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1 Introduction

The Lie group SU(N) has many definitions. In a basic sense, it can be considered the
group of linear transformations on N-dimensional complex vectors that preserve the scalar
product: it is a group of rotations. More formally, SU(N) is the group of unitary matrices
with determinant one:

SU(N) = {A € GLx(C);det A =1,AT = A7} (1)

It gives the familiar structure of basic Spin—% particles from any introductory quantum
mechanics course: the momentum operator J3, and its raising and lowering operators, Ji,
are built from the structure of SU(2) and its algebra. In quantum chromodynamics, the
symmetries of color and (approximately) flavor build out of the theory of SU(3). In its
general form, SU(N), has diverse applications to symmetries of field theory Lagrangians.

The study of SU(N) is particularly interesting because it is a Lie group: it therefore has a
corresponding Lie algebra, denoted su(N), such that every element of SU(N) can be written
as the exponential of an element of su(N). This allows for the direct study of the properties
of SU(N) through a careful analysis of su(N), which itself has unique properties owing to
its classification as a Lie algebra.

In particular, we are interested in the applications of SU(N) and su(N) to a peculiar field
theory: Chern-Simons theory. In its non-abelian form, Chern-Simons theory takes elements
of su(N) and its representations for its gauge field and elements of SU(N) (and its represen-
tations) for its gauge transformations.

To this end, and because the study of Lie algebras is fascinating in its own right, we will
establish the basic structure of su(N) and its representations, briefly examine the theory of
representations and characters of SU(N), and take this understanding and use it to study
the canonical structure of Chern-Simons theory.

2 The Lie Algebra

The Lie algebra su(N) is the set of anti-Hermitian traceless N x N matrices, with Lie bracket
given by the usual matrix commutator.

su(N) = {A € GLx(C); TrA=0,A= —A"} with [A,B]=AB— BA (2)

su(N) is a simple Lie algebra; in particular, it is semisimple, so we can decompose it as a
direct sum of a Cartan subalgebra and its corresponding root spaces (with roots ;)



This form of the algebra is called the root space decomposition. From this decomposition, we
will be able to derive powerful results regarding the representation theory and classification
of su(IN).

2.1 The Defining Representation

To study the properties of su(N), we must first establish its defining representation. From
the defining representation, we will find a basis for the algebra, the generators, and the
roots and weights; the properties of these objects will allow us to study the representations
of su(N).

Note: Although su(N) is the set of anti-Hermitian traceless matrices, we often study its
properties using a set of Hermitian matrices. When we take su(N) to SU(N) by the exponen-
tial map, we add a factor of 7, making the matrices anti-Hermitian as needed. Essentially,
we redefine su(N) as the set of Hermitian traceless matrices, and relate it to SU(N) by

SU(N) = {A € GLx(C); A =™  for some M € su(N)}

In our discussion, we will use this convention.

We first find the Cartan subalgebra H. A convenient choice for its basis is a generalization
of the Paul matrices (or Gell-Mann matrices, for that matter) given by N x N matrices H;
(in block diagonal form) [3]
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where the upper left block is j x j. For example, the first two H; are

Note: H; corresponds to index j = 2 in Equation [d] H» to index j = 3, et cetera. There
are N — 1 total elements H;; the number of elements in the basis of the Cartan subalgebra
is called the rank of the algebra.

Next, we must find the root spaces. Each root space L,, is the span of all common eigen-
vectors of the adjoint representation of the Cartan subalgebra, ad H, corresponding to a
specific weight ;.

Note: The weights specific to the root spaces are called roots; a weight, in general, is a
function A : A — F for some Lie subalgebra A and field F' such that there is at least one



non-zero eigenvector v with a(v) = A(a)v for all a € A. We represent the roots of su(N) as
vectors in RV~1.

Each L,, has a basis of matrices M, with

M € su(N) such that ad H;(M) = [H;, M] = (c;); M (5)

where (o) ; 18 the jth component of the weight «;. To find these matrices M, we define
matrices Sj; and S; (with i < j and k < /£ to avoid multiplicity) in terms of matrix
components:

1
(Sij)ke = 5 (5ik5j£ + 5i£5jk) (6)
« 7
(Sij)k-g =5 (Oir0je — 0iedjn) (7)

These S matrices, along with the matrices H, give a basis for su(N) that is a generalization
of the Pauli matrices. There are N — 1 matrices H, and N2 — N total S matrices: two
for each matrix element above the diagonal. Furthermore, they follow an orthogonality
condition that mirrors that of the Pauli matrices [1]

Tr (T°T°) = %5,11, (8)
where we use the notation T* to represent an arbitrary one of the H, S, S*, and the a acts
as an index on them (assuming some ordering), running from a = 1 to a = N2 — 1. This
condition, also obeyed by the half Pauli matrices 0;/2, finalizes the sense in which our basis
generalizes the Pauli matrices (this condition is also obeyed by the Gell-Mann matrices,
which can be found by taking the H and S matrices when N = 3). It is somewhat tedious
to show this, but not terribly complicated.

Case (1): If both 7% and T are distinct elements in the Cartan subalgebra, say H; and
Hj, then, up to an overall factor, the matrix will be equal to Hj where £ is the smaller of ¢
and j. However, since the H matrices are traceless, the condition is satisfied.

Case (2): If both 7% and T? are the same element of the Cartan subalgebra, say H;_1,
then we will get

as needed.

Case (3): One of the elements is in S or S* and the other is in H. Since H is diagonal,
it will act on an element of S or S* by multiplying its elements by constant factors. Thus,
since S and S* are already traceless, the condition is satisfied.

Case (4): Both elements are in S or S*. Writing in terms of matrix components, the
product of an element of S and S* is given by

* " )
(Si55%0) ww = (Si5) e (She) vw = 1 (0iudjv + 0iv0ju) (Okvdew — Okwdew)



We are only interested in the case when u = w, as we will be taking a trace. This simplifies
the expression to

(SiSk) wu = (55) ., (Ske)pu

= i (6iu6jv + 5iv5ju) (5kvééu - 5ku5€v)

= (symmetric in wu, v) (anti-symmetric in u, v)

When we sum over both u and v to get the trace, the entire term will disappear since we
are summing over the product of symmetric and anti-symmetric terms.

When both terms are in S, the trace takes the form

(Si59k0) s = (i) (Skt)

1
= Z (6iu5jv + 6iv5ju) (6kv6€u + 6ku6€v)

1
= §5ik5ﬂ
Since each expression on the second line will be non-zero twice: for the first, when i =
u,j = v and j = u,7 = v. For the second, when k£ = v,/ = v and k = u,{ = v. Each
time, the expression in parenthesis has value 1. These non-zero terms will only line up when
i =k,j = ¢, which is equivalent to 7%, T® with a = b, as needed.

When both terms are in S*, we have
(SZjSZe)uu = (Si*j)m, (Szé)vu

1
_Z (5iu§jv - 5iu5ju) (6kv5€u - 5ku5Zv)

1
= 552‘1@5]‘3

The same argument as when both matrices where S matrices applies, except that each the
indices line up, one of the terms in parentheses will be -1 rather than 1: since i = k,j = ¢,
when i = u and j = v, then the &, ¢ term will pick up a negative sign to cancel the overall
negative, and vice versa. This completes the proof of the trace identity.

Furthermore, since each element of this basis is itself in the Lie algebra, we know that the
Lie bracket of any two of these generators will also be given by a linear combination of the
other generators.

[Ta7 Tb] _ ifabCTC (9)

The numbers f%¢ are called the structure constants. The structure constants are difficult
to define for an arbitrary INV; for example, however, when N = 2 and we are working with
su(2), they are given by the Levi-Civita symbol f®¢ = g2 In general, however, they
are antisymmetric with respect to any two of the indices, and thus vanish if two indices
are equal. The structure constants will prove useful when considering the quantization of
non-abelian field theories.

Side Note: the adjoint representation given above, ad L, with action

ad A(B) = |A, B]



can be expressed in terms of the structure constants. We can write the form of the adjoint
representation of a generator in matrix components:

(ad T%),, = —if*"

With this explicit definition of the map, we see that the adjoint map of a generator takes
the form of an N? — 1 dimensional matrix. If we treat the generators as states on which it
acts (with 7% being the N? — 1 dimensional column vector with ith element 6,;), we can
consider the action of the adjoint map on the generators:

adT* (T%), = (ad T*) , (T*) , = —if*“*6pa = if*"

This corresponds to a final state which is the linear combination —ife®T¢ = i f°T¢ which
is precisely the value of the commutator of 7% and 7. Thus, this definition of the adjoint
representation precisely matches our original definition. This definition of the adjoint rep-
resentation is often presented in physics discussions, as it offers an explicit expression for
the adjoint representation, but is limited to matrix algebras (which are the main concern in
physical situations).

However, despite its nice properties and applications, this choice of basis proves minimally
useful for the analysis of the representation theory of su(N). In particular, the S matrices are
not eigenvectors of ad H, so we have yet to find the root space decomposition of Equation
To find eigenvectors for ad H, we draw inspiration from basic quantum mechanics and
define “raising” and “lowering” matrices E;;. In terms of matrix elements, these are given
by .

(Ei')kg = ﬁéikéﬂ (10)

We can write these matrices in terms of the S matrices as we might expect
S@*ZIS;} B._ Sij JrZSZ*j
- — =Y

V2 ! V2
which mirrors the structure of the raising and lowering operators from elementary quantum
mechanics. If we consider the action of ad H on these matrices, we see

Eij =

(i Bij) = (o), By = ((Hi)ys = (Hi)) By

These E;; matrices are eigenvectors of ad H, as needed. However, they themselves are
not actually members of the algebra su(N): they are not Hermitian. To find a root space
decomposition using the E;;, we define [2]

P L., = L Span{E;; for all i, 5} (11)

so that we can take our root spaces to be spanned by F;; without including elements not
contained within the algebra. Using Equation [L1| for the root spaces and the matrices from
Equation [f] as the basis for the Cartan subalgebra, our root space decomposition is

su(N) = H & P L, (12)



We now have root spaces spanned by the Ej;. If we relabel our roots and root spaces to a;;
and L,,; to correspond to E;;, we immediately find the form of our roots a;;. We define
(Hy);; = u]’-“ for convenience, and see

aij:(yil—y},...,yiNfl—z/ijl) (13)

where the kth component represents the eigenvalue of E;; with respect to ad Hy. Since we
have one E;; for every non-diagonal ij, there are N> — N elements E;;. We see that we
have again N2 — 1 generators for the algebra.

With this definition of Cartan subalgebra and root spaces, we can now explicitly state the
commutators of the generators of su(N), which describes the basic structure of the defining
representation

[Hi,Hj} - 0
[Hg, Bij] = (ij),, Eij

1
[Eij, Exe] = 7 (Eiedjr — Erjbir)
However, these relations describe the algebra only in a most basic sense. A much more
powerful classification comes from its root system, which we will establish later.

Note: We have introduced two sets of matrices which define the algebra. The H and S
matrices, and the H and F;; matrices. Any element of su(N) can be written as a linear
combination of matrices from either set alone; however, we note that not every linear com-
bination of the H and F;; will be Hermitian: this restriction led to the definition of Equation
[[1 We are free to use either set of matrices to analyze the algebra, but when using the
H and E;;, we will have to assume that we are careful about our choice of coeflicients in
linear combinations. The FEj;;, being eigenvectors of ad H, are particularly powerful when
analyzing the representation theory of su(N). On the other hand, the S matrices are more
useful when directly approaching non-abelian field theories. With this in mind, we will be
using the E;; matrices for the rest of our discussion of representation theory, and the S
matrices when we return to discuss field theories directly.

We now introduce the weights for su(N), which will be essential in studying the representa-
tion theory of both the algebra and the group.

We define our weights of the Cartan subalgebra to be the vectors which encode all informa-
tion about the eigenvalues of the H; acting on common eigenvectors v € CV. Clearly, the
common eigenvectors of the Cartan subalgebra are the vectors v; = (0,...,1,...,0) with a
1 in the ith component. We define our weights p/ as the vector in RY~! which has as its
kth component the eigenvalue of v; with respect to Hj,. For the first few v;, the weights are

(11 1
e (2’¢E’\/2>4""’\/2N(N—1)>

, (11 1 1
“‘( 2\/ﬁm\/m>

11 !
W= <°ﬁm¢m>



The arbitrary mth weight is given by

m 1—m 1 1
7 (0’0""’0’\/2m(m—1)’\/2m(m+1)""’ 2N(N—1)> (14)

with the first non-zero component in the (m — 1)th spot.

From this definition of roots and weights, it becomes clear that the roots, as defined above
in Equation@ can be alternately defined as the difference of weights. For a given root a;,
a simple calculation shows we can instead define it

Qij = pt— (15)

We now introduce a few definitions. A positive weight or root is one whose last non-zero
component is positive (this is actually a backwards convention, but it is convenient for our
definition of the simple roots later [3]). Also, a weight or root is called higher than another if
the difference of them is positive. Note that all the p? are positive except . For example,
the root ap = ' — p? is positive (in fact, the positive roots are those oy such that 7 < j.
The highest weight is, naturally, the one which is higher than all other weights. The highest
weight of an irreducible representation is unique. Finally, a root is called simple if it is
positive and cannot be written as a sum of other positive roots.

2.1.1 An Identity on the Generators

In later sections, we will need a further relation between the generators [1]

N2-1 1 1
Z (T )ag (T )a/ﬁ/ = iéaﬁ’(sa'ﬂ - ﬁéaﬁéa’ﬁ’

a=1

Where T represents one of the generators, either one of the H or E;;. We now set out to
prove this. Clearly, for the E;;, this is only non-zero when o/ = § and a = ', which gives

us a term
NZ-1

1
Z (Ta)aﬁ (Ta)a’ﬁ’ = iéaﬁléalﬁ
a=1
The H; only contribute when a = 3 and o/ = 3. In the case a = 8 = o/ = ', we can show
by induction that
N2?-1 1

1
Y T (M0 =5~ 55 (16)
a=1
We associate T = H, here for convenience. To prove this, we will show that for any two
possible choices of o (« and a+ 1), the two sums are equal. Consider the base case, a = 1.
Every H; has a 1 in the position 11, so we get

NZ-1 N 1
; (T)y, (T%)y, = az::z m



For the case when a = 2, we have

N?-1 1 N 1
> (T (T%)gy =7+ Y 57—
~ T2 (T2 = 7 F “~ 2a(a—1)

since only H; has a term not equal to 1 in the position 22. These two expressions are clearly
equal, which proves the base case. Assume that up to some choice o > 3, the inductive
hypothesis holds. We will now show that the sum for this « is equal to the sum when we
use o + 1.

There are two possible terms in the sum. Using the H; with ¢ = 7 — 1 as used in Equation
[ when j = a, we have a term

(j—1)?
2j(j—1)
and when j > «, we have a term
1
2j(G—1)

and when j < «, we get a zero. Writing out the sum for the specified « above, we get

(a—1)% a-1 & 1
T 17
20(av — 1) + Z 2aa—1 2a +a§_12a(a—1) (17)

The first term in Equation comes from H;_; with j = o, and the sum from all H;_;
with j > «. Using this expression (for a fixed j = «), let us now consider the sum for for
the choice o + 1; our first term comes when j = a4+ 1 and the others for j > a + 2:

N

Q 1
2(a+1) + az 2a(a — 1) (18)

=a+2

Looking back at Equation [I7} we can pull out the a = @ + 1 term from the sum, to get

a—1
2 +2 Z a—l

Combining terms we see

(a —1)(a+1) 1 1 .«
2ala+ 1) 2a(at1) azzm 2ala—1)  20a+l) ;2 2a(a — 1)

By the inductive hypothesis, then, the sum is equal for any choice of . We can therefore

choose o to make the sum easiest to compute: o = N, for which all H; have a zero except

Hpy_1. In this case, we only have one term:
NZ-1

N —1)2 N-1 1 1

T T° — (Hy 1) = = = -

Z ( )NN( )NN ( N 1)NN QN(N—l) IN 2 IN

a=1




as needed. There is one other non-trivial case to consider.

NZ-1

Y (T a0 (T)ss

a=1
In this case, we will only have contributions from the H;. Our sum can be simplified, to

N

N-1
Z (Ha)aa (Ha)@,ﬁ = Z (Hj—l)aa (Hj—l)gg

a=1 j=2

We again associate a = j — 1 as in Equation[d] When j > «a, we get a we get a contribution

1
2j(j - 1)
When j = «, we get a term
I St
2j(5 - 1)

and when j < a, we get no contribution. The same applies to the g terms. Assuming the
case o # 3 (since we have already covered the equality case), we have three possibilities:

1
——— when j>a and j>p
2j(j—1)
1
55 when g<j=a or a<j=p
J

0 when j<a or j<p

For a given choice of o and 3, we will get a sum involving all three types of terms. Assume
a > . The sum will take the form

1 N 1
04+ - -4+0— — -
Pt ,;ﬂ 255G - 1)

J
Consider the case where, instead of a, we have a4+ 1. This sum will be
N
1 1
S SV o .
2(a+1) Pt 2j(j —1)

We can rearrange this sum, adding and subtracting terms, to get

1 ol 1 —(a+l) & 1
20a@+1) 2a(a+1) +jzaz+1 2j(j—1)  2a(a+1) Jrj:az;l 2j(j — 1)

It is clear that this sum takes on a constant value regardless of the choice of a, just like in
the previously studied case. The full inductive proof follows immediately. We can therefore
evaluate it using the most convenient choice of a, @« = N. In this case, we end up with a
single term
al 1

(Hj-1) 0o (Hj—1) g5 = =577
=2

, 2N
J



We now must combine the three cases we studied, which are the only non-zero cases. (1)
a=p,a =p,wegetal/2. (2) a=p,a/ =, weget —1/(2N). 3) a=p=a' =5/, we
get a 1/2 — 1/(2N). Since the (3) is a sub-case of (2), we will have a contribution

1

o denden

in the final, general expression. We also note that (2) is a sub-case of (1). In fact, the 1/2
from (2) precisely covers the only cases of (1) where (1) disappears. We can combine these
two terms, then, to add a consistent contribution

1

— B0 Oar
9 B B

regardless of if & = o’. This gives us the final expression

N2-1 1 1
> (T s (T g = 50apr0arp = 5rr0aslars (19)

a=1

This condition will be needed for proofs in later sections.

2.2 The Root System

Our interest in the root system lies in two aspects. Somewhat generally, the root system
classifies the algebra entirely, and any two algebras with the same root system are isomor-
phic. In particular, we are interested in finding explicit forms of the simple roots; with
these roots, we will be able to find the fundamental weights and classify the irreducible
representations of the algebra.

For the base of the root system, we use the simple roots defined above (in fact, the simple
roots are defined as being the elements of the base of the root system, but we introduced
them instead by their properties). Finding the simple roots directly from the definition of
the roots above is tedious but straight forward; given our generators, the simple roots are
the o' given by [3]

af = it — it

The first few simple roots, then, are

1 2
agzﬂg_ﬂ4: <07_\/§7\/6707"'70)

The arbitrary mth simple root (for m # 1) is given by

1—-m 14+m
a™ =pm—pmtt =10,...,0, , ,0,...,0 20
e V2m(m —1) /2m(m + 1) (20)
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where the first non-zero entry is in the (m — 1)th component. For any simple root

m m __ (1_m)2 (1+m)2 _
@ 72m(m—1)+2m(m+1)7

From the simple roots, we can reconstruct the rest of the roots by acting on the simple roots
with elements of the Weyl group W. Any root 8 can be found by [2]

B =wy(a) weW

where « and v are simple roots, and the Weyl group is the set transformations w- for all
in the base that reflect a vector v about the hyperplane normal to the simple root v (this
reflection is done by treating the simple roots as vectors in Euclidean space). We can write
this transformation explicitly, with

2(v,7)
(v,7)

wy(v) = v — g (21)

where (a, ) is the inner product induced by the Killing form
(a, B) = K(ta,tp)
where t,,ts are defined as the unique elements in the Cartan subalgebra H such that
K(ta, k) = a(k) forall ke H

Remember that the simple root « maps elements of the Cartan subalgebra to scalars: a(k)
is one of the components of the root a (see Equation . Now that we have the simple
roots as a base for our root system and a method to derive the rest of the roots, we can find
the Dynkin diagram and Cartan matrix, which specify our Lie algebra entirely. We define
the quantity {(a, 8) by

2(a, B)
a, B) = 22
=155 22
Since our simple roots are Euclidean vectors in RV =1, the form (—, —) in Equations [21| and

[22] becomes the usual inner product. To draw our Dynkin diagram, we need to check the
value of o o
(af, a7 (o7, )

Since the simple roots all have magnitude 1 and our form (—,—) is just the dot product,
this becomes S o
(a',a’)(a?,a’) = 4(a’ - o7)?

This will only be non-zero when j =i+ 1. In that case, we get

ot aith2 = L+ _t 2:
4( ) 4 <\/2i(i+1) \/Q’i(i+1)> 1

Since this is constant for any i, between each root o’ and a'*!, we draw a single line. This
gives us the Dynkin diagram below.

A root system with this diagram is called type A,. We can further find the Cartan matrix,
with ij element (o, a’). However, we already calculated this. For i = j, we get 2, for

11
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Figure 1: Dynkin Diagram for su(N), of type 4,

j=i+1lori=j+1, wegeta—1, and for all other i,j we get 0. Our Cartan matrix is
thus

2 -1 0 ... O 0
-1 2 -1 0 0
0 -1 2 0 0
(23)
0 0 o ... 2 -1
0 0 o ... -1 2

With this description of the root system, we have essentially classified su(N) as an algebra
in its entirety (the full statement as to why this gives a classification is beyond the level
of this discussion). Furthermore, we now have all the necessary quantities to construct a
classification of the representations of su(N).

2.3 The Fundamental Weights

Irreducible representations of a Lie algebra are specified by their (unique) highest weight.
With this highest weight and the simple roots, the entire algebra can be reconstructed in a
lengthy but straightforward manner. In particular, if y is the highest weight of an irreducible
representation, then, for any simple root a;

(af,ad)

(24)

The 7, for any given weight 1, are known as the Dynkin coefficients [3]. There is a unique
set of highest weights u; that satisfy

2(aj7 /’(”L)

——= =y 25
(ad,a7) ~ ¥ 25)

These weights ;¢ are the fundamental weights. Any highest weight of an irreducible repre-
sentation p can be written as
N—1
p=>
i=1

where the ¢/ are the weight’s Dynkin coefficients, as given in Equation Looking at the
form defined in Equation [24] with o*, u*, we see

Aatpw) o A=i o 1si )L
(ahar) (m et D (“’”) 1

However, for a~!, we have

Q(Qiilv :ul)

2—1 1
(@™ T ai ) 2( 26-2)G-1) (‘“)"‘ﬁm(“i)i”)()
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The easiest way to satisfy this condition is to set u; to have the kth element non-zero only
for k > 4. This gives us

)
We then have
2(04“_17 ,ul)

(. v v 241 N _
(a“a“)‘( N EA D 2(i+1)(i+2)(’”")’“> ’

We immediately see that

26+ 1)(i + 2)

We can repeat this process to find the full weight. However, we note that the expression [3]

(Mi)i+1 =

i = Zﬂj (26)
j=1

for weights p/ of the defining representation (given in Equation matches the properties
we need. It is straightforward to check that the weights given in Equation do indeed
satisfy the condition of Equation 25| and are thus the set of fundamental weights.

2.3.1 Tensor Product Representations

Since any given irreducible representation is uniquely specified by its highest weight, we can
associate to each fundamental weight p; a fundamental representation R;. Let R be the
irreducible representation specified by the highest weight ;. We can build the representation
R by taking tensor products of ¢; of Ri, {> of Rs, et cetera, where ¢; are the Dynkin
coeflicients of the highest weight p. Since we have the fundamental weights explicitly, from
Equation[26] and can reconstruct their representations R; using the root system, we now can
build every irreducible representation of the algebra by finding a set of Dynkin coefficients
(€1,...,¢n_1) such that the corresponding tensor product of ¢; copies of Ry, {2 of Ry cannot
be decomposed into a direct sum (a process we will discuss momentarily):

R=Ri®QR1®---® Ry_1 (27)

Now that we have classified all irreducible representations of the algebra, we have, albeit
somewhat briefly, classified every representation of the algebra.

2.4 Useful Tools
2.4.1 Tensor Methods

Given the direct relationship between tensor products of the fundamental representations
and the irreducible representations of the algebra, we will briefly mention some of the
properties of one of the classification tools used later.

13



One method to analyze representations of a Lie algebra is tensors. We can construct a
Hilbert space on which representations of the algebra act, associate states of the Hilbert
space to weights of the representations, and analyze the transformations of these states
under representation elements.

2.4.2 A Brief Example

Because we are not going to explain in full detail the structure behind the tensor method,
we will give a short example in su(3) [1]. The first fundamental representation of su(3) is
called 3, and is in fact the defining representation. For su(3), it is convention to specify
representations by their dimension, thus the name 3 since it acts on a three dimensional
space. The weights (states) of 3 are

The Dynkin coefficients are (1,0).

We can thus consider some state of a tensor product of two copies of 3, 3 ® 3. We can take
some state in the product representation, v;u;, where both v; and u; are one of the three
states above. This state is neither symmetric nor antisymmetric in the indices. We can,
however, manipulate the tensor

1
Uin = 5 (viuj + vjui) + 5 (’Uz'Uj — vjui)

= % (Uiu]' + vjui) + %€ijk€kzm1}gum

turning the element v;u; into a sum of a symmetric tensor with an antisymmetric tensor.
Without providing excessive detail, the first term is a state of the representation 6, and
the second of the representation 3, which is the other fundamental representation (this can
be shown by explicitly examining the states written, as the product of two states is found
by adding the respective weights; one will quickly see that the states found from the first
term are exactly the states of the representation 6, and similarly for the second, states of
3). Thus, we see that the product states of 3 ® 3 transform as the direct sum of something
which transforms as 6 and something which transforms as 3, which gives us:

33=643

Note the dimensionality: the tensor product has dimension given by the product of the
dimensions, and the direct sum by the sum. This relationship holds for any such decompo-
sition.
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2.4.3 Young Tableaux

Young tableaux are diagrams which are in one-to-one correspondence with the conjugacy
classes of a group, and thus with the irreducible representations. We can therefore use them
to classify irreducible representations.

We make a Young tableau for an irreducible representation by taking the Dynkin coefficients
and constructing a diagram with ¢; columns with one row each, ¢5 columns of two rows
each, et cetera. To get an explicit state from the tableau, we place in each box an index
and then construct a tensor that is symmetric with respect to indices in the same row and
antisymmetric with respect to indices in the same column (we also normalize the tensors
if necessary). We can product and sum tableaux just like representations. Furthermore,
fundamental representations are given by tableau of a single column (since for a fundamental
representation, only one Dynkin coefficient is non-zero).

For our example above, we could make the Young tableau

3@3:D®D=E@H

We can find a state from the tableau by placing indices in the boxes.

® = U;V; = @ = (’UZ"LLj + vjui) + (Uﬂlj — @jui)
1 1

— 5 (viuj + vjui) + 5 (U,‘Uj — vjui)

1
= 5 (Uiuj + vjui) + iéijkskemvgum

as we saw before, where we normalized the tensor in the second line by multiplying by a
constant. As a general example, if we had some (irreducible) representation of the algebra
given by Dynkin coefficients (1,3,2,1), we would have the tableau

The process to decompose a product of Young tableaux into a direct sum is much more
straightforward than directly manipulating tensor indices. However, we will not examine
it, as we have already shown our main point: that to each irreducible representation with
some highest weight (and thus some set of Dynkin coefficients), we can draw a unique
Young tableau, and vice versa. Furthermore, this relationship generalizes to characters of
the group: to each character of an irreducible representation, we can associate a Young
tableau. From this tableau, we can find the character’s corresponding representation and
reconstruct its entire algebra, allowing for a complete classification.

3 Characters of SU(N)

With a complete classification scheme for representations of the algebra and group, we can
now turn our attention to our main goal: finding the characters of SU(N). We will go
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about this by two different methods: the Weyl character formula and the Casimir operator.
However, via each method, we will see a strong correspondence between the wave functions
of free fermions, characters of the group, and the Dynkin coefficients.

3.1 Preliminaries

Before looking at characters, we establish a few basic definitions. We remember our defini-
tion of SU(N) from the first section

SU(N) = {4 € GLx(C);det A =1, AT = 471} (28)

In particular, U € SU(N) is a unitary matrix and thus diagonalizable. We can therefore
make a similarity transformation on some arbitrary U

U=vtQv

where € is a diagonal matrix, with elements w;, the eigenvalues of U, on its diagonal. We
also note that the determinant of U must be 1. This gives us the condition on the w;

N N
Hwi =1— w, = e*  such that Z Y = 2mm
i=1 k=1

for some integer m. Since we are working with characters, we will be looking at traces of
elements of SU(N). Traces are permutation invariant, so we get

Tr(VIQV) = TrQ

Thus, the trace of some arbitrary representation will be a function of the w; only. Since we
now have that the trace is a permutation invariant function of the w;, we also have the trace
can be written as some combination of the invariant polynomials W,

Wi=TrU=w +- - +wn
Wo=TrU? =w? 4 +w¥

Wy =TeUYN =wl +... 4%

3.2 The Weyl Character Formula

The Weyl Character formula, in general, specifies the characters for any representation of
a semisimiple finite Lie algebra, but that is far beyond the reach of this discussion. In
particular, for SU(N), it can be shown that the formula simplifies to [1]

1
xg(U):Z[wgl,wEQ,...,weN] (29)
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Where we define the quantity [w’,w’?, ..., w*] as the totally antisymmetric function

o L1 4y
Co C2 2
1 2 N
[wél wh, Wt |=
In 1354 LN
w) Wh . W

with the w; being the eigenvalues of U. The function A is given by the same form, but with
£; — N —i. We require £y = 0.

Given the rather lengthy discussion to classify representations of the algebra, it seems rather
anti-climactic that we should find the complete set of group characters so quickly. However,
the characters have interesting non-trivial properties; most notably, with some manipulation,
we can relate them directly to fermionic wave functions. If we multiply by

; N-1
e with 5:*7(@1+"‘+90N)

which is identically one since we have required the sum of ¢; to be an integer multiple of
27, then we see that A becomes

A = [ei(N—1)<p7 o eiOLp] — [ei(N—l)ga/Q’ ei(N—3)<,a/27 o e—i(N—l)cp/Q]

which is exactly the ground state of N non-interacting fermions constrained to single di-
mension (in particular, constrained to a circle). Consider also the numerator of Equation
First, define

Ni=4;—N+1
In terms of these )\;, the numerator is
N_1+/\1,OJN_2+)\2, . >\N]

[w )

Adding the phase and writing as exponentials, we get

[ e (5500,

)

(5]

and we see that this function corresponds to a set of fermions with excitations ;. A natural
question, then, is to check the energies of such wave functions, which is given by the sum of
the squares of the exponents. The energy of the gound state is

N-1\> [N-=3\? N-1\? &L /N-2k+1)
Ere — - ) = - o
o= (55) +(557) o () -2 ()

k=1
The energy of the excited state, then, is given by

N-1 > (N-3 NN —2%k+1 ?
E=—+AX — 4+ A cee= —+ A

<2+1)+<2+2>+ ;( 5 +k>

Since the character itself is given as the quotient of the excited state and the ground state,
we can think of the energy of the character’s “state” as the difference in energies. We can
thus write

E,=F— Egs (30)
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Furthermore, it turns out that the Young tableau corresponding to the character (and
its representation) can be given by a tableau with A; boxes in the first row, Ay boxes in
the second, et cetera; this correspondence allows us to associate the character with the
representations of the algebra examined previously.

3.2.1 Examples

Since we did not derive carefully the above claims (notably, the Weyl character formula
itself) as to do so would far surpass the reach of this discussion, we will give a few examples
to demonstrate.

Consider a character with ¢ = (¢1,¢3,¢3) = (3,1,0). We are in SU(3), and we have \; =1,
A2 =0, and A3 = 0. Its Young tableau is given by

]

The ground state is given by the determinant

2 2 2
W] w; wj

w1 wy w3| = (w1 —wa)(w2 —ws)(w1 —ws)
1 1 1
= w%wg — w%wg + wlwg — wlwg — wgwg + wgwg

The excited state is given by

3 3 3
wip Wy W3
_, 3 3 3 3 3 3
W] W2 W3 =wWiWs —WjWws3 + Wiw3 — Wiy — WaWs + Waws
1 1 1

The character is then given by

w:fwg - w:fwg + wlwg’ - wlwg’ — wzwg + wgwg
X~ 02 2 5 = w1 tw2tws

wiws — wWiws + wiwi — wiw3 — wow3 + waws3
It is simple to check this calculation. Thus, the Weyl character gives the expected result for

the defining representation.

Consider a character with £ = (4,1,0) and A = (2,0,0). This character has tableau

1]

Our excited state this time is given by

Wi wy Wy

4 4 4 4 4 4
W] W2 W3] =WjW2 —WjW3 + W13 — Wiy — Wals + W3y
1 1 1

and we find the character to be

. offo.)g — w‘fwg + wlwgl — wlwg — w2w§ + o.)3w§

Wiwy — wiws + wiw3 — wiwi — waw? + waw3
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It is an exercise in algebra to show that the character is equal to

1
X = wi 4+ w3 + wi + wiws + wawz + wiws = B ((wl + wo + w3)? —&—wf—kw%—!—wg)
Clearly, for larger N, the characters become exceedingly difficult to explicitly calculate in
this manner. Primarily, however, the Weyl method is valuable for the insight it offers into
the relationship between free fermions and the characters of SU(N).

3.3 The Casimir Method

If we continue in the avenue of analyzing the characters as wavefunctions, the next natural
step is to define a Hamiltonian and takes our wavefunctions as eigenfunctions and returns,
as eigenvalues, their energies. Our wavefunctions are characters, so a immediate choice is
the Casimir operator of the group.

The Casimir takes the characters of the group’s representations as eigenvectors. The Casimir
is defined [1]

where the T'* are the generators of the algebra, specifically, the H and E;;. We scale by a
factor, for convenience, to get

0

B =(1-1/N) T (T“Ua> = (1-1/N)"%(T%),, Usv g

ou

Consider the character of the defining representation of SU(N), which is just the trace of
the matrix U:
TcU =U,-

We can apply the Casimir operator to this quantity, which gives us

- 1 ra 0 e 0
C(TrU)=2(1—1/N)" (T%) Usy 57— (T Upoy 57— Urr
ay a’y
- a a a
:2(1—1/N) I(T )ozﬁ UB’YW(T )0/,3' UB”‘/’(SOUT(S’Y’T
oy

_ B
=2(1 = 1/N)" (T%) 3 Upy 57— (1) 3 Upr~
B YBy 3UM g YB
=2(1—1/N)"(T%) 5 Upy (T%), 5 pra6rry
=2 (1 - 1/N)_1 (Ta>a,B (Ta)'ya U/@’Y

_ 1 1
=2(1-1/N)"" (2%% - 2N‘5a5‘5°”> Us,

= U/g,@ — NUﬁ@
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Where in the last step, we added a factor of N which accounts for the multiplicity in taking
the derivatives. Thus, we see that a character of the defining representation is an eigenvector
of the Casimir with eigenvalue V. We can use this type of analysis in general to find some
very useful identities about joining and splitting the trace functions W; which we defined

previously [1].
n—1

(2 > E“E“) Wo=nY WnWn_m

m=0
2%: (E Wn) (E Wm) = nmWiym

We will now prove these two identities.

Consider the splitting operation, given by the first identity. Writing out the left hand side
explicitly, we get

0 0
(Ta)aﬁ Uﬁv U (Ualaz s Uaiaj Uajak Uakaz cee Uanm)
ay

r elements n-r elements

2 (1 - 1/N)71 (Ta)p.u UVPW
1224

Where the last quantity in parentheses is the matrix element expansion of the trace, and
the expression is summed over all repeated indices. Let there be r elements before Uajak
and n — r elements after it (including U, itself). We now act on Ug,,, with 9/0U,,

0

e

2 (1 - 1/N)71 (Ta)py (Ta)aﬁ UB’Y(UCLNIQ ce Uaiaj Uakal ce Uanal)éajaéakV

Applying the delta functions, we get

2 (1~ 1N)L (T, Usp s

v (Tay6 Usas (Uasas - - Unia, Unia - - Uayar Ja 000,y
Hp

We now apply the second derivative to another arbitrary element, Uy, .4,

2(1—1/N)"* (T%),, U 9

vp R (T“)aﬂ UgarUayas - - Usia; Uagay - - - Uaga, Uara, Uasay -+ - Uayay
OUpp ! —_— —

b elements (n-1)-r-b-1 elements

=2(1—-1/N)"" (T),, Uvp (Ta)ajﬂ Uga,Uaras - - - Uasa;Uagay - - Uaga, Uasay - - - Uayay Oa, 10a.p
Applying the delta functions gives
-1 a a
2(1-1/N) (T )arl/ Uy, (T )ajﬁ UsarUaras - - - Usia;Uayay - - - Uaga,Uasa, - Uaya

Taking the sum over the repeated index a and applying the condition on the generators 7%,
we get

Uva.UsarUavay - - - Uasa;Uagay - - Uaga, Uasay - - - Uayay 9a, 8904,
Applying the delta functions gives

Us;a.UsvarUavas - - Usia;Uaray - - - UagarUasay - - Uayay
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Rearranging, we get
(Ua1a2 o Uaiaj Uajas Uasat cee Uanm)(Uakaz ce- anar Uarr-ak)

The above equation is clearly the product of two traces (note how the indices repeat with
neighboring elements and connect at the beginning and end, at a; and a). To see which
W, correspond to the above elements, we carefully count the indices. As defined before, we
have r elements from U,, 4, to Uq,a; inclusive.

(Uaras - - - Uasa; Uaja, Uasay - - Uanar ) Uagay -+ - Uaga, Uayay)
—_——

r elements n-r-b-2 elements b elements

The first term therefore has n —b—1 terms, and the second has b+ 1 terms. Thus, the term
gained from this choice of Uy, 4, and Uy, q, is

Wh—p—1 Wiyt
If we define m = b+ 1, we get
Wn—me

We will get a term for all possible choices of b, so we must sum over every value of b,
which can range from 0 to n. However, by our method of indexing, the index m =n + 1 is
equivalent to m = 0, so we must sum over m from 0 to n — 1. Our result now becomes

Which is almost the correct identity, but we have yet to account for multiplicity. Consider
the arrangement of terms from before

0 0
(Ta)aﬁ Uﬁv U (Ua1a2 s Uaiaj Uajak Uakaz ce- Uanal)
ay

r elements n-r elements

2 (Ta),u.u UVP W
up

If we shift our selection regions over by one index, we get

0 0

2(1%),0, Uvpgr— (T U
Hp ay

U, Uasas - Uaia;Uajar, Uaray -+ - UayayUaras)

r elements n-r elements

v

If we then proceed with the exact same process, but instead deriving with respect to Upg,q,
first, and later with respect to U,_,, (in order to preserve the values of r and b), we get the
exact same result of

anme

Thus, by shifting our indices, we get the same result. We can do n such shifts before we
come back to the original choice of indices, and thus we end up with a multiplicity of n for
any given term

anme

and our final result is therefore .
n—

n Z WoemWn

m=0
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as needed.

For the second identity,
21-1/N)"' Y (E“Wn) (Ean) = nmWom
we begin similarly, by writing the left hand side out explicitly

2 (1 - I/N)_l (Ta)uy U Ua1a2 L U(L,,(lj Uajak U(lk(ll e U(ln(ll X

vparr
aUMP
n terms
0
(T%) 5 Usn U Uayar - - - Ussa.UsyawUanany - - - Uy gag
m terms

We then apply the derivatives to Ugq, and Ug,q,

—1 a
2(1—1/N)" (%), Usp Ussay - - -Uasa;Uarar - - - Uaas Oy uarp X

n-1 terms
(T%)s Usy Uaya, -+ UasasUssas -+ - Uapny gy Saradann

m-1 terms

Applying the delta functions, we get

1 a
2(1-1/N)" (1), Uvay Ussas - - Unsa,Ungay - - - Unypar X

n-1 terms

(1), 5 Usaw Uaga, - - -Us.arUayas - - - U

© Y Am4qQq

m-1 terms
And summing over a and using the condition on the generators, we get
Uvay, Usyas - - - Ussa;Uagay - - - Uayay X

n-1 terms

Uﬂau anar - UasaUayan, - - - Uam+qaq 5%65%1,

m-1 terms

Finally, applying the delta functions, we arrive at

Unvar Uayas -+ Usia;Uagar - - Unyar X

n-1 terms
Ussan Unyar -+ UsvasUaa - Uy g

m-1 terms

Clearly, we have overall n + m terms. Rearranging, we get
Usjar - - UayarUsrarUagay - - - UanayUsyas - - - Ussa; UsjanUsyas - - - Uag g qaq
Here, once again, we have extracted the equation for a trace. In particular, we have

Wm —+n
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To find the multiplicity factor, we consider the choice of elements to derive. Clearly, had we
chosen to derive any element besides Uy;q,, Or Ug,q, in the factors, we would have arrived
at the same result. We therefore have n ways to get this result from W,, and m ways to get
it from W,,, so overall we have multiplicity mn. Thus, the final result is the identity

22 (EaWn) (Ean) =nmmWyim

We can use these identities to find eigenfunctions of the Casimir. A few low dimensional
characters are (with corresponding Young tableau, specified as (A1, Aa,...))

X =TU []
1
X(2) = 5 () + 02| [

X(2,1) = 3 [(TTU) TrUﬂ ‘

1
X@2) = T3 [(TTU)4 —4TTU3TrU+3(TrU2)2]

Note that the first two cases precisely match the characters found from the Weyl charac-
ter formula; our two methods of finding the characters, though differing in process, are
equivalent.

Having shown a process to find the characters using the Casimir operator, and also how to
find the eigenvalues of the characters, we can o relate the eigenvalues of a character specified
by some general set of A = (A1, A\a,..., An) to the fermionic energies we established earlier.

The general formula for the eigenvalues of a character specified by A = (A1, Ag, ..., Ax) with
respect to the Casimir operator is [4]

N
€A, AN =M (N =D+ A+ A (N =3)+ A+ => (A + M (N = (2k—1)))
k=1

We can complete the square for each A\; term to find

k=1

Z — 2k +1 N —2k+1)\°

— 2 2

This is clearly equal exactly to the energies we found for the fermionic wave functions
derived from the Weyl Character formula in Equation We see now that we can fully
treat the characters of SU(N) as the wave functions of one dimensional free fermions. We
can take the Casimir operator of the group to be the Hamiltonian, and the eigenvalues of
the characters as the energies. This correspondence suggests there is something inherently

physical about the group SU(N), at the very least in application. One such application is
non-abelian gauge field theory; in particular, for our discussion, Chern-Simons theory.

N
(A + X (N = (2k — 1))
N
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4 Yang-Mills Theory and Applications of SU(N)

Before we turn our attention to Chern-Simons theory, we will briefly touch on one significant
and direct application of the group theory we have established. Consider first a Yang-Mills
theory with Lagrangian density

1
L= TrF P (31)

where we use the non-abelian field strength (with coupling constant equal to one, for sim-
plicity)
F.=0,A, —0,A,+[A,A)]
We take our gauge field A, to be elements of su(N) and our gauge transformations to come
from SU(N). We can expand our gauge field in terms of the generators of su(N) as we
established before, using
A, = ALTY
The generators 1% obey the trace constraint of Equation |8 and the completeness condition
of Equation If we specifically consider the case of 1 + 1 dimensions, the Lagrangian
reduces to 1
L= -5 Tr Foy FO*

To put this in canonical form, we first note that there is only one canonical conjugate
momentum, corresponding to Aj:

oL 1/. .
m= 2= -2 (A1 — 9 Ao + [Ao,Al]) <A1 ~ 9 Ao+ [AO,Al]) — —Fy
0A; 2
where we are dropping the trace for now for convenience. We can thus write the Lagrangian

as
1

L= _HAI —H+INF = %F(nFOl = —§H2

where H is the Hamiltonian density, and F is a constraint function, with A a Lagrange
multiplier. It is immediately clear that we can write the Lagrangian as

. 1
L= *HAl + §H2 —1I (761140 + [A()?Al])

Looking at the last term, we can rearragne to find

11 (—81140 —+ [Ao, Al]) = —H@le =+ HAoAl — HAlAO
= A081H + A0A1H - A0HA1
= Ao (Oil1 + [A4,10))

where we remember that we are in a trace and thus free to cyclically permute independent
terms. Our Lagrangian density becomes

. 1
L= -TIA; + §H? — Ao (011 + [A4,10))
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We recognize now our canonical variables IT and A;, the Hamiltonian density %HQ, and our
constraint 01 I1+ [A1, IT] with Lagrange multiplier Ay. We restore the trace and rewrite our
Lagrangian in terms of the generators and coefficients to get

. 1
L=Tr (—HaTaAf;Tb + 5H“T“HbTb — AZT (o II°T" + ASTICT®, TC]))
1 a Aa 1 a\2 1 a a brc rabe
=5 A1+Z(H ) - 548 (0111 + ASTIC fobe)
Our canonical variables are thus N2 — 1 fields A¢ and II¢. With a coupling constant set to
one, our Poisson bracket will be a delta function of position, so we can define our commutator
for a quantum theory by

[Af (), I (y)] = i0apd(x — y)

We can thus associate our momenta I1® to a functional derivative with respect to the field
Ay
a1 0

i 0AY(x)

Our Hamiltonian can thus be written as a second order differential operator

1/1 6 1 9
H“4(iw>(iw>

However, we can use a change of variables. If we define an arbitrary element U of SU(N)
as exp(i4) — exp(iA{T* + independent of A1), we see

1 9 16U o )

- =Tr| = — | =T (T U—

i oAT T <2 A 6U) r( 6U)
where we take a trace to eliminate the matrix degrees of freedom. In terms of these group
variables, our Hamiltonian takes the form

1 b b S
H=—Tr (T Uw> Tr <T U5U>

However, we recognize this Hamiltonian as being precisely the Casimir of SU(N), scaled by
a constant. We can immediately see, therefore, that the eigenstates of the 1+ 1 dimensional
Yang-Mills theory will come from the characters of SU(N). We can, however, establish this
a bit more formally.

The constraint function F effectively serves to enforce gauge invariance. Since any physical
states in this theory must obey the constraint, if we can construct our states in terms of
manifestly gauge invariant variables, then the constraint will be automatically satisfied. To
this end, we can phrase our theory in terms of path ordered phase factors [5]. This factor is

defined by
y
U= P,yexp (z/ A#dz>

Under a gauge transformation, the field A, transforms as

Ay =g A9 +9' 0.9 =9 (Aug + 0,9)
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Plugging this transformation into our phase factor, we see that it transforms as

U—U =exp (i/g_l (Ang+ 0,9) d:c)
If we expand this as a power series, we see we will get terms of the form
/H dr; (97" (Aug + 0ug))"

The clearly, the object in parenthesis, when raised to the nth power, will simplify to

(67 (A9 +8,9))" =97 (A + 099 )" (Aug + 99

We can make two adjustments to our phase factors that will immediately give us the gauge
invariant variables we desire. First, we will consider only closed (spatial) paths. This is
equivalent in the 141 dimensional case to requiring periodic boundary conditions, or rather
constraining the system to a circle. Secondly, we will take the trace of the phase factor.
Taking this trace allows us to cyclically permute our terms, which simplifies our expression
to

9! (Au + 8#099_1)”71 (Apg +0u9) = (AH + aﬂgg_l)n

And thus, our phase factor becomes
TrU’' = Trexp [zfdm (A, + 8Mggl)}

If we consider an infinitesimal gauge transformation, with g = 1 + ieq, for o € su(N) and
€ < 1, we have

TrU’ = Trexp {z%dm (A, +90,(1 +iea)(l — z'sa))] = Trexp {z%dw (A, + ied,ua)

But the remaining gauge contribution is a total derivative, so when we integrate over a
closed loop, it will not contribute. We see now that these “trace paths over closed loops”
are manifestly gauge invariant. This gives us a set of gauge invariant variables given by
the SU(N) group element generated by integrating the gauge field over closed paths. These
quantities are called Wilson Loops:

w1 oo f )

Since we have constrained our theory to a circle, the only closed paths will be those which
wind around the circle an integer number of times. Thus, the complete set of Wilson loops

will be given by
W, =Tr [exp (z%Ada:)} =TeU"

where we note that the exponentiation of the gauge field gives an element of the gauge group.
By now, the correspondence between this formulation of the 1 + 1 dimensional Yang-Mills
on a circle and the study of characters of SU(N) should be abundantly clear. To write
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our Hamiltonian in terms of these variables, we note that the B operators are differential
operators in terms of U. We can make a change of variables by

9 oW, o L q d
B = =T =T Up—m—— = (E W, ) =
UJ’“aU iUik Uy OW,, ( ) oW,

This change of variables immediately gives us the Hamiltonian [5]

Rl
‘Z[Z(AM >+Z< avav avav )]

where we have dropped the factor of —% for convenience, as it does not affect the states
of the system, which are our primary concern. Here, we note we can explicitly use the
identities we proved previously concerning the joining and splitting of the loops:

n—1
(22 ““‘“) Wo=n> WnWa_m

m=0

2; (E Wn) (E Wm) = nmWiym

Using these identities, our Hamiltonian becomes

n—1 6 a 8
zn:mZO oWy, Z oW, OW,,

again, dropping unnecessary scaling constants. We can furthermore treat the loops W,, as
creation operators and the derivative with respect to the loops as annihilation operators

0 1

— —an

oW,  vn

W, — \/ﬁaIL
which gives us the Hamiltonian [5]

1
H=N Z |knlalan + 3 Z vnmln +m| (aLaLanMn + aILeranam)
>0

n#0 n,m
n,m <0

the physical states of which, as we already know, are the characters of SU(N). A few of the
states are, in terms of the creation operators aT,

1) = alj0)
2) = [ (o) "+ 0
21) = |(af)" = | )



where |0) gives the vacuum state, and the states are specified by (A1, Aa,...) which gives
the Young tableau as before. These states, as we already showed, are fermionic states
corresponding to free fermions on a circle. The 1+ 1 dimensional Yang-Mills constrained to
a circle is therefore equivalent to the problem of free fermions on a circle.

This method, of phrasing the problem in terms of the algebraic structure of the gauge field
and the topological properties of the space on which we constrain our system (i.e. the
loops) will become more challenging, but equally insightful as we turn our attention to
Chern-Simons theory: first on a disc (with one type of loop) and then on a torus (with two
types of loops).

5 Chern-Simons Theory

5.1 Abelian Chern-Simons Theory

Having now established (and perhaps gained some appreciation for) the classical structure of
su(N), as well as established a direct physical application of the theory, we can turn towards
our main goal: Chern-Simons theory. Chern-Simons theory is a gauge invariant theory
that is unique to 2 + 1 dimensions, allowing for interactions between a physical current
and gauge field that differs from standard Maxwell theory. When elevated to a non-abelian
theory, it takes elements of su(N) for its gauge field A,,, connecting it directly to our previous
discussion.

To study the canonical structure of non-abelian Chern-Simons theory, we will first study
the simpler abelian case. Remembering our familiar Maxwell theory, we have a Lagrangian

1
L= FuF" — A" (32)

where we represent our current by J* and gauge field by A,,, as is usual. The field strength
tensor F),, is defined in the usual way

F, =0,A,-0,A,
which corresponds to the familiar equation of motion
O FH = Jv

However, Chern-Simons theory is specified by a different Lagrangian, in terms of the same
gauge field A, and current J*

L= ge“”PAuauA,, — A" (33)
This equation can also be written in an alternate form

K

L= ge””pA,L (0,A, +0,4,) = ge’“”’Aﬂ (0,A, — 0,A4,) = 45“””A#Fl,p (34)
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Under an infinitesimal shift in the gauge field, A, — A, + 0 A, we see that the source free
Lagrangian changes by

L+6L= gsw (A, +06A,)0, (A, +5A,)
- gew (Aud, A, +6A,0,A, + A,0,6A,)
integration by parts: A,0,64, = —6A4,0,A,
B gEWp (A0 Ap + 04, (0, Ay — 0pAL)]
oL = gEWMHFVp
If we include the source, this equation takes the form

K v
5L = S5 A, (Fyp+ T)

By requiring that the variation in the action disappears for a physical path (and thus that
the variation in the Lagrangian disappears as well), we recover the equation of motion

e, = I

We can also find the equations of motion using the Euler-Lagrange equations.

oL oL
0AN % (0, A5) 0
. OL K o
with E = 55 &,AP J
oL K oL K K
_ U= M opoA _ M _uoA _ M Avp
and 50, Ay) 25 A, —>8‘78(80A,\) 25 0-A, 26 0pA,

where in the last line, we used the antisymmetry of the Levi-Civita symbol twice, and
renamed the repeated indices (as we are free to do). Combining, this gives us the final
equation of motion

gs’\”p (B, A, — 8,A,) = gs*”PF,p = J (35)

Looking at the form of the Lagrangian, it is apparent that it is not directly gauge invariant.
However, under a gauge transformation A, — A, + 0, A, we see

L+5L= 2" (A, +0,0) Fyp = L+ " P0,AF,, = $0,00, 4,
But if we note that
B, (8"°ND, A,) = e"5,A, A, + " ND,D, A,

And that, because of the antisymmetry of the Levi-Civita symbol (and commutivity of
partial derivatives), the second term is zero. We now see we can write the change in the
Lagrangian as a total derivative [6]

5L = 50, ("N, A,) (36)

The Lagrangian is not gauge invariant. However, since it changes by a total derivative
under a gauge transformation, we can make the action gauge invariant with a careful choice
of boundary conditions; since the action is gauge invariant, all physical measurements we
might make will be gauge invariant.
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5.2 Canonical Quantization

To canonically quantize the theory, we want to break down the Lagrangian such that it
takes the form
L=pj—H+\F

where F' is some constraint function, and A a Lagrange multiplier for the constraint. We
first separate the terms in order to eliminate the Ag, 0y freedom in the Lagrangian.

1 174
L= SretPA,0,4,

= 5/1 (€ZOJA7;AJ‘ + so”AO&;Aj + 5”0A¢6‘jA0>
using g0 = gt = g0 — 10

= 5/435” (7A1AJ + AoaiAj + Aza]Ao)
integration by parts: A4;0;4¢0 = —Ap0;A;

= 5/{8” (—AiAj + AoaiAj — AoajAZ)

_ %meij (Ajd: + AoFy)

llSng EijFij = F12 — F21 = 2F12
K . .
= §€”Ain + IiAoFlQ
integration by parts: AgAl — AlAQ = 2A2A1
= HAQAl + K;AQFlg

where we noted the non-obvious steps in the derivation (and liberally using the rule that
A0, B = —B0, A within the Lagrangian). Clearly, we now have a Lagrangian of the canon-
ical form mentioned above, with

pi=rA AL H=0 AF=rAgF,
We now define our p, g variables as
p= VKA q= VKA (37)

We can also check the Poisson bracket

(9.0) = (VR (o), VRAsy)) = F08 228 S 2000y (as)

where we dropped the factors of k, because the functional derivative removes them. In
a quantum theory, we elevate the Poisson bracket into the commutator, which gives us
non-commuting elements of the gauge field:

(41 (2), As(y)] = H{ A (1), An(y)} = 6z — ) (39)

where we set & = 1. The constraint function imposes the generalization of a Gauss Law
constraint to our Chern-Simons theory. We also note that the Hamiltonian is identically zero
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in a pure Chern-Simons theory. The physically allowed states, therefore, are constrained
only by the Gauss Law constraint F. In this sense, the Gauss Law constraint acts as an
annihilator operator on physically allowed states:

F12\¢> =0

where we have dropped the KAy term, as they act as a Lagrange multiplier. Drawing
inspiration from basic quantum theory and our commutator in Equation [39] we treat the
canonical momentum A, as a functional derivative:

1 4

Ag(x) = iR A (@)

For convenience, we are going to drop the position dependence notation A4,(x) — A; and
assume all fields are being evaluated at the same position (the functional derivatives will
ensure this, otherwise). Using the functional derivative notation, we get our constraint

equation
Lo 2 o)) =0
in LoA,  2H -

If we assume we have some position space wave function (using our canonical variable A;),
we can write this as

é )
(81(% - ZK62A1> ¢(A1) =0

An easy solution to this equation is

¢(A1) = exp <ZI€A182A1>
0
where we treat the operator 1/9; as an inverse derivative operator. If the reader is un-
convinced by the convenient definition of an inverse derivative operator, merely think of
the equation in terms of matrices. We can make an infinite column vector for A; with ith
component A;(z) and (i+ 1)th component A;(x+ dz), in which case the derivative operator
takes the form of an infinite square matrix

The inverse matrix of this is simply

=z

S

SO O
O O = =
O = =
— ==

Although we will not explicitly use such matrix forms for the derivative and inverse derivative
operators, they give some intuition to the actual structure of the operation and merit a
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mention. Alternatively, for those versed in field theory, the inverse derivatives can be thought
of in the same way simple propagators are thought of as “inverse d’Alembertian” operators.

We can repeat the above analysis in terms of a different pair of complex variables, a and a'.
We define these variables

a=A1 +14, a,T:Al—’L'Ag

These variables mirror the definitions of the raising and lowering operators from the standard
quantum harmonic oscillator. The commutator of these two variables is

2
[, ] = [A1 +iAs, Ay —ids] = —2i[Ay, Ag] = Z0(x — y)

where we add the delta function for clarity (as usual, it serves to enforce a measurement of
the fields at the same position and will be dropped from now on). We can scale each by a
factor of \/k/2 to normalize the commutator, giving us

[a,aT] =1 with a= \/E(Al +iAs)
We next define similar complex derivative operators:
01 + 10, 01 — 10y
D, = ——= D ="
Ve iv2
In terms of these variables, we can rewrite our Gauss Law constraint
Fio = 01A5 — 0 A4
1
= 81142 — 82141 + % (61A1 + 82142 — 61141 — 82142)
1
=5 [01A1 + 101 Ay — 102 A1 + 02 Ay — (0141 — 101 Ay + 102 A1 + 02A5))]

_D_a-— D, at
=

By analogy with our original approach, we now treat a' as a functional derivative

)

T
“ da

Using the same process as above, we can find our physical states by applying the Gauss Law
constraint as an annihilation operator

\/E <D_a + D+5‘l) $(a) =0

Which has a similar solution to the first case

o) =exp (~ap=a)
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5.3 Non-Abelian Chern-Simons

Having now examined the canonical structure of the abelian theory, we can turn to the
non-abelian case, where many of the results mirror the structure of the abelian case. The
non-abelian Lagrangian is defined by

L = ke Ty (Aﬂa,,Ap + ;A#AVA,,> (40)

For the non-abelian gauge fields, we define
A, = AT (41)

where T are the generators of su(N). As in the abelian case, we can vary the Lagrangian
by an infinitesimal shift in the gauge field, A, — A, +§A,,. The corresponding shift in the
Lagrangian is [6]

2
L+ 6L = keh? Tr ((A# +06A,)0, (A, +6A,) + 3 (A, +04,) (A, +6A)) (A, + 5Ap)>
2
5L = ketP Ty <§A“3,,Ap + A,0,04, + 3 (A,AL0A, + cyclic permutations in p, v, p)>
= keMP Tr (614“ (0,A, —0,A,)+2 6AMAVA,J)

= kelP Tr <6AM (0,A, — 0,A, + [AUAP])>
= ke"? Tr (0A,F,,)
where we find the non-abelian field strength as in Yang-Mills
Fu = 0,A, —0,A, +[A, A

Using the association that A, = A{,T* and that, since F,, is a function of elements of su(N)
and the bracket of elements of su(N) and thus is also contained in su(N), we can associate

Fu, =F;,T"
Plugging this in, we see
ke" P Tr (6A,F,,) = ke"? Tr (SALTFp T")
K LV
= 55‘ POALFS,

Requiring this variation to vanish for non-zero shift 6 A, gives us equations of motion that
are analogous to the abelian case:
ke PES, =0

which is equivalent to saying
ke"PE,, =0
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The exact correspondence between the abelian and non-abelian equations of motion suggest
the non-zero source equation of motion

KEMPE,, = J"

which suggests the form of the non-zero source Lagrangian
2
L = rket"P Tr (AHE'VA,) + gAHAVAp — AMJ”>

for non-abelian source J* = J*%T*. However, unlike in the abelian case, the non-abelian
Chern-Simons action changes by an additive factor under a gauge transformation. Our
non-abelian gauge transformation is

A, =g A9 +¢7'0,9 with g€ SUN)
The full form of the shift in the Lagrangian from a gauge transformation is given by [6]

0L = —ke"P0, Tr (Bl,ggflAp) — gs’“’p Tr (gilﬁuggfl&,gg*l&‘pg) (42)

The first term represents a total derivative, which we can ignore with appropriate boundary
conditions, and the second term is the winding number density. Again, with appropriate
boundary conditions, the integral of the winding number density will be integer valued,
which leaves the overall factor exp(iS) gauge invariant, given certain restrictions on the
coupling k.

We can check this for an infinitesimal gauge transformation, g ~ 1 + ic for € very small
and « € su(N). Our gauge transformation takes the form

A, = (1—iea) A (1 + ica) + (1 — iea)d,(1 + ica) = A, + ie([AH, a] + 8Hoz)
We first note that under an infinitesimal transformation as above, the winding number

density will go to zero, as it will only have terms of order three or higher in . Plugging our
gauge transformed variable into the Lagrangian, we get

5 = ket Ty ( (A + =14l +0,0)) 8 (4, +ic(1Apal + 0,0
2 (At e (Al = 040) ) (A + iz ([l +800)) (4, (1A +a,,a))) .
= ke’ Tr (isAﬂay([Ap,a] + 8pa> + ia([AW a) + 8Ha) 0,A,

+ is% (s (140 0] + 0p0) + (14, 0] +00) A A, + Ay ([Ar,0] + 0,0) A, ) )

Looking at the three terms in the last line, we note that we can expand and rewrite them
Ay (A, 0]+ 8p0) = Ay Ay Agar = AyAyad, + AyAdya

=A,A Ao —A,A A o+ ALAL Do
=A,A,0,«
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where the first two terms disappear by the antisymmetry of the Levi-Civita symbol. Thus,
for the last three terms in the gauge variation, the only important part is the ordering of
the indices. We can thus simplify the variation to

M:mWM}GMﬁ4MW@+@@+w@m@+%@@@
+i5§(A“Ay<pﬂna]+é%a)—k(p@ua]+6La)AyAﬁ%—AM<VLUa}+£La)Ap>>
-W¢Wﬁcaﬁ4mmﬂ+%ﬂ+m@mq+@@@@
+i€§<AﬂAy8¢y%AyAﬁ8ua4ApAﬂéba)>

But again, these terms combine by the properties of the Levi-Civita symbol, so we get
5£::ndeTr<kA#8V<pL”a]+é%a>+%5(&L“a]+£La)8VAP+—%5AWAJ%a>

We can further simplify the first two terms. Expanding the first, we see

4,0, (149, 0] + 0p0) = AuD,(Au0) = A,0,(aA,) + A, Dy
= A,0,(Au0) — A,d,(aA,)
= 4,0, A0+ Ay A,d0 — Ay Ao — 9,A,A,0
= 24,A4,0,0 + A0, A0 — 8,A,A,a
= 24, A,0,0 + A0, A0 + A, A
=24,A,0,c

where we integrated by parts and used the symmetry properties of the Levi-Civita symbol on
several occasions. Clearly, however, by those same symmetry properties, this term precisely
cancels the last term in the overall expression above. Thus, our gauge variance is given only
by the second term. Expanding it, we see

([Ay, o] +0,0)0,A, = (Apa — oA, + 0,0) 0,4,
=0,A,A,00 — A0, Ay + 0,00, A,
=0, A, A+ 0,A, Ao+ 0,00, A,
= 0,a0,4,
= 0,0, A, + 0,0,0A,
= 0y (Ouady)

Where in the penultimate line, we added a term that is identically zero because of the
Levi-Civita symbol. Thus, our overall gauge variation is given by the (remarkably simple)

6L = ke, Tr (icdj0, )
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Looking back at the original formula (and ignoring the winding term, which is zero in the
small transformation limit), we have

0L = —ke!P0, Tr (3,,9971149) = kel"?Q, Tr (@ng*lAp)

Clearly, we need only check the contents of the trace. Again using the approximate gauge
transformation, g = 1 + ica, we have

0,99 Ay = 0,(1 +ica)(1 —ica) A, = icd (1l — iea)A, = icd,ad,
as needed.
5.4 Canonical Quantization
Having established the essential properties of non-abelian Chern-Simons theory, we can now
mimic our approach in the abelian case and quantize the theory. We first separate the Oth
component terms in the Lagrangian
2
L = ke"P Tr (AuauAp + 3AMA,,AP)
0ij 2
= ke Y Tr AoaiAj + §A0A’LA]
i0j i 2
+ ke Tr AZA] + gA'LAOAJ
i50 2
+ ke Tr AiajAo + gAiAjAO

We can use integration by parts and other tricks from our previous abelian calculation to
simplify this

h
|

= I{Eij Tr (A()aiAj + §A()AiA]’>
— ke Ty <AiAj + 3A0Ain>

. 2
+ ke Tr <—A08]AZ + 3A0AZAJ>

Rt Tr (A (0:4; — 0;40) + Ay A; + 240 Ai ;)
= ke T (Ao (94 — 0,45 + 24:45) + Aj ;)
We can use the anti-symmetry of € to simplify the expression as before, giving us
£ = ke Tr (Ao (i — 94 +24iA5) + AjA; ) = 26T (AoFiz + Aodr ) (43)

where, by the same tricks, we recover the non-abelian field strength tensor by taking advan-
tage of the symmetry properties of €. We can use the Lie algebraic structure to simplify
the non-abelian field strength somewhat, if we do so in terms of components:

Ff = 01 AT — 9, A9T + [AVT®, AST®] = 0y AST® — 9, AST™ + i fbe0 A AST®
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We can use the component forms of the gauge fields and field strength to eliminate the trace
and the generators of su(N) from our Lagrangian, giving us N2 — 1 scalar field equations:

£=9kTr (AOF12 T A2A1)

— 2% Tt (AgTd (9 AST™ — Dy AST® + i fo AL AST™) + AgA*;TaTb)

26 A (0145 — 024 +if*** AL AS) Tr T9T* + 2k AG A} Te TOT"
= KAG (0145 — 0o A +ifPe AL AS) + kASAY
This form of the Lagrangian mirrors precisely the form of the abelian case, but with N2 — 1

fields and an additional term in our constraint. The Hamiltonian density is still zero, our
canonical variables and commutators are the same

(44 (), AY(y)] = Sz — 1) (44)

and once again, we can find wave functions that represent physically valid states by finding
solutions to the Gauss Law constraint Fio = 0 with Lagrange multiplier 4g. We can also
treat Ay as a differential operator with respect to A; as before, giving us

_13
27 ik 5AY

a

5.5 A Motivating Example: On a Disc

We first call our attention back to when we checked the overall shift in the Lagrangian from
a gauge transformation. In that case, we argued that one of the two terms disappeared, as
it was a total derivative; since we generally assume that the fields go to zero at infinity (to
keep amplitudes normalized and non-divergent), we could ignore it. However, on a bounded
manifold, such as the disc, we can have non-trivial contributions from a total derivative
term. To account for this, we have to add a boundary term in the action [7]:

S =k / A3z " PTr <AuayAp + gAMAZ,Ap> + kK / d*z Tr(AsAy)
M 5M
This boundary term precisely acts to cancel the non-zero boundary contributions from a
variation in the action. We can now quantize the theory on a disc to build some intuition
for our later discussion on the torus. On a disc, we can solve our constraint with a “pure
gauge” solution, using fields represented as [7]

A, =-0,UU"  UeSU(N)

where we denote dimensions by 0 = ¢,1 = r,2 = . This representation of the gauge field
satisfies the constraint: to see this, we can check for a “small” field A, such that U =~ 1+ica,
for e < 1 and « € su(N) (note that this implies &« = a®T* as usual with Lie algebra valued
elements). This gives us a gauge field, in our representation,

A, =—-0,(1+ica)(l —ica) = —ic,a

37



Our constraint is given by
O1AS — Dy AS +if*cAb AS =0
Plugging in our form of the infinitesimal field, we have
1€01020% — 10010 — z‘s2fabcalabagac =0
as needed. Thus, for the simple case of the disc, the representation give above represents a
valid choice of gauge field. With gauge fields in this form, we can rewrite the action as
2
S = n/ d3x ePTr (AM&,AP + 3AMAVA,)> + K d*z Tr(AzAp)
M §M

= g/ Bz Tr (U0, UU10,UU10,U) +/s/ dtde Tr (U'0,UU'9,U)
M oM

To see this, we first note that the second term is obvious: it comes directly from plugging
in our representation of the gauge field into the boundary term in the action we recently
introduced. The first term comes from the Chern-Simons Lagrangian term:

AL0,A, + %AMAVAP =9,UU "9, (0,UU") — ; (o, UU o, UUO,UU)
=0,UU19,0,UU " +0,UU'0,U0,U!
— ; (o, UuU O, U O,UUT)
=0,UU 19, UU'Ud, U — ; (o ,uUu o, UU0,UU)
where we added a factor of the identity, U~'U, in the middle of the first term. Noting that
9, (UUY)=0=0,UU" +U3,U*
we can simplify this further, to get
= -9,UU10,UU 19, UU " — g (o, UU O, UU O, UU)
= %BMUU_la,UU_lﬁpUU_l

which gives us the first term in the action, as needed. Rewriting our action in terms of our
small field approximation, we have

S = E/ d3x P Tr (—is?’aﬂa&,aapa) + m/ dtdyp Tr (—52@048@0()
3 Jm 5M
In terms of the generators, we have

K K
S =— A3z ehvr (—i538Maa8Uab89ac) Te TTPTC + = dt de (—628toz“8¢aa)
3 Jm 2 Jsm
where we used our trace condition on the generators for the boundary term. To simplify
the triple generator trace, we need another identity. We can take a standard identity on the
generators

1 1
TaTb _ ﬁ(sab 4 5(Z'fabc + dabc)Tc
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for d*¢ a set of constants symmetric in all indices (they come from the anti-commutators
of the generators). We can multiply either side by T to get

1 1
TaTde — Td ~ (5 pabe abc Tch
IN 5ab + 2 (Zf + d )
If we then take a trace of both sides, we have
Tr TaTde = Tr Laade + } (ifabd + dabd) _ 1 (Z-fabd 4 dabd)
2N 4 4

since the generators T'® are inherently traceless. This gives us the needed identity. Plugging
this in, we have
S = i/ A3z etvP (—i533lto<“8yozb8pac) (ifabC + dabc) + K dt dy (—628t04a3¢a“)
12 Ju 2 Jsmr
-k d3x i fabegrve (—i638uaa(9uozb8pof) + E/ dt dy (—528toz“3¢oza)
12 Jur 2 Jsm

where we can drop the d®° since it is contracted with the anti-symmetric e*#.

The states in this theory on the disc correspond to elements of the loop group, similar to
the 141 dimensional Yang-Mills theory. However, since the states must be gauge invariant,
states which can transform into one another under gauge transformations must be identified
as the same. Thus, the states of the theory come from the quotient group of the loop group
modulo the gauge group [7].

5.6 Another Approach to the Disc

There is another approach we can take to this problem of putting the theory on a disc, using
holomorphic fields [6]. We can assign

A% = Z (A —idy)"

1 a
A = B (A +1iAs)
zZ=x1 + 1To

1
82 == 5 (al + 7/82)

The commutator of our new fields is

1
A2, AZ] = { [AT + A3, A —id3] =

Thus, as before, we can associate

a

1
2
ZiSCl*Z'ZL‘Q

1 )
65 = 5 (61 — 262)

‘T Aa pa ‘T Aa pa 1
(—i[AT, A3] +i[A3, AT]) = o=

2K

A~ =

0

27 2K 6A9

In this scheme, we can use a similar representation of the gauge field [8]

A, =—-9,UU !



We can write the action similarly to before, but with a different boundary condition, in
terms of these new complex variables:

2
S—x / PPy (AuayAp + AMAVA,J> v [ dPe Tr(ALAL)
M 3 SM

= g/ Bz Tr (U0, UU 10, UU10,U) +/<;/ dzdz Tr (U'0.UU'0:U)
M oM

We must also rewrite our constraint in terms of the new variables. It turns out that it is
nearly identical. Basic algebra gives us immediately

O AG — 0, AY =20 (0,A% — 0:A2)
The non-abelian term is more difficult. Consider the term
1 . ¢ e
JreALAL = e (AL +iAB) (A5 — i45)
Expanding this out, we get
1 1
17 (AL +iA3) (A] —iA5) = - f7°" (ATA] + AZAS + —i AV AG +iATA3)

The structure constants are anti-symmetric with respect to the swap of any two indices.
Thus, the AYA¢ and ASA$ terms are zero, since they are a symmetric quantity contracted
with an anti-symmetric quantity. We can also switch the indices and signs on the last term,
and we get

]' ; c s AC ]' ca ; c ; Cc Z ca Cc
17 (AVAT + ASAS + —iAVAS + AT A3) = " (—iAVAS — iAJAS) = — [ AV AS

Clearly, then, we have a similar relationship as the abelian part:
e AL Ag = 210 AL AL

We are thus free to make the swap 1 — z and 2 — Z and our constraint remains exactly the
same. In this new coordinate system, then, we have the constraint equation

Fz2|¢> = 0

for some physical state |¢). In the small field approximation, we have A? ~ —ied.a”
and A¢ ~ —ic0za%, so we see that our new representations of the gauge fields satisfy the
constraint, as before

9. (—iedza") — 9; (—ie0,a*) + O (¢?) =0
as needed. In this scheme, we can write our states explicitly as [6]
¥ = exp (45)

where the factor of four acts essentially as a scaling factor on the action (it’s needed to make
the states obey the constraint, but ultimately only has the effect of changing the choice of
scale from the original Lagrangian). We can check this in the small field approximation. We
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note that our small field approximation of the action will be identical to the previous case,
up to a change in the boundary term:

K

S = —/ d3z if“bcs“”” (—ie?’aﬂaaayab@pac) + E/ dzdz (—g2aza“agoﬂ)
12 Jy 2 Jom

We also rewrite our constraint as a functional derivative operator

1 4] 1 4]
a__ 9 pga i pabc pb pc 9 Aa - pabc Ab
0.AL = AL Fif " ALAS = o (az Mg) 0:AL + o <z Fobeq? Mg)

In terms of a small field approximation, we have

11 5 . o, 1 ( iabey b O
5 (826(8zaa>> + i€0z0,a" + o (zf 0, 6((’)Za°‘))

We first note that the functional derivatives will only touch the boundary term. The action
of the functional derivative on the states will be

exp (45) =

exp (g/ dBrifiiterr (-ie30,a'0,079,a")
M

5(0.a%) 6(0.a%)

+ 2K dzdz (—EQGZaiagozi) )
oM

= (_252’?) 9:0'6;q €xp ( . )

Thus, acting on our states with the constraint yields

11 5 . o, 1 ( rabes b O
e (25 ) 2050+ 5 (005 o5 )| svtas

__il _ 9.2 A S s ai-abc b(_ o2 i
= [ o e (82( 2e H) Oz« (51,1) + 1050, + P (zf 0,0 ( 2¢ /i) Oz 510)} exp(4S5)

= [~ied.0:a" +i2d;0.a" + O(e%)] exp(45) = 0

as needed. With this straightforward case in mind, we can now consider what happens when
we quantize our theory on a more interesting (and non-trivial) manifold: the torus.

5.7 Non-Abelian Chern-Simons on a Torus

When we considered Chern-Simons theory on a disc, we did not need to worry about the
topological properties of the space. On the torus, however, we cannot be so cavalier about
the space. To account for the non-contractible loops of the torus, we have to make an
adjustment to our gauge field. In fact, we can use an adjusted form of the representation
we used previously:
A= -o,UU +U0;t) U

for the spatial components of the gauge field. The two functions 6;, which are elements of
su(N), encode the information regarding the two independent loops of the torus. As before,
we can check that this form of the gauge field obeys our constraint:

Tr (A()Flg) =Tr (AO (61A2 - 82141 + [Al, AQ])) = 81Ag — 82/1(11 + Z.fabcAliAg =0
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We can again check this for a small field approximation, with 8,UU ! &~ icd,a. However,
since 0, is also part of the field, we have to assume that 6; is also small: §; — €0;. We now
have

UO;U = (1 +iea)ed;(1 — ica) = eb; + O(e?)

Plugging these approximate fields into our constraint, we have
0= 0145 — 0, AT +ifercAb AS
- ( — igdha® + 0% + 0<52)) - 82( —icdha® + 0% + (9(52))
= —3e0102a® + i€0501

as needed. We can also rephrase our action in terms of this form of the gauge field. Since
the gauge fields identically cancel the constraint, we can use the adjusted form of the action

g— 25/d3x Ty <A0F12 + A2A1) = 25/d3x Tr (AzAl)

where we no longer need the boundary term, as we are working on a surface without bound-
ary. In fact, it is more instructive to use a slightly “older” form of the Lagrangian for our
action, taking

S = H/d3$ Tr <5ijAin)

Plugging in the representation of our gauge fields, we have
S = n/d3:c Tr (£7.4,4;)
_ n/d% Tr (eiﬂ' (-ouut+vgu ") (=00 (UU) + 0 (UB.U ) ))
= ,.g/d% Tr (eiﬂ' (ajUU—lao (Q,UUY) —;UU 00 (U;U™) —U;U "0 (8,UU )
+UGUTUOU + U0,6,U" + Ueje,U—l)>

Here, we note that because dy(UU!) =0=UU""' + UU', we have
Ue,utve, Ut = 0,U"U0; = ~U6;0,U "

Which, combined with some integrations by parts, gives us the integrand
Tr (6” <6jUU‘160 (81'UU_1) + 80 (8]'UU_1) UQiU_l — 60 (8iUU_1) Uer_l + 9]91>>
=Tr (Eij (ajUU_180 (8lUU_1) + 20y (8jUU_1) U@iU_l + 9]92)>

Expanding the terms further, we see that the middle term becomes

200 (,UU ) UGU" =2 (9,00 + 9,U0 ) UGU ™
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With more integration by parts, this becomes
2 (000,071 + 0;U00;) =2 (U10;00; - U19;06;) = 0
Our action therefore becomes
S=k / dz Tre' (ajUU—lao (,UU") + 9j9'i)

However, we have separated our loop variables 6; from the gauge variables. We can integrate
the remaining “pure gauge” term, leaving us with an effective action (up to a constant) [7]

S = n/dtTr (eijejéi) - /@/dtTr (929'1 fale’g) - g/dt@gé‘f fegég) - n/dtﬁgé‘f

In this form, we have eliminated entirely the gauge variables, and end up with a simple action
that strongly resembles previous forms of the Lagrangian we’ve come across in our analysis.
We can let §; = p and 6; = ¢ just as with Ay, Ay before. This gives us a commutator

aabzzéa
[1a 2] K b

And a sense of 6, as a functional derivative with respect to 64:

1 9

ik 60§

To construct the states, we first note that the two loop variables, 8;, are compact Lie algebra
(in particular, su(N)) valued variables: they roughly represent translation of the gauge fields
about the two non-contractible loops of the torus. From basic quantum mechanics (e.g.
particle in a box), we can say that having a compact position variable (i.e. 6;) leads to
quantized momentum (i.e. 62). However, the momentum is also compact: this tells us
that the position variable must also be quantized. This presents us the problem of defining
a lattice and lattice spacings for the two interconnected variables. Given the form of the
momentum operator, our momentum eigenstates will be of the form

W(0r) = exp (iA -6 )

for some eigenvalue A corresponding to the momentum. Furthermore, because the space 6
is compact, we ought to have a set of vectors a such that the states corresponding to #; and
0, + 27« are identical. This gives us a condition

exp (i)\ . 91) = exp (i)\ (61 + 27ra)> = exp (z'/\ <01 + 2w - a)

03 —

therefore A-a€Z

Given that the two spaces 61 and 65 are both compact and quantized, as well as Lie algebra
valued, we can guess that the lattices and lattices spacings for these variables will be related
to the weight and root lattices of the algebra. In fact, we can postulate that the lattice
spacing vectors a above are on the root lattice (this guess, which also just so happens to
be correct, follows from the fact that with respect to the weights, the roots act as lattice
spacings already; furthermore, the roots play a role in the integration measure on the group
[1], so it naturally follows that they would play a significant role in other realms) and derive
the properties of the momenta A and their corresponding eigenstates. In fact, it follows
immediately from the assumption that « is a root and the requirement that A-« € Z that A
is on the weight lattice. To see this, we take a brief tangent to our old friend: group theory.
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5.7.1 A Note on Roots

To explore the above assertion, we need a few facts about roots. We will be brief here, but
for a more detailed approach see [2]. We will quickly state a few facts:

1. If o is a root, then —a is also a root.

2. If L, is the root space corresponding to o and L_,, the root space for —«, then there
exist ¢ € L, and y € L_, such that the subalgebra Span(z,y, [x,y]) is isomorphic to

sl(2).

3. In fact, by this method, we can associate to each root « a subalgebra isomorphic to
sl(2), with basis ey, fo, ha for €4 € Lo, fo € L_q, and h, an element of the Cartan
subalgebra.

This element h, in the basis of the sl(2) subalgebra is known as the coroot of « (it also
happens to be unique). We now recall a few definitions. Notably, when we refer to a weight,
we are referring to an element of the dual space of the Cartan subalgebra, i.e. the set of
maps from the Cartan subalgebra to C.

Note: Since we use the terms weights and roots frequently, this definition merits some
clarification (we mentioned this before, when we introduced these notions originally): both
the weights, as the eigenvalues of the elements of the Cartan subalgebra, and the roots,
as the eigenvalues of the adjoint representation of the Cartan subalgebra, are technically
weights. They are all maps from the Cartan subalgebra to C. However, they have special
properties that have resulted in these somewhat unfortunate names.

In particular, the weight lattice is defined to be the set of weights (or the set of elements
of the dual space of the Cartan subalgebra, or the set of maps from the Cartan subalgebra
to C) such that when evaluated for h, (from the sl(2) subalgebra) for any root a, it is an
integer [9]. Formally:

the weight lattice A" = {8 € H* such that B(h,) € Z}

Both our weights (as the eigenvalues of the Cartan subalgebra) and the roots are elements
of the weight lattice. In fact, the root lattice A% is the lattice formed by only the roots of
the algebra. In this manner, the root lattice A% C A™.

We also recall our discussion of the simple roots: a set of roots such that every root can
be written as a linear combination of these roots (there are stronger classifications, but this
is sufficient for our discussion). We also recall our definition of the fundamental weights:
a set of weights classified by their orthogonality to the simple roots. Furthermore, we
remember that all highest weights of irreducible representations could be written in terms
of the fundamental weights.

In the abstract, we can perform a similar procedure for the weight lattice. We can define
the fundamental weights w; of the weight lattice as the set of weights in the dual space of
the Cartan subalgebra such that

wi(ha;) = 6ij
In fact, any weight on the weight lattice can be written as a linear combination of the
fundamental weights. More specifically, any weight § € A" can be written

B=>" Blha,)wi
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This becomes even more specific for the roots. Any simple root can be written

ij = Z Olj (hai)wi = Z Ajiwl-

where Aj; is the Cartan matrix we introduced so long ago. In the particular case of su(N),
these fundamental weights w; are equal to the set of fundamental weights u; we found in
our discussion of the root space classification [9]. We now have enough information to show
the association of the momenta and lattice spacings of the states to the weight and root
lattices.

We need A\ - o € Z for some momenta A and root . We can write each in terms of a
corresponding basis. If ) is on the weight lattice, we can write it in terms of the fundamental
weights:

A= 3" Aha s

but we have A(h,,) € Z by definition of the weight lattice. Thus, this simplifies to

A= Zciui for ¢ €%
Furthermore, we can write the roots in terms of the simple roots:

ai:Zdé-aj for d;-EZ
J

for simple roots a/ and integer coefficients (see the discussion of the root spaces). The dot
product of these two will be

Aoy = chdi(ﬂk o)
k

However, we defined our fundamental weights by their orthogonality to the simple roots.
Thus, this becomes simply

)\-ai:chdZEZ
k

as needed. It is thus appropriate to associate the momenta A with the elements of the weight
lattice, given a sense of periodicity with respect to the roots. However, this is not entirely
complete. We must also include a sense of compactness on the momenta. If we shift 65 by
the same quantity 2mwa, we have

(92 + 27roz> exp (i/\ . 91) = (% 6%1 + 271'@) exp (i/\ . 91) = (% + 27Ta) exp (i/\ . 91>

If we are to associate the momenta also with momenta shifted by this “periodic” condition,
then we would require that

é—|—27ro¢z)\
K

Alternatively, we get the same result by

0 exp (z (AN + 27ka) - 01) = exp (z A+ 27ka) - 91> = (% + 27ra) exp ( . )

19
ik 591
Thus, we see that the action of shifting 8, — 03+ 27« is equivalent to shifting A to A+27wka.
This tells us we ought to associate our momenta A not as elements of the weight lattice, but
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rather as elements of the quotient set of the weight lattice modulo the root lattice times a
constant, 2rxA®. Furthermore, in order to maintain gauge invariance, we must associate
states whose momenta gauge transformations of each other. This corresponds to modding
out the action of the Weyl group W (see our discussion of the root spaces) [7]. We now have
our final classification of the momentum eigenstates of non-abelian Chern-Simons theory on
the torus. They are given by wave-functions

B(A) = exp (M : 91)

such that A is an element of
A’IJJ

A€ W x 2rkAR

5.8 It Always Comes Back to Group Theory

By themselves, these momenta labels seem somewhat meaningless. The derivation of them
is somewhat abstract, and they certainly don’t seem to have much context. However, a
closer look at the momenta reveals, at least, some interesting properties.

The momentum eigenstates are specified by their momentum A. However, these momenta
are in direct correspondence to elements of the weight lattice modulo the roots. This is,
in fact, equivalent to saying the momenta are in direct correspondence with the highest
weights. Since adding roots to the momenta doesn’t change them (with respect to the
states), we are free to shift up whichever weight we start with using the roots until it is the
highest weight without changing the state. It is thus, in a manner of speaking, sufficient to
associate the momentum eigenstates with the highest weights of su(N).

However, this result is quite potent. We have already established so much of the theory of
su(N) that from here we can draw a few rough conclusions. For one thing, the structure of
su(N) lends to the states a sense of being “fermionic”. The highest weights are in a one to
one correspondence with the irreducible representations, as we already established so long
ago. Furthermore, the irreducible representations are in one to one correspondence with
their characters (from basic group theory), which we already showed in some detail were
equivalent to fermionic states. In this sense, the states of Chern-Simons theory on a torus
correspond (rather roughly) to fermionic particles.

Furthermore, we can associate these states to Young tableaux. Since they correspond to
the highest weights, we can extend that correspondence to the Young tableaux. Not only
does this reinforce the sense that the states are related to the characters of SU(N) (and
thus fermionic states), it also grants us powerful tools with which to study and classify the
states.

There is much more subtlety and nuance to this relationship, which is explored fully in [10].
Unfortunately, it is not possible to include and discuss in detail the conclusions of [10], but
the curious reader ought to give it a glance.
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6 Conclusion

Throughout this discussion, we explored the classical theory of su(N), even some of the
fundamentals of the general theory of Lie algebras (hopefully gaining some appreciation
for the beauty of the theory in the process). In exploring the uniquely physical properties
of the characters of its group, SU(N), we explored only a the beginning of the powerful
applications of the special unitary group in physics. In fact, we were able to reinforce this
relationship with a brief study of low dimensional Yang-Mills theory.

We then turned to Chern-Simons theory: a much more complicated, and far less obviously
physical, field theory. We quantized its various forms, studied its states, and drew what
conclusions we could. Perhaps most importantly, we tied it back to the group theory we so
carefully established, further reinforcing the potency of the theory of su(N). The applications
and uses of Chern-Simons theory are varied and fascinating, and most of them far exceed
the reach of this discussion. Perhaps this study will open the door to a more complete
understanding.

The goal of this discussion never was to present something novel. In fact, a large part
of the material we discussed could be considered “textbook”. Rather, the purpose lies in
the intermediate steps, in showing the reader the detailed calculations and process that go
into the well known conclusions, to build a sense of understanding and completeness. And,
perhaps, to impart to the reader a bit of that same understanding.
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