = p*) =
(1—p—p 2 +p"*)/(40 —p)(1 = p*)(1 - 1),
and likewise the residue at ¢ = —p'/? becomes

(1—p+p 2 =p"?) /(41 - p)(1 = p*)(1 - %)) .

Summing up the four residues we find

chary(p) = 1/((1 = p*)(1 = p°)) .

This character formula is in accordance with our claim in Example 5.10.
Indeed we do get nonzero invariants f, € S?(L(4))* of degree 2 and f3 €
S3(L(4))*2 of degree 3.

The three dimensional linear subspace U of L(4) given by

U = {p(z,y) = (aoz” + aszy® + azy®)y}
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is called the standard slice. Let the group C* act on U via q - (ag, az, ag) =
(qag, ¢ tas, ¢ %a3) for all ¢ € C* and (ag, as,a3) € U. This action is nothing
but the natural action of the diagonal subgroup (with diagonal entries ¢'/2
and ¢=/2) of SLy(C) on U C L(4), because the weights of h/2 on U are equal
to 1,—1,—2. Almost all orbits of SLs(C) on L(4) intersect the standard slice
U in exactly one orbit of C* on U.

The restriction of the invariants fs, f3 to the standard slice U have the
simple form

f2(ao,a2,a3) = Gpaz , f3(a0,a2,a3) = a%ccg

after a possible rescaling. Hence the invariants fs, f3 are algebraically in-
dependent. The final conclusion is that S(L(4))*2 = Clfs, f3] as stated in
Example 5.10. If the leading coéfficient ag of p(x,y) € U is nonzero, then we
can write p(x,y) = ap(z — 21y)(x — 22y) (z — 23y)y for some 21, 29, 23 € C with

Z1 —+ Z9 -+ z23 = 0 s a0(2122 -+ 2923 + 2123) = a2 , QgZ1R223 — —asg .

The fourth zero of the degree 4 binary form p(x,y) € U is to be thought of
as 00. In other words the invariants f5, f3 become

fo= a(Q)(ZIZQ + 2923 + 2123) , f3 = _agzleZS

and are essentially the elementary symmetric functions of degree 2 and 3 in
the three roots zq, 29, 23 € C.

A particular degree 6 invariant is the discriminant D whose restriction to
U is given by by

D = —4f23 — 27f32 = ag(zl — 22)2(22 — 23)2(21 — ,23)2

The ”discriminant variety” D = 0 on L(4) consists of those degree 4 binary
forms with a multiple root.

We finish this discussion by describing the orbit structure of PSLy(C) =
SLy(C)/(£e) on the projective space P(L(4)) in geometric terms. There is a
unique closed orbit C' consisting of degree 4 binary forms with a quadruple
root. This orbit has dimension one, and is a smooth rational curve of degree
4, in the sense that a generic hyperplane in P(L(4)) intersects C' in 4 points.

The tangent bundle T'C' of C' is by definition the union of all tangent
lines to C'. It has dimension two, and is a surface of degree 6 in the sense
that a generic plane in P(L(4)) intersects T in 6 points. The surface TC =
C U (TC — C) is singular along the curve C' and smooth at TC' — C. The
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smooth part T'C'—(C'is an orbit of dimension two consisting of degree 4 binary
forms with a triple root. The defining equations for T'C' are fo =0, f3 = 0.

The chordal variety C'C' consists of all chords of (', so it is the union of all
lines through any two points of C. It has dimension three, and is a threefold
of degree 3 in the sense that a generic line in P(L(4)) intersects 7" in 3 points.
The threefold C'C' is singular along the curve C' and smooth at CC' —C'. The
subset CC'—T'C of C'C'is an orbit of dimension three. The defining equation
for CC is f3 =0, and CC' is referred to as the ”chordal cubic”.

The Hessian variety H of the chordal cubic C'C' is a threefold of degree
5, and therefore H = QQ U C'C' with () the ”invariant quadric”, with defining
equation fy = 0. A generic line in P(L(4)) intersects H in 5 points, with 2
of them on the quadric ) and the remaining 3 on the cordal cubic C'C'. The
quadric () is smooth, and ) — T'C' consists of one orbit of dimension three.
The intersection () N C'C equals T'C, as mentioned above.

The discriminant variety DV with defining equation D = 0 consists of
degree 4 binary forms with a multiple root. It has dimension three, and is
a threefold of degree 6. The discriminant variety DV is smooth outside the
surface C U (DD — C) U (TC — (). This surface has two components, one
is DD and the other is TC'. The smooth part DV — (DD U TC) of the
discriminant variety consists of degree 4 binary forms with one double root.
The singular part DD U T'C' of the discriminant variety consists of degree 4
binary forms, with two double roots DD — C', with a triple root TC' — C,
and with a quadruple root C.

It can be shown that all remaining orbits have dimension three, and the
stabilizer in PSLy(C) of any point on such an orbit is the Klein fourgroup
Vi. We have discussed above 3 special orbits of dimension three, namely the
open orbit Q — T'C' in the invariant quadric, the open orbit CC — T'C' in
the chordal cubic, and the open orbit DV — (DD UTC) in the discriminant
variety. One can check that the stabilizer in PSLs(C) of any point on such
an orbit is isomorphic to the alternating group A4 of order 12, the dihedral
group D, of order 8, and the cyclic group Cy of order 2 respectively. This
ends our discussion of the invariant theory of degree 4 binary forms.

Exercise 6.1. Check that the relation
—4(z129 + 2223 + 2123)3 — 27(212223)2 =(z — 22)2(22 — 23)2(21 — Z3)2

holds if (z1 + 2o + 2z3) = 0. Hint: Check the identity both in case z; = zy =
2,23 = —2z and in case z; = 1,29 = 0,23 = —1, and use the symmetry under
the symmetric group Ss.
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Exercise 6.2. Which orbits of PSLy(C) on P(L(4)) do not intersects the
standard slice PU ? Answer: The two orbits C and DD — C.

Exercise 6.3. The subset of nonzero binary forms p(z,y) = apx"+ayz" ‘y+
<o+ ayy"™ in L(n) with a root of multiplicity m > 1 has as standard slice

U= {p(!L’, y) - (amxn_m + am+2xn—m—2y2 ++ anyn—m)ym; Qm 7é 0} :

Fach orbit under SLy(C) of such a binary form in L(n) intersects U in an
orbit of C*. Here C* acts on U by

—n/2

q- (am, Am+2, """ 7a’ﬂ) - (qn/2_mam7 qn/Z_m_2am+27 4 Cln)

and this is just the action of the diagonal subgroup of SLy(C) on U.

Show that for p € U we have lim, .. q-p = 0<< m > n/2. This enables
one to conclude that the orbit under SLs(C) of a nonzero p € L(n) contains
the origin 0 in its closure if and only if p has a root of multiplicity m > n/2.
Such binary forms are called unstable. The complement of the unstable locus
in L(n) is called the set of semistable binary forms. For semistable binary
forms all roots have multiplicity m < n/2. The stable locus consists of those
nonzero binary forms with all roots of multiplicity m < n/2. Semistable but
not stable is called strictly semistable. So we have

P(L(n)) = P(L(n))* UP(L(n))* , P(L(1))* = P(L(n))*** UP(L(n))*

as partitions of P(L(n)) invariant under SLy(C). A degree n binary form
1s called minimal semistable if it is either stable or strictly semistable with
Just two roots of multiplicity m = n/2. Consider stereographic projection of
C U oo on the unit sphere S = {u® +v? + w? = 1}. For p € U project the
n roots zi,- -+ ,z, stereographically on the unit sphere S, to obtain n points
S1,+ ,Sp on S among which the north pole occurs with multiplicity m.

Show that for p € U the center of gravity (s; + -+ + s,)/n lies on the
axis from north to south pole, and p is minimal semistable if and only upto
action of R* on U the center of gravity (s; +---+ s,)/n can be taken in the
origin 0. The conclusion is that the minimal semistable locus in P(L(n)) is
represented by those configurations of n points on S with possible collisions
for which the center of gravity lies at the origin.

Exercise 6.4. Let us consider a sharp angled triangle with sides of lengths
2a,2b,2c > 0. Fold this triangle along the three midparallels (of lengths a, b, c)

38



upwards to form a tetrahedron T with four congruent faces. Indeed all four
faces of T are triangles with lengths of edges equal to a,b,c. Note that each
pair of opposite edges of T has equal length. If the original triangle is right
angled then the tetrahedron T' degenerates into a flat figure.

Show that the line trough the midpoints of opposite edges of T is perpen-
dicular to both these edges. Conclude that the rotation over m with axis the
line through the midpoints of opposite edges of T lies in the rotation sym-
metry group G(T) of T. Conclude that G(T) = Vy in general, except for
the cases a = v/2b = \/2c and G(T) = Dy, or a = b = c and G(T) = A,.
Conclude that the center of gravity of the four vertices of T is equal to the
center of the circumscribed sphere of T'.
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7 The bound states for the Kepler problem

In this section we will discuss the Kepler problem from the viewpoint of
both classical mechanics (planetary motion aroun the sun) and quantum
mechanics (the hydrogen atom). Our discussion of the classical mechanics of
the Kepler problem is taken from an article " Teaching the Kepler laws for
freshmen” by Maris van Haandel and myself from 2008.

We shall use inner products u - v and outer products u x v of vectors u
and v in R?, the compatibility conditions

u-(vxw)=(uxv) w

ux (vxw)=(u-wv—(u-v)w

and the Leibniz product rules
(u-v)y =u-v+u-v

(uxv)=uaxv+uxv

without further explanation.

For a central force field F(r) = f(r)r/r the angular momentum vector
L = r x p is conserved by Newton’s law of motion F = p, thereby leading to
Kepler’s second law. For a spherically symmetric central force field F(r) =
f(r)r/r the energy

H=p2m+V(r), V(r) = —/f(r) dr

is conserved as well. These are the general initial remarks.

From now on consider the Kepler problem f(r) = —k/r* en V(r) = —k/r
with £ > 0 a coupling constant. More precisely, we consider the reduced
Kepler problem for the sun S and a planet P with r = rp — rg the relative
position of the planet. Let mg and mp be the masses of the sun S and
the planet P respectively. According to Newton the reduced mass becomes
m = mgmp/(mg-+mp) while the coupling constant is given by k = Gmgmp
with G the universal gravitational constant. By conservation of energy the
motion for fixed energy H < 0 is bounded inside a sphere with center 0 and
radius —k/H.

Consider the following picture of the plane perpendicular to L. The circle
C with center 0 and radius —k/H is the boundary of a disc where motion
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with energy H < 0 takes place. Let s = —kr/rH be the projection of r from
the center 0 on this circle C. The line £ through r with direction vector p
is the tangent line of the orbit £ at position r with velocity v. Let t be the
orthogonal reflection of the point s in the line £. As time varies, the position
vector r moves along the orbit £, and likewise s moves along the circle C. It
is a good question to investigate how the point t moves.

g
Y

6\

Theorem 7.1. The point t equals K/mH and therefore is conserved.

Proof. The line N spanned by n = p x L is perpendicular to £. The point
t is obtained from s by subtracting twice the orthogonal projection of s — r
on the line NV, and therefore

t=s—2((s—r)-n)n/n’

Now
s=—kr/rH
(s—r) n=—(H+k/r)r-(pxL)/H=—(H+k/r)L*/H
n® = p’L? =2m(H + k/r)L?
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and therefore
t=—kr/rH +n/mH =K/mH

with K = p x L — kmr/r the Lenz vector. The final step K = 0 is derived
by a straightforward computation using the compatibility relations and the
Leibniz product rules for inner and outer products of vectors in R3. O]

Corollary 7.2. The orbit £ is an ellipse with foci 0 and t, and major axis
equal to 2a = —k/H .

Proof. Indeed we have
t—r|+|r—0/=|s—r|+|r—0/=|s—0] = —k/H.
Hence £ is an ellipse with foci 0 and t, and major axis 2a = —k/H. m

The conserved vector t = K/mH is a priori well motivated in Euclidean
geometric terms. In most text books on classical mechanics (e.g. H. Gold-
stein, Classical Mechanics) the Lenz vector K is written down, and the mo-
tivation comes only a posteriori from K = 0 as a vector in the direction of
the long axis of the elliptical orbit. The Lenz vector goes already back to
Lagrange in his article "Théorie des variations séculaires des élements des
planetes” from 1781.

It is easy to check the relations K - L = 0 and K? = 2mHL? + k*m?.
Hence besides the familiar conserved quantities angular momentum L and
energy H only the direction of the Lenz vector K is a new independent con-
served quantity. Altogether there are 3 +1 4+ 1 = 5 independent conserved
quantities, whose level curves in the phase space R® are the Kepler ellipses,
at least for H < 0 corresponding to bounded motion.

We now turn to the quantum mechanics of the Kepler problem. The first
discussion of this question was given by Pauli in an article ”On the hydrogen
spectrum from the standpoint of the new quantum mechanics” from Jan-
uary 1926. Pauli’s solution is a beautiful piece of Lie algebra theory, which
made it difficult to digest for the average physicist of that time, who happily
adopted the shortly after found solution by Schrodinger. The latter method
rewrites the Schrodinger eigenvalue equation in spherical codrdinates, and
subsequently consults a book on Special Functions (for Laguerre and Legen-
dre polynomials). This method of Schrédinger is just a lot of calculations.
In the proof by Pauli one has to do also a fair amount of calculations. But
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the proof by Pauli is by far the better, because it explains the natural de-
generation of the hydrogen spectrum, while in the proof by Schrodinger this
spectrum has still accidental degeneration. The hidden conserved Lenz vector
is what is missing in the treatment by Schrodinger.

We consider Pauli’s proof below and the proof above of Kepler’s law of
ellipses as proofs from ”The Book”. This is an expression of the remarkable
mathematician Paul Erdos, who supposed that God has a book in which he
keeps only the most beautiful proofs of mathematical theorems. One of the
joyful parts of mathematics is to strive for proofs from ”The Book”.

We shall only outline the method of Pauli, and leave the proofs of the
formulas to the interested reader. In quantum mechanics the three compo-
nents of the position r and the momentum p are selfadjoint operators on a
Hilbert space H, satisfying the Heisenberg commutation relations

[Ti7rj] - [pzapj] =0 ) [plarj] = _Zh52] .

We wish to quantize the energy H, the angular momentum L and the Lenz
vector K. For H and L we can just take the classical formulas

H=p/2m —k/r, L=1xp

but for the Lenz vector K = p x L — kmr/r there is an ambiguity with the
definition of p x L. Indeed, for the first component should we take pyL3—p3 Lo
or Lsps — Lops? For the solution of this ambiguity Pauli chose the average

K=(pxL—-Lxp)/2—Fkmr/r,
which is easily seen to be selfadjoint. The following formulas
(L, rj] = iheiry o [Li, pj] = thegipy
[Li, Lj] = ihe;jpLy , [Li, Kj] = ihe;j Ky,
mean that r,p,L and K are so called vector operators. Here €;;;, is the
totally antisymmetic e-tensor. The conservation of L and K amounts to the

relations

[H,L]=[HK]=0.

The first relation is immediate because H has spherical symmetry, but the
second relation requires some calculation. The following formulas are in
perfect analogy with classical mechanics

LK=K-L=0,
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but the formula
K? =2mH(L* + 1?) + k*m?

has a ”quantum correction” compared with the classical formula, vanishing
in the limit for A — 0. Our last formula

is obtained after a careful calculation.

The sometimes cumbersome calculations behind the above formulas shall
now be rewarded by an elegant and conceptually clear method for finding the
hydrogen spectrum. We wish to compute the dimension of the eigenspace

{ e H; HY = By}
with a fixed eigenvalue E' < 0. If we denote
I=(L+(—2mE)"Y?K)/2, J = (L — (—2mE)"?K)/2
then it is easy to see that I and J satisfy the commutation relations
[L;, I;] = iheijuly , [Ji, Jj] = theyndi , L, J;] =0

In other words the six dimensional vector space spanned by the components of
L and K is a Lie algebra isomorphic to sl, ®sly commuting with H. The first
sly has basis I; and the second sl has basis J;. From L* = L, K* = K and
E < 0 we deduce that I* = 1,J* = J. In other words the real six dimensional
vector space spanned by the components of L and K (or equivalently spanned
by the components of I and J) becomes identified with isuy @ isu,.

Assuming that the spectrum has natural degeneration with respect to
angular momentum and Lenz vector we can conclude

{¢ € H; HY = B}y = L(m) © L(n)

for some m,n € N. Here I; and J; work in the first and the second factor of
L(m) ® L(n) respectively. Because

AP =) = (I1+3)- (I-T)+(1—J)- (1+J) =

(—2mE)"V*(L-K+K-L)=0,
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and by Exercise 5.5 and Exercise 7.2 below
P pmyerm = m(m +2)8* /4, J|pmyerm = n(n +2)h*/4
we conclude that m = n and
{v e H; HY = By} = L(n) @ L(n)

for some n € N. Finally we shall derive a formula for E, as function of n.
Rewriting the above formula K? = 2mH (L* + h?) + k*m? in the form

L? + (—2mE)'K* + i = —k*m/2E
and because on the space L(n) ® L(n)
L*+ (—2mE) 'K+ * =2+ J) + > =n(n+ 2)A* + A* = (n + 1)*A°
we arrive at
E=E,=—k*m/2(n+1)*h?

with n running over the set N. The energy level E,, has multiplicity (n+ 1)
As a representation for I and J it is irreducible of the form L(n)® L(n), but
restricting to the diagonal subalgebra L we have the Clebsch-Gordan rule

L(n)® L(n) = L(0) & L(2) & --- & L(2n) .

If we forget the symmetry of the Lenz vector K and take into account only
the spherical symmetry of the angular momentum vector L = I + J the n'*
energy level has accidental degeneration of multiplicity (n + 1).

Exercise 7.1. Show that for A, B selfadjoint operators on a Hilbert space H
the operator (AB+BA)/2 is again selfadjoint.

Exercise 7.2. The Pauli spin matrices are defined by

/01 0 /10
01 = 1 0 , 02 = i 0 , 03 = 0 —1 )

so h = o3,e = (01 +102)/2, f = (01 — i02)/2 gives the relation between the

Chevalley basis and the Pauli matrices. In a unitary representation of suy the

Pauli matrices act as selfadjoint operators. Check the commutation relations
[O’i, O’j] = Qiﬁiijk

and show that the Casimir operator C' = h*+2ef+2fe is equal to 0?+03+03.
The conclusion is that L* = h*C/4, so apart from a factor h? /4 the Casimir
operator C 1is just the square length of the the angular momentum vector.
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Exercise 7.3. Show that the Cartesian space R with Lie bracket [-,-] equal
to the vector product x is a Lie algebra. Show that this Lie algebra gy is
isomorphic to so3. Show that gy has a basis e; with [e;, e;] = €;ex.

Exercise 7.4. Suppose we are in the regime where H = E > 0. Show that
L* = L, K* = K wmplies that I* = J,J* = 1. Hence the Casimir operator
I? + J? acts on the eigenspace

{ e H; HY = Ev}

as a selfadjoint operator. If we assume this eigenspace to be an irreducible
representation of sly @ sly then the operator I? 4+ J? acts by multiplication
with a real number s(s + 2)h*/2 by Schur’s Lemma with s € —1 + iR or
s € R. Because E = —k*m/2(s + 1)*h* > 0 we have s € —1 + iR. The
parametrization of the nonpositive real numbers by (s + 1)2h%/2 with s €
—1 4R will become clear in a later section on representations of the Lorentz
algebra so31(R).

Exercise 7.5. Suppose g, and gs are two Lie algebras. Suppose Vi and Vy
are representations of g1 and go respectively. We define the outer tensor
product representation Vi3 XV, of the direct sum gy ® go as follows: As a
vector space Vi K Vo = Vi ® Vo and the representation is defined by

(1, 22) (1 ® V) = (z101) ® V2 + V1 ® (T2V2)

for all 1 € g1, xo € g2, v1 € V5 and vy € V5. Show that the outer tensor
product is indeed a representation of the direct sum g, & go. Show that the
outer tensor product of two irreducible representations is again irreducible,
and each irredicible representation of the direct sum g, @ go arises this way.
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8 Spinning elementary particles

One can imagine an elementary particle as a small spherically symmetric ball,
so with internal symmetry Lie algebra soz = sl,. This internal symmetry can
be quantized by the unitary irreducible representation L(2s) of dimension
(2s + 1) and highest weight 2s € N. The parameter s € N/2 is called
the spin J of the irreducible representation L(2s) of so3 = sly. The faster
the elementary particle spins the larger the spin quantum number s € N/2.
Hence an elementary particle with spin J = s € N/2 can occupy (2s + 1)
states indexed by a quantum number J; taken from the set {s,s—1,--- , —s},
which is just the set of eigenvalues of the Lie algebra element h/2 from sls.
So the spin J is an index for the irreducible representation of sly, while the
spin around the (third) axis J5 is an index for a basis in this representation
space. These notations are fairly standard.

Examples are the Higgs particle with spin 0, the electron with spin 1/2,
the photon with spin 1 or the graviton with spin 2. For example, the electron
with spin 1/2 has two quantum numbers, taken from the set {1/2,—1/2}.
Equivalently an electron has spin up (u <> 1/2) or spin down (d < —1/2).
The notion of electron spin was proposed by Goudsmit and Uhlenbeck in
1926, at a time they were still graduate students under Paul Ehrenfest in
Leiden. There are no elementary particles known to exist with spin greater
than 2. Apparently if an elementary particle spins too fast it becomes un-
stable, preventing its existence.

Particles with integral spin are called bosons, and particles with half
integral spin are called fermions. Suppose an elementary particle with spin
s has as state space a Hilbert space ‘H. The "spin statistics theorem” states
that a system of n such identical particles has as state space the n** symmetric
power S™(H) or the n'* antisymmetric power A"(H), depending on whether
the particle has integral spin or half integral spin respectively. An identical
system of n bosons can live happily together in a same state " € S™(H),
but for an identical system of n fermions no two particles can live together
in the same state, because ¥ A ) A g A -+ A 1), vanishes in A"(H). This
is the famous Pauli exclusion principle: two electrons can never occupy the
same state.

The spectrum of the Kepler problem has been computed before using the
angular momentum vector L and the Lenz vector K, which together generate
for negative energy Ef' < 0 a Lie algebra so,. The discrete energy spectrum
is located at F, 1 = —1/(n+ 1)? for n € N in suitable units. The (n + 1)%
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energy level is degenerated with multiplicity (n + 1)2, and transforms under
504 = sly @ sly as the irreducible representation L(n) @ L(n). The soz = sly
corresponding to the angular momentum vector L lies inside sl; & sl as the
diagonal, and the restriction of L(n) ® L(n) to this diagonal is given by the
Clebsch-Gordan rule

L(n)® L(n) =L(0)® L(2)®--- @ L(2n) .

Therefore the spectrum of the Kepler problem can be pictorially described
by the following figure.

E
0
E, L I
B+
5 3s 3p 3d
B 4+
2 25 2p
B4+
! 1s

The shells indicated with an s correspond to the one dimensional irre-
ducible representation L(0). The shells indicated with a p correspond to the
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three dimensional irreducible representation L(2). The shells indicated with
a d correspond to the five dimensional irreducible representation L(4). The
shells indicated with an f correspond to the seven dimensional irreducible
representation L(6), and so on. The elements of the periodic system can
be understood to consist of a nucleus (consisting of protons and neutrons)
surrounded by a cloud of electrons. Let us assume for simplicity that the
electrons only interact with the nucleus, so the mutual interaction among
the electrons is neglected. Then the energy levels of our Kepler problem are
filled with electrons according to Pauli’s exclusion principle from the bottom
up, and for fixed energy first the shell s, subsequently the shell p, then the
shell d, and so on. For example, the hydrogen atom H has one electron in
the shell 1s, leaving one open place in shell 1s. The carbon atom C' occurs
in the periodic system on place number 6. The shells 1s,2s are completely
filled with 2 + 2 = 4 electrons, and the shell 2p is occupied with 2 electrons,
leaving four open places in shell 2p. This is the reason for the existence of
the chemical binding C'Hy.

In the situation of a constant electric or magnetic field along some axis
the energy levels will split up according to their degeneration, so

This splitting of spectral lines is called the Stark-Zeeman effect. It is a
consequence of symmetry breaking from sos = sl, to gl;.

There is also the concept of isospin, that was introduced by Heisenberg in
the thirties. It is usually denoted by I (for the irreducible representation of
sly) and I3 for an element of the basis of weight vectors in this representation
space. The atomic nucleus consists of protons and neutrons. Heisenberg
proposed to view the proton p and the neutron n as the two states of the
spin 1/2 irreducible representation. A nucleus with k protons and 1 neutrons
is then viewed as p*n!, and therefore the nucleus is considered as a particular
state of one particle with isospin m = (k 4 [)/2. Given m > 0 there are
(m + 1) possible nuclei with isopspin m € N/2.
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9 Reductive Lie algebras

Suppose we have given a complex Lie algebra g together with a real form g.
A representation g — End(V) is called faithful if the only x € g that maps
to 0 in End(V) is equal to 0 € g.

Definition 9.1. The Lie algebra g is called reductive with compact real form
go if there exists a faithful representation ¢ — End(H) on a finite dimen-
sional Hilbert space 'H that is unitary for go.

Throughout this section g will be a reductive Lie algebra with compact
real form go. As before let x — x* be the antilinear antiinvolution corre-
sponding to go. Examples of reductive Lie algebras are gl (C) with compact
real form u,(C), or sl,(C) with compact real form su,(C), or so,(C) with
compact real form so, (R). All three examples have a faithful unitary repre-
sentation on C" with Hermitian form (z,w) = z,w; + - - - + 2,0, for z,w in
Cn.

It is our goal to classify all finite dimensional irreducible representations
of g, that are unitary with respect to the given compact real form gg.

Definition 9.2. A Cartan subalgebra of a reductive Lie algebra g with com-
pact form go is a maximal Abelian subalgebra b that is invariant under the
antilinear antiinvolution.

Fix once and for all a Cartan subalgebra h C g invariant under the star
structure. The dimension of § is called the rank. The standard choice for a
Cartan subalgebra in gl,, or sl, is the linear space b of all diagonal matrices
d in gl, or the traceless diagonal matrices d in sl,,. The standard choice for
a Cartan subalgebra in so0g, is given by

== e )

with d € gl,, a diagonal matrix with diagonal entries dy,--- ,d,. For these
choices of Cartan subalgebras the ranks of gl,, sl,,, s05, are n,n —1,n respec-
tively. Note that in all three cases d* is just complex conjugation on the
components dy, - -- ,d, of d.

Suppose we have another finite dimensional representation of g on a Hib-
ert space V', which is unitary with respect to a Hermitian inner product (-, -)
on V. For u € h* we have called the linear subspace

V,={veV;h=pu(h)vVh e b}
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the weight space in V' of weight p relative to h. A standard result in linear
algebra says that eigenvalues of Hermitian operators are real numbers. In
turn this implies that a weight p of V (with V), # 0) is real in the sense that
pw* = p. Moreover V = @V, is a direct sum of weight spaces, and weight
spaces for different weights are orthogonal. Weights are usually written as
A vy € BFL

Any Lie algebra g has a natural representation on the vector space g. It
is called the adjoint representation, and is denoted ad : g — End(g), and is
defined by ad(z)y = [z,y] for all x,y € g. This is an easy verification using
the Jacobi identity.

If g is reductive with compact real form gy and faithful unitary repre-
sentation g — End(H) then the adjoint representation ad : g — End(g)
becomes unitary with respect to the Hermitian trace form

(z,y) = trn(zy”)

on g. Indeed ([z,z],y) = (z, [2*,y]) for all z,y, z € g by direct computation.
The symmetric trace form on g is defined by

(z,y) = tr(zy)

and the relation between the symmetric and the Hermitian trace form be-
comes

(z,y) = (x,y")Vr,y € g.

Both trace forms are nondegenerate on g. The restriction of the Hermitian
trace form (-,-) to any linear subspace of g is nondegenerate, which in turn
implies that the restriction of the symmetric trace form (-, -) to any star in-
variant linear subspace of g is also nondegenerate. For example the restriction
of the symmetric form (-,-) to b is nondegenerate.

Corollary 9.3. The restriction of the symmetric form (-,-) to b is nonde-
generate. This gives rise to a linear isomorphism h* — b, denoted A\ — hy,
Via

A(h) = (ha, h)

for all h € h. We transport the symmetric form (-,-) from § to the dual space
b* via this linear isomorphism, so (X, ) = (hy, hy,) for all \, € b*. We also

transport the star structure from Y to the dual space h* via X*(h) = A(h*).
It is easy to check that hy~ = (hy)*. We write a = {h € bh;h* = h} and
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a* = {\ € b5;\* = A\}. Both a and a* are Fuclidean vector spaces with
respect to (-,-). The weights of any unitary representation are real, so they
are contained in a*.

Suppose V' is a finite dimensional unitary representation of g. The set of
weights of V', viewed as a subset of a* with multiplicities (i.e. m, = dimV/, is
called the multiplicity of the weight p of V'), is called the weight diagram of V'
with respect to hh. Clearly the direct sum Vi @ V5 has for weight diagram the
union, while the tensor product V; ® V5 has for weight diagram the Minkowski
sum of the two weight diagrams.

Lemma 9.4. The symmetric trace form on g satisfies ([z,y], z) = (x, [y, 2])
forall x,y,z € g.

Proof. The Hermitian trace form on g satisfies ([z, z|,y) = (z,[2*, y]), and is
related to the symmetric trace form by (z,y) = (z,y*). Hence

([z,9],2) = (=[y, 2], 2") = (&, =[y", 2"]) = (2, = [y", 2"]") = (2, [y, 2])
for all z,y, 2z € g. m

An inner product on g with this property is called associative or invariant.
The zero weight space of the adjoint representation is equal to the centralizer

3={z€gh,a] =0Vhenh}
of hin g. It is clear that 3 D b is again invariant under the star structure.
Lemma 9.5. We have 3 = b.

Proof. Suppose on the contrary that the inclusion h C 3 is proper. Because
3* = 3 we can pick z € 3 — h with 2* = z. Clearly h + Cz is an Abelian sub-
algebra of g invariant under the star structure, contradicting the maximality
of the Cartan subalgebra . Hence 3 = b. n

Definition 9.6. The set of nonzero weights of the adjoint representation
representation is called the root system of the pair (g,h), and is denoted
R(g,bh) C a*. Elements of R = R(g,h) are called roots, and usually written
as o, 3,7, -+ € R C a*.
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The weight space decomposition of the adjoint representation of g takes
the form

g@b:@ga

with the direct sum over all roots in R. This decomposition is orthogonal
with respect to the Hermitian trace form on g. The nonzero spaces g, are
called the root spaces.

In the example of gl,, the Cartan subalgebra h was taken to be
{d = diag(dh T 7dn))7 <d17 e 7dn) € Cn)} :

The symmetric trace form on § is just the standard inner product (x,y) =
1Y + -+ + TpYn. Let us write e;; for the matrix with 1 on the place (4, j)
and 0 elsewhere. Clearly [e;;, ex| = djxeq — Ouex; and since d = ) d,e;; we
find

[d, €3] = (di — dj)es; -

The conclusion is that under the identification of a* with R™ with canonical
basis {e1, - ,e,} the root sytem R becomes

For sl,, the discussion is essentially the same except that a* becomes identified
with {x € R"; Y x; = 0}. The root system R of gl,, was already contained
in this subspace, and becomes also the root system for sl,,.

An element of the standard Cartan subalgebra in so05, was taken of the

form q
0 —i
= o)

with d € gl,, a diagonal matrix with diagonal entries dy, - - - , d,,. In particular
d’ = d. An element z of s0,, is an antisymmetric matrix, and hence of the

form
_f(a b
T=\e d

with a,b,¢,d € gl, and a' = —a,b' = —c, ¢! = —b,d" = —d. The commutator
[h, x] takes the form

hol =i —de—bd —dd+ad
=\ 4da—dd +db+ed )
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and the equation [h,x] = a(d)x becomes

(Cae i ) = (e )

This amounts to the three equations
i(db' — bd) = a(d)a , i(da — dd) = —a(d)b" , i(db — b'd) = a(d)d

and we look for solutions @ € R with «(d) # 0. Either b = b,a = d and the
three equations reduce to the two equations

ild,b] = a(d)a , ild,a] = —a(d)b,
or or b = —b,a = —d and the three equations reduce to the two equations
i(db+bd) = —a(d)a , i(da+ ad) = a(d)b .

In the first case we take a = i(e;; — ej;),b = (e;; + €;;) and get the roots
a(d) = (d; —d;) for 1 < i # j < n. These are n(n — 1) roots. In the
second case we take a = i(e;; — €j;),b = £(e;; — ej;) and get the roots
a(d) = £(d; + d;) for 1 <i < j < n. Again these are n(n — 1) roots. The
dimension of s0s, is equal to (2n(n — 1) +n) = n(2n — 1) as should.

The symmetric trace form on § is twice the standard inner product on
d € C". For this reason we shall renormalize the Hermitian and symmetric
trace form on so0,, by dividing by 2. In all three cases gl,,sl,,s0s, the
symmetric trace form on § is now just the standard inner product on d =
(dy,---,d,) € C". Consider the standard lattice Z" C C". In the case of
§09, the roots are all norm 2 vectors in Z", and in the case of gl,, and sl,, the
roots are all norm 2 vectors in Z" with sum of coordinates equal to 0.

For the rank 2 Lie algebras so4 of dimension 6 and sl3 of dimension 8
we can make Euclidean pictures of the roots (denoted by a x), and of the
weights (denoted by a e) of the defining representation of so, on C* and of
sl; on C3.
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For each root we have drawn the line perpendicular to the root. Note
that the pictures are symmetric under the orthogonal reflection with mirror
the perpendicular of a root. The group generated by all these reflections is
called the Weyl group W. For so, the Weyl group is the dihedral group of
order 4, and its action on a* ~ R? is reducible. This comes from the fact
that the adjoint representation of so4 is reducible, with so4 ~ sly @ sl,. For
sl the Weyl group is the dihedral group of order 6, and its action on a* ~ R?
is irreducible. This explains why sl3 is a simple Lie algebra in the sense that
it is not isomorphic to a direct sum of smaller Lie algebras.

We return to the case of a general reductive Lie algebra g with Cartan subal-
gebra h and associative symmetric trace form (-,-). We have the root space
decomposition of g relative to h

g9 h=3ga
with the direct sum over all roots in R.

Lemma 9.7. For x € g,,y € g we have [x,y] € Gatg. For € go,y € g_q
we have

[z, y] = (z,y)ha
with he € b dual to «, that is (ha, h) = a(h) for all h € §.

Proof. The first relation is clear since
[, [z, y]] = ([ 2, y] + [, [h, y]] = (a(h) + B(R))[z, y]
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for all h € b,z € g4,y € gg. For the second relation observe that for
T € ga,Y € g_o the bracket [x,y] lies in the centralizer 3 of h in g. Hence
[z, y] — (z,y)hqa lies in 3 = h. Moreover

(h, [2,y] = (2,y)ha) = (h, [2,9]) = a(h)z,y] = ([h, z],y) — a(h)[z,y] = 0

for all h € h. The lemma follows since the symmetric form (-, -) is nondegen-
erate on f. O

Lemma 9.8. Consider the symmetric trace form (-,-) on the reductive Lie
algebra g. For «, 3 roots we have go L gg if a4+ 3 # 0, and the bilinear map
(,) : 8a X §—a — C gives a nondegenerate pairing.

Proof. Since [ga, 03] C ga+p it is clear that elements of g, are nilpotent for
a # 0. Hence (ga,83) = 0 if a4+ § # 0. Because (-, -) is nondegenerate on g
it is also clear that (-,-) : go X g_o — C gives a nondegenerate pairing. [

Corollary 9.9. For each a € R choose o € @a, Yo € §—a With (Ta,Ya) =
2/(ha, ha), and put zo = 2hy/(ha,ha). The elements To, Yo, 2o Satisfy the
commutation relations

[Zauxoz] =21, , [Zaaya] = —2Ya, [xouya] = 2a

making the vector space s, spanned by To,Ya, 2e @ Lie algebra isomorphic
to sly. Finally we can choose Ty, Yo, 2o N Such a way that x}, = Yo, ys =
Ty By = Zg-

For a € R let V,, = (®gra) ® Ch, with the direct sum over all nonzero
k € 7Z. Clearly V, is a representation space for s, = Cz,+Cy,+Cz,, and all
weights are even integers. Because the zero weight space is one dimensional
this representation is irreducible by standard representation theory of sls.
Hence V, = s,,.

Corollary 9.10. All root spaces g, are one dimensional, and the only roots
that are a multiple of o are +a.

Suppose V' is a finite dimensional representation of g that is unitary for
the compact real form go. For p € h* a weight of V' the subspace ©V),11a
with the sum over £ € 7Z is a representation space for s,. In turn this
implies that the weight multiplicities dim V)1, are palindromic. The set of
weights {u + ko k € Z,dim V)40 > 0} of V' is called the a-ladder through
1. The palindromic nature of weight multiplicities shows that root ladders
are unbroken.
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Theorem 9.11. The subspace a = {h € b;h* = h} is a real form of the
vector space ). The symmetric trace form (-,-) is an inner product on a,
turning a into a Fuclidean vector space. We have a linear isomorphism
hy +— A from a to a*, which allows us to transport the inner product from
a to a*, so (A, ) = (hx,hy,). For a € R let s, : a* — a* be the orthogonal
reflection with mirror o, so in a formula

Sa(A) = A =2(a, N/ (a, @)
for all X € a*. Then the root system R satisfies the following axioms:
1. The only multiples in R of « € R are +a.
2. We have so(f) € R for all a, 5 € R.
3. We have 2(a, B)/(cv, ) € Z.
These three axioms say that R is a root system in the Euclidean space a*.

Exercise 9.1. Show that the adjoint representation ad : g — gl(g) is indeed
a representation.

Exercise 9.2. Show that for a reductive Lie algebra g with compact real
form go and faithful unitary representation g — End(H) on a finite dimen-
sional Hilbert space 'H the adjoint representation is unitary in the sense that

([z,2],y) = (x, [z% yl) for all z,y, 2 € g.
Exercise 9.3. In the notation of Corollary 9.3 show that hy« = (hy)*.

Exercise 9.4. A Lie subalgebra n of a Lie algebra g is called normal if
[z,y] € n for allx € g and y € n. A Lie algebra g is called simple if the
only normal subalgebras are the two trivial ones 0 and g itself. Show that a
reductive Lie algebra g is a unique direct sum

=399 D - Don
with 3 the Abelian center and the g; all simple Lie algebras.
Exercise 9.5. Show that R spans a* if and only if the center 3 of g is zero.

Exercise 9.6. Show that in Corollary 9.9 we can choose Ta, Yo, Za 0 Such a

* * *
way that T3, = Yo, Yr = Ta, 2} = Za-
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Exercise 9.7. Consider the natural inclusion s02, — $09,.1 by adding zeros
in the last column and row. Show that the standard Cartan subalgebra by of
509, 15 also a Cartan subalgebra for s09,.1. Determine the root system for
509,41. Show that for the weights of the defining representation and the root
system of s05 are given by the pictures

*
Qg
* *
aq
* *
* *
*

respectively. The lines are the mirrors perpendicular to the roots.

Exercise 9.8. Show that the matrices

00 0 0 0 0 i 0 0 —i 0 0
00 —i 0 0 000 i 0 0 0
Li=lo i o ol 2= 000l =10 0 0o
00 0 0 0 000 0 0 0 0

and
000 i 0000 0000
0000 000 i 0000
K1_0000’K2_0000’K3_000z
i 00 0 0 i 00 00 i 0

satisfy the commutation relations
[Li, Lj] = iegje L , [Li, Kj] = i€ Ky, [Ki, K] = —iegply

and form a real basis of isos1(R), with sos;(R) the Lorentz algebra defined

by
5031 (R) = {z € gl,(R); 2'] + Iz = 0}
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with I € gly(R) the diagonal matriz with diagonal entries 1,1,1,—1. We
conclude that for the hydrogen atom the coherent positive energy E > 0

eigenspaces for H have natural degeneration according to an irreducible rep-
resentation of the Lorentz algebra.
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10 Triangular decomposition and Verma rep-
resentations

Suppose we have given a reductive Lie algebra g with compact real form g,
with defining unitary representation g — End(H) and associated symmetric
trace form (-,-) on g. Suppose we have chosen a Cartan subalgebra b in g
with associated root system R = R(g, ) in the Euclidean space a*. We shall
assume that the center 3 of g is zero, or equivalently that the root system R
spans a*.

Let a} be the complement in a* of the mirror hyperplanes perpendicular
to the roots. We fix troughout this section a connected component a’ of a
and call it the positive Weyl chamber. We have a corresponding partition

R:R+|_’R_

into positive roots Ry = {a € R;(a,A) > 0 VA € a} and negative roots
R_ = {a € R;(a,\) < 0VA € al}. We also write « > 0 if o € Ry and
a < 0if a« € R_. The decomposition

g=n_ S h EBﬂJr , o = 69oz<Ogcv , Ny = EBcu>(]goz

is called the triangular decomposition of g relative to h and a?.

For the example of sl, with Cartan subalgebra h of diagonal matrices
identified with {d € C";d; + --- + d,, = 0}, and the mirror complement a’
identified with {d € R™;d; + --- 4+ d,, = 0,d; # d; Vi # j} we take for the
standard open Weyl chamber

af ={deR"di+ - +d,=0,dy >--->dy,}.
The corresponding positive roots have the form
Ri={a=¢—¢e;51<i<j<n}.

In turn the triangular decomposition of sl, is just the direct sum decompo-
sition in lower triangular matrices, trace zero diagonal matrices and upper
triangular matrices.

Definition 10.1. A positive root o € R, is called simple if o is not of the
form o = 3+ v with 3,7 € R,
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Lemma 10.2. If a, § € R are distinct simple roots then (a, 5) < 0.

Proof. If (a,3) > 0 then the ladder 8 + Z«a contains the root § — « by
representation theory of s, ~ sly. If (8 —a) > 0 then f = a+ (6 — «)
contradicting the simplicity of 3, and if (8 — «) < 0 then a = (a — ) + 8
contradicting the simplicity of a. Hence («, 5) < 0 as stated. O

Corollary 10.3. The simple roots in R, are linearly independent, and each
positive root in Ry is a monnegative integral linear combination of simple
T001S.

Proof. Let {aq,--+ ,a,} be the set of simple roots in R,. Suppose zja; +
-+ x,0,, = 0. Bringing the terms with x; < 0 to the other side gives us

Z Yit; = Z Zi 0y

with y;,2; > 0 and y;2; = 0 for all 7. Since

(Z Yicvi szo‘j) = Zyizj(oéi,oéj) <0
Zyiai = Zziai =0.

Taking the inner product with A € a’ gives y; = 2; = 0 for all . The second
statement is clear by induction on the height ht(a) = > k; of the positive
root a = Y ko O

we conclude that

The conclusion is that inside the positive roots R, we have a basis of
simple roots ag, - - -, a,, with n equal to the rank of R. Given R, the basis
of simple roots is canonical up to ordering. It is easy to check that in the
rank two pictures of the previous section {ay, s} is a basis of simple roots
for a suitably chosen positive Weyl chamber.

Lemma 10.4. The upper triangular subalgebra ny s generated as a Lie alge-
bra by the root spaces g, fori=1,--- ,n, and likewise the lower triangular
subalgebra n_ is generated by the root spaces g§_,, fori=1,--- n.

Proof. If @ > 0 is a positive root, which is not simple, then (o, ;) > 0
for some 4. If this is not the case then {o, oy, -+, a,} is an obtuse set in
R, and hence linearly independent. This is a contradiction with n being
the rank of R. Hence a = «; + (o — «;) and therefore g, = [ga;, a—a;] DY
representation theory of s; ~ sly. The lemma follows by induction on the
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Corollary 10.5. We can choose a basis {hy,--- ,h,} of a, and e; € g,, and
fi € 9—a, Such that

[hiuej] = Q€5 , [hiafj] = _aijfj ) [eiufj] = 5ijhz’

with a;; = 2(a;, o) /(u, ;) € Z the so called Cartan matriz of R. Finally
we can choose this basis such that eX = f;, f7 = e;, hy = h;.

The Gram matrix (o, a;) of the basis of simple roots is a positive def-
inite matrix, while the Cartan matrix a;; = 2(oy, @;)/(a;, ;) has a 2 for
the diagonal entries and nonpositive integers for the off diagonal entries.
These conditions are very restrictive, and allow for a classification of the
(indecomposable) Cartan matrices. For example in the rank 2 case with say
(a1, 1) > (g, arg) the possible Cartan matrices are

G2 () (5B5) (B

Indeed these are the only integral solutions of the equations a1 = ag = 2,
a11a92 — Q12021 > 0, ar < ajp <0 and a2 = 0 aq = 0. The root system
with the most right Cartan matrix has a following Fuclidean picture.

* *
\ | /
* *

* * 5
* *
/ * \
* *

As before the roots are denoted by % and the lines are the mirrors perpen-
dicular to the roots. The elements {e;, fi,h;;i = 1,--- ,n} are called the
Chevalley generators. Using the Chevalley generators we are in the situation
to define the Verma representations, and derive their basic properties.
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Definition 10.6. The Weyl group W is the subgroup of the orthogonal group
O(a*) generated by the simple reflections sy, -+ , s, defined by

si(A) = A = 2(\, o)/ (v, o)
for A € a*.
Lemma 10.7. For each root o € R the orthogonal reflection
Sa(A) = A =2(\, a)a/(a, @)

with mirror the hyperplane o perpendicular to o lies in the Weyl group W.

[ ] A
* QY
at ~ L
0
¢ 5a(A)

It is easy to check that s,, = ws,w™! for all w € W and a € R. Indeed
evaluate both expressions on A € a* and check that the outcome is the same.

Proof. Because s_, = s, we may assume that o € R,. The height of
a =) ko, € Ry is defined as ht(o) = >, k; € N. We prove the lemma
by induction on the height ht(«). If ht(a) = 1 then o = «; for some i and
Se = 8; € W. Now suppose o € R, with ht(«) > 1. Then there exists
an index ¢ with (a, ;) > 0. In turn this implies that 8 = s;(«) has height
strictly smaller than ht(«). Therefore s, = s;53s; lies in W by the induction
hypothesis. O]

Definition 10.8. If g is a Lie algebra with triangular decomposition
g=n_ohdny

with a basis {hy,--- ,hp,} of b and Lie algebra generators {eq,--- ,e,} forn,
and {f1,+-, fu} for n_ such that

[hi,ej] = Qa;;¢; , [hz’,fj] = _aijfj ) [ez’,fj] = 5ijhi )
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then the Verma representation M(X) with highest weight A € h* is defined by
M(X) =Ug/J(N)

with J(A) = 32, Ug(h = A(h)) + (Ug)ny = 22, Ug(hi — A(hi)) + 22, (Ug)es
a left ideal of Ug. It is the universal representation of g with a nonzero
generating highest weight vector vg = 1+ J(\) with

hvg = A(h)vg Vh € b, zvyg =0V € ny .

The Verma representation M (\) can be viewed as a representation on
a fixed vector space Un_ with the representation of n_ acting by left mul-
tiplication and extending to a representation of g depending on A € h* in
a polynomial way. The Verma representation M (A) has a unique maximal
proper subrepresentation, and the quotient L(A) is the unique irreducible
representation of g with a generating vector (by abuse of notation) denoted
Vg € L()\) with

hvg = A(h)vg Vh € b, xvg =0Va € ny .

The vector vy € L(\) is called the (up to a constant unique) highest weight
vector of weight A € h*. The two basic questions are to characterize those
A € b* for which L(A) is finite dimensional, and for which L(\) is unitary
with respect to the given star structure.

Theorem 10.9. The representation L(\) of g is finite dimensional if and
only if A(h;) €N fori=1,--- n.

Proof. The vector vy is a highest weight vector in L(\) of weight A € h*. For
fixed i = 1,--- ,n and k € N the vector fFv, has weight \ — ka;. If L())
is finite dimensional then ff”J“ler = 0 while fikier # 0 for a unique k; € N.
Hence fikiﬂwr is a highest weight vector in M (), or equivalently ffiHer
is annihilated by e;. It is trivially annihilated by the e; with j # 7. By sl
representation theory this amounts to A(h;) = k; fori =1,--- | n.
Conversely, suppose A(h;) € N for ¢ = 1,--- ,n. In turn (using the
PBW theorem) this implies that the operators f; act locally nilpotently on
L(\). Since the operators e; also act locally nilpotently on L(\) (even on
M(X) for any A € h*) we conclude using Exercise 4.2 that the operators
s; = exp(e;)exp(—fi)exp(e;) are well defined on L(A) and map L(\), to
L(\)s,,- Hence the weight multiplicities m(\),, which are by definition the
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dimensions of the weight spaces L(\),, are invariant under the Weyl group
W as a function of p € h*. The weights of M ()) are contained in the set

{peb s \—peNR,},

which in turn implies that the weights of L()\) are contained in the set

{pebsAN—w(u) e NR,,YweW}.

5182\ SoA

818281)\
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But this last set can be shown to be equal to
CHWXANN{uebh s \—ueZR}

with CH (W) denoting the convex hull of the Weyl group orbit WA. The
set of points in h* given by

CHWANN{uebh A\—uecZR}
is called the integral convex hull of W A. Note that sgs159\ = s15981 . O

Definition 10.10. The set Q = ZR of integral linear combinations of roots
1s called the root lattice of R. The set of points

P={Xeb\h) €Z}

is called the weight lattice. Clearly the root lattice Q) is a sublattice of the
weight lattice P. The subset of the weight lattice

P ={xe b’ A(h;) € N}

15 called the integral cone of dominant weights. The cone of dominant weights
1s spanned over the natural numbers N by the set of fundamental weights
{1, -+ ,w,} defined by (w;, ;) = 0;5. So the basis of fundamental weights
and the basis of simple roots are dual bases.

[ ]
[ [ ]
[ ] [ )
[ ] [ ]
%)
* *
w9 ¢
w1
* * (V1
* *
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So we can rephrase the above theorem by saying that the irreducible repre-
sentation L(\) is finite dimensional if and only if A € P,. The set of weights
of L()) is in fact equal to

CHWMNN{peb s A\—ueZR}.

In the above theorem we have shown that the weighths of L()\) are contained
in the integral convex hull of W \. The converse that all points in this integral
convex hull have multiplicity > 1 follows from the palindromic nature of
weight multiplicities along root ladders. Indeed the weights of WA have
multiplicity equal to 1, and one proceeds by induction on the dimension of
the faces of the convex hull of WA to conclude that all weights in the integral
convex hull of WA have multiplicity > 1.

We still have to discuss the question of unitarity for the finite dimensional
irreducible representations L(A) for A € P,. It turns out that all irreducible
representations L(\) for A € P, are unitarizable for go, so they are unitary
with respect to a suitable Hermitian inner product (-,-) on L(A). This is a
general theorem, but the general proof is not so easy. For an easy argument
that works for g = sl,, and gg = su,, we refer to the exercises.

Exercise 10.1. Check that in the rank two pictures of the previous section
{a1, as} is a basis of simple roots for a suitably chosen positive Weyl chamber.

Exercise 10.2. Show that forv € M(\) and x € g the expression xv depends
in a polynomial way on X € b*. Hint: For h € b the expression hv varies
linearly with A € b*. Analyse the case x = e; and v = f;, fi, -+ fi,vo with
1 < 1'1,2'27"' ,Z'T <n.

Exercise 10.3. Suppose that V is a finite dimensional irreducible represen-
tation of g whose weights are contained in A — NR, for some A € P, and
with the multiplicity of A equal to 1. Show that V' is equivalent to L(\).

Exercise 10.4. Suppose that for \,u € P, the irreducible finite dimen-
sional representations L(N), L(u) are also unitary. Show that the irreducible
representation L(A + p) occurs in the decomposition of the tensor product
L(\) ® L(p) with multiplicity equal to one. This result is called Cartan’s
Theorem. Conclude that L(\+ p) is unitary as well. Hint: Show that tensor
product uy ® vy of the two highest weight vectors ug € L(X) and vy € L(p) is
again a highest weight vector of weight A + p.
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Exercise 10.5. For the Lie algebra g = sl, the standard representation
C" = L(w,) is unitary for go = su,. Check that the k'™ antisymmetric power
A*L(wy) = L(wy,) for k=1,--- ,n— 1. In turns this implies that L(cwy) is
unitary for su,, as a linear algebra construction of a unitary representation.
Using the previous exercise show that all irreducible representations L(\) for
A € P, are unitarizable for su,.
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11 The Lie algebra sl

In this chapter we shall discuss the finite dimensional unitary representation
theory of the Lie algebra sl3 by using pictures of weight diagrams. With our
standard choice of Cartan subalgebra b the root system R has the following
picture.

We have the positive roots Ry = {ay, ag, oy + s}, the simple roots {ay, s}
and the fundamental weights {w;, @y} satisfying

w1 = (20&1 —|—062)/3, Wy = (041 +2a2)/3,

a1:2w1—w2, agz—w1+2w2.

The cone of dominant integral weights becomes P, = Nw; 4+ Nwy. For
A =l + laws € P we write L(A) = L(ly,13). With this notation the one
dimensional trivial representation becomes L(0,0).

The standard three dimensional irreducible representation L(1,0) has a
basis {x,y, z} of weights w, w — vy, w1 — a1 — g respectively. It is evidently
unitary for sus. The dual representation L(1,0)* of L(1,0) has dual basis
{&,m, (¢} of weights —wy, —wy + oy, —w1 + a1 + g respectively, which in
reversed order are equal to wq, wy — a9, @y — a1 — ay. Therefore L(0,1) =
L(1,0)* is unitary as well.
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The n'* symmetric power S™(L(1,0)) has as basis {z'y’2*;4,j, k € N,i +
Jj + k = n}, so the weights are the integral convex hull of the triangle with
vertices {nwy,n(w; — a1),n(w; — a; — as)}, all with multiplicity one. In
turn this implies that S™(L(1,0)) = L(n,0) has dimension (n + 2)(n + 1)/2.
Likewise the n'® symmetric power S™(L(0,1)) has as basis {¢ni¢*;i, 5,k €
N,i+ j + k = n}, so the weights are the integral convex hull of the triangle
with vertices {nws, n(ws — as),n(ws — a1 — ay)}, all with multiplicity one.
Hence S™(L(0,1)) = L(0,n) has dimension (n + 2)(n + 1)/2 as well. Clearly
both these symmetric powers are also unitary, being realized as a construction
of linear algebra of unitary representations.

Using Cartan’s Theorem (the last exercise of the previous chapter) we
conclude that L(ly,[3) for 1,1y € N occurs as a multiplicity one constituent
of the tensor product L(l;,0) ® L(0,ls), and therefore is always a unitary
irreducible finite dimensional representation. So we have shown that all finite
dimensional irreducible representations of sl3 are unitary.

In order to understand the weight diagram of L(l;,ly) we derive an explicit
tensor product decomposition, which allows proofs by induction on Iy + [5.

Theorem 11.1. If both integers l1,lo are at least 1 then

L(1,0) ® L(l1,l5) = L(lh + 1, 1) @ L(l; — 1,1o+ 1) @ L(ly,1l5 — 1)
1s a multiplicity free direct sum decomposition.
Proof. Let us introduce a partial ordering < on the weight lattice P = Zw, +
Loy by

<A< (A—pu) € Nag + Nay .

Indeed, one easily checks that the relation < is a partial ordering, i.e. u <
AMv<p=v<Adand p <\ A < pu= \=pu. For example, the weights of

L(\) are all smaller or equal to A in this partial ordering.
We claim that for A\ = [y + Iy, with [y, s both at least 1 the weights

MA—a, A —ag, A —a; — Qs

of L(\) have multiplicities 1,1, 1,2 respectively. We prove this by induction
only +1ly. If Iy = Iy = 1 then L(1,1) is the adjoint representation. All roots
are weights of multiplicity 1 while 0 is a weight of multipicity 2. Hence the
induction hypothesis holds if Il + I = 2. Now suppose [ > 2 and the claim
holds for all integers ly,ls > 1 with [; + ls < [. Then the weights

wHNmFA—a,m A —ag, A — o —
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of the tensor product L(1,0)® L(l, l5) have multiplicities 1,2 = 1+1,1,4 =
2 4+ 1+ 1 respectively. In turn this implies

L(1,0) @ L(ly,le) = Llh + L, ) & Ll — L, b+ 1) L(l1, s — 1) & - - -

with --- denoting representations with highest weight smaller in our partial
ordering. In addition this completes the inductive proof of the claim that
the multiplicities of the weights

)\,)\—041,)\—042,)\—061—&2

of the irreducible representation L(\) = L(ly,ls) with l,ly > 1 are equal to
1,1, 1, 2 respectively.

Here are some pictures of (pieces of) weight diagrams together with their
weight multiplicities

that illustrate a pictorial proof of the decomposition
L(1,0) @ L(ly,le) = L(Lh + 1,1) @ L(l; — 1,le + 1) @ LIy, lo — 1) & - - -

of the tensor product in irreducible components.

In order to finish the proof of the theorem we have to eliminate these - - - .
Let us write [L(\) ® L(u) : L(v)] € N for the multiplicity with which L(v)
occurs in the tensor product L(A) ® L(p). Using Schur’s Lemma one can
show that

[L(w1) @ L(A) = L(p)] = [L(w2) ® L(p) : L(A)]

is equal to 0 unless A < (w2 + p) < (A +w@w1) — (u + a2)) < p. Drawing a
picture illustrates that the --- are eliminated. O
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Corollary 11.2. The dimension of the unitary irreducible representation
L(X) = L(l1, o) is equal to (Iy + 1)(lo + 1)(ly + I + 2)/2 for all 1,15 € N.

Proof. The proof is by induction on the natural number l; + ;. We have
already seen that the formula is correct if either [; = 0 or I = 0 or for the
adjoint representation with [ = [, = 1. Using that

L(ly +1,1) = L(1,0) ® L(ly, 1) © L(l; — 1, 1o+ 1) & L(ly, 15 — 1)
for l1,1l5 > 1 we obtain for the dimension of L(l; + 1,l3) the formula
B+ +1)=Llo+2)(lh+14+2)/2— (L +Dla(lh+ 12+ 1)/2
which by a direct calculation equals (I + 2)(la + 1)(l1 + 12 + 3) /2. O

Corollary 11.3. The multiplicities of the weights of the irreducible repre-
sentation L(\) = L(ly,l3) are 1 in the outer hexagonal shell, and increase
steadily by 1 if we pass from outer hexagonal shell to inner shell, untill the
shells become triangles after which the multiplicity stabilizes.

81>\ A

8182)\ 82)\

818281/\ 8281/\
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In the figure we have drawn the weights of the irreducible representation
L(3,6). The number of weights in the hexagonal shells is subsequently equal
to 3(3+6), 3(2+5), 3(1 +4) and inside the triangle is equal to 10, making
up for dimension 27 + 42 4+ 45 + 40 which is equal to 154 =4 x 7 x 11/2 as
should.

Proof. 1If I; = 0 or I = 0 then the outer shell is already a triangle, and
all weights have multiplicity 1 in accordance with S™(L(1,0)) = L(n,0) or
S™(L(0,1)) = L(0,n). Now use the inductive formula

L(ll + 1, 12) - L(l, 0) ® L(ll, lz) @ L(ll - 1, l2 + 1) @ L(ll, 12 - 1)
of Theorem 11.1. We leave the details to the reader. O

The Lie algebra sl3 has a subalgebra gl; & sl, consisting of the standard
Cartan subalgebra h and the two root spaces corresponding to +as. For
A = (L + lawy) € Py the restriction of an irreducible representation L(\)
of sl3 to this subalgebra gl; ®sly, decomposes as a multiplicity free direct sum
of (I + 1)(ls + 1) irreducible representations with highest weights from the
integral parallellogram

CH()\, )\ — llal, )\ — (ll + lg)(l/l — lgOéQ, )\ — lQOzl — lgOéQ) N {)\ + Q}

with QQ = Zay + Zas the root lattice. As before the abbreviation C'H stands
for convex hull. Here is a figure for A\ = 3w + 6ws.

81)\ A

8182)\
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We have only drawn the mirror corresponding to the root as of the subalge-
bra. This picture is easily obtained from the previous one by representation
theory of sl,. The decomposition into unitary irreducible representations
of the restriction of an irreducible unitary representation to a subalgebra is
called a branching rule. Explicit branching rules are important for symmetry
breaking.

Exercise 11.1. Show that in the proof of Theorem 11.1 we have
[L(w1) © L(A) : L(p)] = [L(wo2) @ Lp) = L(A)]
using Schur’s Lemma.

Exercise 11.2. Check that
B+ +1) = hL(la+2)(lh +1la+2)/2 = (I + Dla(l + 12 + 1) /2
is equal to (I; + 2)(Io + 1) (L + 12 + 3) /2.
Exercise 11.3. Show that the tensor product decomposition
L(1,0) ® L(li,le) = L(l1 + 1,10) @ L(lh — 1,1 + 1) & L(l;, 1, — 1)

remains valid for all ly,ly € N if we denote L(—1,n) = L(n,—1) = 0 for
n=-1,0,12,---.

Exercise 11.4. Show that for integers nqy > ny > 1 we have the decomposi-
tion in 1rreducible components

L(nl, O) & L(ng, O) = @L(nl + no — 2]6, ]{?)

with the direct sum over integers k from 0 to ny. Hint: Use representation
theory of the sly corresponding to the roots +aq to show an inclusion D.
Subsequently derive the equality = using the dimension formula for L(\).
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12 Quarks

We have seen that for each pair (I1, 1) € N? there exists an irreducible repre-
sentation L(ly,ly) of sl3 with highest weight A = [y + [y € Py. Moreover
the representation L(ly,[l3) is unitary for suz. The irreducible representa-
tion L(0,0) is the trivial one dimensional representation. The irreducible
representation L(1,0) is the standard three dimensional representation with
weights w1, @ —aq, @) —a; —as. The irreducible representation L(0, 1) is the
dual of the standard reprsentation, and has weights ws, wy — g, o —ay — .
The irreducible representation L(1, 1) is the adjoint representation of dimen-
sion eight. The six roots are the multiplicity one weights, and the zero weight
has multiplicity two.

Theorem 12.1. We have the decompositions in irreducible subrepresenta-
tions
L(1,0)® = L(3,0) ® 2L(1,1) & L(0,0)
L(1,0) ® L(0,1) = L(1,1) & L(0,0)
for the Lie algebra sls.

Proof. This can be derived using Theorem 11.1. The details of this deriva-
tion are left to the reader. A direct pictorial proof with weight multiplicity
diagrams goes along the following lines. For the first relation we get

1

Likewise for the second relation
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1 1 1 1
This completes the proof of the theorem. n

In order to go from the mathematics of weight diagrams of unitary irre-
ducible representations of sus to the physics of elementary particles we have
to switch coordinates. A weight vector \ € P is written as

A= l1w1 + lg?ﬂg = 130[1 + Y(?)WQ/Q) .

Y =2

3@2/2
O@* * Y =1
* 0 e Y =0
* * Y =-1
Y =-2

13:—2 13:—1 [3:() [3:1 [3:2

The numbers [,y € Z are the coefficients of A\ relative to the basis of fun-
damental weights {1, ws}. The numbers

I;€Z/2,Y €Z/3

are the coefficients of the weight A relative to the orthogonal basis {1, 3w, /2},
and are called ”isospin around the axis” and "hypercharge” respectively.
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With our normalisation of the inner product the square norms of these ba-
sis vectors are given by (aj,a1) = 2 and (3wy/2,3wy/2) = 3/2. Since
21 = oy + wy we get

L=0/2,Y = (I +20)/3

for isospin around the axis and hypercharge in terms of [y, [y € Z. Note that
for X in the weight lattice P = Zw; + Zwy the hypercharge Y takes integral
values exactly on the root lattice QQ = Zay + Zas.

Since 1960 a whole zoo of new elementary particles were found in collider
experiments. The lightest of these new particles were the spin 0 mesons

K+ KOt n,n K K
and the spin 1 mesons
K K pt 0w, p” K K

with isospin around the axis and hypercharge according to the similar octet
diagrams below.

KO Foh Y =1 K+0 Jor
T ™, n nt Y=0 —p —plw—pt —
K 5 Y =-1 K+~ e
I3=—1 I3=0 I3=1 I3=—-1 I3=0 I3=1

In addition there were found a singlet spin 0 meson 7’ and a singlet spin 1
meson ¢. The word singlet means that they satisfied I3 =Y = 0.

More strange particles were found with similar patterns. There are the
heavier spin 1/2 baryons

+ y0 - =0 —=/—
p7n7Z 72 7A72 y— =
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with isospin around the axis and hypercharge according to the octet diagram
below.

n p Y =1
i YO A »t Y =0
=" =0 Y =-1

In addition there were also found the heavier spin 3/2 baryons
AT AT A AT S o0 v =0 = O

which have isospin around the axis and hypercharge according to the decuplet
diagram below.

—A- A At ——Att— Y =1
e 20 ——x+ Y =0

o =#0 YV =1
Q- Y =2

Is=—-1 I1=0 I3=1
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All these particles with the exception of the proton and neutron have a very
short lifetime of a minuscule (yet observable) fraction of a second. The
lifetime of the neutron is about 10? seconds, and the proton is stable.
When Gell-Mann first discussed the above relation between the weight
diagrams for sl3 and the singlet, octet and decuplet diagrams of mesons and
baryons, the 2~ had not yet been observed. On the basis of these weight
diagrams Gell-Mann was able to predict not only the existence of (27, but
also its mass. It turned out that the experimentally found masses (in MeV)

were
Ma = 1230, Ms. = 1385, M=. = 1530

and so the spacings between the masses in the rows are nearly equal, and
about 150. This led Gell-Mann to the prediction of the 2~ with mass about
1680. Shortly after the Q2= was found with a mass of 1672 MeV. This was
convincing evidence on the sus symmetry behind the multiplet diagrams of
the hadrons. The word hadron stands for either meson or baryon.

The next step taken by Gell-Mann was the hypothesis that all hadrons
discussed so far are not yet elementary particles, but compositions of smaller
objects, which he called quarks and antiquarks. Quarks and antiquarks are
postulated to have spin 1/2. Presumably there are 3 quarks with the names
up, down and strange, and abbreviated u, d, s. The corresponding antiquarks
are denoted 7, d, 5. The quarks have isospin around the axis and hypercharge
according to the triplet weight diagram, and the antiquarks likewise according
to the dual triplet weight diagram below.

d\ / / g\_

u d

So the u and d have I3 = 1/2, the s and the s have I3 = 0, and the d and
u have I3 = —1/2. Similarly the s has Y = 2/3, the u and d have Y = 1/3,
the 7 and d have Y = —1/3, and the s has Y = —2/3.

The basic axiom underlying the quark formalism was postulated by Gell-
Mann in the following way. The only way quarks and antiquarks can bind

79



together into a bound hadron state, is either a triplet of quarks or a pair of
a quark and an antiquark. A pair of quark and antiquark can bind into a
meson of spin 0 or spin 1. A triplet of quarks can bind together into a baryon
of spin 1/2 or spin 3/2. The tensor product decompositions of Theorem 12.1,
and in particular the underlying pictures of weight diagrams in the proof of
that theorem, can now be matched with the formation of hadrons out of
quarks and antiquarks. The conclusion is the following matching for the spin
0 mesons .,
KT KO nt o= K | K~

us, ds, ud, du, sd, su

and the spin 1 mesons
K Kt o7 K K

us, ds, ud, du, sd, su

for the quark-antiquark combinations. The spin 0 mesons 7% 7 and 7' are

linear combinations of u@, dd, s5, and the same is true for the spin 1 mesons
p°,w and ¢. Similarly we get for the spin 1/2 baryons

+ $0 - =0 =—
p7n72 7EaA72 y = =

wud, udd, uus, uds(twice), dds, uss, dss

and for the spin 3/2 baryons
AT AT AV AT S o0 v =0 = O

wuw, uud, udd, ddd, uus, uds, dds, uss, dss, sss

for the triple quark combinations.

The combination of three u quarks into A™ = wuu conflicts the Pauli
exclusion principle: At least two identical half integral spin particles can not
occupy the same state. To fix this all quarks were postulated to have three
colours, say red, green and blue. This breaks the symmetry, and so three u
quarks, one in red, one in green and one in blue, can combine into a particle
A'T = yuu. The ”visible” particles made out of three quarks are the white
ones, being made up of all three colours. Likewise the "visible” particles
made out of a quark and an antiquark of the same colour are the black ones,
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with no colour. Gell-Mann was awarded the Nobel prize of physics in 1969
for his work on elementary particles.

From the seventies on with experiments in stronger colliders much more
new particles were found. The ultimate idea behind this zoo of particles was
the hypothesis of three families of quarks, which go under the names up and
down, strange and charm, bottom and top. The abreviations are v and d,
s and ¢, b and t respectively. Their masses are in this order 5 and 10, 200
and 1300, 4500 and 175000 MeV. The heaviest top quark was observed at
Fermilab (near Chicago) in 1995. All six quarks (and their antiquarks) have
spin 1/2. The charges of the quarks u and d, ¢ and s, ¢t and b are 2/3 and
—1/3, in this order. There are six more spin 1/2 elementary particles, the so
called leptons. To each family of two quarks there are associated two leptons.
To the u and d family there are associated the electron e and the e-neutrino
Ve, to the ¢ and s family there are associated the muon p and the py-neutrino
v, and to the ¢t and b family there are associated the tau 7 and the 7-neutrino
v-. The three families of two quarks, each with their associated two leptons,
form the sector of the spin 1/2 elementary particles of the so called Standard
Model.

For further reading about the Standard Model we refer the reader to two
text books, one written by the mathematician Shlomo Sternberg, Group The-
ory and Physics from 1994, and the other written by the physicist Howard
Georgi, Lie Algebras in Particle Physics from 1999. Many historical com-
ments can be found in the beautiful book of Martinus Veldman, Facts and
Mysteries in Elementary Particle Physics from 2003. All three books make
a fairly complementary reading of the story.
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13 Spherical harmonics

Fix a positive integer n. Let us denote by
P=PR") =Clxy, -,z

the commutative algebra of complex valued polynomial functions on R". It
is a representation space for the orthogonal Lie algebra so, acting by the
linear first order differential operators

J7i@j — ZEj@Z'

with 0; standing for 0/dx;. Of course, there are also compatible representa-
tions of the Lie groups O,, and SO,, on P.

Note that P is a unitary representation of so, and likewise of O,, and
SO,,. Indeed P is obtained as a linear algebra construction from the stan-
dard (unitary) representation on the space of linear functions on R™. More
concretely, the Hermitian inner product on P is obtained from

(pr, pa) = / p1 () e (@) dpi(z)

with u the Euclidean volume element on the unit sphere S"~! in R™ given by
St ={z eR"2*=1}.

The Euler operator, the Lapace operator and the square length operator

E:in@-,A:ZQ?,mQ:Zx?

all act on P, and commute with the actions of so,,, O,, and SO,,. Let us write

P™ = ker(E — m) for the space of homogeneous polynomials of degree m.
Clearly P = @P™.

Lemma 13.1. As operators on P we have [A, 2% = 4E + 2n.
Proof. Indeed we have

(2

and therefore also

R

which gives the desired formula. O]
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Corollary 13.2. The linear operators e = —AJ/2 h = —(E+n/2), f = 2*/2
satisfy the usual commutation relations of sls.

So we get a representation of so,, ® sl on the polynomial space P. We
denote H = ker(A) for the space of harmonic polynomials, and also H™ =

H N P™ for the space of harmonic polynomials of degree m. Because A :
P — P2 we get H = GH™.

Lemma 13.3. We have H™ N 22 P(™~2) = (),

Proof. Write p € H™,p # 0 in the form p = 2%*¢ with k& € N maximal. Let
us assume that & > 1. Then we have (using the familiar relation [e, f*] =
kfF=Y(h —k + 1) of sly)

0=Ap=—2"lefrqg= 2" (freq + kf* ' (h — k + 1)q)

= 2% Aq + 2k(2m — 4k +n + 2k — 2)z* ¢ .

Since m > 2k and k,n > 1 imply that 2k(2m—4k+n+2k—2) > 0 we conclude

that ¢ is divisible by z2. This contradicts the maximality assumption of

k > 1, and therefore k = 0. O

We have A : P — P"=2) with kernel equal to H™. Hence by standard
linear algebra we get

dim(H™) + dim(P™~2) > dim(P™) ,
while by the above lemma

dim(H™) + dim(P™?) < dim(P™) .
We therefore have proven the following result.

Theorem 13.4. We have the direct sum decomposition P = H™ @2 P(m=2)
and the Laplace operator A : P™ — P(=2) s onto.

Corollary 13.5. The dimension of H™ is given by the formula

(m+n—3)!

dim(H™) = (n = 2)iml -(2m +n — 2)

and so for fixed dimension n it is a polynomial in m of degree (n — 2) with
leading coefficient equal to 2.
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Proof. Indeed we have

i< (27 (727 )

(m+mn—1)! (m+n-3)!
(n—1)m!  (n—1)!(m—2)!
%{(m—{—n—l)(m%ﬂl—m—m(m—l)}z
(m+n—3)! _ (m+n-—23)!
m(n—l)(2m+n—2)—m(2m+n—2).

[
Example 13.6. For n = 1 we have dim(H°) = dim(H') =1 and H™ = 0
for m > 2. Forn =2 we have dim(H®) = 1 while dim(H™) = 2 for m > 1.
In this case H™ is spanned by the functions (z1+ix2)™, (x1—ixe)™. Forn =3
we have dim(H™) = 2m + 1, while for n = 4 we have dim(H™) = (m + 1),
For n > 3 we have dim(H™) < dim(H™*Y) for all m € N.

Since the action of the orthogonal group O, on P commutes with the
action of the sly spanned by e, h, f the space H™ of harmonic polynomials
becomes a representation space for O,,.

Theorem 13.7. If nonzero the space H™ is an irreducible representation of
the group O,.

Let O,,_1 be the stabilizer in O,, of the north pole (0,0,---,0,1). Consider
the space of zonal polynomials

Z(R") = PRt = Cla? + -+ + 22, 2]

on R™. Averaging over the compact group O,_; gives a surjective mapping
P™ — Z™ that commutes with A : Z™ — Z(m=2)_ Because

dim(Z™)=1(n=1), dim(Z™) =[m/2]+1 (n > 2)

we arrive at
dim(H"NZ™) =1
at least if H™ # 0. In terms of representation theory this says that the space

H'™ at least if nonzero, as a representation space of O,,_; contains the trivial
representation with multiplicity one.
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Lemma 13.8. Every nonzero invariant subspace of H™ contains H™ N Z™.

Proof. Suppose V' C H™ is a nonzero subspace, that is invariant under O,,.
If 0 # p € V then there exists a € O,, with ap(0,0,---,0,1) # 0. Averaging
ap over O,_; gives a zonal harmonic polynomial, which is nonzero at the
point (0,0,---,0,1), and therefore the one dimensional space H™ N Z™ is
contained in V. O

Now we can finish the proof of the above theorem. Suppose that H™ is
a reducible representation of O,,, say H™ = Vi @& V5 is a direct sum of two
nonzero invariant subspaces. Then

(H™nZz™) c (VinVy) = {0}
contradicting that dim(H™ N Z™) = 1.

Remark 13.9. Under the assumption n > 3 one can show with similar
arguments that H™ is irreducible as a representation of SO, or equivalently
of s0,,. However for n =2 we get

H™ = C(xy +izy)™ & C(xy — ixg)™
as a direct sum of two irreducible representations for SO,.

Remark 13.10. From the above theorem it follows that the restriction from
R" to S ! induces an injection H™ — C>®(S"1). Indeed, the kernel of this
restriction map would be a proper invariant subspace of H™, and hence it is
zero. In spherical coordinates the Laplace operator A = Agrn takes the form

ARTL = 7 + (n — 1)—— =+ —Asnfl

with Agn—1 the Laplacian on the unit sphere S"™~'. A harmonic polynomial
h € H™ gives via restriction to S™! an eigenfunction of Agn—1 with eigen-
value —m(m 4+ n — 2). The conclusion is that

Coo(sn—l) ~ @Hm

which is the development of smooth functions on S™~! in spherical harmonics.
It is the spectral resolution of the Laplacian on S™ ', and is a higher dimen-
sional analogue of the expansion of a smooth function on S' in a Fourier
series.
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Exercise 13.1. Show that as a representation of so,, & sly we have the de-
composition
P=@[H" @ M(—(m+n/2))]

with M(s) the Verma representation of sly with highest weight s.

Exercise 13.2. Check that the restriction of a harmonic polynomial h € H™
to the unit sphere S™ 1 is an eigenfunction of the spherical Laplacian Agn-1
with eigenvalue —m(m +n — 2).

Exercise 13.3. There exists a unique zonal harmonic polynomial, that is
homogeneous of degree m and takes the value 1 at the point (0,0,---,0,1).
Its restriction to the unit sphere S~ ' is a polynomial function of the height
2z = x, only, and as such is called the Gegenbauer polynomial of degree m.
Show that the Gegenbauer polynomials are orthogonal on the interval [—1, 1]
with respect to the measure (1 — 22)"=3/2dz. In case n = 3 the Gegenbauer
polynomials are also called the Legendre polynomials.
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14 Spherical representations of the Lorentz
group

For a homogeneous polynomial p € P™ of degree m there exist homogeneous
polynomials p, € H™ and p_ € P2 with
p=ps+a’p-

and such a decomposition is unique. Observe that this decomposition com-
mutes with the representation of the Lie group O,, and its Lie algebra so,, on
the vector space P™. This is the content of Theorem 13.4.

Lemma 14.1. If p € P™ with A*(p) = 0 then p_ = %.

Proof. Suppose p € P™ with A%(p) = 0. Let us compute
A(a?A(p)) = (4E + 2n)A(p) + 2°A%(p) = (4(m — 2) + 2n)A(p) ,

and therefore

2*A(p)

Alp - 4(m —2) +2n

)=A(p) —A(p)=0.

Hence p=p, + 2%p_ with p, € H™ and p_ = A(p)/(4(m —2) +2n). O
Corollary 14.2. If h € H™ then (z;h)_ = (2m — 2+ n)~19;(h) € H™ Y,
Proof. Apply the above lemma with p = x;h. Let us compute

A(z;h) = [A, z5)(h) + x;A(h) = 20;(h)

which in turn implies that A?(x;h) = 2A(9;(h)) = 29;(A(h)) = 0, as re-
quired. Moreover we see that

(z:h)_ = (4(m — 1) 4+ 2n) ' A(x;:h) = (2m — 2+ n)"'0;(h)

using the above lemma. Finally note that 0;(h) is harmonic if A is harmonic.
Indeed the Laplacian A and the derivative 0; commute, as do all constant
coefficients linear differential operators. O]

Lemma 14.3. For h € H™ k € H™ we get {(x;h)4, k) = (h, (z:k)_)
with (-, -) the Hermitian inner product on P as defined in the previous section
(namely by integrating over the unit sphere).

87



Proof. For f,g € C°(S" 1) ~ ®H™ we have

{f.9) = f(@)g(x)du(z)

Sn—l

with p the Euclidean measure on S™~!. Moreover

(zif,9) = (f, v:9)

since z; is real valued on S"~!. Now take for f the restriction of h € H™ and
for g the restriction of & € H™*Y to the unit sphere S"~'. Then we arrive

at
()4, k) = (@ih, k) = (h,aik) = (b, (aik)-)

since the restriction to S"! of two homogeneous harmonic polynomials of
different degrees are orthogonal. O]

Corollary 14.4. The linear maps T : H' @ H™ — H™*Y defined by
TPl ®h)=(lh)+

are intertwining operators for the action of O, and so,. Moreover TY" is
surjective for all m € N.

Proof. Clearly T : H' @ H™ — H(™*D are intertwining operators because
the decomposition in Theorem13.4 commutes with the action of O,, and so,,.
Since the range of the intertwining operators 777" is an irreducible representa-
tion (for (m=1) € N) the surjectivety is equivalent with being a nonzero map,
by Schur’s Lemma. But being a nonzero map under the given conditions is
easily checked, and left to the reader. O]

This ends our discussion of the theory of spherical harmonics on R™. We
shall now apply this theory for the construction of a one parameter family
of representation of the Lorentz group and Lorentz algebra. Subsequently
we shall analyze the question of unitarity for this family, by infinitesimal
methods (so using the Lie algebra rather than the Lie group).

Consider R™! = {(z,y);z = (71,--- ,z,) € R"y € R}, so as a vector
space it is just R**! but with Lorentz square length

(z,y)? =2 —y°
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with 22 and y? the Euclidean square lengths on R™ and R respectively. The
Lorentz group G = O,,1(R) has Lie algebra g = so0,,; with decomposition

g=tdop

with € = so,, the Lie algebra of K = O,(R) x O1(R), and p the orthogonal
complement with respect to the trace form on g derived from the standard
representation of g on C™!. The group K is a so called maximal compact
subgroup of G. The real Lorentz algebra so,, 1 (R) consists of the real matrices
in so0, 1, and is spanned over R by the vector fields

:v,-f)j — l’jai R :v,(? + y@l

in ¢ and p respectively. Here 0; stands for 0/0x;, while 0 stands for 0/0y.
The forward light cone LT is defined by

Lt ={(z,y) e R" 2 = y* y > 0} .

Its symmetry group G* = O}, (R) is an index 2 subgroup of Oy, 1(R). Note
that G has still two connected components, which are distinguished by the
sign of the determinant, and so G° = SO, | (R) is the connected symmetry
group of L* with Lie algebra g = $0,,1 ~ 50,,,1. The next lemma is obvious.

Lemma 14.5. The map L' > (x,y) — (z/y,y) € S" ! x Ry induces a
diffeomorphism (a bijective map, both smooth and the inverse smooth) of L™
onto S"! x R,.

Definition 14.6. Let s € C be a complex parameter. The vector space of
smooth complex valued functions on the forward light cone L™ that are homo-
geneous of degree —s is denoted by Sy = Ss(L1), and viewed as a representa-
tion space of the proper Lorentz group O, ; and the corresponding Lorentz Lie
algebra s0,, 1, 1s called the spherical principal series representation with spec-
tral parameter s. Note that by the above lemma and the theory of spherical
harmonics we have the isomorphism

Sy = S, (L) ~ @H™(R™)y~ 6+

Note that the restriction of the spherical principal series representation
to the Lie subalgebra £ = so,, of the Lorentz algebra g = so0,,; decomposes
in a multiplicity free way as

Sl = ®H™(R") .
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In particular the action of £ on S, is independent of the parameter s € C.
Indeed the Lie algebra ¢ has basis z;0; — ;0; and therefore only acts on
h € H™(R™) and not on the factor y~**™). However the action of p = g & €
does depend on s, since p has basis ;0 + yd; with 0 = 9/0y.

Theorem 14.7. The action of p on the spherical principal series Ss is given
by
(2,0 + y3;) (h(x)y~+™) =

—(m+ s)(z;h(x)) 4y~ T 4 (m— s 4+ n = 2)(wsh(x) oy TV

or written in an equivalent way we find for all z € p that
2(h(a)y~ ™) =
—(m+ )T (2 @ h(x))y~ 7™ 4 (m — s + 0 = 2)T™ (2 @ h(x))y~ T

This theorem is an immediate consequence of Corollary 14.2. Note that
the dependence of the spherical principal series representation of g = s0,,;
on the parameter s € C is explicit, and in fact quite manageable.

Corollary 14.8. The spherical principal series representation Sy of §0,1 s
reducible if s = —m or s = (m +n — 2) for some m € N, and irreducible
otherwise. For s = —m € —N the representation Ss has a finite dimensional
subrepresentation equal to H™(R™'), while for s = (m +n — 2) with m € N
we get an infinite dimensional subrepresentation with a finite dimensional
quotient isomorphic to H™(R™!).

For which values of the parameter s € C is the spherical principal se-
ries S as a representation of the real Lorentz algebra so,, 1 (R) unitarizable?
The word unitarizable means unitary with respect to some Hermitian inner
product. Suppose there exists a Hermitian from

Hy =@ cpn(8)(-)m

with (-, -),, the standard Hermitian form on H™(R") which is unitary for the
representation of ¢ = so,,, and with ¢,,(s) suitable real numbers depending
onm € N,s e C.

The form H; is invariant for so, ;(R) if and only if for all z = x;0 + y0;
and for all h € H™ k € H™*Y we have

H(2(h(x)y™ ™), k(a)y~ D)+ Hy(h(a)y™ ™), 2(k(z)y~ ) =0,
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which in turn amounts to
Cm1(8)(m+s)((2ih()) 1, k(2)) +cm(s)(m =5 +n—1)(h(2), (z:k(z))-) = 0.
Using Lemma 14.3 we arrive at the following result.

Theorem 14.9. The spherical principal series Sg is a irreducible Hermitian
representation of the real Lorentz algebra s0,,1(R) if and only if the equation
Cmt1(s)(m~+s) + cp(s)(im—354+n—-1)=0

has a solution ¢, (s) € R* = {c € R;c # 0} for allm € N.

Corollary 14.10. The spherical principal series Sy is a irreducible unitary

representation of the real Lorentz algebra so0,,1(R) if and only if
Cmi1(S)(m+8) +cpm(s)im—35+n—1) =0

has a solution c,(s) € Ry = {c € R;c > 0} for all m € N. In turn this

condition is equivalent to R(s) = (n—1)/2 or0 < s < (n—1).

Proof. Observe that s and (—5+n — 1) are mirror images of one another in

the line R(s) = (n—1)/2. Hence the ratio (m+s)/(m —35+n—1) is positive

for all m € N if and only either this ratio equals 1 and R(s) = (n — 1)/2 or

this ratio lies in Ry — {1} and 0 < s < (n — 1), s # (n — 1)/2. This easily

follows since the points s and (=5 + n — 1) in the complex plane are mirror

images with the line ®(s) = (n — 1)/2 as mirror. O
Rs=(n—1)/2
—5+n—1 S
B 2 ! .,
Rs=0 Rs=(n—1)
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For R(s) = (n—1)/2 the unitary spherical principal series S is called the
tempered spherical principal series, while for 0 < s < (n —1),s # (n —1)/2
the unitary spherical principal series Sy is called the complementary spherical
principal series.

The methods of this section can be extended to some other groups, like
the complex Lorentz group U,, ;. For further details we refer to the article by
Roger Howe and Eng-Chye Tan in the Bulletin of the American Mathematical
Society, Volume 28, January 1993.

Exercise 14.1. In the notation of Ezxercise 9.8 show that the quadratic ex-
pression (called the Casimir operator of 031 )

C=(K{+K;+ K3 —(Li+L5+L3)

lies in the center of the universal enveloping algebra Usos, of the Lorentz
algebra. In turn this implies by Schur’s Lemma that C' acts in an irreducible
representation space by some scalar. Check that the scalar by which C acts
in the spherical principal series Sy equals —s(s — 2). Hint: We have

Ly = i(2205 — 230s), -+, K1 =i(210 — ydh),- -

in the usual cyclic notation. Now check that Cps = —s(s — 2)p,s with
ws(x,y) = y=* as vector in Ss. The vector ps € S is called spherical be-
cause (L? + L3 + L3)p, = 0. Finally observe that (Usos 1)y, equals all of
Ss.

Exercise 14.2. In the notation of the previous exercise let us replace

with h, m, E all three positive parameters. Check that the new elements L;, K;
satisfy the commutation relations

which we recognize from our discussion of the quantization of the Kepler
problem (equivalently from our discussion of the computation of the spectrum
of the hydrogen atom). Using the previous exercise show that the operator

(2mE) ' K? — L*

acts on the spherical principal series Ss by multiplication with the scalar

—h?s(s —2).
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Exercise 14.3. In our discussion of the quantization of the Kepler problem
we have seen the key identity

K? =2mH(L* + h?) + k*m?
which we can also write as
H = E*m/2(K?*/(2mH) — L* — h?) .

Show that for positive energie H = E > 0 the coherent eigenstate of the
hydrogen atom is degenerated according to the spherical principal series Sy of
5031 with energy £ = Eg given by

E=E,=—k*m/2(s — 1)*h*

which in turn implies that the tempered spherical principal series occurs in the
continuous spectrum of the hydrogen atom, while the complementary spherical
principal series is absent. What is the meaning for physics of the comple-
mentary series?

Exercise 14.4. Analyse in case of reducibility of the spherical principal series
Ss the unitarity of the sub and quotient representations of Ss.
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