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ABSTRACT

HIGHEST WEIGHT CLASSIFICATION OF THE IRREDUCIBLE
REPRESENTATIONS OF THE SPECIAL UNITARY GROUP

Thomas Holtzworth

Representation theory of the special unitary group, SU(n), has a fundamental
role in theoretical physics. Therefore it is the purpose of this thesis to provide
a detailed exposition of the highest weight classification of the irreducible repre-
sentations of SU(n). This method is built from two objectives: provide a com-
plete classification of all the irreducible representations, and build corresponding
SU(n)-modules to carry one of each.

The classification scheme is founded on the bijective correspondence between
the representations of SU(n) and the finite-dimensional complex analytic repre-
sentations of the special linear group of complex matrices, SL(n, C). These repre-
sentations of SL(n, C) are accompanied by the presence of weights, resulting from
the analytic nature of the representations. Ultimately, all such representations
of SL(n,C) are uniquely identified by their highest weights, which additionally,
are in a one to one correspondence with integer partitions of length less than or
equal to n — 1.

The construction phase utilizes the representation theory of the symmetric
group, S,,, and the general linear group of complex matrices, GL(n,C). Ir-
reducible representation of S, are identified by integer partitions, where the

irreducible representation of SL(n,C) are found within the tensor power repre-

i



sentations of GL(n, C) on the mth tensor power of n-dimensional complex space.
The symmetric group will be needed in constructing modules to carrying the ten-
sor power representations of GL(n, C). Just as the symmetric and anti-symmetric
subspaces of the tensor powers of n-dimensional complex space are the images of
projection operators, realizations of the irreducible representation are constructed
as the images of specific projection operators built from the integer partitions of

the associated highest weights.
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Chapter 1

General representation theory

In this chapter general group representation theory will be introduced. Decomposition and
classification theorems will be of primary importance as they will be necessary in the following
chapters addressing representation theory for the symmetric group as well as tensor product
representations of the group of complex invertible matrices.

Group representation theory can be described in the language of linear group actions or
modules. Both are advantageous; however, the shape of this chapter will rest heavily on the
latter. The main influences for the treatment here include the expositions given by Sagan
[3] and Sternberg [4].

Unless otherwise stated, vector spaces are assumed to be complex and finite-dimensional.

1.1 Definitions and basic concepts

In this section the equivalent notions of group representations, matrix representations, and
group modules will be defined.

If V and W are vector spaces, denote by GL(V') the group of invertible linear transfor-
mations on V', and denote by Home¢(V, W) the space of linear transformations from V' to W.
In addition, GL(n,C) is the group of complex n x n invertible matrices, and M, (C) is the
space of all complex n X n matrices.

Definition 1.1.1. Let G be a group. A representation of G is a group homomorphism
p:G— GL(V),
where V' is a vector space.

If p: G — GL(V) is a representation of GG, one says V' carries the representation p.
Suppose dim V' = n. By fixing a basis for V', one identifies p(g) with an n x n nonsingular
complex matrix, leading to the following definition.

Definition 1.1.2. Let GG be a group and n be a positive integer. Then, a matriz represen-
tation of G is a group homomorphism

X : G — GL(n,C).



Definitions 1.1.1 and 1.1.2 are equivalent in the sense that, by use of a fixed basis of V,
each gives rise to the other. Alternatively, the operation

v = p(g)v,

can be interpreted as multiplication of vectors v € V by group elements g € G. This allows
one to consider V as a left module over a ring, as described below.

Let G be a finite group. The group algebra of G (over C), denoted as C[G], is the set
of complex-valued functions on G, with its natural vector space structure and ring product
defined by

(fl*f2 Zflg hf2

geG

for all g € G and fi, fo € C[G]. Consider G to be contained in C[G]; then * is the unique
distributive, bilinear extension to C[G] of the group product on G. Let ¢ be the group
identity element, and f € C[G]. Then

exf=fxe=Ff

Consequently, C[G] is a unital associative algebra over C. Note C[G] is commutative if and
only if G is abelian.
For simplicity, the use of % will be suppressed. Furthermore, f € C[G] will typically be
expressed using the formal sum,
f= Z%Q?

geG

where ¢, = f(g) € C. In the formal sum notation,
fufe = (Q_eg9)Q_bah) =D (D coby1n)h:
geG heG heG geG

Let R be a ring with unity. A left R-module is an abelian group M endowed with scalar
multiplication by elements of R,
(r,m) — rm,

such that, for all m,n € M and r,s € R,
(1) r(m+n) =rm+rn,
(2) (r+ s)m =rm+ sm,
(3) (sr)m = s(rm), and
(4) 1gm = m.

An R-submodule of an R-module M is an additive subgroup N of M satisfying rz € N
for all r € R, x € N. For simplicity, a left C[G]-module is called a G—module. If V is a
G'—module, then for each g € GG, the multiplication

V= gu

3



defines an element p(g) € GL(V). The mapping p is representation of G. Conversely, if
p: G — GL(V) is a group representation, then the binary operation

GxV =V

defined by
(9,v) = p(g)v

endows V with a natural G—module structure. In this way, one has a bijective correspon-
dence between representations of G and G-modules.

1.2 (G —submodules and reducibility

Just like in other algebraic settings, notions of substructures and reducibility exist for group
modules. In this section, these definitions will be extended to the setting of group repre-
sentations. Additionally, the full reducibility of modules over finite groups will be presented
through a fundamental result known as Maschke’s Theorem.

For simplicity, the modifier “Hermitian” in “Hermitian inner product” will be omitted.
In particular, if V' has an inner product (- | -), then

(1) (\z | y) =AMz | y), and

(2) (2| Ay) = Az [ y)
for all A € C, x,y € V. The notation L denotes orthogonality relative to an inner product.

Definition 1.2.1. Let V be a G—module. A G—submodule of V is a subspace W such that
fweW

for all f € C[G] and w € W. A submodule W is trivial whenever W = {0} or W = V.

If V carries the representation p : G — GL(V'), then a submodule W is said to be invariant
under p. This terminology also extends to a matrix representation X : G — GL(n,C) by
considering C" to carry the representation given by X.

Definition 1.2.2. A nonzero G—module V is reducible whenever it contains a non-trivial
G-submodule. Otherwise, V' is irreducible.

Moreover, if V' is the (internal) direct sum of irreducible G-submodules, then V' is said
to be completely reducible.

One uses the same terminology for a representation p : G — GL(V') by considering invariant

subspaces of V' instead of G—submodules. For example, p is irreducible whenever V' has

no non-trivial invariant subspaces. Likewise, this terminology is also used for a matrix

representation X : G — GL(n, C) by considering C" to carry the representation given by X.
An inner product (- | -) on V' is invariant under G if, for all v,w € V and g € G,

(gv | gw) = (v | w).



Lemma 1.2.3. Let V be a G—module, W a G-submodule, and suppose (- | -) is an inner
product on V invariant under G. Then W+ is a G—submodule.

Proof. Suppose W is a G—submodule. Let v € W+, g € G, and w € W. Then

(wlgv) = (g7'w|g(gv))
= (97w (g7 )
= {(g7'w|v)
since g~lw € W. Hence gv € W+. Consequently, for all f € C[G], fv € W+, O

Theorem 1.2.4 (Maschke’s Theorem). Let G be a finite group, and V' a nonzero G—module.
Then V is completely reducible. In other words,

V=WaeW,d..eoW,,

where each W; is a nonzero irreducible G—submodule of V.

Proof. The proof will use induction on n = dim V. If n = 1, then V is completely reducible,
since V' is irreducible itself.

So, suppose dim V' = k > 1, and that the result is true for all G—modules with dimension
less than k. Suppose V' is not already irreducible. Then from a basis {vy, ..., v} for V', one
obtains a Hermitian inner product on V' by setting

(vi | v;) = 6.

Using (+|-), create a G-invariant Hermitian inner product by setting

1
(wlue:= @Z@w | gu)

geG

for all w,u € V. (It is straightforward to verify that (-|-)¢ is Hermitian.)

Now, let W be a G—submodule of V. Note W+ is also a G-submodule by Lemma 1.2.3.
Furthermore, dim W < k and dim W+ < k. Thus by the inductive hypothesis, W and W+
are both completely reducible. Therefore V = W @& W+ is completely reducible. O

1.3 Homomorphisms of G—Modules and Schur’s Lemma

To obtain the full classification of irreducible G-modules for a group G, one will need to
know when seemingly different modules are, in fact, the same. Homomorphisms will be
needed to establish equivalences between various group modules and submodules. Here,
these functions will be defined, and Schur’s Lemma, a fundamental piece in the theory of
group representations, will be stated and proved.

For an integer n > 1, denote the set {1,2,...,n} by [n].



Definition 1.3.1. Let V and W be G-modules for the group G. Then a complex-linear map
o V=W

is a G—homomorphism whenever
o(fv) = fo(v) (1.3.1)
for allv € V and f € C[G]. The set of all such homomorphisms is denoted by Homeg(V, W).

Note that ¢ is a G-homomorphism if and only if ¢ is a complex-linear transformation such
that 1.3.1 holds for all g € G.

Just like linear transformations, if ¢ is bijective then ¢! is also a G—homomorphism.
Therefore one has the following notion of equivalence.

Definition 1.3.2. Let V and W be G—modules for the group G. Suppose ¢ € Homg(V, W).
If ¢ is bijective, then ¢ is a G—isomorphism. If so, then V and W are isomorphic as
G—modules. However, if no such ¢ exists, then V and W are inequivalent.

Two representations p : G — GL(V) and ¢ : G — GL(W) for G are said to be equiv-
alent whenever V' and W are isomorphic as G—modules. Once more, there is analogous
terminology for matrix representations.

For ¢ € Homg(V, W), the definition of its kernel and image, respectively denoted ker ¢
and im ¢, are the same as any linear transformation. In addition, the following usual algebraic
result will be of use.

Proposition 1.3.3. Let ¢ € Homg(V,W). Then ker ¢ is a G—submodule of V', and im ¢ is
a G-submodule of W. Moreover, ¢ is injective if and only if ker ¢ = {0}.

Corollary 1.3.4. Suppose ¢ € Homg(V, W) is non-trivial.
(1) If V' is irreducible, then ¢ is injective.
(2) If W is irreducible, then ¢ is surjective.

Proof. By Proposition 1.3.3, ker ¢ is a G—submodule of V. Thus ker ¢ = {0} whenever V/
is irreducible, since ¢ is non-trivial. But, by Proposition 1.3.3, if ker¢ = {0}, then ¢ is
injective.

Now, suppose W is irreducible. Then, by Proposition 1.3.3, im¢ = W. However, if
im¢ = W, then ¢ is surjective. O]

Now one has Schur’s Lemma.

Theorem 1.3.5 (Schur’s Lemma). Let V' and W be G—modules for the group G. Suppose
¢ € Homg(V, W) is non-trivial. If V. and W are irreducible, then ¢ is a G—isomorphism.

Proof. Suppose that ¢ is non-trivial. Then by Corollary 1.3.4, ¢ is bijection, since both V'
and W were assumed to be irreducible. Therefore ¢ is a G—isomorphism. ]



Corollary 1.3.6. Letn > 1, and X : G — GL(n, C) be an irreducible matriz representations
for G. Let A € M,(C), and suppose

X(g9)A=AX(g)
for all g € G. Then for some A\ € C, A= \I.
Proof. Using X : G — GL(n,C), one considers C" a G—module by

where the right hand side is computed using matrix multiplication of X (g) with the column
vector v. Note C" is an irreducible G—module since X is assumed to be an irreducible
matrix representation.
The field is C. Thus A has an eigenvalue A € C, and hence ker(AI — A) # {0}. Since A
commutes G,
(AT = A)X(g) = X(g)(\] — A)

for all g € G. Consequently (Al — A) also commutes with G, making it a G—homomorphism
on C". However, (A — A) is not a G—isomorphism since ker(A\l — A) # {0}. By Schur’s
lemma, (A — A) =0, and therefore A = AI. O

Corollary 1.3.7. Let V and W be irreducible G- modules for G. If V and W are isomorphic
as G—modules, then Homg(V, W) is one dimensional. Alternatively, if V. and W are not
isomorphic, then Homg(V, W) = {0}.

Proof. A quick application of Schur’s lemma shows that Homg(V, W) = {0} if V 22 W. So
suppose otherwise.

First, consider the case when W =V as G—modules and let ¢ € Homg(V, V). Since V'
is a finite dimensional complex vector space, there is a A € C such that

ker(\idy —¢) # {0}.

Then by Schur’s Lemma,
¢ = Aidy .

Therefore Homg(V, V) is one dimensional.
Consider the general case. Since V and W are isomorphic irreducible G- modules, pick
some isomorphism ¢ € Homg(V, W), and let ¢ € Homg(V, W). Then

¢~ o € Homg(V, V).

Thus for some \ € C,
ooy =Aidy.

Hence ¢ = A, and therefore Homg(V, W) is one dimensional. [



1.4 Multiplicity and isotypic components

When a nonzero G—module V' is completely reducible, it is possible that some of its submod-
ules are isomorphic to one another. One can collect these isomorphic submodules together
in the decomposition of V. With this in mind, write

where, for each i € [m),
Vi=Wiy @ Wi @ ... 0 W,
such that Wy, ..., W;,, are isomorphic irreducible G-modules. Furthermore, if ¢ # [, one
insists that W;; 22 Wy for each j € [n;] and k € [ny].
Now, let W; represent a common irreducible G—module equivalent to each the factors
in V;. Then V; is called the isotypic component associated with W; and n; is its multiplicity.
Finally, note that

dimV = n; dim Wy + na dim Wy + ... + n,,, dim W,,,.

Proposition 1.4.1. Let V be G—module that is completely reducible, and W be irreducible.
Suppose V' has only one isotypic component of multiplicity m with W being the corresponding

rreducible G—module. Then
VeCmre W

as G—modules, where the action of G on C™ ®@ W is given by
gu@w) =u® gw.

Proof. Under the hypothesis, V. = W) @ Wy, @ ... & W,,, where W; = W for each i € [m)].
Suppose
o W =W,

is a corresponding isomorphism. Note that W; is seen here as a subspace of V. Thus
V=01(W)® ¢a(W) ® ... & d(W).
Let {u; |€ [m]} be the standard basis for C™, and {w; | j € [k]} a basis for W, where
k = dim W. Then
{wi ®w; | (4,7) € [m] x [k]}

provides a basis for C"™ @ W. Now, C™ ® W becomes a G—module by setting
g(u@w) =u® gw

for all u € C™ and w € W.
Define & : C™ @ W — V by setting

Q(u; ® wy) = ¢;(w,)

for each (7, 7) € [m] x [k], and then extending by linearity to all of C™ @ W. Note that ® is



a well defined linear transformation. Furthermore, since ¢; is an isomorphism,

{di(wy) | j € [k]}
is a basis for each W; < V. Thus

{0i(w;) | (i,) € [m] < [K]}

is a basis for W, & Wy & ... @ W,,, = V. This establishes ® as a linear isomorphism.
Finally, let g € G, and j € [k]. Then for some collection of constants {g;;},

k
qu; = E gi;wi.
I=1

Thus

9(®(u; @ wy)) = goi(w;)
= ¢i(gw;)

k
= ¢ (Z 91jwz>
I=1

k
= > géi(w).
=1

Additionally,

P(g(w @wy)) = P(u; ® gwy)

k
= CID(uZ X (Z gljwl>)
=1
k
= & (Z gljui & 'lUl)
=1
k
= Z ;P (u; ® wy)
=1

k
= > gydi(w).
=1

Hence
9(P(u; @ wy)) = (g(u; @ wy)),

and therefore C" @ W = V.



Corollary 1.4.2. Let V be a completely reducible G—module. Suppose {W; | i € [m]} is a
collection of pairwise inequivalent irreducible G—modules, such that

V=VieVd.. &V,
with each V; being an isotypic component of multiplicity n; associated to W;. Then
veerow;,
i=1
where the action of G on @, C" @ W; is given by
gur @ Wy + oo + Uy @ W) = U @ W + oo + Uy @ Wy

Proof. Repeat the proof of Proposition 1.4.1 to each isotypic component, V;, then combine
appropriately. O

Proposition 1.4.3. Let V; and V5 be two completely reducible G-modules having only one
1sotypic component each. Let my and mo be the respective multiplicities with Wi and Ws
being the corresponding irreducible G—modules. If Wy = Wy, then

dim(HomG(Vh V2)) = mipmas.
Otherwise, dim(Homg(V3, V2)) = {0}.
Proof. Write

mi m2
Vi=@ Wy and  Vp =) Wy
=1 =1

where W;; = W, for ¢ = 1,2. Note the following linear isomorphism, verifiable by considering
the "block form’ of any given linear transformation from V; to V5,

mip ma2

HOIl’l((j(V;, V]) g@@ HOIIl((j(Wu, ng)

=1 k=1

Likewise,
mi mo

I‘IOIl’lGa/;7 ‘/J) g@@ HOmg(Wu, ng)

I=1 k=1
since, for all [,k and g € G,

Home (Wi, Wai) < Home (Wyy, Way),
with gWy, = Wy, and gWo, = Woy.

Suppose now W; and W, are inequivalent. Then dim(Homg(V;,V;)) = {0}. Indeed, by
Schur’s lemma dim(Home(Wy;, Wai)) = {0} for each [ and k. However, if W; and W; are

10



isomorphic, then by Corollary 1.3.7, dim(Homg (W5;, Way)) = 1, for each [ and k. Therefore

m1 ma

dim(Homg(V;, V;)) —ZZ dim(Homeg (Wi, Wai)) = mymes.

=1 k=1

]

Corollary 1.4.4. Let V' be a completely reducible G-module, and {W; | i € [l]} be a collection
of pairwise distinct irreducible G-modules such that

V=VieWd..aV,

where each V; is the isotypic component associated to W, has multiplicity m;, and dim W; =
n;. Then for each i € [l], dim(Homg(W;, V) = m;, and

Homg(‘/;, V;) = HOII](C (sz, le)

as rings.
Moreover,

!
Home(V, V) = @D Home (C™, C™),
i=1
and in particular,
dim(Homg(V, V) = m] +m3 + ... + m;.

Proof. By Proposition 1.4.3, dim(Homg(W;, V;)) = m;d;;. With this in mind, note that

Homg (W;, V) @HOIHG i Vi)
Thus dim(Homg(W;, V') = m; for each i € [I].
A second use of Proposition 1.4.3 shows that
dim(Homg (V;, V;)) = mym;d;;.

Thus Homg(V;, V;) = Home (C™i, C™), where the congruence denotes a linear isomorphism.
However, by choosing a bases B for V;, one can verify that

(¢ 0 vl = [9]5[¢]s-

Consequently the isomorphism is also one of rings.
Finally, considering each V;,

l
Homg(V, V) & €9 Home (C™, C™)

=1

11



as rings, since

l l
Home(V, V) = @) Home(Vi, V;) = @D Home(V;, V7).

i,j=1 i=1

1.5 The classification of irreducible G-modules for finite groups

For a finite group G, the number of distinct irreducible G- modules is the same as the number
of conjugacy classes in G. Furthermore, their exists a natural G-module structure on C[G],
in which appears an isomorphic copy of each distinct irreducible G-module. Lastly, through
the full decomposition of C[G] under this G-module structure, one will see that the sum
of the squares of the dimensions of each irreducible G-module is equal to the order of the

group.
All groups in this section are assumed to be finite.
1.5.1 The regular representation and the group algebra

Let X be a set and let
C¥:={f: X = C||supp(f)| < oo},

where supp(f) := {z € X | f(z) # 0} is the (set-theoretic) support of f. For the following,
consider C* with its natural vector space structure.
The standard basis for C* is the collection of functions {6, | # € X}, where for each

re X
1 ify==x
0z (y) = . :
0 ify#z
If supp(f) = {x1, 22, ..., 23} for f € C¥, then f can be expressed in this basis as

k

i=1
Proposition 1.5.1. If G acts on a set X, then CX becomes a G—module by setting
g(f) =fog™".
Moreover, for each x € X and g € G,
9(02) = dga-

Proof. Showing that CX becomes a G—module under the defining action is simple. So the
proof centers on the remaining claim.

12



Let z € X, and g € G. Then

1 ifgly=2a

But ¢~ 'y = x if and only if y = gx. Therefore g(d,)(y) = d4.(y) for all y € X. O

From Proposition 1.5.1, as a G—module, CX carries the permutation representation as-
sociated with X.
Define an inner product on CX by setting

1 ifze=y
<5x|5y>: .
0 ifzx#y

for each =,y € X, and then extending by linearity to all of CX. This inner product is invariant
under G, seen by the following proposition.

Proposition 1.5.2. Let fi, fo € CX. For all g € G

(gfilgfa) = (fi] f2)-

Proof. Tt will be enough to show that the result holds for the standard basis {d, | = € X}.
Let z,y € X, and g € G. Then gr = gy if and only if x = y. By definition

1 if gr =gy
<5ga: | 5gy> = . :
0 if gz # gy

Therefore (§g; | 0gy) = (02 | 0y)- O

For C[G], the regular representation is the permutation representation associated with G
induced from G acting on itself via left translation. Considering Proposition 1.5.1, let g € G,

and f = Y aph € C[G]. Then
heG

gf = Zahgh = Za(gqh)h.

heG heG

This agrees with the defining action of G on C[G] outlined in Proposition 1.5.1 since gf is
the function such that (gf)(h) = f(g~'h). However, under the formal sum characterization

A(g—1p) = f(g_lh).

1.5.2 The decomposition of C|G]

Here, the description of the decomposition of C[G] under the regular representation of G
will be provided. The method to be used follows from an approach given by Sternberg [4].
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Definition 1.5.3. Let V be a G—module. For each (g,a) € G x V*, define gao € V* by
setting

(9a)(v) = alg™'v)
for all v € V. With this action of G, V* is the dual G—module of V.

Remark. 1t is straightforward to verify that the defining properties of a G—module are
satisfied for V* under this action of G.

Lemma 1.5.4. Let V be a G—module. Then V is irreducible if and only if V* is irreducible.

Proof. Suppose V is irreducible, and W is a nonzero submodule of V*. Then
Anmn*(W):={veV|alv)=0,Vaec W}
is a submodule of V' Indeed, let g € G, « € W, and suppose v € Ann*(W). Then

a(gv) = (g ') (v) = 0

since g~ 'a € W. Thus gv € Ann*(W).

Now, W # {0} implies that Ann*(W) # V. As a result, Ann*(IW) = {0} since V is
irreducible. However, Ann*(W) = {0} implies that W = V*.

Conversely, suppose V* is irreducible, and W is a nonzero G-submodule of V. Then
following the previous argument,

Amn(W) :={a e V" |a(v) =0, Vv € W}

is a proper submodule of V* i.e. Ann(WW) # V*. Thus Ann(W) = {0}, and hence W = V.
Therefore V' is irreducible as well. O]

With the introduction of the dual module and Lemma 1.5.4, the time is now appropriate
to justify the claim that each irreducible G-module can be embedded into C[G] as it carries
the regular representation of G.

Lemma 1.5.5. Let C[G] carry the reqular representation of G, and V be an irreducible
G—module. Then, for each o € V*\ {0}, the map f, : V — C|G]| defined by

fa(v)(9) = alg™'v)

s an injective G-homomorphism.
Furthermore, let {c; | i € [n]} be a basis for V*. Then the sum of subspaces of the images

> fa (V) <CGL
i=1
s a direct sum.
Proof. Let o #£ 0 € V*. It is easy to verify that
v fo(v)

14



is a complex-linear transformation by using the linearity of both o and the action of G on
the module V. To see that it is also a G— homomorphism consider the following.
Let v € V, and g € G. Then, for each h € G,

falgv)(h) = a(h™(gv))
= (g~ 'h) o)
= falv)(g™'R)
= (9fa(v)) ().

Thus f, € Homg(V, C|[G]).
To show that f, is injective, one will need the submodule of V* generated by «, which is
the subspace

(a)q = (ga | g € G).

Since o # 0, () # {0}. Then as a G-submodule, (o) = V*. Indeed, by Lemma 1.5.4, V*
is an irreducible G—module since V is assumed to be irreducible.

Now, let 8 € V*, and suppose that v € ker f,. Then § = > azg9c for some collection
geG
{az}, and f,(v) is zero function on C[G]. Thus for all g € G,

a(gv) = fa(v)(g™') = 0.

Hence

Bv) = ) a.ga(v)

geG

= Zag()‘(gilv)

geG
= 0.

But this implies that v € Ann*(V*) = {0}. Therefore f, is injective, since ker f, = {0}.
Alternatively, suppose that f,(w) =0 for all w € V, and let v # 0 € V. Then (v)¢, the
submodule of V' generated by v, must be all of V| and for each g € G,

a(gv) = fa(v)(g™") = 0.

So, let w € V, and note that, for some collection {a,}, w = > a,gv. Then
geG

alw) = a(Zaggv>

geG

= Zaga(gv)

geG

= 0.

Thus a = 0. Therefore the linear assignment « — f,, is injective since its kernel is {0} < V*.
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Considering this result, let {a; | i € [n]} be a basis for V*. Then f,, (V)N f,,(V) is a
submodule of both f,, (V) and f,,(V). Indeed, intersections of submodules are submodules
themselves. So, if f,, (V) N fo, (V) # {0}, then

fai(v) = fai(v) N faj(v> = fOlj(V)

since both fo, (V) and f,,(V) are irreducible. Thus f,, € Homg(V, fo,(V)). However,
Homg(V, fo,(V')) is one dimensional, which implies that f,, = cf,, for some ¢ € C. Therefore
a; = cayj by the injectivity of the linear assignment o — f,. Hence o; = o since the a; are
linearly independent. In other words,

fai(v) N fOéj (V) = {0}

whenever 7 # j.
Pick any j € [n], and suppose

fo,(V H(Zﬁ )#m}

i#]
Then fo,(V) = > fa,(V) since sums of submodules are again submodules, and f,,(V) is
i#
irreducible. Pick another k # j € [n]. Then

For (V) Y " far(V) < fa, (V).

i#]

Thus fa, € Homg(V, fo,(V)), and again f,, = cf,, for some ¢ € C. This time however, a
clear contradiction has resulted: The previous statement implies that a; = «;. Therefore

one has the direct sum,
Pf..(v) <clG
i=1

]

Note that Lemma 1.5.5 has provided more than what was promised. Not only is there one
copy of each irreducible G-module appearing in C[G], carrying the regular representation of
G, there are at least the same number of distinct copies of a an irreducible G-module as its
corresponding dimension.

Lemma 1.5.6. Let V' be a G-module, and (- | -) be an inner product invariant under G.
Suppose that W1 and Wy are irreducible G-submodules. Then W1 L Wy whenever W1 2 Wh

as G-modules.

Proof. Since dimV' < oo, Wy and W, are closed (topologically) subspaces. Thus there exists
P, an orthogonal projection from W; to Wy Note, for each w € Wj, P(w) is the unique
vector in Wy such that

(u] P(w)) = (u|w)
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for all w € W5. Furthermore, W; L W5 if and only if P = 0. Indeed, for any orthonormal

basis {u;} of Wy,
k

P(w) =Y (u; | w)u,

i=1
where k£ = dim Ws.

Suppose Wi 2 W as G- modules. Let w € Wy, u € Wy, and g € G. Then gP(w) € Wa,
and

(ulgP(w)) = (g-'u| P(w))
= (g7'u|w)
= (u]gw)

since (- | -) is invariant. But P(gw) is the unique vector in W5 such that
(u] P(gw)) = (u | gw).
Thus P(gw) = gP(w). Consequently
P € Homg (W1, W) = {0}.
Hence P = 0, and therefore W7 L Ws. O

With these two lemmas established, the focus turns to the decomposition of C[G] as a
G—module under the regular representation. Note that dim C[G] = |G|. Thus one can apply
Maschke’s theorem for the following.

Theorem 1.5.7. There are only finitely many distinct irreducible G—modules. Furthermore,
let C[G] carry the regular representation of G, and {W; | i € [l|} denote all the distinct
wrreducible G-modules. Suppose

Clel=VieWe..aV,

where each V; is the isotypic component associated to W;, and has multiplicity m;. Then for
each i € (1],

Proof. Let V' be an irreducible G—module with dimV' = n. Let {a; € V* | i € [n]} be a
basis for V*, and each f,, be the injective G—homomorphism from Lemma 1.5.5. Recall that
fa; (V) is an irreducible G—submodule of C[G]. So, C[G], a G—module under the regular
representation of (G, has an isomorphic copy of the irreducible V.

Now, suppose that {W; | i € [I]} is a collection of pairwise distinct G—modules such that

ClG=Vioe.. .oV,

where each Vj is the isotypic component associated to W;, and has multiplicity m;. Note that
C|G] naturally has an inner product (- | -) invariant under G, described by (g | h) = d4p,. Let
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i € [l] and j € [n] and write
Vi=Wan©& Wi & ... Wiy,

where each Wy, =2 W;. Using Lemma 1.5.6, if V' 22 W;, then f, (V) L Wi, for all k € [m;].
Thus f,, (V) L V; as well. With this reasoning, if V' 2 W for all 7 € [I], then f,,(V/ ) 1 C[G].
Indeed, fo,(V) L V; for each i € [l]. However, this can’t happen since C[ 1+ = {0}
Therefore for some ¢ € [I], V' = W;. In particular, there can only be finitely many distinct
irreducible G—modules for G.

Finally, let V; be the isotypic component associated to W; such that V' = W;. Then since
fa; (V') <V, for each j € [n], Lemma 1.5.5 guarantees that one has the direct sum

P ., (v) <V
j=1

Therefore (dim W;)? = n? < m; dim W;, and hence dim W; < m;. O

In remaining portion of this subsection, a full description of the decomposition of C[G]
under the regular representation of G will be provided by showing that the number isomor-
phic copies of each irreducible G-modules appearing in the decomposition of C[G] is, in fact,
equal to the dimension of that particular irreducible G-module. Through this, the formula
relating the order of the group to the squared values of the dimensions of the irreducible
G-modules will be apparent.

Let C|G x G] be the group algebra of the direct product of G with itself. Let C[G x G|
carry the permutation representation induced from the action of G on G x G, given by

(h1,ha) = (gh1, ghs).

Also, consider Hom¢(C[G], C[G]), the space of linear operators on C[G], as a G—module
under the group action
(9,0) = gopog™.
The point here is that claiming the operator ¢ is a G—homomorphism is equivalent to
claiming that ¢ is fixed under this action, i.e. gogpo g™t = ¢ for all g € G.
Now, let K € C[G x G], and F' € C[G]. One can create a unique linear operator on C|[G|
using K. Indeed, let

=kl € (C[G],

(ExF)(g) =Y K(g.h

heG

be given by

Here standard function notation was used instead of the formal sum notation for simplicity.

Lemma 1.5.8. The function Z : C[G x G] — Hom¢(C|G], C[G]) is a G—isomorphism. In
particular, C[G x G] = Homc(C[G], C[G]) as G—modules.

Proof. To start, it is clear that = is well defined and linear. So the real effort comes from
showing that = is G— homomorphism, and additionally, a bijection. Since, this is in the
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realm of finite dimensional vector spaces, one can show = is a bijection by just verifying that
ker= =
With that said, suppose that K € ker =, and let and F' = ¢, € C[G]. Then for all h € G,

0 = (ExF)(h)

= > K(h,W)F(W)

heG
= K(h,g).

Therefore K = 0,, and hence Z is a bijection. Now, once it is shown that = is a G—
homomorphism, the proof will be complete.

So, let g € G and K € C[G x G]. Then for F € C[G],

(SguF)(h) = Y (gI)(h. W) F ()

h'eG

= > K(g~'h,g 'W)F(I)
h'eG

= > K(g'h,l/)F(gh).
h'eG

Alongside this, (g o Zx o g7 1) (F) € C[G] is given by
((goZxog™F)(h) = (9(Exg™'F)) (h)
- (kg 'F)g -1h>
= > K(g'h,W)(g ' F)(I)

hea
= > K(g'h,l)F(gh').
hea
Therefore Z,x = go Zx 0 g~!, and hence = is a G— homomorphism. [

From this result, one can describe operators in Hom (C[G], C[G]) in the setting of C[G x
G]. To be exact, =i € Homg(C[G], C[G]) if and only if
EgK:goEKog*1 =K
for all g € G. Since = is isomorphism, this amounts to gK = K for each g € G. With this in
mind, the following lemma gives the necessary and sufficient conditions for a function to be

fixed under the action of a permutation representation. It also gives the dimension of the
subspace of such functions in terms of the number of orbits of G in X.

Lemma 1.5.9. Let f € CX, where CX carries the permutation representation of some action
of G on the finite set X. Then gf = f for all g € G if and only if f is constant on the
orbits of G in X. Furthermore, the dimension of the subspace of functions fixed under the
permutation representation is the number of orbits in X.

19



Proof. Suppose f is constant on the orbits of G in X. Then for any z € X,

(9f)(@) = flg'2)

since ¢~z and x lie in the same orbit.
Conversely, suppose that gf = f for all ¢ € GG, and let O, denote the orbit of z under
G. For another y € O,, let h € G be given such that y = hx. Then

fly) = f(hz) = (W f)(=) = f(x).

Therefore f is constant on orbits.

Now the collection of functions fixed under the permutation representation forms a sub-
space in CX. In fact, it is also a G-submodule, whose irreducible components are all equiva-
lent to the trivial module. Using the previous result, one can determine the dimension of this
submodule by determining the dimension of the subspace of functions that are constant on
orbits. This number is simply the number of orbits themselves. To see this, let {O; | i € [k]}
denote all the orbits in X, where for any one O;, set

Xi = Zéx.

ze©;

Then the collection {x; | ¢ € [k]} is a basis for this subspace of functions. Therefore the
number of orbits is the corresponding dimension. With this, the number of orbits is also the
dimension of the G—submodule of functions fixed under the permutation representation. [J

Proposition 1.5.10. Let C[G] carry the regular representation of G, and {W; | i € [l|}
denote a complete set of the distinct irreducible G—modules. Then

dim(Home (C[G], C[G))) = |GI.

In particular |G| = m? + m3 + ... + m?, where each m; is the multiplicity of the isotypic
component in the decomposition of C|G| associated to W;.

Proof. Using = : C|G x G] — Hom¢(C[G], C[G]), the G—isomorphism used in Lemma 1.5.8,
one can determine the dimension of Homg(C[G], C[G]) in the setting of C[G x G]. Indeed,
by Lemma 1.5.9, ¢ € Homg(C[G], C[G]) if and only if =7!(¢) € C[G x G] is constant on the
orbits of G in G x GG. Furthermore,

dim(Hom¢(C[G], C[G])) = “the number of orbits of G in G x G.”

The claim is that {(¢,9) | ¢ € G} denotes a complete set of representatives for these
orbits in G x G. Let (g,h) € G x G. Then g(g,g 'h) = (g, h). Thus every element in G x G
is in an orbit determined by elements in {(¢,g) | g € G}.

Now, suppose that there is some pair h and A’ in G such that for some g € G, g(e,h) =
(e,h’). Then € = ge, and h' = gh. But, clearly this means that g = . Thus (e, h) = (&, /).
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Consequently the number such orbits is equal to |G|. Therefore
dim(Home (C[G], C[G])) = |G,

Finally, if {W; | i € [I]} denotes a complete set of the distinct irreducible G—modules,
then by Corollary 1.4.3,

|G| = dim(Homg(C[G], C[G]) = m3 +m3 + ... + m?,
where each m; is the multiplicity of the isotypic component in the decomposition of C[G]

associated to W;. O

Corollary 1.5.11. Let {W; | i € [l]} denote a complete set of the distinct irreducible
G—modules, where n; = dim W; for each i € [l], and m; be the multiplicity of the isotypic
component in the decomposition of C|G| associated to W;. Then m; = n; for each i € [l], and

|G| =n?+n3+ ... +ni.

Proof. By Proposition 1.5.10, |G| = m? + m2 + ... + m?, where each m; is the multiplicity
of the isotypic component in the decomposition of C[G] associated to W;. However, using
Theorem 1.5.7, one sees that m; > n; for each i € [l]. Now if, for some i € [l], m; > n;, then

|G| = m? +m3+ ... +m] > ming +mang + ... +myny.
However, this is impossible since, as a direct sum of all the isotypic components,
’G| = miny + maong + ... +myn;.

Therefore m; = n; for each i € [I], and |G| = n} + n2 + ... + n?. O

1.5.3 The number of distinct irreducible group modules

The chapter concludes with the property that the number of distinct irreducible G—modules
is just the number of conjugacy classes in G. Here, the justification to be given is modeled
from a method used by Sagan [3].
Recall that under Maschke’s theorem, any G-module is completely reducible. So, for each
[>1,let
Z(C) = {D € M(C) | D = diag(ds, da, ... d1)},

and
Z(Homg(V,V)) = {¢ € Homa(V) [ po ¢ = ¢ o, Vi € Homg(V, V) }.

Proposition 1.5.12. Let V' be a G-module, and {W; | i € [l]} be a collection of pairwise
distinct irreducible G-modules such that

V=Vielhe. oV,

where each i € [l], V; is the isotypic component associated to W;, and has multiplicity m;.
Then
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(1) Z(Homg(V,V)) = Z,(C),
(2) dim(Z(Home(V,V))) = 1.
Proof. Let i € [l]. Then from Corollary 1.4.2, is the following isomorphism of rings
Hom¢(V;, V;) = Home (C™, C™) = M,,, (C).
Now, it is well known that
Z(M,,,(C)):={A € M,,(C)| AB=BA, VB € M,,,(C)} ={Al,, | A € C}.

(The notation I,,, will be used to distinguish the identity matrix in different dimensions.)
Thus
Z(Homa (Vi) 2 {Al, | A€ C}=C

for each 7 € I. Therefore if C!, as a ring, is the lth direct product of C, then
1
Z(Home(V,V)) =P Z(Home (Vi) = C' = Z(C),
i=1

and hence dim(Z(Homg(V,V))) = L. O
The following is a direct application of Proposition 1.5.12 to the context of C[G].

Corollary 1.5.13. Let C[G] carry the regular representation of G, and {W; | i € [l|} denote
a complete collection of distinct irreducible G-modules. Then

(1) Z(Homg(C[G], C[G])) = Z,(C),
(2) dim(Z (Homa(C[G], C[G])) = L.

This is useful since one can compute the total number distinct irreducible G—modules by
determining the dimension of the center of Homg(C[G], C[G]). However, it turns out that
one can further reduce the problem to the setting of C[G]. To be exact, it will be shown that

dim(Z(Homg(C[G], C[G]))) = dim(Z(C[G])).
Consider the G—isomorphism, E : C[G x G] — Hom¢(C|G], C[G]), introduced earlier
along with the collection {x, € C[G x G] | g € G}, where, inspired by Lemma 1.5.9,

Xg = X(g,9) — Z<h’ hg)
heG

for each g € G. Note that {x, € C[G x G] | g € G} is, in fact, a basis for the G—submodule
of functions in C[G' x G] fixed under the action of G. Now, set Z, := Z,, for each g € G.
Then {Z, € Hom¢(C[G], C[G]) | g € G} is a basis for Homg(C[G], C[G]). For each f € C[G],

set
=f = E :ag:ga

geG
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where f = > a,g9. Now consider the following proposition.
geG

Proposition 1.5.14. The map ¢ : C|G] — Homg(C[G], C[G]) defined by ¥(f) = Ef is a

linear isomorphism such that
U(fif2) = ¥(f1) o ¥(f2)
for all fi1, fo € C[G|. Furthermore, Z(C[G]) = Z(Homg(C[G], C[G])) as rings. In particular,

dim(Z (Home(C[G], C[G]))) = dim(Z(C[G])).

Proof. First, 1 is easily seen to be well defined and linear. So suppose that f € ker. If

f = > a9, then
geG
0 = ¥(f)
= Z%Eg.
geG

This means that, for all g € G, a, = 0 since {Z, € Hom¢(C[G], C[G]) | g € G} is a linearly
independent set. Thus f = 0. Therefore v is injective, and hence a linear isomorphism.

Now let g € G,, and f = ) a,g be in C[G]. Note that, for all ¢,h € G,
geG

1 ifh=cg
h p—
Xg(c7 ) {0 if otherwise.

Indeed, (c, h) is in the orbit of (g, g) in G x G if and only if ¢(e, ¢ h) = (¢, h) with ¢'h = g.
Using this result let ¢ € G. Then

(Eg)©) = D xgleh)f(R)

= fl(cg).

Let h € GG, and consider

(Egnf)(c)

Thus ¢(gh) = 1(g) o ¢(h) for all basis elements g,h € C[G]. So, if fi = > a,g and

geG
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fo= > byg, then

geqG

V(fifs) = (> agbugh)

(9,h)eGXG

= ) agt(gh)

(9,)EGXG

= Z agbptp(g) o 1(h)

(g,h)EGXG

= (1) op(fa)-

Therefore 1) preserves multiplication as well. From this, C[G] = Homg(C[G], C[G]) as rings
as well as vector spaces. Finally, this implies that

(Z(C[G])) = Z(Homa(C[G], C[G])),

and thus dim(Z(Home(C[G], C[G)))) = dim(Z(C[G))). O

Lemma 1.5.15. Let f € C[G]. Then f € Z(C|G]) if and only if gfg~' = f for all g € G.
Furthermore, let s be the number of conjugacy classes in G. Then the following is a basis
for Z(C[G])

{xi € C[G] | i € [s]}

where, for each i € [s], C; denotes the ith conjugacy class, and

Xi += Zg-

geC;

Proof. Let f € C[G]. Clearly f € Z(C|[G]) implies that gfg~! = f for all g € G since each
g gives a basis element of C[G], and gfg~' = g holds if and only if gf = fg.

So, suppose that gfg~' = f for all g € G, and let d = Y a,g be in C[G]. Since gf = fg
geG
for each g € G,

fd = f(Zagg>

geG

= Zagfg

geG

= Zaggf

geG

- ()
geG
= df.

Now considering Lemma 1.5.9, note that C|G] also carries the permutation representation
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corresponding to the action of conjugation by G on itself. Thus Z(C|[G]) is the subspace of
functions fixed under this action . Furthermore, the conjugacy classes in G are, by definition,
the orbits under conjugation. Hence Z(C|G]) is also the subspace of functions constant on
conjugacy classes of G. Now, the collection {x; € C[G] | ¢ € [s]} was defined so that it would
be a basis for such functions. Therefore it is a basis for Z(C[G]) as well. O

Theorem 1.5.16. Let G be a finite group. Then the number of distinct irreducible G—modules
s the number of conjugacy classes is in G.

Proof. By Lemma 1.5.15, the dimension of Z(C[G]) is equal to the number of conjugacy
classes in G. Furthermore, considering Proposition 1.5.14, the dimension of

Z(Homg(C[G], C[G]))

is also equal to the number of conjugacy classes in G. Finally by Corollary 1.5.13, the
number of distinct irreducible G-modules is equal to the dimension of Z(Homg(C[G], C[G))).
Therefore the result follows O]
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Chapter 2

Representations of the symmetric
group

The objective of this chapter is to build each irreducible representation of the symmetric
group. The corresponding group modules will then be realized in the setting of C[S,]. These
modules will be vital in the construction of the irreducible tensor representations of the
group of complex invertible matrices of specified degree. The treatment here follows mainly
the exposition given by Sagan [3].

For reference, the symmetric group S, is the collection of all bijections from {1,2,...,n}
to itself, using function composition as the group product. Elements o € S, are called
permutations, and for any two permutations o and 7, juxtaposition will be used to denote
their product, i.e.

OT =0O0T.

Furthermore, permutations will be displayed as products of disjoint m-cycles. See Chapter
3 in Rotman [2] for a thorough treatment of cycle notation.

2.1 Cycle type and integer partitions

As a finite group, S,, has the same number of distinct irreducible group representations as
conjugacy classes. Furthermore, two permutations in S,, are conjugate if and only if they
have the same structure known as cycle type, which can itself be uniquely characterized using
integer partitions. This section defines these terms and outlines the correspondence between
the conjugacy classes of S, and the integer partitions of n. This is appropriate since each
integer partition will determine a unique irreducible S,,-module. Consequently, a complete
set of irreducible group representation of S,, will result.

The notion of cycle type characterizes a permutation solely in terms of the number of its
k-cycles. Each possible cycle type will be given using an integer partition.

Definition 2.1.1. Let n € N. A partition of n, denoted as A - n, is a sequence of positive
integers
A= (A1, A2, s AY)

!
such that, \y > Xy > ... > N and Y \; =n.
j=1
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Let 0 < my < n be the number of k-cycles in a permutation ¢ € §,,. Then

Ao i=(n,n,..on,n—1n—1...,n—1..,11..1) (2.1.1)
—_—— ~~ S——
mn times mn—1 times my times

is the partition of n corresponding to the cycle type of 0. Note that if there are no k-cycles of
a certain length £ in o, i.e. m; = 0, then the number k does not appear in the partition. For
example, the first entry in A, will be the the length of the largest cycle in ¢. Furthermore,
by the method of construction in 2.1.1, it should be clear that different cycle types define
distinct integer partitions.

Example 2.1.2. Let n = 4. Then A\ = (4), \» = (1,1,1,1), and A3 = (2,2) are the integer
partitions corresponding to o1 = (1234), 05 = (1)(2)(3)(4), and o3 = (12)(34), respectively.

To conclude this section, the following proposition summarizes the points just presented,
a proof of which can be found in Sagan [3].

Proposition 2.1.3. Let ¢ and 7 be two permutations in S,. Then o and T have the same
cycle type if and only if they are conjugates. In particular, the number of conjugacy classes,
cycle types, and partitions of n are equal to one another. Moreover, the number of permuta-

tions of a given cycle type is
n!

1m1imy12m2ms!. nmem,, !’

2.2 Tableaux, tabloids and permutation modules

The purpose of this section is to build a family of S,,-modules in connection with each integer
partition. The method is summarized by the following. First, assemble a collection of objects
for each partition. Afterward, define an action of S,, on this collection. Then finally, form
the associated permutation representation. These modules will, in general, be reducible;
however, within each one, exists the desired irreducible.

Definition 2.2.1. Let A = (A1, Ay, ..., \)) = n. The Ferrers diagram, or shape, of \ is an
array of n boxes or cells having [ left justified rows with the ¢th row having A; cells for
1< <L

One can also characterize a particular shape of A using entry variables (or indeterminates)
of an n x n matrix. If the entries are given by

{2 | (i, 7) € [n] x [n]},
then the shape of A would by the subset
{zij|1<i<L1<j <N}

Definition 2.2.2. Let A = (A1, A2, ..., \)) F n. A Young tableau of shape )\, is a bijective
assignment
ti{riy | 1<i< 1<) <N} = [n]
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The set of all A-tableaux is denoted
Tab(\).

A Young tableau of shape A is also called a A-tableau. Note that there are n! different
tableaux of shape A. Also, if ¢ : z; ; — k, one writes t; ; = k. This appeals to the idea that
the integer k has been placed into the cell of position (i, 7) in the Ferrers diagram.

Definition 2.2.3. Let ¢ and u be two A-tableaux. If

{tij 17 € N} = H{uij |5 € Nl}

for all i € [I], then ¢ and u are considered row equivalent. This is an equivalence relation on
Tab(A), so one writes t ~ u whenever ¢ and u are row equivalent. The equivalence class

{t} ={u € Tab(\) | u ~ t},
is a tabloid of shape X\, or a A-tabloid.

Proposition 2.2.4. Let A = (A, Ao, ..., ) F n, and t be a A-tableau. Then, |{t}| =
ML N Therefore, the number of all A-tabloids is

n!
Al

For each 0 € §,, and t € Tab(\), define ot € Tab(\) by

(at)ij = o(tij).

Theorem 2.2.5. Let A = (A, Ag, ..., \)) b n, and t,u be two A-tableaur. Then for any
o €Sy,
ot ~ ou

whenever t ~ .

Proof. Let 0 € S, and i € [l]. Suppose t and u are row equivalent. Then
{tij e N} ={uiy | 7€ N]}

Thus {o(t;;) | 7 € [M]} = {o(wiy) | 7 € [M]} Note that (ot),; = o(t;;), and (ou);; =
o(u;;). Consequently
{(ot)ij | J € N} ={(ou)i; | 7 € [N}

Therefore ot ~ ou. O

Considering the previous theorem, the action of S, on the set of A-tableaux induces a well
defined action on the set of A-tabloids by letting

o{t} := {ot}.
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Definition 2.2.6. For A\ - n, let {{1,ts,...,tx} be the collection of all A-tabloids, where

_ n!
k= Ml Then

M* = C{{tr}, {t2}, .., {ts}}

is the permutation module associated with .

Let G be a group. A G-module is cyclic if it can be generated (as a module) by one
element.

Proposition 2.2.7. Let A+ n. For any t € Tab()\), M* is a cyclic S,-module, generated

Proof. The action of S, is transitive on Tab(\). In other words, for any pair t,u € Tab(\),
there exists a permutation ¢ such that u = ot. Consequently the induced action on the
set of A\-tabloids is also transitive. Therefore M? is a cyclic S,,—module, generated by any

2.3 Specht modules

With the establishment of the permutation modules, each irreducible S,,-module can now be
constructed. For a partition ), the corresponding irreducible will be generated inside of M*
by a family of elements created from the tableaux associated to \.

Let A = (A1, A2, ..., ) F n, and t be a A-tableau. From ¢, one will need an element of
C[S,] to act as an operator on M?*. Note that there are A\; columns in the shape of A, and
that A} is length of the jth column in the shape of A. For each j € [A] and i € [I], set

A; =max{k € [I] [ \x > j},

and define
R, .= {tijj ’ Je [)\1]} Cj = {ti,j ‘ S P\;]}

Definition 2.3.1. Let Ry, Ry, ..., R; be the rows of ¢, and (4, (%, ..., C), be the corresponding
columns. Then

(1) Rt = SR1 X SR2 X ..o X SRZ
(2) Ot = 801 X 302 X ... X SCM
are the row-stabilizer and the column-stabilizer of t, respectively.

Considering Definition 2.3.1, for a subset H C §,,, set

(1) H = Y o

oceH

(2) H- := > sgn(o)o,

oceH

and define the following element of C[S,],
Ry i— Ct_
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Definition 2.3.2. Let t be a A\-tableau. The polytabloid of type t is the element
ey 1= Kdgp.
Furthermore, the S,-submodule generated by all the polytabloids,
S* = (oe, € MMo € S, t € Tab()\)),

is the associated Specht module.

The claim is that the arrival of Specht modules ends the search for all the irreducible
group representations of S,,. With that said, the next lemma will be helpful in providing
justification to this claim.

Lemma 2.3.3. Lett be a tableau, and o € S,,. Then

(1) Ryt = cRyo™ 1,

(2) Cypy = 0Cio™ 1,

(3) Kot = oKio L,

(4) e,s = oey.
Proof. For part 1, note 7 € R, if and only if {7t} = {t}. Write {7t} = {707 (ot)}. Then
{ro=Y(ot)} = {t}. Thus

{or07 (ot)} = o{ro ot} = o {t} = {ot},

and hence o7o0~! € R,,;. Therefore c R0~ C R,;.

Conversely, replace t with ot, and o with 0~! to conclude 0 ' R,,0 C R, and equivalently,
R, CoRo!

The proof of part 2 is analogous to part 1, by considering the dual notion of column-
equivalence between A-tableaux.

For part 3, note that, for any 0,7 € S,,, sgn(o7o™!) = sgn(7). Thus

oot = Z sgn(r)oro = Z sgn(oro oro ! = Ky

TeC} o

Finally, part 4 follows from the observation,
oer = OR0py = (a/@ta_l)aé{t} = KotO{ot} = Cot-

O

An immediate consequence of part (4) of Lemma 2.3.3 is that the Specht module S is
generated by any M-tableau ¢, i.e. S* = (oey|o € S,). In addition,

S* = span{e, | t € Tab(\)},

and therefore S* has a basis consisting of some collection of polytabloids {e;, | i € [dim S*]}.
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2.4 Orderings on shapes

The following partial order will be needed in showing that the Specht modules arising from
two different partitions of n are inequivalent.

Definition 2.4.1. Suppose A = (A, Ay, ..., \) F noand p = (ug, plo, ..., ig) & n. Then A
dominates p ,written A > p, if

AL+ Ao+ o+ A > g e g,
for all ¢ > 1. If i > [ (respectively ¢ > k), then \; (respectively p;) is taken to be zero.
Theorem 2.4.2. The relation > is a partial order on the set of partitions of n.

Proof. The relation > is reflexive and transitive since the standard order > on Z is reflexive
and transitive.

Now suppose A > p and u > X for A = (A, Ag, ..., \) F noand p = (ug, o, ..., ig) = n.
Then A\ + Ao+ ...+ X\; = p1 + o + ... + p;, for each ¢ > 1. Thus Ay = ;. Using induction, one
verifies \; = p; for each @ € [I] = [k]. Hence A = u, and therefore I> is anti-symmetric. [

The utility of this partial ordering will be from the application of the following lemma.

Lemma 2.4.3. Let A\ = (M, Ao, .., \) B n, o= (pa, oy .., i) B n, and let t and u be
tableaux of shapes A and , respectively. If, for all i € [k], the entries of the ith row of u
appear in different columns of t, then A > p.

Proof. First note that if 0 € S,, preserves the columns of ¢, then the hypothesis still holds
for v and ot.

Now, by hypothesis, one can first permute the entries of each column of ¢ so that the
elements of {u;; | j € [u1]} all appear in the first row of ¢;, where ¢; is the new tableau
obtained from the permutation. Thus \; > p;.

Again, the hypothesis holds for u and t;. So, permute the entries of each column of ¢,
not belonging to the first row of u so that each elements of {us; | j € [us]} also appears in
the first and second row of t,, where ¢, is the new tableau obtained from the permutation.
(To be exact, in t;, the entry us; will go to the first position of its residing column, or to
the second position of that column if the first position is already taken by an entry from the
first row of u.) Hence \; + Ay > py + po.

Finally, one repeats this procedure up through the ith row of u so that the corresponding
entries appear in the first ¢ rows of some tableau of shape A. Thus

and therefore A\ > p. O

This section concludes with another useful result. It doesn’t pertain to the partial order
B>, but its placement is justified due to its similarity with the previous lemma.
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Lemma 2.4.4. Let A = (A, Ao, ..., \)) F n, and t,u be A-tableauz. If, for each i € [\], the
entries of the ith column of t appear in different rows of u, then for some o € C},

{u} = {at}.

Proof. Like the proof of Lemma 2.4.3, by hypothesis, one can permute the entries in each
row of u to obtain a new tableau u; such that, for each 7, the ith column of u; and t consist
of the same entries. In other words, for some o € (4,

uy = ot.

Therefore {u} = {0t} since u; and u are row equivalent. O

2.5 The submodule theorem

It will now be shown that the collection of all Specht modules S* forms a complete set of
distinct irreducible §,-modules. Using the results established in Section 1.5, the number of
distinct irreducible S,,-modules equals the number of partitions of n. Therefore the objective
is to verify that each Specht module is irreducible, and that different partitions of n yield
inequivalent modules. Note that the bulk of this section is comprised of preliminary results
needed for this argument.

Lemma 2.5.1. Let H < S,,, and 0 € S,. If H contains an odd permutation, then half of
the permutations in o H are odd and half of the permutations are even.

Proof. First, for any o € S,,, sgn(o) = 1 if and only if o is even. Suppose now o € H is odd.
Then
sgn |g — {1}

is a surjective group homomorphism. Therefore the result follows by the first isomorphism
theorem with Lagrange’s theorem for finite groups, i.e.

|H| = [H : ker(sgn |g)] - | ker(sgn |g)| = 2 - | ker(sgn |g)|-
[l

Lemma 2.5.2. Suppose H < S,, acts on a set X, and let x € X. If H,, the stabilizer of x,
contains an odd permutation, then

H7), =0.

Proof. Let 0,7 € H. Note that if 7 € 0 H,, then 70, = ¢d,. Thus

Z sgn(7)7o, = Z sgn(7)od, = s0d,

TETH, TEOCH,

where s = Y sgn(7). But by Lemma 2.5.1, 0 H, contains an equal number of even and
TEoH,
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odd permutations, since H, contains an odd permutation. Thus s = 0, and hence

Z sgn(7)7é, = 0.

TETH,
Finally, let {01, 09, ..., 04} be a transversal for H, in H. Then
k
ngn(r)de :Z Z sgn(7)7d,.
T€EH i=1 17€0,;H;
Therefore H= 9, = 0. O

Proposition 2.5.3. Let A = (A1, Ao, ..., N) and p = (p1, o, .., ig) be partitions of n, and
let t and u be tableauzr of shape \ and u, respectively. If X u, then

/@té{u} =0.

Proof. First, the contraposition of the implication in Lemma 2.4.3 states that if A ¢ 4, then,
for each t € Tab(\) and u € Tab(u), there is some row of u containing two entries ¢ and
J, which both lie in some same column of ¢. Thus the stabilizer of {u} in C; contains the
transposition (4, 7). Therefore by Lemma 2.5.2,

Hté{u} = C;(S{u} =0.
]

Note that an equivalent statement of this proposition is that if x, # 0 as a linear operator
on M*, then A\ > p.

Lemma 2.5.4. Let A = (A1, Ao, ..., \)) Fn, and t,u be tableaux of shape A. Then

5o sgn(o)e; if {u} = {ot} for some o € C,
Rl = 0 if {u} # {ot} for every o € C;

In particular, k.f is a scalar multiple of e, for all f € M.

Proof. Suppose that {u} = {ot} for ¢ € C;. Then

KeOfuy = Z sgn(7) 7001y = Z sgn(7)(70)dp = sgn(o)e;

T€CY T€C}

since sgn(7) = sgn(o) sgn(70).

Now suppose {u} # {ot} for any o € C;. Then by Lemma 2.4.4, there is some column of
t containing two entries ¢ and j, which both lie in some same row of u. Thus the stabilizer
of {u} in C} contains the transposition (i, j). Therefore by Lemma 2.5.2,

lit(S{u} = 015_6{11} =0.
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Recall from Section 1.5, M* has an invariant inner product (- | -).

Lemma 2.5.5. Let H be a subgroup of S,, and f,g € M*. Then

(f 1 H g)=(H f]g),
In other words, H™ is self-adjoint.
Proof. Tt will be enough to show that the lemma holds for the standard basis. Indeed, let ¢
and u be tableaux of shape A. Then by Proposition 1.5.2, for any o € S,
Oy | 00quy) = (07100 | Oguy)-

Thus
<5{t} | sgn(0)05{u}) = <sgn(a_1)a_15{t} | (5{u}>

since sgn(o~!) = sgn(o).
Now notice that, since H is a subgroup,

Z sgn(o ot = Z sgn(o)o = H™.

oceH oceH
Thus
D> (Bt | sen(@)adpy) = 3 (senlo™ o™ 0 | ).
oceH oceH
and therefore (g | H 0guy) = (H dq43 | Oguy)- N

Theorem 2.5.6 (The Submodule Theorem). Suppose W is an S,—submodule of M*. Then
S* C W, or 8* L W. In particular, each S* is irreducible.

Proof. Let v e W, f € 8*, and u € Tab(\). Suppose that, for every w € W,
(w]e,) =0.

First, since S* is generated by any tableau of shape ), for some collection of complex

numbers {c, },
f= chaeu.

UES’n

Set F'= > cto~! € C[S,], where ¢ is complex conjugate of ¢,, and note that, by Propo-
O’GSn
sition 1.5.2,

(0] f) = (Fv|eu)

However, W is a submodule. Thus F'v € W. But by the assumption, (Fv | e,) = 0. Therefore
(v] f) =0, and hence S* C W+.
Now suppose S* € W+. Then for u € Tab()), there is some w € W, such that

(w | e,) #0.
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By Lemma 2.5.5, (w | e,) = (kyw | dgy3). Thus s,w # 0. But s,w = ae, for some a € C.
Hence, e, € W since W is invariant. Therefore S* C W since S* is generated by e,, and W
is a submodule.

To see that S is irreducible. Apply Maschke’s Theorem to M?, and note that S* cannot
be orthogonal to every irreducible submodule in the decomposition of M?. O]

Proposition 2.5.7. Let A\, u - n, and suppose there is some nonzero ¢ € Homg, (S*, M*).
Then A > p, and if A = p, then ¢ is a scalar.

Proof. Suppose ¢ € Homg, (S*, M*) is nonzero. Then there is some ¢ € Tab()\), such that
¢(e) # 0, for basis vector ¢;. Note that

Kip(er) = P(kier),

since ¢ is a homomorphism of §,-modules. Now

Ki€p = Z sgn(o)oe, = Z sgn(o)eq.

oeCl oeCy

Also, e,y = sgn(o)e; whenever o € Cy. Thus ke, =| Cy | €4, and consequently

rep(er) =| Cy | p(er) # 0.

So Ky is nonzero as a linear operator on M*. Therefore by Proposition 5.3.5, A > pu.
In addition, suppose A = p. Then by Lemma 2.5.4, k;¢(e;) = ce; for some nonzero ¢ € C.
(¢ # 0, since kyp(e;) # 0) But it has just been shown that x;¢(e;) =| Cy | ¢(e;). Thus

Cc

¢(€t) = met.

Finally, suppose e, is another basis vector of S* for u € Tab(\), and let o € S, such that
u = ot. Then by Lemma 2.5.4, ¢, = oe;. Thus

c c
€) = ——0€6 = ——€,.

dlen) = dloe) = ai(er) = of A [

c
1Cil
Therefore ¢ is a scalar. O]
Theorem 2.5.8. The collection of all Specht modules

{S*| Ak n}
forms a complete set of irreducible S,,—modules.

Proof. First, by Theorem 2.5.6, all the Specht modules are irreducible. All that remains
then is verifying that, for any A, u - n,

St = sH
if and only if A = p.
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Suppose S* = S#. Then by definition, there exists some invertible ¢ € Homg, (S*, S*).
But, S* C M*. Thus ¢ € Homg, (S*, M*). Therefore A\ > u by Proposition 2.5.7. On the
other hand, ¢—! € Homg, (S*,S*). Thus pu > X as well. Therefore A = p.

Finally, the set of distinct irreducible &, —modules is in one to one correspondence with
the set of partitions of n. Therefore {S* | A F n} gives the full set of distinct irreducible
S,,—modules. O

This section closes with a convenient computational rule to calculate the the dimension
of each Specht module of a given integer n > 1. Unfortunately, the proof of the validity of
the formula will be omitted as justification is far from trivial. See Appendix C in [4] for
proof. Let A F n. The hook length of a position in the Ferrer’s diagram of X is the number
the positions to its right plus the number of positions below it plus one.

Theorem 2.5.9. Let A\ n, and define hy to be the product of all hook lengths in . Then
n!

dim S* = %

2.6 General projection operators

To get full use out of S,,, a more tangible collection of irreducible modules will be utilized. To

explain, in the next chapter it will be shown that the modules carrying the irreducible tensor

product representation of GL(m, C) can be constructed as the images of specific operators

built from the integer partitions. It is the purpose of this section to define these elements, and

through the aid of the Specht modules, obtain these new versions of irreducible §,-modules.
Let t be a tableau of shape \. For the following definition, set

1= R

Definition 2.6.1. Let ¢ be a tableau of shape A - n. The general projection operator of type
tis
€t = R¢ly

Note that €; is not a true projection since in general, €2 # ¢; but rather, ¢ = Ce¢; for some
constant C.

Example 2.6.2. Recall Example 2.1.2. Let ¢ be the tableau of shape A\; = (4) + 4 defined
by

t17j :]
for j € [4]. Then ¢ = > 0. Note that, ¢, only differs by a constant from the projection

g€Sy
operator of the subspace of symmetric tensors inside the 4th-fold tensor power of some

arbitrary finite-dimensional vectors space. Likewise, now let ¢ be the tableau of shape A3 =
(1,1,1,1) I 4 defined by
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for i € [4]. Here, ¢, = > sgno, which itself only differs by constant from the projection
oES,y
operator of the subspace of anti-symmetric rank-4 tensors. Finally, let ¢ be the tableau of

shape Ay = (2,2) F 4 given by
tip=1 tig=2
to1 =3 oo = 4.
Then R, = Sg12y X Sz gy, Cr = Sq13y X Spa43, and
e =(()=(13) = (24 + (13)(24) (() + (12) + (34) + (12)(34)),
where for simplicity, () denotes the identity permutation. After some calculation,
a=()+(12)—(13)—(24)+(34) —(123) — (134) — (142)...

o= (243)+(14)(23) +(1324) — (1342) 4+ (1423) — (1432).
It too will define some subspace of rank-4 tensors. Thus this exercise shows the motivation
for the name general projection operator.
Definition 2.6.3. Let R be a ring and let a € R. Then the principal left ideal generated by
a is

(a)p :={ra|r € R}
Theorem 2.6.4. Lett be a tableau of shape N+ mn. Then
(1) = M» and (€)= S
as S,—modules. In particular, (€) is irreducible.

Proof. First, M* is generated by Sy So let ¢ = () — M?* be the linear extension of the
following assignment:

¢(0Lt) = 5{075}7
for each o € S,,. In other words, if f = > a,0 € C[S,], then
0€S,
¢(th> = Z aaé{at}‘
oES,

To verify that ¢ is well-defined, let 0,7 € S,, and suppose ot; = 7i;. Then (771'0)u; = 1,

and
Z (t7lo)r = Z?T

TER; TER:

if and only if (t7'0) € R;. Consequently, the tableau 77 'ot is row equivalent to ¢. Hence
{r~tot} = {t}, and dg;—14yp = dg3. Thus

Tﬁlaé{t} = 6{1&};
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and 00y = 76y Therefore ¢(ot) = ¢(Tet).
Furthermore, ¢ was constructed to be a S,—homomorphism. To see this, let 7 € S,,.

Then
Tf = Z a,TO

O’ES’m

for f= > a,0 € C[S,,]. Thus
0EST
o(r(fu)) = o((7f)(w))
= Z a’o'(S{TO't}

TESMm

= Z CLUTé{Ut}

O'GSm

= 7'( Z aa(g{gt})

cESM
= 7(o(fu))
Finally, ¢ is a bijection. Indeed, let d € M*. Now M?* is cyclic. Thus d = > a,00p,
O'GSn

for some collection of constants {a, }, C C. With this, if f = > a,0 € C[S,,], then
UGSm

¢<f5t) = Z aa'(s{o't} = Z agO'(S{t} =d.

O'ESm O'ES’m

Therefore ¢ is onto. Now, suppose fi; € ker ¢. Then

0 = ¢(fu)

= Z CLU(S{Jt}.

gESy
But, {0{o1} | 0 € S} is a basis for M?*. Thus a, = 0 for all o € S,,. Therefore fi; = 0, and
<Lt>L = M)\

as S,,— modules.
For the second assertion, note that () < (1)1 since ¢ = Kyt Furthermore,

$((e)s) = S
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Indeed, S* = (0e; | 0 € S,,) and

Pler) = ¢ (ke(ue))
= re(o(ur))
= KOqyy

= €.

Thus ¢(e;) generates S* since ¢ is a S,-homomorphism. Therefore (;); = S*.
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Chapter 3

Irreducible tensor representations of

GL(n,C)

As an infinite group, the representation theory for GL(n,C) is more complicated than the
theory for finite groups. For example, Maschke’s Theorem and the classification methods
established in the Chapter 1 cannot be applied. Fortunately, the symmetric group can be
utilized to find the irreducible representations for GL(n,C), carried in the various tensor
powers of C". Yes, a simple connection between S,, and GL(n, C) allows for the association
of the irreducible tensor representations with integer partitions, along with the obtainment
of the corresponding irreducible GL(n, C)-modules as image spaces of the general projection
operators introduced in Section 2.6. Ultimately, these irreducible GL(n, C)-modules are the
source for all the irreducible representations of the special unitary group, SU(n).

The results needed from this chapter will be established in complete generality using the
general linear group of an arbitrary finite dimensional complex vector space, denoted as V',
with n := dim V. These methods are modeled by the treatment offered by Sternberg [4].

For a non-negative integer m, let

VO =V V®..0V

m—times

denote the m—fold tensor product space of V. By convention, V®° := C. However, this
case is of no interest here. Thus one assumes that m > 1.
Note that tensors of the form v; ® v9 ® ... ® v, are called monomials, and

VO™ — span{v; @ vy @ ... @ vy, | v; € Vi € [m]}.

In fact, one has the following.

Proposition 3.0.1. Suppose B = {e1,es, ..., e} is a basis for V. Then
B = {61'1 & €iq & ... X Cim | (’il,ig, 7Zm) c [n]m}

is a basis for V&™.
Sometimes for convenience, e;, ® €;, ® .... ® ¢;, will be denoted as ey, where I =
('&1, 19, ..y Zm).
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3.1 VO®™ as a GL(V)-module and S,,—module.

The symmetric group acts on the set of monomials by setting
o1 @ V2 @ ... @ Vpy) 1= Vp-1(1) ® Up-1(2) ® ... @ Vg—1(m)

for all o € §,,,. This is a group action. One can consider the monomial v; ® 19 ® ... ® v, as
an assignment from [m] to V' defined by

1= ;.

So, if i — v;, then the vector v; € V is in the ith position of the monomial. Therefore S,,
acts on monomials as it would on functions from [m] to V, i.e. of = f oo !. The m-fold
tensor product space V®™ becomes an S,,-module when this action extends by linearity
from monomials to all tensors.

In addition to this, GL(V) also acts on monomials by setting

A9 (1] @ Uy ® ... @ V) 1= A(v1) @ A1) @ ... @ A(vy),
for all A € GL(V). This is also a group action since
A®"B = A®"Be™,

The space, V®™ becomes a GL(V)-module when this action extends by linearity from
monomials to all tensors. From this point on, the GL(n, C)-representation will be denoted
as T®™ i.e.

TO™ : A A®™,

3.2 The commuting action of GL(V) and S,, on V®™.
Considering the defining actions of GL(V) and S, on V®™ one has
7o AP — ABM o
for all 0 € S, and A € GL(V). What will need to be shown is that
Homg,, (VO™ VO™) = span{A®™ | A € GL(V)}.

Ultimately, the ability to obtain the desired irreducible representations of GL(V') rests on
this result. Therefore the remainder of this section is set to justify this identity.

By fixing a basis B = {w; | i € [n]} on V one can identify Home(V, V) with C**, endowing
Homge(V, V) with the metric space induced from the euclidean topology.

Lemma 3.2.1. Let V' be a vector space. Then for any A € Home(V,V), there exists a
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sequence (By)nen in GL(V), such that

lim B,, = A.

n—oo

In particular,

Home(V,V) = GL(V).

Proof. 1t is sufficient to prove this using matrices. Let A € M,(C) \ GL(n,C). Since C is
algebraically closed, A is similar, via some P € GL(n,C), to the block diagonal matrix

Ji
Jo
Jp

for some [ > 1, where each J;, is a Jordan block corresponding to an eigenvalue of A. So,
for each k > 1, define C'(k) by replacing every eigenvalue equal to zero with the number %
Now, set B, = P~'C(k)P. Then

lim B, = P'CP = A.

k—oo

Therefore M,,(C) = GL(n,C). O
Lemma 3.2.2. For each m > 1, the assignment
P AIRAR..QAL— (AR AR...QA,)
defined by setting
VAT R AR .. QAL (1 @U@ ... ®Upy) 1= A1(v1) ® Ax(v2) ® ... @ Ap(Vpn),
for monomials, extends by linearity to an isomorphism
¢ : Home (VO™ V&™) = Home(V, V)®™,

Proof. Since
dim Home (V®™, V&™) = p*™ = dim (Homc(V, V)®™),

the goal is to verify that the linear extension of ¢ (still denoted as ) is a surjection.
Let
B = {eil & €is & ... X Cim | I = (il,ig, ,Zm) S [n]m}

be a basis for V®™ induced by a basis B = {e1, s, ...,em} of V. Let

B € Homg (VO™ y&m),
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Then for each I =€ [n|™

B(eil X €iq ®R....&Q eim) = Z BJ[eJ.

Consider
AiRAR...®A, € HomC(V> V)®

If [Ag]g has entries a(k) then

Jkik)
@(A1®A2®®Am)<€“ ®€i2®“'-®eim> = A1(611>®A2<612) ®Am(ezm)
= > al)ua DMy

Jemn]™
Now, it is possible to define A; ® A; ® ... ® A,, so that
a(1)j,i,0(2) jpin---a(m)j, i, = Byr
for all 1, J € [n|™. Therefore ¢ is surjective. O

For the following, the abuse of notation

VRXUVR..AV=Z0RUVR ...V
N e’

m—times
will be implemented for simplicity. A tensor z € V™ is symmetric if oz = z for all 0 € S,,,.
Lemma 3.2.3. Let S™(V) denote the subspace of symmetric tensors in V™. Then
S™V)=span{fv@v®..Qv|veV}
Proof. The method of proof is mirrored from Sternberg [4], Chapter 5. Let
B™"={e;, @€y, @....0¢€; | I = (i1,i9,....10m) € [n]"}
be the basis for V®™ induced by a basis B = {ey, es, ..., e, } of V. Consider
b € Home (VO™ @m)

given by

= 20

cESH

Note that 1, is a projection operator from V®™ onto S™(V). Indeed, let z € S™(V). Then
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tm(z) = z. Conversely, if ¢,,(z) = z, then, for each o € S,,,,

oz = 0(tn(2z))
(otm)(2)
tm(2)

= Z.

Now, the collection
{tme;;, ®e;, @....0¢; )| I €[n]"}

is a spanning set of S™ (V). Consequently

{tmlen ®ein @ .o ®e;,) [ 1 <4 <idg <. <y, <}

is a basis for S™(V).
Consider the monomial v ® v ® ... ® v, where v = 22:1 creg. First,

VRUVR...RV = Z Ci; Ciy-..Ci,, €4y X €iq X ... ® Cim -
Ign)™

By applying the operator ¢,,, one has

(V@ V®...Qv) = Z Ci;CigCip b (€1, D €4, @ ... R €y, ). (3.2.1)

Ie [TL] m

However,
tm(€i, R, @ ... @€ ) = ty(oe;, Re, @....Re; ),

for all o € S,,, and I € [n]™. Consider now
{(Jeh™|1<ji <ja <. <jm <},

and set k(J); to be the number of times i € [n] appears in the m—tuple J. Using this, the
right hand side of 3.2.1 reduces to

m| k(*])l /C(J)g k(J)n
Z]: (k(J)ﬂk(J)g!...k(J) 1 GGy tm(ey).

But, t(v®@v®...®v) =mlv®v® ... ®v. Therefore

c]f(“])lcg(‘])z...cﬁ(‘])"
VO = XJ: TR k) ) e
Now, consider the coefficients ¢;, i € [n] to be complex variables so that one may apply
the differential operator
am
(0 )F D1 (D) F 02Dy K

(3.2.2)
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tov®v®...®¥w, and find

am(v®v®®fu) B ( )
(D¢, ) N (Deg)FDz__(Dey ) KD tm(€)).

The action of 3.2.2 on v ® v ® ... ® v is, by definition, built from a composition of limits.
Thus

tm(ey) Espan{v @V ...@v|v eV}

since subspaces in V®™ are closed topologically. Therefore

span{v @ v ® ...Qv |ve V}=95"(V).

Corollary 3.2.4. For all positive integers m,
S™(Home(V,V)) =span{A® A®..® A| Ae GL(V)}.
Proof. Apply Lemma 3.2.3 in the setting of Hom¢(V, V') to find
S™(Home(V,V)) =span{A R A®...@ A| A € Home(V,V)}.
But by Lemma 3.2.1, Home(V, V) = GL(V). Furthermore, the subspace
span{A®@A®..®A|AeGL(V)

is closed, and thus contains the limits of all the sequences of its elements. Therefore, for all
B € Hom¢(V, V),

BoB®..@Bcspan{A®A®..®A|AcGL(V)}.

Theorem 3.2.5. For each positive integer m > 1,
Homg,, (VO™ VO™) = span{A®™ | A € GL(V)}.
Proof. Let ¢ be the linear isomorphism from Lemma 3.2.2. Then for all A € GL(V),
P(ARA® .0 A) = A®™

Hence,

span{A®™ | A€ GL(V)} = p(span{A®@ A® .. @ A| A€ GL(V)}).

Note that ¢ is an S, — isomorphism between Home(V®™, V&™) and Home(V, V)®™, where
Homg (VO™ 1V®™) is considered an S,,,—module under the action

(0,T) co0Too
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Indeed, let v; ® ... @ vy, € VO™ A1 ®...® A, € Home(V,V)®™ and ¢ € S,,,. Then

(0(p(A1® .0 A)) (1 ® ... QVp) = (oA ®..0An) o0 N1 ® ... Q)
(0op(A1 ®...0 Ap)) (Vo) ® ... ® Up(m))
= 0 ((Al(vg(l)) ®..Q Am(va(m)))

= A(fl(l)(vl) X ...R Agfl(m)(vm).

On the other hand,

Po(A® .. QAL)) (1 ® ... V) = ©(Ar10)® ... ® As-1(m)) (V1 ® ... ® Vpy)
= AU—1(1)<U1) ®...Q Ao-—l(m) (Um>

Therefore ¢ is a S,,—isomorphism. as claimed.
With this in mind, Homg,, (V®™ V®™) and S™(Home(V,V)) are the isotypic compo-
nents of the trivial S,,—module in
Homg (VO™ VO™) and Home(V,V)®™,
respectively. Hence
Homs,, (V&™, V&™) = o(S™(Home(V, V))).
Therefore by Lemma 3.2.3,

Homg,, (VO™ VO™) = u(S™(Home(V, V))) = span{A®™ | A € GL(V)}.

3.3 Homg, (S}, V®™): An irreducible GL(V)-module

By Maschke’s Theorem, V®™ is completely reducible as an S,,,—module. In addition, all the
distinct irreducible S,,—modules are given by the Specht modules S*, one for each A - m.
Using this, one can write the decomposition of V& as

ven =

AFm

where, for each A F m, W?* is the isotypic component corresponding to the Specht module
S* of multiplicity my > 0.
Moreover, each W* is a GL(V)—module as well. Indeed, for any A € GL(V) and A - m,
ASTWA) = WA

since A*™ € Homg,, (V®™ V®™). Now the objective is to obtain an irreducible GL(V)-
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module from W* using the identity
Homg,, (VO™ VO™) = span{A®™ | A € GL(V)}.

This is necessary since one cannot appeal to Maschke’s Theorem to decompose W?* into
irreducible GL(V')-submodules, as GL(V) is not a finite group.
So, suppose that W* # {0}, i.e. my > 0. Then by Proposition 1.4.1 and Corollary 1.4.4
respectively,
WreCm @St

as S,,-modules, and

Homg,, (W, W) = Home(C™, C™)
as rings. With this in mind, it will be beneficial to illustrate the second isomorphism by ana-
lyzing how Homg, (W?*, W?) interacts with Homg,, (S*, V®™). Consider the decomposition
of W into irreducible S,,—modules

Wr=wrew)o..ow)

my?

and let

{9 i € [mal} (3.3.1)
be a collection of S,,— isomorphisms such that ¢; : S* — W. In addition, for each i,j €
[m,], let ¥;; € Homg,, (W*, W?) be an S,,,— isomorphism such that

Uy (W) =W,
and W,;; (W) = {0} for all k¥ # j. This collection does exist: One can start with W;; €
Homs,, (W}, W}). Then afterward, lift W;; to all of Homsg, (W?*,W?*) by declaring that
(W) = {0} for all k # j.

Now by construction, {W,; | (i,7) € [m,]*} forms a basis for Homg, (W?*, W?) since this
collection is linearly independent, and dim(Homs,, (W*, W?*)) = m3. Furthermore, using a
similar argument, {¢; | i € [my]} is a basis for Homg, (S*, V®™), where each ¢; spans the
one dimensional Homsg,, (S*, W?).

Note that ¥;; o ¢; € Homg,, (S*, W) since the composition

\IIZJ O¢j 28/\ — Wi/\

defines another isomorphism. However, ¥,; o ¢; = ¢;;¢;, for some constant ¢;; € C. So, set
O = i‘lll] for each 7, 5. Then
©ij 0 o1 = 0ju;.
The collection
{031 (i) € ]2} (3.3.2)
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is another basis for Homs,, (WA, W*). Thus if Z = Y7, - a;;0;; and ¢ = 7, bi¢y, then

E oYy = (Z aij@i]) O (Z bz¢z>
i=1

i,j=1
mx

= ) ayb (050¢)
1,5,0=1
mx

= E aijbl5jl¢i
i7j7l:1
mx mx

= E E agby | ¢;.
i=1 \I=1

Therefore, if e; denotes the ith standard basis element, and Eij denotes the (i,7)th
transformation unit, i.e.

Eij(el) = 04164,
then Homg,, (S*, V®™) = C™ and Homs,, (W?*, W) = Home(C™) using the identification,

¢i<re; and 0O;; < EA’W
Motivated by this is the following definition.

Definition 3.3.1. Let A F n, and let W be the isotypic component associated to S*. The
set
U* := Homg,, (S*, VO®™)

m

is the multiplicity space associated to W,

It will be shown that U* is an irreducible GL(V)-module. But first, it needs to be
established that U* is indeed a GL(V)—module. Let A € GL(V) and ¢ € U* Then

A®mo(,0€U>\

since the domain of
A®™M o %

is S*, and since the composition of two functions that commute with S,, also commutes with
S
In addition to this, A®™ is complex linear. Thus, for all a,b € C and ¢, € U*,
A®" o (ap + b)) = a(A®™ o @) + b(A®™ 0 1).

Therefore, post-composition by A®™ is also complex linear.
Furthermore, post-composition defines a group action. Indeed. first,

T o = (idygn) 0 v = ¢.
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And second, let A, B € GL(V), let p € U*\ {0}, and suppose that f € S*. Then

((A""B)op)(f) = (A®"B)(e(f))
= AT(B"(e()))),

where

(A" 0 (B0 @))(f) = A®™((B" o ¢)(f))
= AT(B*"(o(f)))-

By Schur’s lemma, ¢ is injective since it is not equal to 0, and S* is irreducible. Thus
(A®™B) o p and A®™ o (B¥™ o ¢) are also injective. Hence

(A%™ o (B¥™ 0 0))(f) = (A" B) 0 0)(f),
and therefore
(A®"B) o ) = A®" o (B®™ 0 ¢).
Now that U? is a GL(V)—module, the next lemma will be useful to show that U? is also

irreducible.

Lemma 3.3.2. Let V be a G—module, and p : G — GL(V') denote the representation that
V' carries as a G—module. If

{p(g) € GL(V) [ g € G}
spans all of Home(V, V'), then V is irreducible.

Proof. Suppose that W < V' is a nonzero G—submodule, and let w € W. First, lift w to a
basis {w, by, ..., b,—1} of V. Now, for each j € [n — 1], define £; € Hom¢(V, V) by

Ej(w) == bj,
with E;(b;) := 0 for each i € [n — 1].

By the hypothesis that {p(g) € GL(V) | g € G} spans Hom¢(V, V), there exists N; > 1
and collections {g;;} C G and {a;;} C C such that

()

N;

B = ajip(g;)
=1

for each j. However, this implies that

bj = Ej(w) = Zajip(gji) w = Z (ajip(gji)w) -

Thus b; € W since w € W, and W is a G—submodule. Therefore W = V. O]

Theorem 3.3.3. Let A - m, and suppose W?, the isotypic component associated to S*, is
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nonzero in VO™, Then the corresponding multiplicity space U is an irreducible GL(V)-
module.

Proof. Since my > 0, let {¢; | i € [m,]} be the collection of S,,,— isomorphisms introduced
in 3.3.1, and recall from 3.3.2, the basis for Homg, (W?*, W?), {©;; | (i,7) € [ma]?*}, such
that
Oij o o1 = 0u;.
Now, {¢; | i € [m,]} is a basis for U since by definition, U* = Homg, (S*, V®™). With
this in mind, note that
Homs,, (W, W*) = Home (U, U%),

which is established by use of the action of {0;; | (4,7) € [ma]*} on {¢; | i € [m,]} stated
above. Furthermore, by Theorem 3.2.5,

Homg,, (VE™ VO™) = span{A®™ | A € GL(V)}.

Thus for each ©;;, there exists an N;; > 1 with collections {A;;;} € GL(V) and {a;;} € C
such that

_ E ®m
@ij = alijAh.j .
=1

In other words, if p : GL(V) — GL(U?) is the equivalent representation that U* carries

under the action
(A.g) = A0,

then {p(A) € GL(U*) | A € GL(V)} spans all of Home¢(U?*, U?). Therefore U? is an irre-
ducible GL(V)—module by use of Lemma 3.3.2. O

3.4 Realizations using the general projection operators

For each A - m, one will be able to construct an irreducible tensor representation of GL(V)
using the multiplicity space U* whenever the isotypic component W? associated to S* is
nonzero. Considering Section 1.4, if W* = 0, then naturally U* = 0. In this situation, no
corresponding irreducible tensor representation of GL(V') appears. There is a necessary and
sufficient condition to determine whether or not U* = 0; however, this will be addressed in
Chapter 6. (See Corollary 6.3.3.)

Let A = (A1, A2, ..., \) B m. The standard tableau of type A, denoted t,, is the tableau
such that

(ta); = J,
for all j € [\], with
(ta)ij = A+ A+ .+ Xim1) + 4,
for all 2 < ¢ < [, and all ;7 € [X\;)]. Intuitively, ¢, is obtained by listing the integers of

[m] in their natural order successively in the rows of the Ferrers diagram of the partition
A. Considering Section 2.6, the general projection operator of type t, naturally defines an
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element of HomGL(V)(V‘X’m, V®m™) via the assignment
v =€, (v),

for all v.e V®™, (More generally, any F € C[S,,] defines one such element.) Consequently,
e, (VO™),

the image of V®™ under ¢, , is a GL(V)-submodule in V®™.
For the following lemma, note the following isomorphism of GL(V')-modules

U = Homs,, ((€t, )1, V®m),

where the action of GL(V) on Homg,, ({€;, )1, V®™) is given by post-composition. (For proof,
consider S* 2 (¢, )1, as S,,-modules.)

Lemma 3.4.1. Let v € V®™. Then the assignment,
evaly (F') := F(v)

for F € (e;,) 1, defines an S,,-homomorphism from (e, ), to V™.
Moreover, the assignment
v — evaly

is a GL(V)-homomorphism from VO™ to Homg, ({¢; )1, VO™) for each v € V™,

Proof. 1t is straightforward to see that evaluations of linear maps are themselves linear. So
let v e VO™ and F € (&, ). Then, for o € S,,,

evaly (0 F) = (0 F)(v) = o(F(v)) = o(eval,(F)).

Thus eval, € Homsg,, ({e;, )z, V®™).
Now, define
E:Vv®m _ Homsg,, ({€:,) 1, y®m)

by
E(v) := evaly.

Again, it is easy to verify that this map is linear. So, still considering the elements declared
above, let A € GL(V). Then

eval gom vy (F) = F(A®™(v)) = A¥™(F(v)) = A®™(evaly(F)).

Therefore,
E(A®m(v)) = eva1A®m(v) = A% o eval, = A8 o E(V)

O

Theorem 3.4.2. Let A = m. Suppose that W*, the isotypic component associated to S*, is
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nonzero in V™. Then, as GL(V)-modules,
U* =2 e, (VO™).
Proof. First, the GL(V')-homomorphism defined in Lemma 3.4.1,
v — evaly,

is surjective. Indeed, Homs,, ({¢;, )z, V®™) is irreducible since W* # 0. Thus by Corollary
1.3.4, the result follows.
Consequently, for some collection {v; € V&™ | i ¢ [dim U]},

{evaly, | i € [dim U]}
is a basis for Homg,, ({¢;, ), V™). Let ¢ € Homsg,, ({€;, )1, V®™). Considering Lemma 3.4.1,
eval, (¢) = ¢(e,)

is a GL(V)-homomorphism from Homsg,, ({€;, )z, V®™) to V™. In fact, this assignment is
nonzero since Homsg,, ((¢;, )., V®™) # 0. Thus by Schur’s Lemma, it’s a GL(V)-isomorphism
as well. O

With these last two points, note that
€1, (V) = evaly (e, ) = eval, (evaly)
for any v € V®™_ Thus
eval,, (Homsg, ({€t,)r, VO™ = ¢ (VO™).
Therefore, since eval,, is a GL(V')-isomorphism,
U* 2 Homs,, ({e,)2, VE™) = &, (VO™)

as GL(V')-modules.

3.5 (C"®™ as a GL(n,C)-module

With the standard basis, and the use of matrix multiplication on column vectors in C", one
sees (C")®™ as a GL(n, C)-module in a completely equivalent fashion as a GL(C")-module.
In fact, all the theory established in this chapter will be applied to the setting of (C")®™ as
a group module for GL(n, C), since the irreducible tensor representations of GL(n, C) carried
there provide all the irreducible representations for the subgroup SU(n).
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Chapter 4

Finite-dimensional representations of

SL(n,C), and SU(n)

It has been claimed that all finite dimensional irreducible representations of SU(n) can be
realized on the various tensor powers of C". Two questions must be addressed if this is to
be true: how can it be guaranteed that restricting the irreducible tensor representations of
GL(n,C) to SU(n) also yields irreducible representations for the subgroup? And, how can it
be assured that this method captures all the finite dimensional irreducible representations for
SU(n)? The answers are mediated by a third matrix group, the special linear group SL(n, C).
In addition, it will be necessary to employ the analytical structure that these matrix groups
possess as Lie groups. This must occur, as the irreducible tensor representations are examples
of Lie group representations, carrying more structure such as continuity and various degrees
of differentiability. This chapter will establish relevant representation theory for matrix
Lie groups, and that the finite-dimensional irreducible continuous representations of SU(n)
are in one to one correspondence with complex analytic representations of SL(n,C). The
importance of this result will reveal itself in Chapters 5 and 6, where it will be established that
the complex analytic representations of SL(n, C) are themselves in complete correspondence
with integer partitions characterizing the irreducible tensor representations of GL(n,C). The
following presentation on matrix Lie group is modeled after the treatment provided by B.
Hall [1].

The vector spaces are assumed complex and finite-dimensional, “finite representation”
of a matrix group will mean “finite-dimensional,” and furthermore, topological concepts
concerning M, (C) will be relative to the euclidean topology on M, (C) induced by norm |||,

where )
n 2
|X]|] = (Z kazl2>

k=1
for all X € M, (C).
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4.1 Elementary matrix Lie group theory

4.1.1 The special linear group and the special unitary group

Let n be a positive integer. The (complex) special linear group of degree n, SL(n,C), is the
set of complex n x n matrices with determinant one. It is known that matrices with nonzero
determinant are invertible. Therefore SL(n,C) forms a subgroup of GL(n, C).

Consider (- | -), the standard inner product on C". The group of unitary matrices of
degree n, denoted U(n), is the set of matrices that preserve the inner product, (- | -), i.e.

{(Av, | Aw) = (v [ w),

for each A € U(n) and all v,w € C". The group of special unitary matrices of degree n,
SU(n), consists of all unitary matrices with determinant equal to 1. In other words,

SU(n) = U(n) N SL(n,C)
and in particular, SU(n) C SL(n,C). An alternative description of SU(n) is
SU(n) = {A € M,(C) | AAT =1, det A = 1},

where AT denotes the conjugate transpose of A € M, (C).

4.1.2 GL(n,C), SL(n,C), and SU(n) as matrix Lie groups

Pleasantly enough, matrix Lie groups have simple origins. It might not apparent, but they
are, in fact, smooth manifolds (some being complex manifolds). The following definition
avoids the language of manifolds; however, this connection will be established later in Section
4.4.

For the following, consider the subspace topology on GL(n,C), inherited from the eu-
clidean topology on M,,(C).

Definition 4.1.1. A matriz Lie group is a closed subgroup of GL(n,C).

By the definition, GL(n, C) is clearly a matrix Lie group. In addition, SL(n,C) and SU(n)
are also matrix Lie groups. For starters, being a polynomial map in the matrix entries,

det : M,(C) —» C
defines a continuous function. By the definition of SL(n,C),
SL(n,C) = det™*{1}.

Thus, as the inverse image of a closed set under a continuous function, SL(n,C) is a closed
subset of M,,(C). However SL(n, C) is already contained in GL(n,C). Therefore SL(n,C) a
matrix Lie group.
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On the other hand, The assignment
A AAT

is continuous. Thus U(n) = {A € M,(C) | AAT = I,} is closed subset of M, (C). Con-
sequently, being the intersection of two closed subsets, SU(n) is closed as well. Therefore
SU(n) is a matrix Lie group since it a subgroup of GL(n,C) that is closed in M,,(C).

Matrix Lie groups form a subset of Lie groups in general. For reference, here is the
definition of an arbitrary Lie group.

Definition 4.1.2. A (complex) Lie group G is a group that is also a (complex) smooth
manifold such that

GxG — G

(z,y) — a7y

is a (complex analytic) smooth map between (complex) smooth manifolds.

4.1.3 The matrix exponential and logarithm

Interestingly enough, one can extend the definition of the real/complex exponential to the
setting of M, (C). This construct will be vital in the developments of theory matrix Lie
groups. For example, due to the fact that the Lie groups of consideration are all matrix
Lie groups, one will define the Lie algebra in terms of one parameter subgroups using the
exponential map.

Definition 4.1.3. The ezponential map, or matriz exponential of X € M, (C) is defined by

X2 Xk
eX::]+X+7+...+?+....

Remark. 1t was assumed that M, (C) is a valid domain for the matrix exponential. This is

indeed true. Since
K xh
> GT
k=1

for each K > 1, e* is convergent for all X € M, (C). Furthermore, note that the matrix
exponential is continuous on M,,(C) (See the proof of Proposition 4.1.5).

IR

1" < i
Ko

<

K
k=1

Having a significantly more restricted domain, is the related matrix logarithm.

Definition 4.1.4. Let A € M, (C). Then whenever convergence occurs, the matriz logarithm
of A is defined by

log(A) =) (—1>m+1$.

k=1

The following proposition shows that the matrix logarithm provides a continuous local
inverse to the exponential map.
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Proposition 4.1.5. Let A € M, (C). Then the function

A log(A)

exists, is continuous, and
elog(A) — A

whenever ||A — I|| < 1. Moreover, if ||A|| < In2, then |le* —I|| < 1 and
log(e?) = A.

Proof. See the proof found in [1]. However, the basic idea is to establish the proposition for
diagonalizable matrices. Then use the fact that these matrices are dense in M,,(C) since the
matrix exponential and logarithm are continuous operations. To see continuity, note that
uniform convergence of continuous partial sums is occurring for each operation on the sets
{X € M,(C) | ||X|| < R} of appropriate R > 0. This shows continuity on these 0 for each
series [

In addition to continuity, the exponential map and matrix logarithm are smooth (where
appropriate). Consider the following definition concerning differentiability of curves.

Definition 4.1.6. Let I be an open interval, v : I — M, (C) be a matrix valued function,
and suppose t € I. If the limit exists, then the derivative of v at t is defined by
dy(t) V(t+h) — (@)

g 2

Note that v is differentiable at ¢ if and only if, for all 1 < ¢, 5 < n, ~;; is differentiable at ¢.
Furthermore, if 7 is differentiable on all of its domain, then « is smooth whenever each ~;;
is smooth.

Proposition 4.1.7. For each X € M, (C),

t— X

defines a smooth curve on R, with

d

X tX
— et =Xe.
dt

Proof. The entries of e!* are given by convergent power series in the variable t. Indeed, for
each 7,7 € [n],

(etX). ) :Z t (X )i,j'

2, k)'
k=0 ’

Thus e defines a smooth function from R into M, (C). Now one is able to differentiate

convergent power series term-by-term. Therefore the result follows. For more detail see
[1]. O
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Definition 4.1.8. A continuous map v : R — GL(n,C) is a one parameter subgroup of
GL(n,C) if

(1) v(0) = I, and
(2) v(t+s)=~(t)y(s), for all t,s € R.

In other words, one parameter subgroups are continuous group homomorphisms from R into
GL(n,C). Importantly, these objects are well behaved in the sense that they must take the
form of a smooth curve outlined in Proposition 4.1.7.

Proposition 4.1.9. Let v : R — GL(n,C) be a one parameter subgroup of GL(n,C). Then
there exists a unique X € M,(C) such that

() = e
for all t.

Proof. Uniqueness is immediate by considering Proposition 4.1.7. Indeed, if there is an
X € M,(C) such that y(t) = X for all ¢, then

d

X = —
dt

(V)]0
To see existence, let ¢ < In 2, define
Ne = {X e M,(C) \ 1X]] < %}

and set Ny := {e¥ | X € N:}. If 4 is a one parameter subgroup of GL(n,C), then by
continuity of v, there exists a § > 0 such that

7(t) € Ni

for all [t| < . As a result, log~(t) will be defined for such values of t.
Consider the element

X = % log v(6).

First, v(0) = e’X since §X = log (). Furthermore, 7(2) € Ny, and thus

)
log 7y <§) € N%.
Consequently 2log fy(g) € N, since

o €
H210g7(§) <25 =c.
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Now, as a one parameter subgroup, (t)* = v(2t) for any ¢t. Thus

2n(d) _ (g) —(25) =20 =,

However, since e |y, is injective, 210g’y(g) = 0X. Hence logfy(g) =
By repeating this argument with ’y(%), one will find that log 7(%) =

7(%) — o1 X, Continuing,

)

>

5
73X

, and ”y(%) =e
, and consequently

Nisy

for all positive integers k. Thus for any integer m,

) ) " (m2)X
¥ mﬁ =y ok =e' 2k,

Finally, D = {m% | m € Z, k € N} is dense in R, and
y(t) =

for all ¢ € D. Therefore v(t) = X for all ¢ € R since they agree on a dense subset. O

4.1.4 The matrix Lie algebra

The Lie algebras of SU(n) and SL(n,C) will prove to be an invaluable tool in connecting
properties between the Lie group representations of the two matrix Lie groups. In addition
to this, by appealing to the Lie algebra, one will be able to establish the smoothness and
analyticity of Lie group representations for SU(n) and SL(n, C), respectively. In the language
of manifolds, the Lie algebra is the tangent space at the identity element of the Lie group. In
this treatment however, considering Proposition 4.1.9, the matrix Lie algebra will be defined
equivalently in terms of one parameter subgroups.

Definition 4.1.10. Let GG be a matrix Lie group. Its Lie algebra, denoted g, is defined by
the following set
g:={X € M,(C) | " € G, Vt € R}

For a simple illustration, consider GL(n,C) itself. Its Lie algebra is denoted gl(n,C). For
any X € M,(C), e¥ is invertible with

(eX)f1 —e X,

Therefore
gl(n, C) = M, (C).

Theorem 4.1.11. Let G be a matriz Lie group, and X,Y be in g. Then

(1) rX +sY € g, for all real numbers r and s, and
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(2) [X,)Y]€eg
Proof. This proof will make use of Lie’s product formula:

. x y\™m
XY = lim <em em) .
m—o0

Let r,s € R. If X,Y € g, then clearly rX and sY are as well. In particular, if m is a
positive integer, then & and % are in g for any real t. Therefore

tX
m
X ty\m™m
(e% etﬁ) e

since, by definition of g, both e and ew are in G. Now, matrix Lie groups are closed

subgroups of GL(n, C), and ¢ is invertible. Thus

! XHY) — XY — i (e% e%)m €q.
m—0o0
Therefore
X+Yeg

Finally, suppose that A € G, for each real ¢,

et(AXAfl) — AeX AL

Thus AXA™! € g. Using this with the identity

(X,Y] = % (e Ye™)|

shows that [X,Y] € g. Indeed, g is a closed subset of M,,(C). O

t=0"

By Theorem 4.1.11, matrix Lie algebras equipped with the matrix commutator are real
Lie algebras in the abstract sense, i.e. a real vector space endowed with an anti-symmetric
bilinear product satisfying Jacobi’s identity. However for GL(n,C), gl(n,C) is clearly a
complex vector space. In other words, gl(n,C) is a complex Lie algebra, a Lie algebra that
is also a complex-linear subspace of gl(n,C). Moreover, SL(n,C) too has a complex Lie
algebra, seen by the following theorem.

Theorem 4.1.12. Let sl(n,C) denote the Lie algebra to the matriz Lie group SL(n,C).
Then
sl(n,C) ={X € M,(C) | tr(X) = 0}.

Furthermore, sl(n,C) is a complex Lie algebra.

Proof. This proof will be centered on the following identity. For any X € M, (C),

det(e¥) = "0
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Thus if X satisfies tr(X) = 0, then
det(etX) _ etr(tX) -1

for all real ¢. Therefore X € sl(n,C).
Conversely, suppose X € sl(n,C). Then

det(e') =1
for all real t. Thus
d X
0 = pr (det(et ))|t:0
d r(X
= dt (et( )t)|t=0
= tr(X).

Therefore
sl(n,C) ={X € M,(C) | tr(X) = 0}.

Finally, sl(n, C) is a complex Lie algebra since the trace of a matrix is a complex-linear op-
eration, and the kernel of a C-linear map from gl(n, C) to C" equivalently defines a complex-
linear subspace of gl(n, C). ]

Like GL(n,C) and SL(n,C), matrix Lie groups having complex Lie algebras are called com-
pler matrix Lie groups.

Theorem 4.1.13. Let su(n) denote the Lie algebra of the matriz Lie group SU(n). Then
su(n) = {X € M,(C) | X" = —X, tr(X) = 0}.
Proof. By definition,
su(n) = {X € M,(C) | e € SU(n), Vt € R}.
Since SU(n) is a subgroup of SL(n,C), tr(X) = 0 whenever X € su(n). Two more useful
identities will be used,

and secondly,

whenever XY =Y X. Suppose X7 = —X. Then XX = XTX. Thus for each real t,

+

etX (etX)T — etX etX
t

et(X +XT)

— lX=X)

= 1.
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Therefore X € U(n).
Conversely, suppose e!* € U(n) for each real t, and define v(t) = e (eX)?. Then, for
each t, y(t) = I. Thus

d
0 = E'Y(t”tzo

d x 0X ox [ 4, 4x
= (% e’ |t0) (e >T te dt (et )T‘tzo
= X+ X'

Consequently X = —X. Therefore,

su(n) = {X € M,(C) | X" = —X, tr(X) = 0}.

Remark. If X' = —X, then X is called a skew-hermitian matriz.

It is relevant to point out that while gl(n, C) and sl(n, C) are complex Lie algebras, su(n)
is strictly real. To see this, suppose X € su(n). Then

(X)) = (=i)(—X) =iX.

As a consequence, iX € su(n) if and only if X = 0. Therefore su(n) is not a complex Lie
algebra, and SU(n) is not a complex matrix Lie group.

4.2 Representations of matrix Lie groups and Lie algebras

Considering the analytic structure that Lie groups possess, a natural question arises. What
is an appropriate definition of a Lie group representation? Well, in order to see interesting
results by use of the Lie algebra, it definitely should incorporate continuity. But is continuity
enough? That is, should differentiability also be assumed in the definition? Remarkably,
it turns out that that assuming differentiability is unnecessary, as smoothness of Lie group
representations results just from the assumption of continuity. However, a representation
being complex analytic is a special case. There are simple examples of continuous representa-
tions failing to be complex analytic maps. This section defines these objects and introduces
representations of Lie algebras with the modules that carry them.

Note that finite-dimensional representation will be assumed in the following definitions
concerning Lie groups and Lie algebras since these representations will be the only ones of
interest to the work here.

Definition 4.2.1. A representation of a matriz Lie group p : G — GL(V) is a representation
of G as an abstract group that is also a continuous map. A representation of a complex
Lie group p : G — GL(V) is complex analytic if the entries of p(A) depend analytically
on the matrix entries of A € G C GL(n,C), In addition, a matriz representation for G
is a continuous group homomorphism p : G — GL(m,C). A compler analytic matrix
representation is defined similarly.

61



Recall that GL(V') can be identified with GL(n,C). So, let gl(V') denote the Lie algebra
to GL(V). A real or complex Lie algebra homomorphism is a real or complex linear map
that preserves the Lie bracket.

Definition 4.2.2. Let g be a complex Lie algebra, and V' be a complex vector space. A
complex-linear Lie algebra representation is a complex Lie algebra homomorphism

p:g—gl(V).

Furthermore, the vector space V' is a (left) g-module whenever there is an binary operation
fromgx VtoV
(X,v) = Xv

such that, for all v,w € V; X, Y € g; and complex numbers a,b € C,
(1) X(av + bw) = a(Xv) + b(Xw),
(2) (aX +bY)v =a(Xv)+b(Yv), and
(3) [X,Y]v=X(Yv) —Y(Xv).

If g is a real Lie algebra, then one defines a g-module by restricting the scalars from C to
R in condition (2) of Definition 4.2.2. Similarly, one obtains a (general) complex Lie algebra
representation for the real Lie algebra g by requiring

p:g—gl(V)

to be a real Lie algebra homomorphism. From this point on “Lie algebra representation”
will mean “(general) complex Lie algebra representation.”

Like the case with groups, there is a bijective correspondence between (complex-linear)
Lie algebra representations of g and g—modules. Indeed, if p : g — gl(V) is a (complex-
linear) Lie algebra representation, then V' becomes a g—module by the assignment

(X,v) — p(X)v.

Conversely, conditions (1) and (2) for the binary operation in Definition 4.2.2 define a
(complex-linear) Lie algebra homomorphism from g to gl(V') whenever V' is a g—module.

Some proofs can be simplified by just considering matrices, which warrants the following
definition.

Definition 4.2.3. Let g be a complex or real Lie algebra. A (complex-linear) Lie algebra
matrix representation is a (complex) real Lie algebra homomorphism

p:g— gl(n,C).

Remark. Note that terms like irreducible, invariant, g-isomorphic, and g-submodule are anal-
ogously defined for representations and matrix representations of Lie algebras. Even Schur’s
Lemma is valid as well.
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Proposition 4.2.4. Let G be a matriz Lie group, and let p : G — GL(V') be a representation
for G. Then there exists a unique Lie algebra representation

p:g—gl(V)

such that _
p(e¥) =

for all X € g. Moreover, the representation p is explicitly given by

p(X) = 4 ()],

Proof. Since V' can be identified with C", and likewise, GL(V) with GL(n, C), it will suffice
to assume that one is dealing with a matrix representation.
Let X € g, and define vx : R — GL(n,C) by

1x(t) = ple').

Clearly, vx is continuous and yx (0) = I. Furthermore, yx (t+s) = vx(t)yx(s) for all s,t € R.
To see this, p is a group homomorphism, and e®T9X = e3X X Ag a result, vy is a one
parameter subgroup of GL(n, C). Thus by Proposition 4.1.9, there exists a unique matrix ¥’
such that vx(t) = ¥ for all t.

Now, the claim is that p : g — gl(n, C), defined by
p(X):=Y suchthat p(e™)=¢",

is the unique Lie algebra matrix representation in mind.
First, p is well-defined by Proposition 4.1.9. Next, vx(1) = p(eX). Thus by the definition
of p(X),

Furthermore,
. d (., d
) = G () ewo = G () -

Now one just needs to confirm that p is a Lie algebra matrix representation of g. To start,
p is linear. Indeed, let b € R, then ~x (tb) = e®X) . By comparing this to yx(t) = ),

p(bX) = bp(X).
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Now let Z € g. Then, by use of Lie’s Product Formula and the continuity of p,

p(et(X+Z)) — p(etX+tZ)
t m
= p(hm (ernew) )
m—0o0
= lim ( e%>
m—r0o0

. . m
. tp(X)  tp(Z
= lim [em em
m—ro0

— tr(X)+te(Z)
Thus p(e!X+2)) = ¢t e(X)+2(2)  But p(X 4 Z) is uniquely determined from X + Z. Therefore
p(X +2) = p(X) + p(2).

Finally, p(XZ — ZX) = p(X)p(Z) — p(Z)p(X). This is shown by the following. Let
A € G. Then,

; -1
etp(AZA )

= p(e"747) = p(Ae” A7) = p(A)p(e'?)p(A) .

However,
p(A)p(e?)p(A) ™ = p(A) D) p(A)~F = el AAr(A

Hence, p(AZA™Y) = p(A)p(Z)p(A)~t, by uniqueness. Now using the identity

d _
(Y] = XY —YX = [X,Y],
one has
. ) d . .
X2 = — (&tPX) p(7) e tP(X)
PON2)] = = (e p(2) )|
_ d tX —tX
= = (pe®)p(2)p(e)|
o d ) tX —tX
= g (X ze)|
_ hmb(etXZ e ) —p(2)
t—0 t
) etX Ze—tX -7
= p(lim >
t—0 t
= p([X,7]).
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Corollary 4.2.5. Let p: g — gl(V) be induced by p : G — GL(V). Then
p(AXA™) = p(A)p(X)p(AT)
forall X € g, and A € G.

Remark. At this point, one can’t appeal to p being the differential of a smooth map between
manifolds, since it has yet to be established that p, being a Lie group representation, is a
smooth map. (See Corollary 4.4.4)

Complex analytic representations of SL(n, C) are to be put into one to one correspondence
with representations of SU(n). Therefore when considering matrix Lie groups GL(n,C) and
SL(n,C), only complex analytic representations will be of interest.

4.3 The complexification of su(n).

Complexification is the first step towards connecting complex analytic representations of
SL(n,C) with representations of SU(n). This correspondence ultimately rests on the fact
that the complexification of the real Lie algebra su(n) is isomorphic, as a complex Lie algebra,

to sl(n,C).

Definition 4.3.1. Let g be a real Lie algebra. Then the complexification of g, denoted gc,
is the complex Lie algebra
g ®c C.

Scalar multiplication by ¢ is obtained by setting
(X +1iY) ==Y +iX,
and the Lie bracket is obtained through the assignment
(X1 +iY1, Xo +iYa] i= [X1Xp] — V1Yo + ¢ ([XhYe] + [V1X2)).

Remark. The notation X ® (u + iv) is replaced by uX + viX due to the more natural
appearance of the latter.

To show that the complexification of su(n) is isomorphic to sl(n, C), the following basis
for sl(n, C) will be utilized.

For i,j € [n], let E;; denote the matrix such that there is a 1 in the (4, j)th position and
a 0 elsewhere. For i € [n — 1], set H; :== E;; — E;11,41. Then the basis of consideration is

E={E;|1<i#j<n}U{H;|ien—-1]} (4.3.1)
Theorem 4.3.2. As complex Lie algebras,

su(n)c = sl(n, C).
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Proof. First, one will need a basis of su(n) in which to work. Suppose X € SU(n). Then
X' = — X, which implies that

ihy T12 s Tin
—T1a  thy -+ Toy

X = . P
—T1n —Top -+ thy

for some collection z;; € C, and collection h; € R such that hy + hy + ... + h,, = 0. This
motivates the following selection. For each 1 <1 < k < n, set

7 1
X = _é(Ekl + Ej) and Yy = §<Ekl — Ei).

In addition, for each l€ [n — 1] define
1
T = —5 (Eu — Eriga) -

By considering the basis of sl(n, C) defined in 4.3.1, for each | < k,
By ==Yy +1iXy and  Ey = Y + 11Xy,

and, for each | € [n — 1],
H, = 2T},

Thus the linearly independent set,
{Ep |1<l#k<n}U{H |l €[n—-1}
is contained in the subspace
(X | X € su(n), z € C) C M,(C).

Finally,
dim(zX | X € su(n), z € C) = n® — 1 = dimsl(n, C).

Therefore
su(n)c = (2X | X € su(n), z € C) =sl(n,C),

The true utility of complexification comes from the application of following theorem.

Theorem 4.3.3. Let g be a real Lie algebra. For every Lie algebra representation p : g —
gl(n,C), there exists a unique complex-linear Lie algebra representation q : gc — gl(n,C)
such that q|lq = p, and

q(X +14Y) = p(X) +ip(Y)

for all X)Y € g.
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Furthermore, q is irreducible if and only if p is irreducible; and moreover, two Lie algebra
representations p1 and ps are equivalent if and only if their complex extensions q; and gy are
equivalent.

Proof. Define q : gc — gl(n, C) by setting
q(X + 1Y) := p(X) +ip(Y)
for X|Y € g. It is quick to verify that ¢ is a real linear map, so consider

q(i (X +1iY)) = ¢

Consequently, ¢ is a complex linear transformation.
Now let X, Xs,Y1,Y5 € g. Then,

q([X1 + Y1, Xz + 1Y5]) q ([X1, Xo] = V1, Vo] 4+ 1 ([ X1, Ya] + [V1, X)) -

p ([X1, Xo] — [Y1,Y2]) +dp ([ X3, Yo] + [Y1, X5])

= [p(X1),p(X2)] = [p(V1), p(Y2)] + i ([p(X1), p(Y2)] + [p(Y1), p(X2)])

= [p(X1) +ip(Y1), p(X2) + ip(Y2)]
(

(
= [¢(X1 4 Y1), q( Xy + iY5)].

Therefore, ¢ is a complex linear Lie algebra homomorphism.

By computing ¢(X +Y) with Y = 0, it’s clear that ¢|; = p. To see that ¢ is unique,
consider the following. Suppose 7 : gc — gl(n,C) is another Lie algebra homomorphism
such that r|; = p. Then r(X) = p(X) for all X € g. Furthermore, r is complex linear. Thus

r(X 4+1Y)=r(X)+ir(Y) =p(X)+ip(Y)

for X, Y € g. Therefore r = q.
Suppose p is irreducible, and W is a gc—submodule of V. But ¢|; = p. Thus W is a
g—submodule. As a result, W must be trivial. Therefore ¢ is irreducible.
Conversely, suppose that ¢ is irreducible, and W is a g—submodule. Let w € W, and
X,Y € g. Then
A(X)w = (p(X) + ip(Y)) w = p(X)w + ip(Y Jw

By hypothesis, p(X)w € W and ip(Y)w € W. Thus
¢(X)w =p(X)w+ip(Y)w € W.

Consequently W is gc—submodule of V. Hence W is trivial, and therefore p is irreducible.
Finally, suppose p; and p, are two equivalent Lie algebra representations for g, and let
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¢ : C" — C" be a corresponding g— isomorphism. Let X,Y € g, and v € C". Then

@(X +Y)(0(v) = (pu(X) +ip(Y)) (¢(v

Thus ¢; and ¢y are equivalent as well. The reverse implication is trival, and therefore the
proof is complete. O

Theorem 4.3.3 will have profound influences in Section 4.4.

4.4 The correspondence between SL(n,C) and SU(n).

Two main goals are present for this concluding section. The first is to establish that matrix
Lie groups are smooth manifolds, with the additional property that complex matrix Lie
groups are complex manifolds. This establishment will allow for justification that Lie group
representations, as currently defined, are already smooth, and that complex analytic Lie
group representations give rise to, and result from the existence of a complex linear Lie
algebra representations. The second is to finalize the one to one correspondence between the
complex analytic Lie group representations of SL(n, C) and the Lie group representations of

SU(n).

Lemma 4.4.1. Let G be a matriz Lie group. Suppose there ezists a sequence (Ay)gen in
G\ {I}, such that log Ay, is defined for all k, and

k—o0

If, for some X € M,(C),

) log Ay,
lim

otk x
k—oo || log Ayl

then X € g.

Proof. First note that if (ax)ren is a sequence of positive real numbers converging to zero,
then, for all £ € R, one can choose integers my, such that

lim mya;, = t.
k—00
Now, A" € G for all k, and

mp my log Ay
A = e

log A
e(mkHlOgAkH) Mog Al |
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Thus

log Ay

li log Agl|)————— | = tX.

fm (emog b2
Consequently

o X i omellos Akl s Ay
k—o00
= lim A",

As a result, e'* € G since G is closed. Therefore X € g. O

The following theorem shows that, for each matrix Lie Group G, the matrix exponential
maps an open neighborhood about 0 € g, homeomorphically onto an open neighborhood
about I € G.

Theorem 4.4.2. For all 0 < & < 1In2, let
Ne ={X € M,(C) | || X][| <&}
denote the e—ball about the zero matrixz. The
e(N€) g GL(’R,C),

is an open neighborhood about I € GL(n,C) homeomorphic to N., via €|y, .
Furthermore, for each matriz Lie group G, there exists an 0 < € < In2 such that

e(Ne Ng) = e(Ns) NG,
where €|n.ng 1S a homeomorphism.

Proof. The first assertion of theorem is immediate from Proposition 4.1.5. So, consider a
matrix Lie group GG with its Lie algebra g. By the definition of g,

e(N.Ng) Ce(N) NG,

whenever 0 < € < In2. What needs to be shown is that, there exists an € € (0,In2), such
that, for each A € e(NV.),
logAeg

whenever A € G. The argument proceeds using contradiction.
Suppose not. Then there exists a sequence (Ag)reny in G \ {I} such that

k—o0

yet, for each k, log Ay, ¢ g. Now consider M, (C) as C™ with the standard inner product,
(-,-). Then log A, ¢ g implies there exists an X}, € g, and Y € g* \ {0} such that

Ay = X e¥r
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with both X} and Y} tending to 0 as k goes to oco. Indeed,
M,(C)=g@® g™

So define ¢ : M, (C) — GL(n,C) by

where X € g, and Y € gt such that B = X + Y. Note that ¢ is well defined, and has a
derivative equal to the identity at 0. Consequently, by the inverse function theorem, ¢ has a
continuous local inverse, defined in some neighborhood of I.

For A, = eX*e¥x Y} # 0. Otherwise, A, = ¢**, and hence log A, = X}, € g. Now, set

Bk = e*X’“ Ak = eYk .

Then
lim B, = 1.
k—o0
Furthermore, since {Y" € g* | ||Y|| = 1} is compact, find a subsequence (Y},);en such that,

for some Y;, € g* with ||Y,|| =1,

’ ( Yy, ) v
im =Y.
i=o0 \ [V, ] "

Y, €g.

By Lemma 4.4.1,

However, this means Y;, = 0 since Y7, € g N g*. This contradicts the fact that ||Yz|| = 1.
Therefore there exists an € € (0,1n2), such that

e(N.)NG Ce(N.Ng).

Finally, considering Proposition 4.1.5,

elnng: NeNg—e(N)NG
is a continuous bijection with continuous inverse

log |e(voyng 1 e(Ne) NG — N.N g.

Therefore €|y, is a homeomorphism, and the neighborhoods N, N g and e(N,;) N G are
homeomorphic. []

This has far reaching consequences. The first is that matrix Lie groups are smooth
manifolds with complex matrix Lie groups being complex manifolds. The following corollary

addresses the case for SU(n) and SL(n, C).

Corollary 4.4.3. SU(n) is a smooth manifold of (real) dimension n®> — 1. SL(n,C) is a
complex manifold with complex dimension n? — 1.
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Proof. Pick 0 < e < 1In2 such that
e(N. Nsu(n)) = e(N.) NSU(n)
with e |n.nsu(n) being the homeomorphism. Set Ny = N, Nsu(n), and Ny = e(N.) N SU(n).

Since they are defined in terms of power series, e |y, : No — Ny is an analytic map, and its
local inverse log |y, : Ny — Np is analytic as well. Also recall, for each A € SU(n), the map

La:B—s AB,
is smooth on M,,(C).Set Ny = ANy, and define 4 : Ny — Ny by
pa(B) =log(A™'B).
Then the following collection forms a smooth atlas for SU(n)

{(Na,pa) | A€ SU(n)}.

Therefore SU(n) is a smooth manifold of (real) dimension dim su(n) = n? — 1.
Note: Technically, one should have chosen a basis of su(n) to identify su(n) with R™ !

and Ny with some open subset of R™~1. Then one would have a legitimate smooth atlas

of SU(n). However, implementing this into the previous argument would further complicate
things through a more cumbersome system notation.

Consider SL(n, C). Its Lie algebra, sl(n, C), is complex. Thus the same argument used in
the case for SU(n) shows that SL(n,C) is a smooth manifold of (real) dimension 2(n* — 1).
However, consider the smooth atlas

{(Na,p4) | A € SL(n,C)},

with the transition functions

{pao <P§1|¢B(NA0NB) :o(NaNNg) = pa(NaNNg) | NaN N # 0}
First, op(N4a N Np) and @a(N4 N Np) are open subsets of C™*~1. Second,
La:M,(C)— M,(C)
is complex analytic for each A € M, (C). Thus
04095 on(vanng) = 1080 La-1p 0 elgyvanng)

is a complex analytic map for all A, B € SL(n,C) such that Ny N Ng # (). Hence

{(Na,pa) | A € SL(n,C)}

is smooth atlas for SL(n, C) with complex analytic transition functions. Therefore SL(n, C)
is a complex manifold of (complex) dimension n? — 1. O
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Remark. This proof can be adapted to show that any matrix Lie group is a smooth manifold,
and additionally, a complex manifold whenever its Lie algebra is complex. In particular,
GL(n,C) is a complex manifold.

A second consequence of Theorem 4.4.2 is the following anticipated result concerning Lie
group representations and complex analytic Lie group representations.

Corollary 4.4.4. If p: G — GL(V) is a representation for G, then p is smooth.

Moreover, if G is a complex matriz Lie group, then p: g — g(V) is a complex linear Lie
algebra representation if and only if p is complex analytic.

Proof. Like before, the proof appeals to matrix representations of G.
Let A € G, (pa,Na) be alocal chart for A, and (¢,(4), N, 4)) be a local chart for p(A)

in GL(n,C), as outlined in Corollary 4.4.3, Suppose, B € N4 N p‘l(N;(A)), then B = AeX
for some X € p4(NaN pfl(N;(A))). Now,

p(B) = p(Ae) = p(A) ")

Thus locally,
Do) © popalw = plw,

where W = @ 4(Ny ﬂpfl(N;(A))). A real linear map sending 1 into C is smooth. Therefore,
p is smooth on G.
For the second assertion of the corollary, note that if G' is a complex matrix Lie group,
and
p:g— g(n,C)
is a complex linear Lie algebra representation, then p must be complex analytic. Indeed,
from earlier, one has the local expression

Gpay 0 po s lw = plw

on
W = @a(Nanp ' (N} a))).

But now W is open in CY™9 and
Doa) © PO 04 lw

is now given by the complex linear map p|y. Thus Gpay o po ¢t lw is a complex analytic
map from W to CU™9. Since this is true for every A € G, p must be complex analytic.

Now, let (@7, N7) be a local chart for I € G, and let (¢7, N7) be a corresponding local
chart for I in GL(n,C). Suppose that p is complex analytic. Let {X; | [ € [m|}, with
m = dim g, be a basis for g, and let {Ej; | 1 <[,k < n} be the standard (matrix) basis for
g(n,C). Using these bases, one can get honest coordinates for Ny C G and N; C GL(n,C)
respectively. To be exact, if

A= (2 X1+ o+ 2 X)) = e K1tz X
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then (21, ..., z,,) € C™ are the local coordinates for A € Nj. Likewise, (zx)i € C™* are local
coordinates for B € N}, if B = ¢;(Z) = %, where

211”12 t Zn
n
291 k22 "t Zop
Z = 2B, =
Lk=1
Znl  Zn2 " Znn

Now, let f : U — C be smooth on U C Ny such that I € U, and denote x; = Re(z;) with
y; = Im(z;). Recall that in the complex setting, one defines the 2m partial derivatives relative
to {X; | [ € [m]} on N; by the 'pull back’ of f to ¢;(U). To be exact, let f=fo o7 or s
then, for each [

0 d -
By YV)ly_s = T flor(A) + X o’
and
9 Y _ 4y A) +t(iX))]
5y Tl = gy Flort) + 46X

For each [ € [m], recall that
0 10 .0

= + .
0z 20z ! oy

With this in mind, f is also complex analytic (complex manifold sense) on U, whenever f is
complex analytic (standard sense) on ¢;(U). If so, then for all A € U and [ € [m],

0
8_21 f(Y)|Y:A = 0.

Furthermore, let W = ¢;(N; N p~Y(N})). Let U = Ny Np~'(N}), and let @ : U — ¢7(N})
be given by @ = ¢ o p|y. Also, for each [, k € [n], let &y denote the coordinate of @ relative
to Ey. In other words, @y is just the ([, k)th matrix entry of @. By definiton of p being
complex analytic on GG, one has that

élkZW—)C,

is complex analytic, for each [, k € [n]. Thus,

0
FEs P (Y)ly—; =0,

for all j € [m] and [, k € [n]. Consequently,

0 L0
a_,rj ¢”€(Y)|Y:I = <_2)8_yj ¢lk(y)|Y:I :
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Now, since ¢;(I) =log(I) = 0, then

0 d -
a—xj@m(yﬂyz] = — Dy [tX}]

Likewise,

—‘ ¢lk(y)|Y:I = élk [t(ZXJ)]

Thus, for all j € [m] and 1,k € [n], (p(X;)) = (—i)(p(iX;))i and hence

(p(iX5))u = i(p(X;))e = (ip(X;) k-
Therefore, p : g — g(n, C) is a complex linear Lie algebra representation, since
p(iX;) = ip(X;),
for all j € [m], and {X; | j € [m]} is a basis for g. O

Next is a verification that Lie algebras of matrix Lie groups are in fact tangent spaces of
manifold theory.

Corollary 4.4.5. Let G be a matrix Lie group. Then, g is the tangent space to G at the
identity.

Proof. There are more than one equivalent characterizations of the tangent space at point
on a smooth manifold. This proof defines the tangent space at I € G to be ’the set of
equivalence classes of smooth curves passing through I * To be exact, two smooth curves at
I € G are equivalent, denoted

v~ T,
if v(0) =T'(0) = I, and

d d

7 (1O)lizo = 7 T

Naturally, one denotes the equivalence class [y] by the common derivative of the curves.
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To start, if X € g, then the map expy(t) = e!* clearly represents an equivalence class,
i.e. v ~ expy, whenever 7(0) = I, and 4 (v(t))|,_, = X. So X itself denotes this equivalence
class.

Conversely, suppose that v is a smooth curve defined on some interval about zero such
that 7(0) = I and 4 (y(t))|,_, = X. Then, from Theorem 4.4.2, let Ny C g and N; C G be
two homeomorphic open neighborhoods about 0 and I respectively. Now by continuity, find
a positive € such that v((—¢,e)) € N;. Then logvy(t) € Ny, for all t € (—¢,¢). From here,
note that if a smooth curve I' in G satisfies

T(0) = I,

then
d

% (logI'(t))],—g = 7 ()] =0 -

So for this case, one has £ (logv(t))|,_, = X. Thus,

1 —
A0

t—0

In other words, X is the limit of matrices in g. Hence, X € g. Therefore, the equivalence
class containing v is given by an element of g. With this the proof is complete. O

Now, the following two results, Corollary 4.4.6 and Lemma 4.4.7, are appropriate since
connectedness is crucial in passing properties, like irreducibility of a Lie group representation
down to the induced Lie algebra representation. In fact, this will soon be addressed in
Theorem 4.4.8.

Corollary 4.4.6. Let G be a connected matrix Lie group, then there exist some open neigh-
borhood N C g about 0, such that

G=({*|XeN).
In other words, for all A € G, there exists a collection {X; | i € [m]} C g, such that

A=eX1eX2  Xm

Proof. Connect A and I with a continuous path v : [0, 1] — G, where v(0) = I and (1) = A.
Then, find an partition of the path

(A, | k€ {0,..K}}

so fine, one has that
Al(Al_l)_l S e(N)

for all [ € [K]. As a result, one can pick a X; € N, such that

eXl = Al(Al_l)_l.
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Therefore,

A= AK(AK_l)_lAK_l....(Al)_1A1A0 = eXK GXK_1 eXl,
where Ag =1 and A = Ag. O
Lemma 4.4.7. Let p: G — GL(V) be a Lie group representation, and p : g — gl(V) be the

induced Lie algebra representation. If the matriz Lie group G is connected, then a subspace
W <V is a G- submodule if and only if W is a g—submodule.

Proof. Let w € W, suppose W is a G—submodule and let X € g. Then, by Proposition
4.2.4,

~ . p(e)w —w
=1
p(X)w = lim ;
For each t € R,
ot Xy —
p( )tw W
since is W is assumed to be a G—submodule. However, subspaces are closed. Therefore

p(X)w € W.
Conversely, suppose that W is a g—submodule, and let A € G. G is connected, so using
Corollary 4.4.6, find {X; | [ € [K]} such that

A =¥ it et
By Proposition 4.2.4, p(eXt) = X)) for each I. Thus
p(A)w = oK) X))

Once it is shown that '
!X we W

for any X € g, the proof will be complete.
Using the definition of the matrix exponetial, write

Under the assumption that W is a g-submodule,
— P(X)
> 0w
k=0

for each m € N. Therefore since W is closed,

"X 4y e Ww.

76



Theorem 4.4.8. Let p : G — GL(V) be a Lie group representation, and p : g — gl(V) be
the induced Lie algebra representation. Suppose G is a connected matrix Lie group. Then p
is irreducible if and only if p is irreducible.

Furthermore, two Lie group representations p and o for G are equivalent if and only if
their induced Lie algebra representations p and o are equivalent.

Proof. Suppose p is irreducible. Then the only G—submodules are the trivial ones. Therefore
since G is connected, by Lemma 4.4.7, the only g—submodules are trivial. Consequently, p
is irreducible. The converse is shown by the same argument.

Let p: G — GL(V), and ¢ : G — GL(W) be representations for G. Suppose there exists
an invertible linear transformation ¢ : V' — W such that ¢(p(A)v) = o(A)¢p(v) for all A € G
and v € V. Then for X € g

¢ - ¢ - t -

!Xy — 1 o(p(e®)v) — d(v o(e!X)o(v) — o(v o(e!*) =1
¢(p( ) U) (p(e")v) — o(v) _ o(e")o(v) — o(v) (( ) )¢(v),
for all ¢ € R. Hence, by the continuity of the constant linear transformation ¢,
d

o (G (i) = (G (@l ) o0

Therefore, p and p are equivalent.
Conversely, suppose that p and o are equivalent via ¢ : V. — W. Then, ¢(p(X)v) =
o(X)¢(v), for all X € g and v € V. This implies that, for each m € N,

= o( X))k T o( X)) kv o( X)eop(v
¢<k§p<k3 ):Z W(m) )y~ 3{!¢<>‘

m
k=0

Indeed,
o(p(X)"v) = o(X) ¢(v)
for each k € N. (Use induction to see this.) Thus

¢(eb(X) v) = eo(X) o(v).

Induction will also show that

gzﬁ(ep(Xl) eP(X2)  (p(Xk) v) = e0(X1) go(X2)  o(X) b(v)
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for all kK € N. Since GG is connected,

pop(A) = ngop(XK Xr- 1...eX1)
= ¢o ( eP(X2) eb(Xk)>
— (eé(Xl) eo(X2) eé(Xk)> o ¢

= 0 (eX1 e . eX’“) o
0(A) oo,
where the collection {X; € g | | € [K|} was chosen, such that A = eXreXr-1 X1,
Therefore p and g are equivalent. O

The last remaining technicality concerns lifting a Lie algebra representation from the Lie
algebra to a unique Lie group representation on the matrix Lie group. When the matrix Lie
group is simply connected, in addition to being connected, the following theorem, in a sense,
serves as a converse to Theorem 4.4.8.

Theorem 4.4.9. Let G be a connected matriz Lie group, and p : g — gl(n,C) be a Lie algebra
representation. If G is simply-connected, then there exists a unique Lie group representation
p: G — GL(n,C) such that p(e*) = e?X) for all X € g.

In [1], pg 76-79, is a nice proof of Theorem 4.4.9 using the Baker-Campbell-Hausdorff
formula. Unfortunately, the proof is quite involved. It will be more practical (and productive)
to just provide an outline of the proof. Use of the Baker-Campbell-Hausdorff formula plays a
key part in the proof. Therefore it will be beneficial to present the statement of the formula
before the outline of Theorem 4.4.9.

Recall that Home(V, V') can be identified with M,,(C) through the choice of an arbitrary
basis B. Thus, if T' € Hom¢(V, V'), then define the norm

T = 17181,
where [T']p is the matrix of 7" relative to B.

Lemma 4.4.10. The complex function

log(z)
1 —

9(z) =

)

W=

is defined, and is analytic on the open disk {z | |z — 1| < 1}. Hence, for some collection of

coefficients {a,,},
[e.@]
Z a(w — 1

k=0
for allw e {z ||z — 1| < 1}.



Furthermore, using the same collection of coefficients {a,,}, the operator function

[e.9]

9(T) ::Z an(T — 1)k

k=0
is defined for all T € Homc(V, V') such that ||T — I|| < 1, where I denotes idy .
Define adx(Y) := [X,Y] for X,Y € M,,(C). Then

(V) = (X Y]+ XX Y] XX XY

With this is the statement of the Baker-Campbell-Hausdorff formula.

Theorem 4.4.11. For all X,Y € M,(C) with ||X|| and ||Y|| sufficiently small so that
|| exdx efady —J|| < 1 for all t € [0, 1],

1
log(e®e¥) = X +/ g (¥ ™) (Y)dt.
0

Remark. Here are the first few terms of the Baker-Campbell-Hausdorff formula

1 1 1
log(e*e") =X +Y + §[X, Y]+ E[X, (X, Y]] — E[Y, [X, Y]] + higher order terms,

where the higher order terms only involve X, Y, Lie brackets of X and Y, Lie brackets of
Lie brackets of X and Y, etc. What is important about this formula is that log(eX e¥') can
be expressed completely in terms of brackets. Consequently one has the following result.

Corollary 4.4.12. Let G be a matriz Lie group. Suppose p : g — gl(V) is a Lie algebra
representation. Then for all X, Y € g with || X|| and ||Y]|| sufficiently small,

log(eX ey) €g,

and
P (log(eX ey)) = log(ep(X) ep(y)).
Proof. Let X,Y € g, and t € R. First,
g (eadx etady) (Y) c g
since l
(eadx etady —I) (Y) €g

for all [ € N. Therefore whenever the Baker-Campbell-Hausdorff formula holds for X and
Y,
log(e®e¥) € g.

By induction,

p ((adx)'(Y)) = (ady(x))' (p(Y))
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holds for all [ € N, where

pladx (Y)) = p([X,Y]) = [p(X), p(Y)] = adpx) (p(Y))

illustrates the base step. Thus

p(etadx<y)) = p (Y _|_t[X, Y] + g[X, [X,Y]] + %[X, [Xa [X7 Y]H + )

= (V) + tIp(X), PV + S0, (), p(V)] + (X)), (X)), [p(X), (Y]] + .-

2 6
= b (p(Y)).
Similarly,
p (e e —1)(Y)) = (40 ) — 1) (p(Y))
for all [ € N. Therefore

WE

p (g (eadX etady) (Y)) — aip ((eadx etady _I)Z(Y))

=0

ax (e 6200 ) (p())

I
I

s
—

*rx) b)) (p(Y)).

With this in mind, if the Baker-Campbell-Hausdorff formula holds for X and Y and for p(X)
and p(Y), then

plog(e¥ ) = p(X)+ [ (g (e ) () at

1
— p(X)+ / g (00 600 (p(Y)dt
0
— log(ep(X)ep(Y)).

]

This corollary illustrates why the Baker-Campbell-Hausdorff Formula will come into use.
With that said, the outline for Theorem 4.4.9 goes as follows.

(1) Find N; C @, an open neighborhood about I, and Ny C g, an open neighborhood
about 0, such that the matrix exponential maps Ny homeomorphically onto N;. Note
that log|n, : Ny — Ny provides a local inverse. Furthermore, make sure that Ny and
Ny are small enough so that the Baker-Campbell-Hausdorff formula applies to log A,
for all A € Nj.

tarting with the Lie algebra representation p : g — gl(n, or g, define p on the
2) S i ith the Lie algeb i [(n,C) f defi h
neighborhood N; by setting
p(A) = erllog4)
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(3)

For any A € G, define p(A) along a path connecting I to A. Let «y : [0, 1] — G such that
7(0) = I and (1) = A. Then, by compactness of [0, 1], there is an interval partition
of [0,1]

0=ty <ty <tg.. <tp_1<tp=1,

such that, for all [ € [k], and t;_; < s <t <, one has
A(As) ™ = () (4(s)) " € N1,
where the notation ’A,” will replace y(t)’ for simplcity. Like in Corollary 4.4.6, write
A= (AA) (A1 Aly) - (AATH) (A1 Ay),
where Ay = A and Ay = I. Using this, set
p(A) = p(Ap A ) p(Ar-1 ALly)- o p(A2ATY) p( AL Ao),

where, by step two, p(A A7) = eP(os(AA ) for cach 1 € [k].

Show the assignment p(A) is independent of partition. So start by showing that p(A)
remains unchanged when one refines the partition

O=tg <t <tg..<tp_1 <tp=1.

To do this suppose that a point s is added to the original partition between ¢;_; and
t, for some I. Then, A; A7 and A A, are in Ny as well. Thus p(A4;A;Y)p(AA )
replaces the odd term p(A;4;")). Now set B = AjA;! and C = AA;Y. Then by
Corollary 4.4.12,

log (p(AA;p(AAY)) = log (er(osB) grlosC))

= p (lOg (elogBelogC’))
p(log BO)
= p(log(AAL)).

Indeed, N; was chosen such that the Baker-Campbell-Hausdorff formula would apply
to all A € N;. Finally,

PAAT)p(AATY) = oslpanoaa)

oP(og(A )

Thus,
oP(log(A1As 1)) p(log(AsA ) _ (p(log(AA )

Therefore, p(A) remains unchanged when one refines the partition. In addition to this,
any two partitions have a common refinement. Consequently, p(A) is independent of
the partition chosen.
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(5) Show the assignment p(A) is independent of path. G is simply connected, thus any

(6)

(7)

two paths connecting I to A are homotopic. Thus, if v and I' denote the two paths,
then there exists a continuous map

h:0,1] x [0,1] — G,
such that, for all ¢ € [0,1], h(0,t) = y(¢t) and h(1,t) = I'(t), where h(s,0) = I and

h(s,1) = A for all s € [0, 1]. Using the compactness of [0, 1] x [0,1], find an integer m
such that
h(s,

whenever [t — | < 2 and [s — §/| <

( />_1 GN],

t)h
%. Now define a sequence of paths
G [0,1] = Gl0<k<m—1,0<1<m}U{Cno}

by setting (,0(t) =I'(t), and for k <m

hEL ) fo<t<
Cea(t) = S h(EL —¢¢) ifEL <t <L,
h(£, ) if L<t<1

This sequence of paths should be interpreted as successively deforming v into I' step
by step. To be exact, starting with k,! = 0, one deforms (;; into (41 for each
0 <! < m —1, then one deforms (j,, into (x+10, and so on until one deforms (,,—1.m
into (o = I'. With this, the value of p(A) will be shown to be the same regardless
of which path, v or I'; is used to compute it. This is done by showing that, for each
0<k<m-—1,and all 0 <[ < m — 1, the value of p(A) computed along (;, is the
same as its value computed along (11, and that the value of p(A) computed along
Ck,m is the same as its value computed along (j+1,0, for 0 < k < m — 2. To see this,
notice that, for all 0 <k, < m, if ¢t € [0, =] U [ 1] then () = (e (). So chose
a common partition of [0, 1] to be
-1 I+1 [1+2

1
l<—<..< < < <...<1,
m m m m

for paths iy and (1. Then, Coo(t:)Coi(tio1) ™" = o1 (t:)Ceag1 (tim) ™' € Ny, for all
partition point ¢; € {+,. ,lml, bl b2 1}, since [t; — tiq| < 2, and [s — /| < L
for all applicable s, s’. Thus, the value of p(A) is the same for paths (;; and (g 41
A similar argument proves this for paths (;,, and (z119, for each 0 < &k < m — 1.

Therefore, p(A) is independent of path.

Show that p is a Lie group representation. By the way p was defined, its clear that
p(AB) = p(A)p(B), and that p is smooth.

Show that p induces p, i.e. p=p. Let X € g. Then, for ¢ sufficiently small, !X € N;.

Thus

petX) = grllone™) _ o)
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Therefore,

(p(etx)) |t:0

(@)
X),

S a s

t=0

~—~

= P

since 4 (p(e'X))|,_, = X, for any X € M,(C).

Again, if n = dim V, then GL(V) can be identified with GL(n,C) and g(V') can be identified
with g(n,C). Thus, Theorem 4.4.9 is true for any p : g — g(V')), whenever G is simply
connected.

Corollary 4.4.13. Let G be a connected and simply connected (complex) matriz Lie group.
Then, there is a one to one correspondence between distinct (complex analytic) Lie group
representations p for G and distinct (complex linear) Lie algebra representations p for g.
This correspondence 1s given by the property that

ple™) = e

forall X € g.
Furthermore, p is irreducible if and only if p is irreducible.

Now, the reason for Corollary 4.4.13 is that both SL(n,C) and SU(n) are simply con-
nected, for all positive integers n. With this in mind, the chapter is finally ready to conclude
with the following two main theorems.

Theorem 4.4.14. Let p : SL(n,C) — GL(V) be a complex analytic Lie group representation
for SL(n,C). Then the restriction, plsum) : SU(n) — GL(V) is an irreducible Lie group
representation for SU(n) if and only if p : SL(n,C) — GL(V') is irreducible.

Furthermore, two complex analytic Lie group representation for SL(n,C), p and o, are
equivalent if and only if plsum) and olsuw) are equivalent.

Proof. Its clear that if the restriction, p|suwm) : SU(n) — GL(V) is an irreducible Lie group
representation for SU(n), then p is irreducible for SL(n, C). True! Any SL(n,C)—submodule
is also a SU(n)—submodule.

Conversely, suppose that p is irreducible for SL(n,C). Then, by Theorem 4.4.8, the

induced Lie Algebra representation p is irreducible, since SL(n,C) is connected. Now by
Corallary 4.4.4, p is also complex linear, since p is complex analytic. Furthermore, it was
established that

su(n)c = sl(n, C).
With this in mind, note that p|5u(n) is equal to the induced Lie algebra representation cor-
responding to the restriction p|gy(,). Thus, p is the unique complex extension of induced

Lie algebra representation corresponding to the restriction p|SU(n). Hence, p|5u(n) is also ir-
reducible, by Theorem 4.3.3. Finally, using Theorem 4.4.8 a second time, one sees that the
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restriction plgu(,) is an irreducible Lie group representation for the connected matrix Lie
group SU(n).

Now, let p and p be two complex analytic Lie group representation for SL(n, C). If p and
o are equivalent, then clearly p|sy(n) and o|su(,) are equivalent.

So suppose the converse. By Theorem 4.4.8, ,b\SU(n) and Q\SU(n) are equivalent. Also, by
Theorem 4.3.3, their complex extensions to sl(n, C) are equivalent as well. But these clearly
co-inside with p and g, respectively. Thus, p and ¢ are equivalent for sl(n,C). Finally, a
second use of Theorem 4.4.8 shows that p and p are equivalent as complex analytic Lie
group representation for SL(n, C). O

Theorem 4.4.15. Let p : SU(n) — GL(V) be an irreducible Lie group representation for

SU(n). Then there exists a unique complex analytic Lie group representation o : SL(n,C) —
GL(V) such that

Q|SU(n) =p.

Moreover, let q be the unique complex extension of p for sl(n,C) = su(n)c. Then the
representation o is determined by the property that

for all X € sl(n,C). In particular, if A € SL(n,C), then

o(A) = el(X1) qa(X2)  a(Xk)

for any collection of {X;} C sl(n,C) such that A = eX1 eX2 ... &%k

Proof. Suppose p is irreducible. Then p : su(n) — gl(V) irreducible by Theorem 4.4.8, since

SU(n) is connected. Now let ¢ : sl(n,C) — gl(V) be the unique complex extension of p.
Then by Theorem 4.3.3, ¢ is also irreducible. Now, SL(n,C) is simply connected. Thus by
Corollary 4.4.13, there exists a unique Lie group representation

0:SL(n,C) — GL(V)

of SL(n, C) such that

Q(etX> — etq(X)

for all X € sl(n,C). Also, it is clear that o|sum) = p

Finally by Corollary 4.4.4, ¢ is a complex analytic Lie group representation, since o = ¢
is a complex linear Lie algebra representation. O

Arriving at Theorem 4.4.14 and Theorem 4.4.15 the overall goal for this section has been
fulfilled. That is, it has been established that distinct, irreducible Lie group representations
of SU(n) are in one to one correspondence with distinct, irreducible complex analytic Lie
group representations of SL(n, C).

With this result fully justified, the next chapter specifically investigates complex analytic
representations for GL(n,C) and SL(n,C). To briefly explain, it will shown that these
complex analytic representations are uniquely identified by their highest weights, which are
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particular analytic homomorphisms that appear as a consequence of the representations.
This is important since these highest weights are in a one to one correspondence with the

integer partitions that characterize the irreducible tensor representations defined in Chapter
3.
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Chapter 5

Highest weight description of analytic
representations

Last chapter, the finite dimensional Lie group representations of SU(n) were placed in one to
one correspondence with the finite dimensional complex analytic representations of SL(n, C).
What remains is linking such representations of SL(n,C) to integer partitions, and estab-
lishing the setting of the irreducible tensor representations of GL(n, C) as the source for the
realizations of the desired irreducibles of SU(n). Now, what leads to these connections is the
unique structure of the complex matrix Lie groups, GL(n,C) and SL(n,C), in combination
with the essential features of their complex analytic representations. Produced from the
complex analytic nature of such representations of GL(n,C) and SL(n, C), necessary objects
called weights and weight spaces will be shown to be directly determined by n-tuples of
integers. Most crucial is that the irreducibles are identifiable by highest weights, which are
themselves given by some appropriate weakly increasing sequence of integers. Ultimately
these relationships will allow SL(n, C) to provide the final tie between the irreducible tensor
representations of GL(n,C) and the all the finite dimensional irreducible Lie group repre-
sentations of SU(n). Therefore the overall aim of this chapter will be to provide an adequate
description of such complex analytic representations to the Matrix Lie groups, GL(n,C) and
SL(n,C).

The methods that follow in this chapter have been adapted from a combination of tech-
niques provided by the treatment given by Sternberg [4]. Furthermore, the phrase ‘finite
dimensional’ will be an understood quality of the complex analytic representations, and
therefore, will be omitted.

5.1 Lie’s theorem

In short, weight spaces are essentially simultaneous eigenspaces relative to the subgroup of
diagonal matrices of either GL(n,C) or SL(n,C) that appear in modules carrying complex
analytic representations belonging to the two complex Matrix Lie groups. Lie’s Theorem
now provides a key observation in defining and finding weights and weight spaces for such
representations of GL(n,C) and SL(n,C).
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Let G be a group. The derived series (G*));, is defined by

G = @G
GH = [G*D GED] k> 1.

If GO = {e} for some [, then G is solvable. The smallest such [ is the solvable length of G.

Theorem 5.1.1 (Lie’s Theorem). Let G be a connected, solvable Lie group, and suppose
p: G — GL(V) is an irreducible representation for G. If V is finite-dimensional, then
dimV =1.

Before the proof consider the following.

Definition 5.1.2. Let p : G — GL(V) be a representation for G. A simultaneous eigenvalue
and the corresponding simultaneous eigenspace for the representation is a pair (y, V),) such
that

(1) p: G — C* is a continuous homomorphism, and
(2) Vu={veV|plg)v=pu(g)vVvg € G} is a non-trivial subspace in V.
Furthermore, a simultaneous eigenvector v is a non-zero element of a simultaneous eigenspace.

Lemma 5.1.3. Let k be a positive integer. Then, for any set of k distinct simultaneous
eigenvalues of a representation p : G — GL(V'), the corresponding simultaneous eigenspaces
are linearly independent. In particular, the number of distinct simultaneous eigenvalues for
a representation cannot exceed the dimension of V.

Proof. This will be shown through induction on the size of distinct simultaneous eigenvalues.
The lemma is clearly true for £ = 1. So suppose, for some [ > 1, the lemma is true for any set
of [ distinct simultaneous eigenvalues of p, and let {ui}ie[lﬂ] be a set of distinct simultaneous
eigenvalues with their corresponding simultaneous eigenspaces being {V;}ici41). For each
i € [l + 1], choose any element v; € V; \ {0y}, and suppose that, for some set of complex
numbers {a; }icp+1),

a1v1 + agVy + ... + aj11v41 = Oy

Now, consider the map
X : G — Hom¢(V, V)
defined by
x(9) = p(g) = 14 (g).

Realize that, for all i € [[+1], and g € G, it is true that p(g)v; = w;(g)vi. Thus x(g)vi1 = Oy,

and
!

x(g)(a1v1 + agvs + ... + a1 vi41) :Z ai(pi(9) — pur1(g))vi = Oy
=1

By the linear independence of the first [ simultaneous eigenvectors (the inductive hypothesis),
one has

ai(pi(g) — sa(g)) =0
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for all i € [[] and g € G.
On the other hand, it was assumed that all the simultaneous eigenvalues are distinct.
Consequently, for each ¢ < [ 4 1, there is some g; € GG such that

pi(gi) # tiy1(9i)-

Thus,
a1:a2:...:al:O.

Finally considering above, a1 = Oy as well. Therefore {V;};cq4q) are linearly independent
as claimed. O]

With the previous lemma given, here is the proof of Lie’s Theorem.

Proof. The method will be induction on the solvable length of G. Throughout the proof G
is assumed to be a connected Lie group. If the solvable length of G is 1, then G is abelian.
Suppose p : G — GL(V) is a finite irreducible representation for G. Let ¢ € G, and note
that p(g) € Homg(V, V) since G is abelian. By Schur’s Lemma, p(g) = A, - idy for some
Ay € C. Thus, any one dimensional subspace is invariant, and is therefore equal to V.
Suppose the theorem is true for all connected Lie groups with a solvable length k£ > 1,
and suppose that G has a solvable length k + 1. Then the solvable length of G is k.
Furthermore, G is connected. Indeed, let h € GM). Then, for some m € N and collection

{gi}iepm) € G, - )
h=g192---9m 91 92 -G -

But G is connected. Thus for each ¢ € [m], there is a continuous function
v [0,1] - G
such that 7;(0) = € and 7;(1) = g;. As a result, the function v : [0,1] — G defined by

t = Y1 (8)72(8) . A ()7 () T Y2 () T A (8) 7

is a continuous path connecting € to h.

Now p |gw: GV — GL(V), in general, won’t be irreducible. However, V will contain
some invariant subspace for G, which by the inductive hypothesis, will be one dimensional.
Thus there is some simultaneous eigenvalue p and eigenspace V), for p |5a) .

Let g € G, h € GY, and v, € V,. Recall that GV is normal. Thus

p(h)(p(9)v.) = pg)(plg~")p(h)p(g)v.)
p(9)(p(g~ hg)vy)
= (9 hg) ( ) Up-

Define p, : G* — C* by
pg(h) = p(g™"hyg).

Because conjugation by ¢ is an automorphism of G, [ty is another weight. As a result,
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(t1g, Vyi,) is a simultaneous eigenvalue/eigenspace pair for p |ga) with the property that

Vug = P(g)-vu'

Still considering the original p, apply Lemma 5.1.3 to the collection
Q= {p,: GY - C" | geq},

to conclude |Q| < dim V. In particular, Q must be finite. Fix an h € G, and consider the
map ¢, : G — C* given by ¢(g9) = py(h). Note that ¢,(G) is discrete since € is finite.
Importantly, the assumed continuity of the representation p implies the continuity of u.
Therefore the map ¢y, is continuous, and by the connectedness of G, ¢,(G) = {2z} for some
z € C*. In fact, more is true! Note that ¢p(e) = u(h). Thus z = u(h), and consequently,

for all ¢ € G and all h € G, Thus for any g € G and h € G*,

p(h)(p(g)v.) = p(h)p(g)v,

for all v, € V,,. From this, V,, = V, and since V), is invariant, V,, = V. Therefore

p(h) = p(h) - idy

for each h € GV,
Now, note two facts:

(1) For all g, g2 € G, there is some h € G such that hgsg1 = g192, and
(2) The isomorphism p(g;) has an eigenvalue(nonzero)/eigenvector pair (A, w).

Point (1) is easily seen by [g1, g2] € G, and point (2) follows since C is algebraically closed.
One now has

p(91)(p(g2)w) = p(h)p(g2)p(gi)w
= Au(h)(p(g2)w).

Thus p(go)w is also an eigenvector of p(g;) with eigenvalue A\u(h), and h = [g1,¢2]. Let
( : G — C* be defined by

C(g) = Mu([g1, 92])-

Like the map ¢, described above, ¢ is continuous. However, p(g;) can have only finitely
many distinct eigenvalues. Therefore since G is connected, ((G) = {z} for some complex z.
Finally, ¢(g1) = A\u([g1, 91]) = A. Thus for all g € G, {(g9) = . Consequently

p(91)(p(g)w) = Ap(g)w
= p(g)(p(g1)w)
= Ap(g)w



for all g € G. By Schur’s Lemma,

plgr) = A-idy .

Hence, for every g € G, there would be some \; € C* such that

p(g) = Ay -idy .

Therefore dim V' = 1 since any one dimensional subspace would be invariant under G. [

5.2 Gauss decomposition of SL(n,C) and GL(n,C)

Before the application Lie’s Theorem to complex analytic representations of GL(n,C) and
SL(n,C), this section provides a description of the unique structure of the two matrix Lie
groups. Both groups contain dense (relatively) open subsets of matrices that are decom-
posable into products of triangular unipotent matrices with diagonal matrices. A matrix is
upper (lower) triangular unipotent if it has all ones down the diagonal and is upper (lower)
triangular. Lie’s Theorem, combined with this factorization, will facilitate the highest weight
identification of irreducible complex analytic representations of GL(n,C) and SL(n,C). In
this process, four other matrix Lie groups will be participating:

Z = {D e GL(n,C) | D = diag(d1, 02, ...,0,) }

D = ZnSL(n,C)

U = {U e GL(n,C) | U is upper triangular unipotent }
L = {L € GL(n,C)| L is lower triangular unipotent}.

Now, it is straightforward to verify that ¢ and L are subgroups of SL(n,C). Furthermore,
by appealing to the sequential characterization of closed sets, one can quickly establish that
these four are additionally closed subsets of GL(n,C), making them matrix Lie groups.

Proposition 5.2.1. All the matriz Lie groups mentioned thus far are (path) connected.

Proof. First, Z is homeomorphic to (C*)™. Thus Z is (path) connected. In the same manner,
D is homeomorphic to (C*)"~!. Thus the result is true for D. Furthermore, as topological
spaces,
n(n—1)
U=L=C 2.
This establishes the claim for these two as well.
Let A € GL(n,C). Then A is similar to some upper triangular matrix

t11 tig - tig
0ty -+ ton
r=1| . “ :
0 0 - t,,

since the characteristic polynomial of A is in C[t], and thus factors completely. Note that the
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n(n—1)

set of upper triangular complex matrices is homeomorphic to the product (C*)” x C™ 2z .
Thus one can find a continuous path v : [0,1] — GL(n,C) that connects I to T. Now,
A = P7'TP for some fixed P € GL(n,C). Consequently

t— P ly(t)P

defines a path connecting I to A. Therefore GL(n,C) is path connected since every matrix
is connected, by some path, to the identity matrix.
Proving that SL(n,C) is path connected follows analogously to the case for GL(n,C).

However7 one references
n(n—1)

(C*)n—l X 672
instead of (C*)™ x cr O
Here is the formal introduction of the needed factorization.

Definition 5.2.2. A Gauss decomposition of a matrix A € GL(n,C) is a factorization of A
of either of the following forms

A=LDU or A=UDL

forsome L € L, D e Z and U € U.

Proposition 5.2.3. Let A € GL(n,C). If A has a Gauss decomposition of either form, then
the decomposition is unique.

Proof. Let L; € L, D; € Z, and U; € U, for i = 1,2. Suppose that A € GL(n,C) can be
factored into A = L;D;U; for each i = 1,2. Then

LiD\U, = LyDyUs.
Thus
Dy'L;' LDy = UU

However, UsU; ' = I since it would be both upper and lower triangular unipotent. Hence
U, = Us,, and as a result,

L1 = L2 and D1 = DQ.

The uniqueness of the factorization of A into UDL follows analogously. [

Necessary and sufficient conditions for a Gauss decomposition of a matrix will be pre-
sented in the following lemma. First, it will be convenient to define, for each k € [n],

11 Q2 - A1k

Q21 Q22 --° Ak
Ak(A) = det

Qg1 Qg2 -+ Qg
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along with

A(n—k+1)(n—k+1) " An—k+1)(n—1) A(n—k+1)n
Ap(A) = det '
A(n—1)(n—k+1) T A(n—1)(n—1) A(n—1)n
An(n—k4+1) T Ap(n—1) Qnn

For reference, call Az(A) the kth leading principal minor of A, and Ay(A) the kth trailing
principal minor of A. Also, observe that UD and DU are both upper triangular with the

same diagonal as D. Likewise, LD and DL are both lower triangular with the same diagonal
as D.

Lemma 5.2.4. Let A € GL(n,C). Then A has a Gauss decomposition of the form LDU if
and only if all the leading principal minors of A are non-vanishing.

Furthermore, A has a Gauss decomposition of the form UDL if and only if all the trailing
principal minors of A are non-vanishing.

Proof. Suppose that A = LDU, and let C = (LD)~! be given by

cn 0 - 0

Co1 Co2 - 0
C =

Cnl Cn2 "+ Cpp

Now, CA = U. So, by computing the matrix multiplication and observing the equality
assumed per entry of

C11 o - 0 11 A2 - Qip 1 by --- bln
€1 Cp -+ 0 a1 Qg -+ Aoy 0 1 - by

. . - b
Cn1 Cp2 - Cnn An1 Ap2 - Ann O 0 e 1

one generates n systems of linear equations. Notice that the kth linear equation is

iy Gy v Al Cr1 0
Q12 Q22 -+ A2 Ck2 0
A, Gk vt Qkk Chk 1

(For clarification, there are all zeros above the 1 in the column vector on the right hand side
of the equation.)

Each Ag(A) was constructed to compute the kth leading principal minor of A. Fur-
thermore, uniqueness of such a decomposition for A was just verified in Proposition 5.2.3.
Consequently, each Ax(A) # 0. Otherwise, there would be more than one solution, contra-
dicting the uniqueness property.
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Conversely, if all the principal minors are non-vanishing, i.e. Ag(A) # 0, for all k € [n],
then (not assuming the decomposition exists) each of the n systems

@11 Q21 - Qg1 Ck1 0
Q12 Q22 - QA2 Ck2 0
Qi Qo -t Qg Crk 1

will have a unique solution. Thus allowing one to first construct the lower triangular matrix
C. Afterward, the creation of U, the upper triangular unipotent matrix, would follow, and
would be equal to the product C'A.

Lastly, let D be diagonal matrix formed by using the diagonal of C~. Then L = C~1D!
would be lower triangular unipotent. Thus A = LDU. Therefore A would have a Gauss
decomposition.

To finish the proof, one needs to establish equivalence of the factorization of A into UDL
with the property that all the trailing principal minors are non-vanishing. To do this, one
simply repeats the first part of the proof with each of the Ak(A)s instead of the Ay (A)s, and
consults a new collection of n systems of linear equations using a matrix B = (UD)~!. O

The results from Lemma 5.2.4 will soon be expanded on in Theorems 5.2.7 and 5.2.8.
Before doing so however, the following additional declaration of matrix groups will be needed:

AL = ZU (5.2.1)
A = L2 (5.2.2)
B, = DU (5.2.3)
B. = LD (5.2.4)

Note that these are connected matrix Lie groups. Indeed, one can easily verify that A,
and B, are subgroups of upper triangular matrices in GL(n,C) and SL(n, C), respectively.
Similarly, A_ and B_ are easily seen to be the corresponding subgroups of lower triangular
matrices in GL(n,C) and SL(n,C), respectively. Each is closed topologically, using the
sequential characterization of closed sets. Path connectedness results considering Proposition
5.2.1.

Finally, since both the set of upper triangular matrices and the set of lower triangular
matrices are subgroups in the respective settings of GL(n, C) and SL(n, C),

ZU = UZ
LZ = ZL
DU = UD
LD = DL.

Indeed, from group theory, one has the property that the set product of two subgroups is
again a subgroup if and only if the corresponding set product commutes.
Now, the importance of the matrix Lie groups Z, D and the groups listed in lines 5.2.1
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through 5.2.4 is that Lie’s Theorem applies to each. Ultimately, from this application, comes
the definitions of weights and the corresponding weight spaces. Therefore the next lemma
verifies that the matrix Lie groups previously stated are all solvable.

Lemma 5.2.5. The commutator subgroup of both A, and By is equal to U. Likewise, the
commutator subgroup of both A_and B_ is equal to L.

Proof. For this proof, one needs to show that
[A+7A+] = [B+7B+] =U and [A—aA—] = [8—78—] =L.

Now it suffices to just demonstrate that [A;, A, ] = U since the result does not depend on on

the value of the determinant. Additionally, the case for A_ and L is completely analogous

to the case for A, and U in that the former is just the ’transposed’ setting of the latter.
Let A and T be in A, with

air Q2 -t Qi ti1 tiz -0 tip
Ao O a?Q ) G?n nd T — 0 tog -+ Loy
0 0 - ap, 0 0 --- t,,

It is easy to verify that each of the diagonal entries of A=! and 7! are just the multiplicative
inverses of the corresponding diagonal entry in A and T, respectively. Furthermore, due to
being upper triangular, for some collection of constants {r;;} and {s;;},

—1,-1

aptin Si2 - S1n a1 tyq r12 e Tin

—1,-1
0 a22t22 s Son 0 Aoy b s T
e 22 Lo 2m
AT = , ) ) ] and AT = ] ]

—14-1
0 0 - amtm 0 0 o alt]

To be exact, the diagonal entries of the product of two upper triangular matrices are just
the product of their respective diagonal entries. Thus, for some collection of constants {u;;},

I wup -+ up
ATAT'T = b
0 0 1
Therefore
(AL Al <U

since U contains all the generators of [A,, . A4,].
To see the reverse inclusion

Ay A > U,
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appeal to generators as well. Now, i/ has generators consisting of upper transvections
{T;j(a) |aeC,1<i<j<n}
The transvection T;;(a) is commonly defined to be
Tij(a) =1+ aE;;.

(Recall that E;; is the matrix with a 1 in the (7, j)th entry and zeros elsewhere.) In other
words, Tj;(a) has all 1s down the diagonal, the constant a in the (i, j)th entry, and zeros
elsewhere. The following formula for the various commutators of the 7;;(a)s is given by

[Tij(a), Ti(D)] = I + ab(0; Eix — dix Ej),

where 7 < 7 and [ < k with a,b € C. Consequently since the upper transvections are also in
Ay, foreach1 <i<i+1<j<n,and a€C,

Tij(a) = [Tiiv1(a), Tisr; (1)] € [As, ALl

For the case when 2 < [+ 1 < n, let D € A, be the diagonal matrix with ¢ in the [th
diagonal entry, a —i in the [ 4 1th diagonal entry, and with 1s elsewhere along the diagonal.

Then
a

Tinr (5) D) = Thia(a).

As a result, for each [ € [n — 1], and a € C,
Tusi(a) € [Ay, ALl

Therefore

Ay A > U,

since [A,, A, ] contains all the generators of U.

All the other cases follow analogously to this one. Also, note that D, the diagonal matrix
introduced in later part of the proof had a determinant equal to one, making it acceptable
in the case of B, and B_. O

Proposition 5.2.6. The matriz Lie groups U and L are solvable. In particular, A,, A_, By,
and B_ are all solvable.

Proof. By Lemma 5.2.5, if Y and L are solvable, then A,, A_, B,, and B_ are all solvable
as well. Indeed, their solvable lengths would be one unit more than the solvable lengths of
U and L, respectively.
So, for each k € [n — 1], define
N, <U

to be the set of matrices with all zeros in the k diagonals above their main diagonal. For
reference, note that M,_1 = {I}. Let U and C be in Y. Then each entry of the diagonal
just above the main diagonal of their product UC' is equal to the sum of the corresponding
entries of U and C. Furthermore, each entry of the diagonal just above the main diagonal of
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their inverses U~ and C~! is the multiplicative inverse of the corresponding entry in U and
C, respectively. With this observation,

vcucte M.

Thus
U, U] < M.

From here, induction, with a similar argument used just previously, shows that
vcu-tcte Nk+1

whenever U, C € Nj. Consequently ), the kth derived subgroup, is contained in N.
Therefore U is solvable with a solvable length no larger than n — 1.
Finally, £ is solvable, shown by repeating the previous argument with

ngﬁa

defined now to be all the matrices with only zeros in the k£ diagonals below their main
diagonal. O

This section concludes with establishing the topological claims concerning the set of
matrices having Gauss decompositions. The true utility of these properties will be in verifying
the invaluable result presented in Lemma 5.3.5, and Theorem 5.3.8 in Section 5.3.

Theorem 5.2.7. Both L2ZU and UZL are dense in GL(n,C).

Proof. For each Ay, set Uy, = {A € M,(C) | Ax(A) # 0}. Then, as the compliment of the
zero set of a polynomial operation

Ay, : M, (C) — C,

Uy is an open dense subset in M, (C). Indeed, the corresponding zero set is closed and
nowhere dense in M, (C). Therefore, since the finite intersection of open dense sets is still
open and dense,

LZU = ﬁ Uk
k=1

is open and dense in M, (C).

If A€ GL(n,C), and V is an open neighborhood of A in GL(n,C), then V is also open
in M, (C). True, GL(n,C) = U, is open as well. By this, V' has a non empty intersection
with ();_; Uy. Thus V contains an element of the form LDU € LZU. Therefore LZU is
dense in GL(n, C).

Finally, the density of UZL in GL(n,C) follows in a similar fashion by repeating the
previous argument with the Ays. O]

Theorem 5.2.8. Both LDU and UDL are dense in SL(n,C).
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Proof. This case is a little more problematic since SL(n,C) is not open in M,(C) like
GL(n,C). One will need to appeal to SL(n,C) as complex manifold.

Consider the operations A, and Ay for k € [n —1]. By Lemma 5.2.4, a matrix A €
SL(n,C) is in LDU if and only if Ag(A) # 0 for each k € [n — 1]. By taking the product

n—1
P .= H Ak,
k=1

one has A ¢ LDU if and only if P(A) = 0. Furthermore, P is polynomial in the entries of
A. Thus P a global complex analytic function on SL(n, C).

With that said, suppose that LDU is not dense in SL(n, C). Then, for some A € SL(n, C),
there exists an open neighborhood N’ C SL(n,C) about A such that N' N LDU = (.
Consequently P vanishes completely on the open set N'.

Now consider the atlas for SL(n, C) introduced in Corollary 4.4.3

{(N4,04) | A€ SL(n,C)}.

Since SL(n,C) is path connected, one can use the compactness of the interval [0, 1] to find
a finite collection {A; | i € [K]}, such that Ag = I, Ax = A and N, , N Ny, # 0 for each
i € [K]. With this mind, P vanishes on the open neighborhood Ny4 since it vanishes on the
open set NN Ny C N’. Indeed, a complex analytic function that vanishes on an open subset
of its domain must also vanish completely on the connected component containing that open
subset. So applying this fact to the pullback

Pogpjl tpa(Ng) — C,

one finds that P o " vanishes on connected open set ¢4 (N4) since it vanishes on the open
subset wa(Na N N’). Therefore P must be identically zero on Ng.

Continuing, apply this argument to the open subset N, , N N4 to see that P vanishes
on Ny, , as well. So inductively, one establishes that P is zero on all of N4, = N;. However,
this is impossible since P(I) = 1. With this contradiction, LDU is dense in SL(n, C).

Finally, by repeating the previous argument with the use of the collection Ak, k€ [n—1],
one establishes that UDL is dense in SL(n,C) as well. O

5.3 Highest weight identification of irreducible representations

Consider a complex analytic representation of GL(n, C) or SL(n, C). By the results of Section
5.2, one could potentially apply Lie’s Theorem to the restricted representation of Z or D,
respectively, to obtain a one dimension invariant subspace. With that in mind, the section
begins with the following easily overlooked technical difficulty.

Lemma 5.3.1. Let G be any group. Then there exists an irreducible invariant subspace
W<V

for every finite-dimensional representation p : G — GL(V).
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Proof. If V' is not already irreducible, then find an G-submodule W < V. Repeat this
argument with W to find another submodule W; < W. Finally, V is finite dimensional.
Therefore inductively, one can find the desired irreducible. O

For Definitions 5.3.2 and 5.3.4, and Theorem 5.3.3, let G be equal to GL(n, C) or SL(n, C),
and let H equal Z or D, respectively. Finally, set Cy to A4 or By, respectively.

Definition 5.3.2. A weight and its corresponding weight space for a complex analytic rep-
resentation p : G — GL(V) is a pair (i, V),) is a simultaneous eigenvalue/space pair of the
representation ply : H — GL(V) of H.

Furthermore, a weight vector v is any non-zero element of a weight space.

For the following, consider a representation p : G — GL(V), and apply Lie’s theorem
and Lemma 5.3.1 to the restriction p|c, to get a simultaneous eigenvalue/eigenvector pair
(p, v) for Cs.

Theorem 5.3.3. Let p : G — GL(V) be a representation of G. Thenv € V is a simultaneous
eigenvector of the restriction ple, if and only if v is a weight vector of p invariant under the
action of U, i.e.

p(U)v =
forallU € U.

Proof. First, if v € V is simultaneous eigenvector of the restriction plc, , then clearly v is
weight vector of p since H is a subgroup of C,

Conversely, suppose v € V' is a weight vector of p invariant under the action of U. Let
denote the corresponding weight. Now, take C' € C,. Then, for some D € H and U € U,

C =DU.
Thus,
p(Cu (p(D)p(U))v
p(D)v
(D).
Therefore, v € V' is simultaneous eigenvector of the restriction plc, . O]

Definition 5.3.4. Any such v € V satisfying Theorem 5.3.3 is a highest (maximal) weight
vector, and its defining weight p is a highest (mazximal) weight. Furthermore, considering
Theorem 5.3.3 in the case of C_, one defines a lowest (minimal) weight vector and a corre-
sponding lowest (minimal) weight.

For simplicity, the remaining results of this section will be established using just complex
analytic representations of SL(n, C). However, know that these results will apply analogously
to complex analytic representations of GL(n,C). For clarification purposes, the section will
close on a remark concerning the case of GL(n,C).

Now that weights of a complex analytic representation of SL(n,C) have been introduced,
what remains is identifying irreducibles by their highest weights. Up until now it has just
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been stated as fact, but how exactly is it possible that an irreducible is identifiable by a
highest weight? In theory, it could be that there exists multiple highest weights to one irre-
ducible, and as consequence, would be the compromise of the utility of unique identification
using highest weights. Fortunately, the reality is each irreducible representation has only one
highest weight space, which is also one dimensional. With that said, this section justifies this
claim and will conclude by showing that if two irreducible representations share a common
highest weight, then they must be equivalent.

To begin, recall the definition of dual module from Section 1.5. Let C(SL(n,C)) de-
note the set of continuous complex-valued functions on SL(n,C). Additionally, for V' an
irreducible SL(n, C)-module, let

fo:V — C(SL(n,C))

be the function from Lemma 1.5.5 adapted to the case of C(SL(n,C)). For a fixed a € V*,
by Lemma 1.5.5,

(fa(v) [veV)

is irreducible. Thus, it is generated, as an SL(n, C)-module, by any nonzero v € V. Therefore,
a natural choice is to use any highest weight vector as generator.

Proposition 5.3.5. Let v be a highest weight vector to the SL(n, C)—module V, and o be a
lowest weight vector to the dual SL(n,C)—module V*. Then the map

falv): G —C

has a nonzero restriction to both LDU and UDL.

Proof. To begin, note the following needed observation. Let v € V, and T" € Hom¢(V, V).
Since dim V' is finite, the euclidean norm and the operator norm are equivalent on T €
Homg(V, V). Thus one can verify that the assignment,

T — T(v),

defines a continuous map from Home(V,V') into V. Therefore f,(v) is continuous on
SL(n,C).

With that said, the function f,(v) is also nonzero on SL(n,C). Indeed, by Lemma 1.5.5,
it is true that f,(v) # 0 since, as a highest weight vector, v # 0. Furthermore, by The-
orem 5.2.8, LDU and UDL are both dense in SL(n,C). So by continuity, if the respective
restrictions of f,(v) were zero, then f,(v) itself would be zero. Therefore, the statement is
valid. O

Remarkably, it turns out that if f,(v) is created out of a minimal o € V* and a max-
imal v € V, then one gets the following proposition, which illustrates a close relationship
between the corresponding highest weight and lowest weight, with the injective SL(n,C)-
homomorphism, f,(v). Ultimately, this result is why there is exactly one highest weight
space, and furthermore, why its dimensional can be no more than one.

Proposition 5.3.6. Suppose (v,p) is mazximal in the SL(n,C)—module V', and suppose
(v, v) is minimal in the dual SL(n, C)—module V*. Then, for any UDL € UDL,
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(1) fa(v)(UDL) = u(D) 'a(v), alternatively
(2) fa(v)(UDL) = v(D)a(v), and
(3) a(v) #0

In particular,

for all D € D.

Proof. First, let p and p* denote the representations carried by V and V*, respectively. By
hypothesis,
§*(DL)a = v(D)a,

and
p(UD)'v = (D)~ "o,

Thus

Alternatively,
[u(0)UDL) = a(p(DL) ™ p(U) ) = p*(DL)(a)(v) = p*(D)(a) (v) = v(D)a(v).
Now suppose a(v) = 0. Then
[u(0)UDL) = u(D~a(v) = 0.
Therefore f,(v) is the zero map on UDL, contradicting Proposition 5.3.5. O

From Proposition 5.3.6, one may find a highest weight vector in V such that a(v) = 1.
As a result,
fa(0)(UDL) = n(D™)

for any UDL € UDL. This observation will come into play in the following theorem.

Theorem 5.3.7. There is a unique one dimensional highest weight space of the irreducible

SL(n, C)—module V.

Proof. Suppose (v, p) and (w,n) are both maximal in V', and suppose (a,v) is minimal in
V* such that a(v) = 1. First, fo(w) = a(w)f.(v) as functions on SL(n,C). Indeed, by
Proposition 5.3.6,for any UDL € UDL,

fu(0)(UDL) = w(D) = L=(NUDL)

a(w)

Thus, the two continuous functions f,(w) and a(w)f,(v) agree on the dense subset UDL.
Therefore, they must agree on all of SL(n, C).
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Now by Lemma 1.5.5, f, : V. — C(SL(n,C)) is an injective SL(n, C)—homomorphism.
Thus a(w) fo(v) = fo(a(w)v), and hence,

Therefore, by Lemma 5.1.3,

]

This section concludes by justifying the claim that an irreducible SL(n,C)—module is
uniquely determined by its highest weight.

Theorem 5.3.8. Suppose V' and W are irreducible SL(n, C)—modules, and let 1 and n be
their respective highest weights. Then, V and W are isomorphic if and only if p =n.

Proof. Let p and p be the respective representations carried by the SL(n, C)-modules, V' and
W.

First © = n, whenever V' = W. Indeed, let ¢ : V' — W provide the isomorphism, and
suppose v is a maximal weight vector in V. Then, for B = DU € B,

Hence, (¢(v), 1) is maximal in W. Therefore, by Theorem 5.3.7, u = n.

Conversely, suppose that (v, ) and (w,n) are maximal in V' and W, respectively, and
let (a,v) and (8,v) be minimal in V* and W*, respectively. Furthermore, assume that
a(v) = f(w) = 1. Now, by Proposition 5.3.6, for UDL € UDL,

)
1) fo(v)(UDL) = p(D)~", and
2) fa(

So, if p =7, then f,(v) and fs(w) agree when restricted to UDL, and as a result, f,(v) =
fs(w). Therefore, by Lemma 1.5.5,

V2 (fulv)) 2 {falw)) = W.

(
( w)(UDL) = n(D)~".

Remark. By making the following substitutions,

D — Z
By — A;
B. — A_.

one sees the same results out of this section for the case of GL(n,C). Most importantly,
one has that the irreducible GL(n, C)-modules are also uniquely determined by their highest
weights. Ultimately, this is a consequence of the fact that Lie’s Theorem applies to Z, A,
and A_; and in addition, since GL(n,C) possess the dense subsets, LZU and UZL.
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5.4 Description of weights

The final goal of this chapter is to show that if u is a highest weight for an irreducible module
of GL(n,C) or SL(n,C), then u is determined by a sequence of weakly increasing integers,

(mq, ma, ...,my).

However, for the case of SL(n,C), the integers in sequence have the additional property of
being nonnegative. In other words, highest weight for an irreducible module of SL(n,C) are
determined always by some integer partition of some appropriate positive integer!

5.4.1 Weights as analytic homomorphisms

To begin, the following lemma is extremely important. Indeed, it shows how the complex
analytic nature of the representations result in the fact that weights, in general, must be
determined by a sequence of integers.

Lemma 5.4.1. Let n > 1, and let p: (C*)" — C* be an analytic homomorphism, then u is
determined by a sequence of integers

(M1, ma, ...y My).

That is, for all z = (21, 22, ..., Zn),

w(z) = 21" zg" .20
Proof. First, it will be shown that the analytic homomorphism p : C* — C* must have the
form
u(z) = 2"
for some integer m. From there, the result will extended to the nth direct product, (C*)™.

By doing so, the proof will be complete.
To begin, recall that exponentiation by the complex number ¢ on C* can be defined by

wC = ecLogw

where Logw = In|w| 4+ i Argw is the function defined using the principal value of the
complex logarithm and the principal value of the complex argument. Now for nonzero
complex numbers wiand wy the following holds

(w1w2>c _ ecLog(wlwg)

ec(ln |wiwa |+t Arg(wiwse))
ec(Log w1 +Log wa+i2wN)

where N € {—1,0,1} is defined such that Argw;ws = Argw; + Argws + 27N holds. Now,
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using the fact that e*T = e* e, one has that

(wyws)¢ = wiws e™

Furthermore, e“>™ = 1 if and only if ¢ € Z. Consequently, the assignment w — w¢ is a

homomorphism if and only if ¢ is an integer.
Now, let w € C* and notice that if 4 is an analytic homomorphism on C*, then

) = (")

Indeed, if w # 0, then for any z € C*,

Therefore,

Realize that this result restricts the possibility for p by condition that it must be the
unique solution to the complex initial value problem

W) = W)

pd) =1

on the open set C*. Indeed, from complex analysis is the following: If U C C is a connected
open set such that the function g : U — C has an anti-derivative, then the anti derivative
for g is unique up to constant. Moreover, that constant will be determined by the provided
initial condition.

With this consider,

glw) = w

ecLogw7

for some non-integer ¢ € C. Now, f(w) = Logw is differentiable everywhere except the on
non-positive reals, since it satisfies the polar form of Cauchy-Riemann equations there. With
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this, one sees that the same is true for g. So, by the chain rule, one has

g/(w) — CecLogwf/(w)

e Logw

= C
w

o)

Y

valid on the open connected set U = C \ R<g. And, since g(1) = 1, one has ¢'(1) = c.
_ h(w)

w

Consequently, the only function A satisfying the complex differential equation A'(w)
with the initial condition h(1) =1 on U is

c

h(w) = w°,

where ¢ can now be any complex number. Therefore, the analytic homomorphism yx : C* —
C* must be of the form

p(w) = w',
for some complex number ¢. However, it was already shown that for a function like this to
be a homomorphism it must be true that ¢ € Z.

Now, let n > 1, and suppose p : (C*)" — C* is an analytic homomorphism. First, for
Jj € [n], define the function

pi - C=C*
z = pu((2);),

where (z); € (C*)" is defined to be the the n-tuple with the jth component equal to the
complex number z and every other component equal to 1. It is not too hard to see that p;
is an analytic homomorphism on C*. As a result, for all j € [n], there is some m; € Z such
that

p((2);) = 2"

for all elements of this form. So let z € (C*)", and realize z decomposes as

z = (21)1(22)2---(2n)n

for some set of complex numbers {z1, 23, ...z, }. Finally, since p is an analytic homomorphism,

wz) = p((21)1(22)2+(20)n)
= p((z1)1)((22)2) - p((20)n)

my ,m2

— mn
- Zl 22 2 .

Therefore, every analytic homomorphism g : (C*)® — C* is given by

pu(z) = 2"z .20

for some sequence of integers, (my, ma, ..., my,). H
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Theorem 5.4.2. Let V' carry the representation p : GL(n,C) — GL(V), and let 1 be a
weight. Then, for each D = diag(dy,ds, ...,d,) € Z,

u(D) =d"dy™...d"™
for some sequence of integers, (my, ma, ..., My).

Proof. First note that the restriction p|z inherits the complex analyticity from p. Indeed,
the Lie algebra for Z is the set of diagonal matrices with complex entries. Hence, Z is a
complex Matrix Lie group. So to see that p|z is complex analytic, apply Corollary 4.4.4
to the induced Lie algebra representation of p|z. Furthermore, with a little more analysis
using coordinate projections with some weight vector, one can quickly establish that p itself
complex analytic as well. Finally, Z clearly has global coordinates given by

D — (dl,dQ, ,dn) S (C*>n

Therefore, to complete the verification of the claim, one may apply Lemma 5.4.1 to the
weight, u. O

Theorem 5.4.3. Let V' carry the representation p : SL(n,C) — GL(V), and let p be a
weight. Then, for each D = diag(dy,ds, ...,d,_1,d,) € D,

p(D) = A dye... 7

.o n_l
for some sequence of integers, (Mmy, Mg, ..., My_1).

Proof. The proof follows analogously to the proof of Theorem 5.4.2. However, D has global
coordinates given by
D — (dl,dg, ---adn—l) € ((C*)n_l

as a result of the condition that det D = 1. Therefore, by Lemma 5.4.1, the weight p will
instead be determined by some sequence of integers (mq, ma, ..., My, _1). O

Remark. Now in some cases, it will be beneficial not single out the last diagonal entry for
D € D when considering

u(D).
The main reason is that it will be convenient later to identify the weight, u, with an n-tuple
of integers. As a consequence p will determined some family of integer sequences

{(my,ma,...;mu_1,0) + (a,a...,a) | a € Z}.
To explain, let p : SL(n,C) — GL(V') be a representation and let x be a weight, with

(m1,ma,...,my,) € Z".
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Suppose

di 0 0
0 dy --- 0

p=| . _|enD.
0 0 d,

Then, d, = (dids...d,_1)~" since det D = 1. With this in mind, one has

M dy.d) (dydedy )T = d T AT LT,

n—1 n
Therefore, considering Theorem 5.4.3, ;1 would be determined by
(My — My, Mo — My ooy M1 — My,

given (my, mo, ..., my).
However, consider a fixed a € Z. Then,

A0 gt | gimete) — gmagmz | qmn(dydy. d,)* = ddyE A"

Therefore, 11 can be associated to (my + a,ms + a, ..., m,, + a) for all a € Z.
Finally, for both cases concerning weights of complex analytic representations of GL(n, C)
and SL(n, C), the notation

w= (my,mo,...,my)

will be used to signify that p is determined by the integer sequence, (my, ma,...,m,). The
only difference will be whether or not the correspondence is unique.

5.4.2 Weights and weight spaces for gl(n,C) and sl(n,C)

One will need assistance from the Lie algebras gl(n,C) and sl(n,C) in order to show that if
a particular weight is given by a weakly increasing sequence of integers, then it must be the
highest weight.

Definition 5.4.4. Let G be equal to GL(n,C) or SL(n,C). The adjoint representation,
Ad: G — GL(g)
is defined by setting, for each X € g and A € G,
Ad(A)X = AXA™L.

Proposition 5.4.5. Let G be equal to GL(n,C) or SL(n,C). Then, the adjoint representa-
tion induces a Lie algebra representation of g on itself

ad : g — gl(g)

Explicitly, for each XY € g,
ad(Y)X =Y, X].
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Proof. Let Y, X € g. Then,

d oy iy
YV, X] = 2 (¢ X e
Therefore, by Proposition 4.2.4, the result follows. n

At this point and until the close of this section, results and definitions will be presented
and established using just the setting of SL(n,C) and sl(n,C). Again, the motivation is to
promote simplicity since, like before, the results extend easily and analogously to the setting
of GL(n,C) and gl(n,C). Finally, a closing remark will be given concerning GL(n,C) for
clarification purposes.

Now, the following Lie sub-algebras in sl(n, C) are of interest and will be needed.

h = {H €sl(n,C) | H=diag(hy, h,....,h,)}
u = {X €sl(n,C) | X is strictly upper triangular}
[ = {Y e€sl(n,C) | Y is strictly lower triangular}

Recall the basis for sl(n, C) introduced in Chapter 4,
E={L;|1<i#j<n}U{H;|ie[n—-1]}
Using this basis, one can utilize the following convenient formula for the matrix commutator,
[Eij, Bu] = 61 B — 6B

B
Lastly, note the following decomposition

si(n,C)=houdl
Here is the notion of weight and weight space seen from the Lie algebra.

Definition 5.4.6. A weight and its corresponding weight space for the Lie algebra repre-
sentation p : sl(n,C) — gl(V') is a pair (a, V,) such that

(1) a € b*, and
(2) Vo={veV |p(Hv=a«alH)vVH € b} is a non-trivial subspace in V.
Furthermore, a weight vector is any non-zero element of a weight space.

Example 5.4.7. Consider Ad : SL(n,C) — GL(sl(n,C)), and the induced lie algebra rep-
resentation ad : sl(n, C) — gl(sl(n,C)). Let 1 <[,k <n, and

hy 0 --- 0
0 hy ... O

- : : .. : Ef).
0O 0 - h,
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Then, one obtains

[H, Eig] = (hi — hi) Eig.

Indeed, write H =) h;E;;. Thus,

=1

n

[H, En) =Y _ hilEii, Ew] =) hi(6aEax — 0xiEi) = (= hi,) Eig.
=1

i=1

Therefore, for each [ # k, one has that Ej is weight vector of corresponding weight oy, € h*
given by
alk(H) = hl — hk

Finally, H; is also weight vector for each i € [n — 1] with the zero functional as weight.

The weight vectors of the adjoint representation play an important role in the general
theory of Lie algebra representations. Therefore, weight vectors that do not belong to h are
called root vectors, and their corresponding weights are called roots. Consider the following.

Theorem 5.4.8. Let p : sl(n,C) — gl(V) be a representation, and suppose (v,«a) is a
weight/weight vector pair for p. Then, for each 1 <1 # k <n,

(1) p(Ew)v is another weight with corresponding weight o + g, or
(2) p(Elk)U =0.
Proof. Let H € h. Recall that

p([H, Ey])v = p(H)(p(Ew)v) — p(Ew)(p(H)v).

Thus,
p(H)(p(Ew)v) = p([H, Ew])v + p(Eu)(p(H)v)
= (ou(H) + a(H))p(Ew)v-
Therefore, if p(Ey)v # 0, then p(Ej)v is another weight vector with weight a + ayy. O

Proposition 5.4.9. Let p : SL(n,C) — GL(V) be a representation for SL(n,C), and let
p : sl(n,C) — gl(V) be the induced Lie algebra representation for sl(n,C). Then, v is a
weight vector for p|p if and only if v is a weight vector for p.

Furthermore, suppose ji and o are the corresponding respective weights for p|p and p such
that

n= (ml,mg, ,mn) ez

Then, for all H € b,
Oé(H) = m1h1 + mghg + ...+ mnhn
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Proof. Suppose v € V' is a weight vector for p|p with weight p = (my, mo, ...

hy 0 -+ 0
0 hy --- 0

- : : .. : Gh.
0O 0 --- h,

Using Proposition 4.2.4,

Now,

Thus,

With this,

Therefore, since

o) - (limw) .

t—0
tHY,,
_ e
t—0 t
tH -1
= (lim&)v
t—0 t
d
= (5 W)y v
et 0
- 0 et 0
e = )
0 0 efnt
M(etH) — (ehlt)ml(eh2t)m2...(eh”t)m"

e(m1h1+m2h2+...+mnhn)t

d

% (,u(etH))’t:O = m1h1 + m2h2 + ...+ mnhn

p(H)v = (mihy + mahg + ... + mphy)v,

v is a weight vector for p with weight a, given by

Oé(H) = m1h1 + m2h2 + ...+ mnhn

,my,), and let

Conversely, suppose that v is a weight vector for p with weight a, and let

5 0 - 0
0 0y -+ 0

= S ) eD.
0 0 --- 4,
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First, for each i € [n — 1], pick a z; € C such that §; = e*, since §; # 0. Realizing that
8p = (6102...0,_1) 7Y, set 2z, = —(21 + 22 + ... + 2,_1). With this in mind, define

2 0 - 0
o 0 2.2 e 0
0 0 - 2,

) 4
since i i .
(1 3 20 o (320 = (3o 20
Therefore, v is weight vector for p|p for some weight p given by
p(D) = et
such that H € b satisfies e/ = D. O

Remark. Considering 5.4.9, (my, mo,...,m,) can represent both weights x4 and «. Also, one
can simply use the term ’weight vector’ or "weight’ without having to specify p or p.

5.4.3 The lexicographic order on weights and permutation matri-
ces

Now, the final step is showing that if a weight is a highest weight, then it is given by an
increasing sequence of integers. This will be accomplished by the use of the lexicographic
order, and by the additional aid of permutation matrices. To start, in order to define the
lexicographic order one will need a unique representative (my, mo, ..., m,) for a given weight
. So considering Theorem 5.4.3, choose (mq, ma, ..., m,) such that m, = 0.

Definition 5.4.10. Suppose p = (mqy,ms,...,m,—1,0) and v = (ky, ko, ..., kn_1,0) are two
weights, of an irreducible SL(n,C)- module V. Then, p > v in the lezicographic order,
whenever for some i € [n],

m; = k’j for all g <, and m; > k;.

Note that this a total order on weights with a maximal element since, by Lemma 5.1.3,
there are only finitely many distinct weights. In fact, one has the following useful result.

Lemma 5.4.11. Let p : SL(n,C) — GL(V) be an irreducible representation for SL(n,C),
and let p be a weight. Then, p s maximal with respect to the lexicographic order, if and only
if  1s the highest weight.
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Proof. In this proof, one appeals to the induced representation p : sl(n, C) — gl(V).

Let v be a weight vector, and suppose u,« = (mq,ma, ..., my_1,my), where m,, = 0.
(Recall Proposition 5.4.9.)

Now suppose p is maximal with respect to the lexicographic order, and let 1 <7 < 7 < n.
Then, in consideration of Theorem 5.4.8,

p(Eij)v

is another weight vector with weight o + «;;, whenever p(E;;)v # 0. So, take

hy 0 0 0
0 hy 0 O
H - . € b)
0 0
0 0 0 h,

and note that
(a4 i) (H) = a(H)+ ai(H)
= > mby+ (b — hy)
=1

= (ml + 1)h1 + (mj — 1)h] + Zhlml.
l#1,j

Consequently, if p(E;;)v is another weight vector with 1 < i < j <, then there exists a
weight
v=(my,...,m;+1,..,m; —1,...,m,).

However, this would imply that v > u, with respect to the lexicographic order. Thus, under
the assumption that p is maximal, it must be that, for all 1 <7 < 57 < n,

p(Eij)v = 0.

As a result, v is annihilated by all of u.

Now, this implies that v is fixed by all of U. Indeed, p(X)v = 0 for all X € u, if and
only if p(U)v = v for all U € U. Hence, by Theorem 5.3.3, v is a highest weight vector, and
therefore p is the highest weight.

Alternatively, suppose p is not maximal with respect to the lexicographic order. Then,
there is some other weight v > p that is maximal. But considering the previous argument,
v is then highest weight. Therefore, by Theorem 5.3.7, p is not the highest weight. O]

Like the lexicographic order, permutation matrices play a key role. The utility of such
matrices is illustrated by the following.

Lemma 5.4.12. Let p : SL(n,C) — GL(V) be a representation. Suppose (mq, ma, ..., my)
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defines a weight. Then, for any permutation o € S,

(Mo (1), Mo (2)s s Ma(n))
defines a weight as well.

Proof. The following matrix will be utilized in this proof;

10 0 O

01 0 O
U= )

00 . 0

00 0 -1

With that said, recall that for a given o € §,,, one can define a permutation matrix by
permuting the columns of the identity matrix with o. So, let P, be that permutation matrix.

Then,
P, :Z Eia(i)7
i=1
which has the property that
det(P,) = sgn(o).

Indeed,
det : C" — C

is completely anti-symmetric.
Now, realize that P, € SL(n,C) if and only if o is an even permutation. Therefore, U
will act as a correction term since U P, will be in SL(n, C). In other words,

det(UP,) = det(U)sgn(o) = (—1)? = 1.

Continuing, Let D € D, and consider (P,) 'DP,. Note that (P,)~! = P,-1, and write

D =Y §E;.
i=1
Then, using the multiplication formula

EyEi; = oy,

one can easily verify that

(Py)'DPy = 651 Eis.
=1
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In other words, if

60 0 0 O
0 o 0 O
D= ,
O 0 . 0
0O 0 0 o,
then

(50_1(1) 0 0 0

0 Op—1 0 0
(P0>71DP0 == ®

0 0 . 0
0 0 0 5(,71(71)

Hence, (P,)"'DP, € D. Additionally,
(UP,)"'D(UP,) = (P,)"'DP,,

since U"'DU = D.
Now, for convenience set (P,)"'DP, = D,, and suppose that v € V is a weight vector
with corresponding weight p = (mq, ma, ..., m,). If o is even, then

p(D)p(Py)v = p(Py)p(Py) ™' p(D)p(Py)v = p(Py)p(P;  DF,)v,

hence,
p(D)p(Pr)v = pi(Ds)p(Fy)v.

Consequently, p(P,)v is another weight vector with weight v, such that v(D) = u(D,) for
all D € D. Furthermore,

(5071(1))m1 ((5071(2))7712 ...(50—1(n))m" = ((51)m°(1) (52)m"(2) ...(5n)m"(") .

Thus,
v(D) = (1) (0g) M@ ... (0,,) T

for all D € D, and therefore, v = (my(1), Mo(2)s -, Mo(n))-
Finally, if ¢ is odd, then repeat the previous argument with U P,, since

p(UP,) " p(D)p(UP,) = p(P, ' DP,) = p(Dy).

In doing so, one finds that p(UP,)v is another weight vector with corresponding weight
V= (Mg (1), Ma(2)s - Mo(n))- O

With the establishment of Lemma 5.4.11 and 5.4.12, it is now time to verify the final
needed result linking highest weights to weakly increasing sequences of integers.

Theorem 5.4.13. Suppose pn = (my, ma, ..., my,_1,0) is the highest weight for the irreducible
SL(n, C)- module, V. Then,
my > mg > ... > my 1 > 0.

Proof. Suppose p = (mq,ma,...,m,_1,0) is the unique highest weight for the irreducible
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SL(n,C)-module V. Then, by Lemma 5.4.11, p is also the maximal weight with respect to
the lexicographic order. Now, if (mq, ma, ..., m,_1,m,), with m,, = 0, did not already satisfy
the condition

my = mg > ... = My >0,

then, for some appropriate o € S,,, one could find a different weight
v= (ma(l)a Mg (2)5 -+ Ma(n—1)» ma(n))a

such that
Mo(1) = Mo (2) 2 oo = Mo(n—1) = Mo(n)-

However, > v, since p # v. Thus, for some i € [n],
mj = me(j) for all j <1, and m; > me ).
With this in mind, realize that i > 2. True, otherwise
my > Me(1) = Mg (2) 2 oo = Mo(n—1) = Mo(n),

which implies m; > m;. Consequently, m; = m, (). And therefore, m; > m; for all [ € [n].
Now, one can just assume that (1) = 1 since m;, being maximal, did not need to be
permuted from the start. Moving forward, one has that
Mo 2 Me2) 2 o 2 Mg(n-1) = Ma(n),

since i > 2. So, by applying the previous argument again, one finds my = m,(), and
my > mg > my for all [ > 2. Hence, like before, it can be assumed that o(2) = 2.
By continuing this, one sees

my > Mo > ... 2> M;_1 > my,

for all [ > i, and thus it can be assumed that o(k) = k for 1 < k <i — 1. However, one still
obtains a contradiction. Indeed, o permutes the last n — ¢ + 1 entries of

(my,ma, ...,my_1,0)

amongst themselves, since o(k) = k for 1 < k < ¢ — 1. Furthermore, m; > mg(;), implies
that m; > mey() for all ¢ <1 < n. But then, m; > m,;. Therefore

mp = mg 2> ... =My >0,

for the highest weight p = (mq, ma, ..., m,_1,0). ]

Remark. By repeating the methods presented in this section, but with the following sub-
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algebras of gl(n, C),

3 = {H€gl(n,C) | H =diag(hy, ho, ..., hy)}
u = {X €gl(n,C)| X is strictly upper triangular}
[ = {Y egl(n,C)|Y is strictly lower triangular, }

one sees the same results for the case of GL(n,C). However, now the highest weights of
irreducible GL(n, C)-modules are uniquely determined by n integers satisfying

my 2 ma 2 2 Mp—1 Z M.

The main reason for this is that Z has coordinates consisting of n non-zero complex numbers
instead of n — 1, and that weights are determined uniquely by n integers with no condition
being placed on the trailing integer.

In summary, distinct irreducible complex analytic Lie group representations of GL(n, C)
and SL(n,C) are determined by their highest weights. For GL(n,C), these highest weights
are themselves determined uniquely by n integers satisfying

mi Zmz Z Zmn

Where as, for SL(n, C), the highest weights are one to one correspondence with n— 1 integers
having the following property,

my > mg 2> ... > my_1 > 0.

Such sequences were said to be nothing more than integer partitions of an appropriate
positive integer.

Now, in order to provide a complete classification of irreducible representations of SU(n),
realizations still need to be provided. Considering Chapter 3, and as suggested previously,
the various image spaces of the general projection operators corresponding to integer parti-
tions, A = (A1, Ag, ..., ) F m, provide the source of these realizations. However, it still needs
to be established that these are irreducible when seen as modules to SL(n,C) and SU(n).
Furthermore, considering this chapter, if one wants to characterize the complete classification
of irreducible representations of SU(n) in terms of integer partitions, then the following ques-
tion must be answered. Which partitions determine highest weights to irreducible complex
analytic representations of SL(n,C)? So with these issues in mind, the following chapter
picks up where Chapter 3 left off, in setting of the irreducible tensor representations of

GL(n,C).
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Chapter 6

Irreducible representations of SL(n,C)
and SU(n)

The final step to provide a complete classification of irreducible representations of SU(n) is
to provide realizations in setting of the irreducible tensor representations of GL(n,C). In this
chapter, the accomplishment of this last task will follow by first showing that the nonzero
image spaces of the various general projection operators are additionally irreducible SL(n, C)-
modules. Afterward, solely in terms of the defining integer partition and the positive integer
n, necessary and sufficient conditions for a particular image space of a general projection
operator being nontrivial will be provided. From there, given any nontrivial image space
of a general projection, the existence of a highest weight vector will be verified, along with
the confirmation that the description of the corresponding highest weight is determined
exactly by the integer partition associated to the projection operator. Finally, the chapter
will conclude with a formal presentation of the classifications of both the finite dimensional
irreducible complex analytic representations of SL(n,C) and finite dimensional irreducible
representations of SU(n).

The exposition presented in this chapter is modeled by the same given by Sternberg
[4]. In addition, some needed results also follow from B. Hall [1]. Throughout this chapter,
let V. =C" and £ = {e; | i € [n]} denote the standard basis for V. Lastly, note that all
representations are still assumed to be finite.

6.1 The irreducible tensor representations are complex analytic

This section begins by reminding the reader of relevant theory from Chapter 3. Let m be a
positive integer. First, recall that both S,, and GL(n,C) act on V®™ via monomials. For
o € S,,, one had

(V1 @V ® ... ® Up) 1= Vo1(1) D Vp-1(2) ® ... ® U1 ().

Likewise,
A" (1] @ Uy ® ... @ Upy) = Av; @ Avy ® ... @ Avyy,
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for A € GL(n,C). Secondly, recall the following decomposition

ven =

AFm

where, for each A\ = (A, Mg, ..., \) = m, W? is the isotypic component corresponding to
the Specht module of shape A. Furthermore, recall that U* = Homg, (S*, V®™), with
my = dim U*, being the number of isomorphic copies of S* that appear in the decomposition
of V®™ into irreducible S,,-submodules.

Finally, for each A = m and any tableau t of corresponding shape, one had the following
isomorphism of GL(n, C)-modules,

U e (VO™),

where €; denotes the general projection operator built from the row and column stabilizer of
t.

Now, in order to apply the results from Chapter 5 to irreducible tensor representations
on V®™ it will appropriate at this time to point out that that the representation

T®™ : GL(n,C) — GL(V®™)

is indeed complex analytic for each m. This fact follows very naturally from the describing
action of GL(n,C), and is verifiable by first showing that the representation

T:GL(n,C) — GL(V)

is complex analytic, and then establishing the claim for each m.
For the first case, one makes the usual identification of GL(V') with GL(n,C) using the
map
L — [L] &,

where [L]s denotes the matrix of L € GL(V) relative to the standard basis. Under this
map, one has GL(V) = GL(n,C) as complex manifolds by virtue of the identification itself!
Furthermore, if

ailr Az - Qip

A1 Q22 -+ QAap
A=

an1 Ap2 - Ann

then, for each i € [n],

TA(@l) :Z Qj;€.

J=1

Thus, the matrix entries of [T'A]e are given by the matrix entries of A. Clearly, this repre-
sentation is complex analytic.
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More generally, let m > 1. Then

A®m(6j1 ® 6j2 ® ® ejm) = A€j1 ® A€j2 ® ® Aejm

n n

= O tijyei) @ (O tiyjpeiy) @ . @ (D aijnci)

i1=1 io=1 im=1
n

= E iy jy Aig o+ Qi G, €y X €is ®..Q Cip, -

11,82, 0m =1

With this in mind, the matrix entries of A®™ relative to the basis
{ejl ® €4z ®..Q €jm | (j17 7]m) S [n]m}

are given by products of the entries of A. Therefore, T®™ is complex analytic for each m.
Finally consider the following,

SU(n) € SL(n,C) C GL(n,C).

So by restriction of T®™, one sees that SL(n, C) and SU(n) also act on V®™. Consequently,
for each A - m, and each tableau ¢ of corresponding shape, the GL(n, C)-module, ¢, (V®m),
is additionally a module to both SL(n,C) and SU(n) under the restriction of 7™ to each of
the respective subgroups. Ultimately it will be shown that as SL(n, C)-module, ¢, (V®m) is
irreducible, and therefore, by Theorem 4.4.14, is irreducible as a SU(n)-module as well.

6.2 The standard basis as weight vectors

In order to first show that each ¢ (V®m), carrying the restriction of 7™ to SL(n,C), is
still irreducible as an SL(n, C)-module, it will be established that modules that carrying irre-
ducible complex analytic representations of GL(n,C) and SL(n,C), in general, are spanned
by weight vectors. Afterward in Section 6.3, the desired observation will follow from showing
that, for the case of the irreducible tensor representations, weight spaces relative to GL(n, C)

and SL(n, C) are, in fact, one and the same. To start, consider the following results borrowed
from the work of B. Hall [1].

Definition 6.2.1. Let p: g — gl(W) be a Lie algebra representation for g, and let w € W.
Then the cyclic subspace of w is

(w)p = (p(X1)p(Xa)..p(X)w | {Xitiey C g, 1 € N).

It is straight forward to see that (w), is a g—submodule. Indeed, (w), is defined so that
it would be.

Lemma 6.2.2. Let p: g — gl(W) be a Lie algebra representation for g, and let

B — {Xl, Xk}
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be an ordered basis of g, where k = dim g. Furthermore, for each K > 1, define the following
subspace of gl(W)

k

(K) = (p(X1)™p(X2)™..p(Xe)™ [ {mi}icw €N, Z my < K).
I—1

Then, for any (i, ...,ix) € [k]¥,

p(Xil )p(Xiz)“'p(XiK) S <K>

Proof. This proof will use induction on K. Also, one will need the collection of constants
{L}, € C|1< 4,51 <k} that define the commutator. In other words, for each j,1 € [k],

one has
k

(X5, X)) = X; X — X, X; =) LyX
=1

Now, the claim is obviously true for K = 1. So let K = 2, suppose ¢ > j, and write
p(Xi)p(X;) = [p(X3), p(X;)] + p(X;)p(X5).
Then, since p([X;, X;]) = [p(X;), p(X;)], one has
p(Xi)p(X;) = p(Xi, X)) + p(X;)p(X3)

k
=1

Clearly,
k

Z LéjP(XO € (2),
=1
and since j < 4, one has p(X;)p(X;) € (2) as well. Thus

p(Xi)p(X;) € (2).

Therefore, the result holds for the case K = 2.
With this, suppose that for some N > 2, the claim is true for all 1 < K < N. Let j € [k],
and let
{X;, X, X;,.. Xy} CB.

Then, by the inductive hypothesis, for some M > 1 and collection of complex numbers
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{aibicpa,

p(X;)p(Xi )p(Xiy).-.p(Xiy) = p(X;) (p(Xi,)p(Xi, ). p(Xiy )

= p(Xj) <Z alp(Xl)mup<X2)m2l'--p(Xkynkl)

M
= D ap(X;)p(Xy) ™ p(Xa)™ . p(X) ™,
=1
k
where my; > 0, and > my < N, for each [. Consequently, one only needs to show the result
i=1

for elements of the form
p(X5)p(X1)™ p(X2)™..p(Xk)™,

k
where m; > 0, and > m; < N.
=1
Using this,

P(X)p(X)™ p(Xe)™ = (p(X;)p(X1)) (p(X0) ™V .p(Xe)™)
= ([p(X;)p(X1)] + p(X1)p(X;)) (p(X0) ™7V p(Xe)™)
(p([X;X]) + p(X)p(X;) (p(X0) "™ 7 p(Xi)™)

) ( Ly p(X:) + p(X1)p(X; >> (p(X1)"™ =Y p(X) ™)

=1

Note that without loss of generality it was assumed that m; > 1. Now, realize that the
inductive hypothesis applies to the sum

ZLﬂp J(X0) ™ D p(Xa)"p(Xi) ™

since, for each 7, the term
P(X3)p(X1) ™ D p(Xa) ™ (X)) ™

is a product of N or less factors. However notice that (K) < (K + 1) for each K. Thus

Z Ly p(Xi)p(X1)™ ' p(X2)™2..p(Xp)™ € (N +1).

So, from repeated use of the commutator, one can successively 'move’ the factor of p(X;)
to the right one position at time while simultaneously generating a new sum that is in (N+1).
Finally, once the factor of p(X;) appears in the right position relative to the order of the
basis, it will be apparent that p(X;)p(X7)™ p(X2)™?...p(X))™ is a linear combination of
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elements in (N + 1) with the element
P(X1)™ p(X2)"™2.p(X5)p(X5)™ p(X0) ™+ p(Xe) ™

Therefore,
p(X;)p(X1)™ p(Xa)™..p(Xp)™ € (N +1).

Recall the basis of sl(n,C) used in Chapters 3 and 5,
{Ep |1<i#Ek<n}U{H |l [n—1]}.

Proposition 6.2.3. Let g equal gl(n,C) or sl(n,C), and let p : g — gl(W) be a complex
linear Lie algebra representation for g. Suppose w € W is a weight vector for p. Then

<w>p = <p(El1k1)p(Elzk2)"'p(Eljkj)w | ll 7é kia ] € N)
In particular, the cyclic subspace is spanned by weight vectors.

Proof. To begin. Let w € W be a weight vector for the representation p : sl(n, C) — gl(W),
and put some convenient order on the basis

such that the elements of {H, | | € [n — 1]} appear last in line relative to this order.
Temporarily relabel this basis as

B - {X17 ceey X(nQ—l)}'

So, for each [ € [n — 1],
Xn(n—l)—H = Hb

under the previous requirement.
First, since p is linear, the cyclic subspace of w can be reduced to

(p(Xi))p(Xs,)..p(Xiw | X, € B, k € N).

Now, let k& > 1, and suppose that the product p(X;,)p(X,)...p(X;,) contains one or more
factors of p(H;) for [ = 1,2...,n — 1. Using Lemma 6.2.2, rewrite the product as

N
p(Xi )p(Xiy)-p(Xi,) =D aip(X0)™ p(X2)™..p(Xngn-1) ™D p(Hy)" o p(Hpy)
j=1

where all the terms of linear combination satisfy Lemma 6.2.2. However, w is a weight.
Thus, for each j, one has that

p(Hl)b” ...p(Hn_l)b"*” (w) = cjw,
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for some appropriate ¢; € C. Hence,

N

p(Xi) )p(Xiy)...p(X;, w :Z (Cjajp(Xl)mljp(Xg)mzj...p(Xn(n_l))m”(n—l)J') (w).

j=1

Therefore, the cyclic subspace of w reduces to

<w>p = <p(Ellk1)p(E12k2)“'p(Eljkj)w ‘ Li 7A ki, j € N)

Furthermore, by Theorem 5.4.8, p(Ej;)w is another weight vector whenever it is not zero.
Therefore, through induction, one sees that (w), is spanned by weight vectors.

Finally, consider p : gl(n,C) — gl(IW). Note that the standard basis of gl(n,C) consists
of all the matrix units {Ey | [,k € [n]}. So repeat the last argument with the role of
replaced with 3 to get the result. ]

Corollary 6.2.4. Let G be equal to SL(n,C) or GL(n,C). Then an irreducible complex
analytic Lie group representation of G is spanned by weight vectors.

Proof. Suppose p : G — GL(WW) is an irreducible complex analytic representation. Then, by
Theorem 4.4.8,

p:g— gl(W)
is irreducible as well. Now let w € W be a weight vector, and note that, by Proposition

6.2.3, the cyclic subspace
(w).

p
is spanned by additional weight vectors. However, W is irreducible. Thus,

<w>,‘,:W

Therefore, W is spanned by weight vectors. O

This section concludes by showing that the standard basis for V&™ consists of weight
vectors for both GL(n,C) and SL(n,C), and in addition, that weights and weight spaces for
the reducible module V®™ relative to each GL(n,C) and SL(n,C) are the same. Further-
more, a description of all possible weights using integer composition will be presented.

Let m =1; j € [n], and let

d 0 --- 0
0 do

= L € GL(n,C).
0 0 - d,

Now
D®m(€j> = djej .

Thus, e; is a weight vector with weight p; = (0,...,1,...,0) such that the 1 is in the jth
position and there are zeros elsewhere. Furthermore, it is clear that that if D was chosen
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from SL(n,C), then one would see the same result. In other words, the matrix Lie groups
GL(n,C), and SL(n,C) both share the same weight vectors for this case. But as one will
see, this naturally applies to every m > 1.

Building off this example, consider the standard basis for V&™

EM={e;, ®e,®...0¢€,, | I=_(i1,....im) € [n]"}.
Let I = (i1, ...,%y) € [n]™. Then, considering the defining action of the representation
T®™ : GL(n,C) — GL(V®™),
i, ®e, ® ... Qe is naturally a weight vector for GL(n,C). Furthermore, by computing

D®m(€i1 ® 61'2 ® ® eim) = Deil ® DeiQ ® ® Deim
= dileil X di2€i2 X ... diinm
= (di1di2"~dim)ei1 X €is X...Q Cim -

one can see that the corresponding weight p; = (my, ma, ..., m,,) is defined by
m; = ’'the number of factors of ¢;.’

As a consequence, my; + ms + ... + m,, = m, holds for any weight u;. Moreover, since
iy = (my, ma, ..., my,) consists of an order sequence of nonnegative integers, it follows that all
the distinct weights of T®™ are determined by all possible integer compositions of m. These
will be denoted as m from this point on.

Now, if e;, ®e;, ®...®e;, and ¢j, ®ej, ® ... ®e;,, are in the same weight space, then the
fact that p; = py implies e;, ® €;, ® ... ¥ e;,, and ¢;, Ve, ® ... X ¢;,, share the same number
of factors of each e;. Thus,

€, Ve Q...Q0e;, =06, Ve, R...R0¢e;

for some permutation o € §,,. Therefore, if V;, denotes the weight space associated with
[m, then
V= (0€;, e, ®...Qe;, |0 €Sp),

such that 1 <41 < iy... <13, <n.
Finally, each ¢;, ® €;, ® ... ® ¢;,, is also a weight vector for SL(n,C). In addition, two
distinct weights fim, and pm, for GL(n,C) will restrict down to two distinct weights of

SL(n,C). Indeed, if
fmy = (M1, ...,my) and  piy, = (M4, ..., m,)

are to restrict down to the same weight for SL(n, C), then there must exist an integer a, such
that
(m1 — ml, mo — mz, ey, My, — mn) = (CL, a, ..., CL).
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However, the condition that
mi+...+my,=my+...4+m, =m

implies
an = (my —my) + (mg —Ma) + ... + (M, —Mm,) = 0.

Thus, it must be that a = 0. Therefore, fiym, = fim, as weights for GL(n, C) since m; = m;
for each 1.

There is subtle point to made from this. Suppose that v € V®™ was only assumed
to be a weight vector for SL(n,C) with its corresponding weight being v Then first, v is
determined by some family

{(mlamZ-“amn) + (CL,CL, -"7a) | ac Z}

for some (my, ms...,m,). Now by Lemma 5.1.3, weight vectors from different weight spaces
are linearly independent. However, the weight spaces for GL(n,C) are all given by

Vi = (06;, ®e;, ®...Q¢;, | 0 €Sy)

as m ranges over all the compositions of m. So, if v was distinct from various restrictions of
Vi to SL(n,C), then a contradiction would arise: v would be linearly independent from the

space
PV =V

Finally, it was just shown that only one distinct puy, could restrict down to v. Therefore, for
some m, one has that v is a weight vector for GL(n, C) with weight pm = (m1, ..., m,) = m.
6.3 The image space ¢; (V®™) as an irreducible SL(n, C)-module

This section starts by finishing the verification that, for the tableau t corresponding to the
partition A F m, the corresponding GL(n,C) and SL(N, C)-module,

€t (V®m) y

possess the same weights and weight spaces as seen from each setting of GL(n,C) and
SL(n, C).

Now, like any linear transformation, one can appeal to the span of the image set of the
basis £™. This is seen as

€ (V®m) = (e(ey @ ...®e€; ) | T = (i1,...,0m) € [n]™).

Now by Corollary 6.2.4, as an irreducible GL(n, C)-module, ¢, (V®m) has a basis of weight
vectors. But, since the action of GL(n,C) commutes with the action of S,, on V®™ one
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needs to look no further than the set
{erle, @ ...®e;, ) | T = (i1,...,im) € [n|"}.

True, take any

0 do

Then,
D™ (ees, ® ... ®€;,)) = & (D (e, @ ... ®€;,,)) = pr(D)er(es, @ ... @ ey,,).

Hence, the weight vectors for ¢ (V®m) are by given all the elements €(e;, ® ... ® ¢;,,) such
that €(e;, ® ... ® ¢;,) # 0. Consequently, the distinct weight spaces in € (V®m) are given
by the compositions m = (my, ..., m,) such that

€(Vim) # {0}

Finally, note that the weight vectors of SL(n, C) in ¢ (V®™) must also be weight vectors of
GL(n, C) since this result has been established for all of V®™.
So with this observation, comes the first of the major theorems of this chapter.

Theorem 6.3.1. Let A\ F n, and suppose ¢ (V®m) # 0. Then, ¢ (V®m) carrying the
representation T®™ restricted to SL(n,C) is an irreducible SL(n, C)-module.

Proof. Suppose ¢; (V®m) is nontrivial. Then, by Lemma 5.3.1, find W < ¢ (V®m), a
nonzero irreducible SL(n, C)-submodule. By Corollary 6.2.4, W has a basis of weight vectors
for SL(n, C). So, denote this basis as {wy,...wy}, with £ = dim(W), and let A € GL(n,C).
Using A, define

det(A) 0 --- 0
DAiZ . . . . )

and A := AD 1. By construction, A = AD, where A € SL(n,C). Indeed,
(Da)™" = Dy,

and
det(A) = det(A) det(Dy-1) = det(A) det(A™) = 1.

With this in mind, let w; be the ith basis element of W, and suppose p; is its weight. Now,
it has been established that weight vectors for SL(n, C) are also weight vectors of GL(n, C),
and that there exists (my,...,m,) as a representative for p; given by a weight for GL(n, C).
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Thus,
AP (wy) = TE™(AD4)(w;)
— A@m (T®m(DA)(wz))
= A®™(det(A)™w;)
= det(A)™ <A®mwi> .
But R
A, € W
since W is a SL(n, C)-submodule, and A€ SL(n, C). Consequently,

AP (w;) = det(A)™ (A@mwi) cW.

From this, one can see that W is also a nonzero GL(n, C)—submodule, and therefore, W
must equal ¢ (V®m) . O

From this comes the obvious, the need of necessary and sufficient conditions in determin-
ing whether or not a particular image space of a general projection operator is nontrivial.
Fortunately, this is next in line.

Theorem 6.3.2. Let A\ = (A, Ao, ..., \)) F m, and let t be a tableau corresponding to .
Then, € (V®m) # 0 of and only if dimV =n > .

Proof. Let t be a tableau of shape A. Recall that
Ri={tij|je\]}and Cj = {t;; | i € [\}]}

where \i = max{k € [I] | A\, > j} for each j € [\]. Now if n > [, then it is easy to
find a nonzero element in ¢ (V®m) . Indeed, by this assumption, one can take the first [
basis vectors {ey, e, ..., ¢}, and pair them to each of the rows { Ry, Ro, ..., R;}, respectively.
In other words, e; pairs with R, e; pairs with Ry, and etc. Note how this would not be
possible if n < [. With this mind, find the monomial, e’ :=¢;, ® e;, ® ... ® ¢;, , such that, for
each i € [I], the factors of e; exist in all the positions given by the entries in R;. For example,
ifn=3,m=06 and

436
t = 25
1

then,
et:€3®€2®€1®61®62®€1

would be the monomial of interest.
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By construction, one has that oe! = et, for all 0 € R, and hence
u(e') = oe' = Rye".
oERy

However, also by construction, for each i, no two factors are the same in any of the positions
given by the entries of C;. Thus, oe' # e’ for each o € C; \ {¢}, and, for all o, 7 € C}, it is
true that oe! = re' if and only if 0 = 7. As a result,

Kky(eh) = ngn(a)aelt #0

oceCt

since {oe' | o € C,} is a linear independent set. Therefore,
er(€') = r(e') = |Ry|ri(e) # 0.

Conversely, suppose that n < [, and let I = (i,49,...i;,) € [n]™. Then, by a standard
pigeonhole argument, there exists a e; and a pair ky # ko € Cy = {t;1 | i € [l]}, such that

61'1 ® 61'2 ® ® eim

has a factor of e; in the ki;th and koth position. Without loss, assume k; < kg, and let
o = (k’hkg). Then, (oS Ct, and

ole;, e, ®..Qe,) = o6, R...Q0€e, ®...Q€e, Q...RQ e )
= €,®.0€¢,Q..0¢e, ®..Q¢,
= eil ®€i2®-'-®eim

since ey, = ex, = €;. With this in mind, notice that

Ko = ngn(T)TU = sgn(o) (ngn(7‘0)7’a> = —Ky

TeC} TeC}

since

(1) sgn(o)* =1,

(2) sgn(7)sgn(o) = sgn(70), and

(3) > sgn(ro)ro = > sgn(r)T.

TeC} TeCt

Thus,

Ki(e, ey, ®...Qe, ) = Kloe, e, ®...Qe;)
= (Kko)(e;, Re, ®...R¢;)
= —Re(e;, Ve, ®...Q¢€; ).
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However, if this is the case, then one would have
2ki(e, e, ®...® e, ) =0.

Therefore,
Ke(e, ®e, ®...Q¢;, ) =0.

Now, let m € R;. Then, by repeating the previous pigeonhole argument for the monomial
€i77_1(1) ® 61'77_1(2) ®..Q €iﬂ_1(m) = ’/T(@Z'l X €iy X..RQ eim),

one would also find

/ft(eiﬂfl(l) ®€i 14 @ ® ei,rl(m)) =0.
Thus,
elen, Ve, ®...0Qe€,) = Kile, Qe ®@...Qe,)
= Kt (Zﬂeil ®ep, .. Q eim>
TERy
= (Zlit(’ﬂeil ®ep, ... ® eim)>
TERy

= 0.

Therefore,
e (V®™) = {0}.
O

Corollary 6.3.3. Let A = (A, Ao, ..., ) = m. Then U # 0 if and only if dimV =n > L.
Proof. This follows by Theorem 6.3.2 and Theorem 3.4.2. m

Now, the following result will needed for the remaining objective of identifying highest
weight vectors and their corresponding highest weights in each of the nontrivial image spaces
of the general projection operators corresponding to the various integer partitions of m.

Lemma 6.3.4. Let t be a tableau of shape A = m, and let I = (i1 ia, ..., %) € [n|™. Suppose
that, for all m € Ry, there exists a column C; of t and a basis vector e, € V', such that

e, ®e, ®...Qe€;, )= €irry) O €1y @ Oy
has a factor of e in at least two of the positions given by the entries of C;. Then,
(e, ®e, ®...®e;, ) =0.

Proof. Let I = (iy,12,...i,) € [n]™, and m € R;. Find such a column Cj; of ¢, and a basis
vector e, € V, such that, for some pair k; < ky € C},

7T<€1'1 X €iq ®..Q €im) = 61'7771(1) (059 61'Tr71<2) ®..Q eiwfl(m)
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has a factor of e; in both the k1th and ksth positions. Then, o = (ky, ko) € Cy, and
o(mle, ®ep, ®...Qe, ) =m(e;, Ve, ®...Qe€; ).
But, by considering the proof of the Theorem 6.3.2, one has
Ke(m(e, ®e, ®...Qe€;,,)) =0.
Therefore, it follows that

ele, ey, ®... Qe ) = Kile, e, ®...Qe; )

= K (Zﬂeil Ke, ®..Q eim>

TER:

= (Z/ﬁt(weil R®epQ...Q eim)>

TERy

= 0.
[l

This section finally arrives at the last major result of the chapter preceding the formal
presentation of the classifications theorems regarding the specific irreducible representations
corresponding to SL(n,C) and SU(n). So, recall that ¢, denotes the standard tableau of
shape A, and that

Riy = 812,01 X St ae 42 0422} X oo X Sfnon i +1,n-A 42,0}

Theorem 6.3.5. Let A = (A, Ao, ..., \)) = m such that n > 1, and let t be a tableau corre-
sponding to \. Then, the highest weight in € (V®m) 15 given by

my — ()\1, )\2, ...,)\Z,O, ,0)

Proof. The proof will be established via €, (V®m) . This will suffice, since each ¢, (V®m)
is isomorphic to one another.

By Theorem 5.3.3, a weight vector v is a highest weight vector if and only if v is left fixed
by U, the subgroup of upper triangular unipotent matrices. Also, by Theorem 6.3.2,

e, (VO™) # {0}

since n > [. Thus, there is a unique one dimensional weight space of highest weight. So, the
proof amounts to finding a highest weight vector.
Now, considering the proof of Theorem 6.3.2, the element,

e) 3=§1®~~®€L®§2®~-~®€g®---®§l—1®--.®65—1®§l®-~-®€l,

A1 A2 Al—1 Al
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satisfies €;(ey) # 0. Now, denote its weight as fim,, and see that
Hm, = (/\17 /\2, ceey )\l, 0, ceey O)

Therefore, one just needs to show that U®™(e(ey)) = €:(ey) for all

1 app -+ aip
0 1 - ay,

o= " lecu
0 0 --- 1

First, U is generated by {/ + aE;; | a € C,1 < i < j < n}. Thus, one can reduce
the problem to just considering this generating set. Furthermore, the largest ordered basis
appearing in ey is e; where [ < n. So, again the problem is reduced to a smaller setting, this
being

{I+aE;|acC,1<i<j<lI}

Second, it will be convenient to define

K . glkwlbn=i, NeR]}|

a
for each
K = (ki ko, ., ky,) € {3,517,
and
R K
(i) = Z X1 ®.0e®. Ve Pep @ .. @6y, ®.. 0@ ..@ ¢

Ke{i.j} I \{(Gd)} M Y
With this in mind, realize that
(I +aEy)*™" (ex) = ex + e
Thus, one has
(I +aEy)™" (ei(ex)) = & (I + aEiy)™" (ex)) = erler) + elegi)-

Now, if
K = (ki ko, oo kry) = {6,519\ G, 0 D)},
then, for some N € [);], it is true that ky = ¢. Thus, the monomial

el®...®elj®62®...®e%®...®ekl®...®ekN®...®e,%®...®el®...®el
X X2 X
1 2 )

will have a factor of e; in at least two of the positions given by the entries of the column
Cy. Indeed 7 < j. So, by construction of the original e,, there will be a factor of e; in the

130



(tx)inth position, along with the factor of e; in the (¢));nth position. ((¢))in, (t2)jn € Cn)
Furthermore, since there are only factors of e; in the positions A\;_; + 1 through \;,_1 + A;,
and since A\; > \;, one will find that, for each m € R, there will also be a factor of e; in
at least two of the positions given by the entries of the column Cr-1(y). Consequently, by
Lemma 6.3.4,

€ty 61®...®€1®€2®...®€2®...®€k1®...®€kN®...®€k>\j®...®€l®...®€l
% o
1 2 l

is equal to zero. As a result, ¢(e(j_;)) = 0, and therefore,

(I + (IEZ'j)®m (et(e,\)) = Et(e)\) + et(e(j_n-)) = et(e,\).
[

With the establishment of Theorem 6.3.5, the work of this exposition is complete. What
remains is pooling together all the major results established here along with major theorems
from Chapters 3, 4, and 5. This begins with the complete classification of irreducible complex
analytic representations for SL(n, C).

Theorem 6.3.6. For all n > 1, each finite dimensional complex analytic irreducible repre-
sentations of SL(n,C) can be realized in

€ty <V®m)

for some positive integer m and partition X = (A1, Mg, ..., \;) F m satisfyingn — 1 > 1.
Furthermore, the collection

{eo, VO™ | A= (A, Aoy M) Fmy n—12>1, m>1}
forms a complete list of irreducible complex analytic representations of SL(n,C).

Proof. Let n > 1, and first suppose p : SL(n,C) — GL(W) is a complex analytic irreducible
representation carried by the finite dimensional vector space, W. Then, by Theorem 5.3.8,
p is uniquely identified by its highest weight, pu. Furthermore, applying Theorem 5.4.13 to
1, one sees that p is determined uniquely by some sequence of integers,

(M1, ma, ..., my_1,0)
satisfying my; > mo >, ..., > m,_1 > 0. However, if
m:=mq+mo+ ...+ MmMy_1,

and
A= (ml,mQ, ceey Mipp—1, 0),

then, by Theorem 6.3.5, W is equivalent to the SL(n,C)-module, €, (V®m) , carrying the
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representation T®™ restricted to SL(n,C). Therefore, p is realized in €, (V®m) for A =m
defined above.

Now let m > 1, and suppose A = (A1, Ag, ..., \;) is an integer partition of m satisfying
n —1 > 1. Then, by Theorem 6.3.2, €, (V®m) # 0. Thus, using Theorem 6.3.1 and 6.3.5,
one has that, as an SL(n, C)-module, ¢, (V®m) , carrying the representation T®™ restricted
to SL(n,C), is irreducible, and has a highest weight given by A = (A, Ag, ..., \;). Finally,
considering Theorem 5.3.8, one sees that A and m uniquely determine a complex analytic
irreducible representation for SL(n, C). O

6.4 Highest weight classification for SU(n)

Before the exposition concludes with the main objective, being the classification theorem
for the irreducible representations of SU(n), a small issue concerning the potential definition
of weight and weight space for the setting of SU(n) needs to be resolved. At first glance,
the concept of highest weight and highest weight space doesn’t seem to apply to Lie group
representations of SU(n) since the matrix Lie groups ¢ and £ are not subgroups of SU(n).
On the other hand, Lie’s Theorem does apply to

DN SU(n),
which consists of matrices of form
e 0 ... 0
0 €% ... 0
D = . . .
0 0 ... g

such that 6, + 65+ ... +6, = 0 (mod 27). Thus, weights and weight spaces can have meaning
for SU(n). With this, and with Theorems 4.4.14 and 4.4.15, one ultimately may extend
the notion of highest weight and highest weight space to the setting of SU(n) with the aid
of SL(n,C). Therefore, one has the following, long anticipated classification theorem for
irreducible representations of SU(n).

Theorem 6.4.1. For all n > 1, each finite-dimensional irreducible representation of SU(n)
can be realized in

etx (V®m>

for some positive integer m and partition X = (A1, Mg, ..., \;) F m satisfyingn — 1 > 1.
Furthermore, the collection

{Etk (V®m) | A= ()\1,)\2, ...,)\l) H m, n— 1 Z l, m Z 1}
forms a complete list of irreducible representations of SU(n).

Proof. Let n > 1, and first suppose p : SU(n) — GL(W) is a irreducible representation
carried by the finite dimensional vector space, W. Then, by Theorem 4.4.15 and 6.3.6, p can
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be realized in

€ty (V®m>

for some positive integer m and partition A = (A, A, ..., A) F m satisfying n — 1 > 1.

Now let m > 1, and suppose A = (A1, Ag, ..., \;) is an integer partition of m satisfying
n — 1 > 1. Then, by Theorem 6.3.6 and 4.4.14, there exists an irreducible representation of
SU(n) determined uniquely by A and m. O
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