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Abstract

As a summer student in the DESY Theory Group, I studied the
SU(2)-WZNW-model and the method of quantising it. This report
summarises what I learned regarding this. The classical SU(2)-WZNW-
model is formulated in the context of string theory, and the concept
of conformal symmetry is introduced as a requirement for any such
theory. By performing canonical quantisation, the current algebra of
the model is found to be composed of two commuting Kac-Moody
algebras. From these, we use the Sugawara construction to show that
the model must possess quantum conformal symmetry and finally, the
Hilbert space of the model is determined.
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1 Introduction

My project this summer has been to learn how, using symmetry principles,
the SU(2)-WZNW-model is quantised. The model, whose conformal invari-
ance was first shown by Witten in 1984[1], is a simple example of a conformal
field theory in a curved background, and so is relevant to the study of string
theory.

This report summarises the classical theory (sections 2-3) and details the
quantisation procedure (sections 4-5), including explicit calculations showing
the symmetry properties of the quantised theory and the structure of the
resulting Hilbert space.

2 Classical Conformal Field Theory

Before introducing the model itself, it is helpful to first understand the
motivation for studying it.

2.1 String Theory

A topic of huge current interest in theoretical particle physics is string the-
ory, which is based upon the assumption that the fundamental constituents



of matter are not point-like but are one-dimensional objects (strings). Con-
sider a closed string propagating in a background M which is parameterised
by co-ordinates X*, as shown below in Figure 1.

Figure 1: The string world-sheet.

This string will sweep out a two-dimensional world-sheet ¥ in space-time
which we can parameterise using the spatial and temporal co-ordinates (o, 7).
As in particle theory, the propagation of a string is determined by extremising
its action, yielding equations of motion for X* (o, 7) - the map between pa-
rameter space and space-time. For a closed string, we require these functions

to be periodic in o:
Xt (o +2m,7)=X"(0,7). (2.1)

The action of a point particle is proportional to the invariant length of its
world-line and so the action of the string is taken to be simply proportional to
the invariant area of its world-sheet. A convenient form of the string action
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where we have reparameterised the world-sheet in terms of light-cone co-
ordinates

S[X] /Qd%paaw(xy-+zzw<x3)a+xwaxw, (2.2)

Ty =T=%o0, (2.3)

mzé@i@y (2.4)



G, (X) and B, (X) are the symmetric and anti-symmetric metric tensors
of M, and I is the string length.

The choice of co-ordinates (x,,z_) is made here for convenience but it is
crucial to note that a physically sensible theory must give the same results
using any world-sheet parameterisation we choose. This property, which is
required also of any proposed two-dimensional quantum field theory such as
string theory, is called conformal symmetry and has very important conse-
quences. For example, conformal invariance of the quantised string action
constrains the possible forms of G, (X) and B, (X) - leading to a general-
isation of the Einstein equation.

2.2 Conformal Symmetry

Classical conformal symmetry is defined as invariance under reparameter-
isations of the light-cone co-ordinates

vy — f(zy) =a, (2.5)

v — flz_)=a". (2.6)

Recalling that o are periodic, the co-ordinates f (z4) must also be peri-
odic. Consider the co-ordinate transformation X (z4,2_) — X (f (z4),z_).
Because of the o periodicity, the reparameterisation function must satisfy
f(zxy +27) = f(xy) + 2m. Therefore the set of possible reparameterised
co-ordinates are the smooth, monotonous functions f () given by

_J [ (o) for 0 < f (o) < 2m,
f (o) {f (0)—2r for Fo) > om (2.7)

and similarly for f(x_). These are simply the elements of the group of
diffeomorphisms of the unit circle, Diff(S!) - the conformal symmetry group
of the closed string.

An infinitesimal conformal transformation can be expressed as
flay) =zs +en(zy), (2.8)
where 7 (x4 4+ 27) = n(x4). The corresponding change in X* (x,,z_) is

oy X (zy, o) = n(2y) 02 X" (w4, 2-). (2.9)



Using the periodicity requirement to expand 7 (z,) as a Fourier series

n(zy) =Y e, (2.10)

n=—oo

we can define the generators of the Lie group
S XH (1y, 0 ) = —ie™+ 0, X (), (2.11)
and calculate their infinite-dimensional Lie algebra

(6, 8] = (11— ) Sy (2.12)

This is the algebra of classical conformal symmetry. A field theory with
this symmetry is called a conformal field theory. In the case of quantised
theories, an analogous quantum conformal symmetry is required to ensure
the theory is independent of the co-ordinate choice. We will see in section
4.3 that the corresponding quantum algebra is the Virasoro algebra, which
differs from (2.12) by a central extension term.

3 The Classical SU(2)-WZNW-Model

The WZNW (Wess-Zumino-Novikov-Witten) model is an example of a
conformal field theory on a Lie group manifold, and so is a model of a closed
string moving in a curved background.

3.1 The SU(2) Lie Group Manifold

Suppose we choose the background M to be the 3-sphere S3. We can label
each point in M with the hyperspherical co-ordinates (1,0, ¢), where

Ty = COs Y,
xr1 = cos ¢sinfsiny, (3.1)
To = sin ¢ sin O sin ), '

r3 = cosfsin,
and ¢ € [0,27], 0, ¢ € [0,7]. The metric of this space is
ds* = G, (X) datdz” = ko' (dy® + sin® ¢ (d6” + sin® 0d¢?) ), (3.2)

where o/ o 2. We note here that the limit k — oo corresponds to taking
the limit [y — 0 in the string action (2.2), and hence in this limit the strings
become point particles.



Defining
sin 6 sin ¢
U =1 | sinfcos ¢ (3.3)
cos
allows us to represent each point in M as a 2x2 unitary matrix
_ oo [ ot iwy x2+ i
g = exp (iv.0) = (_@ tizs g — i$1) : (3.4)

where o; are the Pauli matrices.

The elements comprising the space S® are then clearly isomorphic to the
elements of the well-known SU(2) Lie group and so S® is the Lie group
manifold associated with SU(2).

From now on we will be studying the WZNW model defined on this back-
ground but it should be noted that the results can be generalised to more
general Lie group manifolds.

3.2 Equations of Motion

The equations of motion can be derived from the action in the usual way/[1]:
0_{(0:9)97"} =0, (3.5)
9+ {g'0_g} =0. (3.6)

The general solution of these is separable in x4

g (x-l-a ZE_) =JgL ($+) AgR (Zlf_) ) (37)

where A is a constant 2x2 matrix. To ensure 27-periodicity of the solutions,
A must satisfy
A = NLANg, (3.8)

where
gr (x4 +27) = gr (v4) N,

g (. —2m) = Npg (a). (39)

The theory exhibits two dynamic symmetries (operations which map the
set of solutions to themselves), which will be crucial when we come to quantise
it. Firstly, it has conformal symmetry - invariance under the mapping

g — g1 (fv(zy)) Agr (f- (2-)), (3.10)

as can be seen from (3.5) and (3.6).



—

Secondly, it is invariant under the action of the SU(2) loop group, SU(2):

g— hy (21) ghi (@) (3.11)

where hy g are elements of SU(2) satistying hy g (24 +27) = hp g (24).

We have already encountered the generators of conformal symmetry in

—

section 2.2. An infinitesimal element of SU(2) can be written as
ho () = 1+ en(zs) (3.12)

where we can expand 7 (z4):

3 00
D) =30 3 e (313)

b=1 m=—o0

where 7¢ = ”—; are half the Pauli matrices. Thus we can define the group’s
generators '
8L = —iemrirb, (3.14)

and their Lie algebra

[53,5%] = —F“bcéfLer, (3.15)
where F%%¢ = €% and €®° is the completely antisymmetric Levi-Civita,

tensor.

As was the case with conformal symmetry, the quantised SU(2)-WZNW-
model will retain a quantum loop group symmetry, whose Lie algebra differs
from (3.15) by a central extension. These two symmetries will turn out to
be intricately linked in the quantised model.

3.3 The Hamiltonian Formalism

From the equations of motion (3.5) and (3.6) we can define ‘momenta’

K (20) = (0rg) g7, (3.16)
K. )=g'0_y. (3.17)

These are not the usual canonical momenta but are useful quantities which
are momenta-like (they contain ¢ terms) and are functions of a single variable.



We can again use periodicity conditions to expand K (z,) and K (z_) as
Fourier series, this time in terms of the Pauli matrices o“:

K (zy) = K (z4) 7% (3.18)
where -
= > "KL (3.19)

and similarly for K (x_).

To quantise the SU(2)-WZNW-model we will need to know the Poisson
brackets of the co-ordinates and the Fourier modes of the momenta. These
are[1]:

—i{Ky, Kb} = fKS,,, + ngaabammp, (3.20)
—i{K! K} = f°KS ., + ngaabéwm@, (3.21)
—i{K} g (v, v )} =g (2,20, (3.22)
—i{K gz, 2 )} =™ g(wy,2_) 7", (3.23)

{gmﬁm gm’ﬁz’} - 0; (324)

where o are related to the structure factors F'*¢ defined previously, as we
shall see.

4 Quantisation of the Model

4.1 Canonical Quantisation

The first step in quantising the theory is to elevate the dynamical variables

to operators ¢ — g (xy,z_), K¢ — hj“ and K¢ — J% and to calculate
their commutation relations from the Poisson brackets (3.20)-(3.24) in the

standard way. Defining Jo = %f( @ and J“ = 1K @ this yields:

T T = I+ 1 B 00, (4.1)
[ 5n abc c K a

_J :| f ’ n+m + n§5n+m,06 b; (42)
-j;L7 g ($+, f[,'_)] = Ginx+Tag (.T+7 l'_) s (43)



where kK = %

The operators j[j and J" are generalisations of the creation and annihila-
tion operators for flat-space closed strings (see, for example, [4]) to curved
backgrounds. Their algebras (4.1) and (4.2), named the current algebras, are
a pair of commuting Kac-Moody algebras.

Any operator in the theory can be constructed from these three basic
constituents and hence from these commutation relations we could proceed
to calculate the algebra of all operators in the theory.

4.2 Quantum Loop Group Symmetry

The current algebras (4.1) and (4.2) bear a striking resemblance to the
Lie algebra of classical loop group symmetry (3.15), but with an additional
central extension term. Thus we identify the operators j:; and J¢ as the
generators of quantum loop group symmetry. Comparing these relations also
suggests that the factors f®¢ = —F¢ This can be shown more formally by
using the second pair of commutators (4.3) and (4.4):

6i(m+n)x+fabc7_CA _ H:ja jb:| ’g:|

= |[Je.a] ] + [ [Jhed]]
_ einm+ |:7_ag’ jrbni| + eimx+ [js77_bgi|
_ _ei(m+n)x+ |:7_a,7_b:| g

_ _ez(m+n)x+ FabcTcg‘

(4.6)

Thus we can identify fo¢ = —jeobe,

We can use the requirement of loop group symmetry to identify a quantum
analogue to the relation

dg =K (22) g. (4.7)

The naive approach would be simply to preserve the form of (4.7), letting
K (z4) — J (z4), but as always when quantising a system, there is freedom



to choose the ordering of a product of two operators to ensure we obtain
physically sensible results. In this case, we define the normal-ordered product

~

. ~ . ~ 1 ~ ~
. P —ime b b —imaxy ba 7b b, b b~ 7b
DS (ep) g =) eI g e *Tng+§<Jng+TgJo>,

m<0 m>0
(4.8)

and the relation 5

Gy @) o

where 1" is a constant 'quantum correction’.

Although it is not intuitively obvious why this is the correct form, it is
in fact covariant under the action of J¢ and so possesses the quantum loop
group symmetry required.

Proof. We begin by calculating:
[t T g | = e e gt Y e

m<0 m>0
1 R . , .
+ §f“bc (JSTbg + TbQJZ) + et JP () 707G
4 K
+ 6zn:c+n§5ab7_bg'

A

The first three terms resemble the normal-ordered product : J(z;)¢g: and
we rewrite them in terms of it to give:

[jﬁ, : j(x+)§ ] — inw+ paberb. je (x4)g: + emMmrnfoberbreg
+ e b (x+)7'b7“§: + em“ngé“%bﬁ.

Finally, we use the SU(2) algebra [7% 7°] = —f®°r¢ and the subsidiary
relation foberbre = —% fabe foedrd 4o give:

~

i (@) gs | = e (00 (@) g2 + 5 (0= f2f"5) ) . (4.10)

Making the identification
hV5ad = fabc‘fcbd7 (411)
implies hY = 2 (since f®¢ = —ie®) and gives

{jg,ﬁ: j(m)g;} _ ¢ines o (ﬁ J(e) +ng). (4.12)

10



Using (4.3) we can calculate
[j;;, —i8+§] = ¢ 19 (n — 38, §, (4.13)

and hence we see that

2a . ~ 2 7 ~ NTy __a ; ~ 2 .7 A+
Jn,—26+g—mlj<l‘+)gij|:€ tr <—28+g—mj<l‘+)g)
(4.14)
which vanishes given (4.9). O
There also exists the analogous relation
J —i0_§ 2 i) 0 (4.15)
—10_g — ———~: r_): | = .
n’ g (K,—i— h\/) g 7
given that
9 A
—i0_g= —+—:gJ (x_) : 4.16
where

2 . 2 . 2 ]_ 2 2
g (x) =y e TG+ Y e gy (J{;gr + §J87b> .

m<0 m>0
(4.17)
Additionally, it is simple to prove that
-ia 0.0 2 .7 . ] _
_Jn,—’l AP J(ZU+)9-_ =0, (4.18)
and _ 5 ;
Jo =i g — —————: g (x_): | =0 4.19
_ng(wrhv)g(x)_ : (4.19)

and thus it is clear that the chosen normal orderings and quantum correction
hY lead to definitions of 9, ¢ and 0_g which are covariant under the action

of the loop group symmetry generators jg and f;; These definitions in fact
fully define the dynamics of the quantum model.

11
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4.3 Quantum Conformal Symmetry: The Sugawara
Construction

One of the most remarkable features of the WZNW-model is that having
established the presence of quantum loop group symmetry, this necessitates
that the theory also possesses quantum conformal symmetry, and so is inde-
pendent of the co-ordinates used to parameterise the world-sheet. We show
this using the Sugawara construction which is based on the Virasoro opera-
tors L,:

T 1 - Ta TJa
L, = CED] Z ST ims N F0, (4.20)
k=—00
A 1 A A Ao
Lo = "I (Jng +2) JikJ,g> : (4.21)
k>0

In string theory, these correspond to the Fourier modes of the string’s stress-
energy tensor.

To demonstrate that these generate quantum conformal symmetry, we be-
gin by showing that

[L Ja} = —mJo (4.22)

ny Ym m+n-

Proof. To ensure all of our operator products are well-defined (i.e. normal-
ordered), we initially consider the related operator

)A(n,e = Z jikj]?_HZC (k’E) ; (423)
k

where

¢ (z) = {1’ <1 (4.24)

0, |z|>1

Using the commutators (4.1) and (4.3) gives

i o] = D T () 4 3 ST T k)

" 1mJ“ o i€ (me) + 1mﬂ o i ((n+m) ).

We cannot take the limit € — 0 as the first two terms are not normal-ordered.
Using the standard definition

JbJa m ; n’ (4.25)

m“n?

‘v {J“Jb m>n

12



we can normal-order the first two terms to give

[jran 6:| f-abcC( )Z <: jﬁqfkjllczrn: +: jﬁkjl?Jrner: )
k

+ Z Z fabCfbcdg (kJE) 4

k<on g mAn
+%sz+mm<c<me>+<<<n+m>f>>-

Now, on taking the limit ¢ — 0 (and shifting k& — k& —m in the second term),
the first pair of terms vanish due to the antisymmetry of fo¢ leaving

|:j7?17 Xn:| (F‘; + hV) sz+m>

(4.26)

where we have used the definition of h" (4.11). Thus we obtain the result

[Ln, J;;L} = —mJe,,. (4.27)
O
With this result we can now show that that the Virasoro operators obey
. . Co
L | = (0= ) Ly + —on (n* = 1) duimo. (4.28)
where 5
K
= ) 4.29
K+ 2 ( )

This Virasoro algebra is equivalent to the classical conformal symmetry al-
gebra (2.12) except for the central extension term, and is the algebra of
quantum conformal symmetry.

Proof. Using the commutator derived above, we obtain
L X = D2 (Wi = (bt m) o) C ), (4.30)
k

where we again use 7, . until the terms are normal-ordered. Performing this
normal ordering gives

[in, xm} = (k)Y (k:: JoJe = (ktm) e )
k

K
+ € (Ke) b 00" ;m En—k)+ > k(k+m)],

k n+m

13



and taking the limit ¢ — 0 (as well as shifting k& — k£ + n in the first term)
gives

0o n—1

[Luon| = 30 (0= m) I Tt + 3; Sk(n—k).  (431)

k=—00 k=0

Using the definition of L, and the identities

= 1

d k= g (n+1), (4.32)

k=0
> k= sn(n+1)2n+1), (4.33)

k=0
we obtain

[[:n im] =(n—m) in+m + 3—I€n (n2 — 1) Ontm.0- (4.34)
’ 12(k+2) ’ ¥

The appearance of the central extension terms in the symmetry algebras of
the quantised theory is related to the fact that in a quantum theory, the most
general combination of two transformations with transformation parameters

(A, N) is ‘
UUy = "0, ) (4.35)

since the introduction of an overall phase factor does affect the resulting
physics. To illustrate this, consider the expectation value of some operator

A: ) X

<A> - <¢ ‘A’ ¢> . (4.36)
The change in this expectation value due to some infinitesimal transformation
generated by the operator J, is

5, <A> _ <¢ ‘ [jn,fq ( ¢>. (4.37)

If we apply two transformations, the difference in </1> will depend on the

order we apply the transformations:
ol () - (ol Al s

but since a complex number central extension term commutes with all </1>,

we see that its presence in the quantum algebra does not affect the transfor-
mation properties - it is just a generalisation of the classical algebra.

14



Having established the presence of quantum conformal symmetry, it is
useful for later to calculate one final commutator:

Lo, §] = €7 (=i + Agn) g, (4.39)
where 3

Proof. Again, we begin by considering the commutator
e 8] = €5 (ke) D (e o rtg + e tmeerag e, ) (441)
k

and normal order the right-hand side as in (4.8) to produce
- A inx T A 3.
el = €77 (k0 (z: TRy (z oy ) zg) R
k<0 k<-n

recalling that 7¢7% = %. Now, taking the limit ¢ — 0 and using (4.9):

R - . . 3n.
[Xn, g] = ™™ <—2 (k+2)0.g+ I”Q) : (4.43)

Finally, divide through by (x + 2) to obtain

. . 3n
Al — piney [ s ~
[Ln, g] e ( 104 + TP (nt 2)> g. (4.44[)]

This shows that ¢ is a Virasoro primary field with conformal dimension
A, i.e. it transforms under reparameterisations as

(e as) = (f (@)™ g (f (23) ,2-). (4.45)

To summarise, we have constructed from j,‘f the Virasoro operators L,
which are the generators of quantum conformal symmetry. These obey the
relations

[in, j;,g] — —mJe (4.46)
PO A K
[Ln, Lm] = (n — m) Ln+m + mn (TL2 - 1) 6n+m,07 (447)
N A 3n
L, A] =" | =1 — | g 4.4
[ gp=e ( Za++4(/<+2)>g (4.48)

15



4.4 The Hamiltonian

We can also define the Virasoro operators corresponding to reparameteri-
sations of the x_ co-ordinate:

o0

IS 1 2~ N
L,=—— JoJe 0, 4.49
(k + hv) k:Z kY k+n n# ( )
a 1 ENEN NN
Lo=—— | JOJP 42 JYJE . 4.50
0 (/<;—|—h”)<00+ ;—kk) ( )

Their commutation relations can derived in a similar way as above:

|:ina j;lfbi| = _mjgm—l-n: (451)

[ina f/m] - (n — m) in+m + ﬁn (n2 — 1) 5n+m,07 (452)
7 Al itnx_ . 3n ~

[Ln,g} =e (—28 + 1(nt2) 2)> g (4.53)

If we now consider the operator H=1L,+ Ly, we obtain the commutator

Lo+ Lo,g (ar,0)] = =i (05 +0) g (24,00

— 0. (0, 7).

(4.54)

This relation demonstrates that H generates the time-evolution of the system
and so we identify H as the Hamiltonian of the SU(2)-WZNW-model.

5 The Hilbert Space

Having established the system’s Hamiltonian, we are now in a position to
consider the Hilbert space $ of the theory. Using the Virasoro algebra and
some simple physical principles, we will be able to identify the Hilbert space
and hence solve the theory.

5.1 Two Initial Requirements

To begin, we make two assumptions regarding the properties of the Hilbert
space. Firstly, it should be a unitary representation of the algebra of J? and

J2. For a finite transformation U, = ¢ this would mean that

(Ug)' = (Uy) ", (5.1)

16



and hence the Lie algebra generators satisfy KT = K. In our case, this
corresponds to

(JA;;)T = Je, (5.2)
and similarly

(fg)T =, (5.3)
where we are working in the standard Pauli matrix basis a = 1, 2, 3. If we use

the basis o = 4, —, 3 where o0& = o' + i0?, then the unitarity requirement
becomes

( }j)T —J (5.4)
and
(j?’)T — 3 (5.5)

with identical relations for the J¢ operators.

The motivation for the unitarity requirement is illustrated by noting that
it implies that the operators J¢ (r,) and J®(x_) are Hermitian:

(7 @) = I 2. (5.6)
and A ' A
(Ja (:v_)> — J(z), (5.7)

as we would expect for the quantum mechanical operators corresponding to
the observables K (z,) and K (z_).

In the a = 4, —, 3 basis, the corresponding expressions are

A

(7 (@) = J (@), (5.8)

and

(P @) =7 ), (5.9)

with identical expressions for Je (x_).

The second constraint we impose on the Hilbert space is the familiar re-
quirement that the Hamiltonian H must be bounded from below, so that the
ground state has finite energy.

17



5.2 The Hilbert Space Basis
To begin our identification of a basis for ), we require the commutator
[ﬁ[, jg] = —nJe, (5.10)

which follows trivially from (4.22) and (4.47). Consider now |E), an eigen-
state of the Hamiltonian with energy E. Then it follows from (5.10) that J¢
is also an eigenstate of the Hamiltonian, with energy F — n:

HJ*|E) = (E—n)J*|E). (5.11)

Thus we identify j,‘; as raising operators for n < 0 and lowering operators for
n > 0.

Since H must be bounded from below, there must exist a ground state,
denoted by vectors |1)), which is annihilated by all lowering operators:

J%tho) = 0, for n > 0. (5.12)

Recalling (4.1), we note that
[jg,jf;] = fabe je, (5.13)

and hence the vectors |¢y) are common eigenstates of the operators j;f and
Jg. The operators jg obey the SU(2) algebra and thus we take as the ground
state vectors |¢,) the well-known unitary representations of SU(2) e/, where
j=0,41....m=—j,...,7, and

Jreh, =G +m+1) (G —me,, (5.14)
Jyeh, =G —m+1)(+me, (5.15)
Jiel =mel . (5.16)

From these ground states we can generate excited states using the raising
operators and so a possible generating set for §) is the set of vectors of the

form
T TI() T () e (5.17)

—

We denote the space with this basis 90, .., which is a representation of SU(2).
Figure 2 overleaf shows schematically the vectors of 91, ,:

18



Eg+1

Figure 2: Schematic representation of 9, ..

It may appear that we have now succeeded in identifying $ but this is not
the case. Consider the vector n; = Jfle;:

ING 12 = (Thellted)

]|J1 J+1|€ >

J

(
<e;| [Jl ,Jj} |egi> (5.18)
(

e;\ —2J3 + klej >
—2J.

Hence, in the case k < 2j, there exist vectors of zero and negative norm -
the space M, . is clearly not unitary for all j. This is due to the central
extension term in the commutator (4.1).

5.3 Removing the Null Vectors
A null-vector, such as N; above, is defined by the property

JON; =0, Vn>0, Va=1,23, (5.19)

19



where N; # €. The null-vectors generate a subrepresentation 0N;, within
M; .., shown schematically in Figure 3, spanned by the basis

I1 (iﬁ)kr I1(7.) 1:[ (f:t>mt N;. (5.20)

7 S

ls

/ .

Figure 3: Schematic representation of ;..

Hence the presence of these null vectors violates both the unitarity and the
irreducibility of 9 ...

Thus we define the representation
Q]jy,{ = E)ﬁj,,.g/‘ﬁjﬁ, (521)
which is irreducible.

Proof. Suppose U;,, is reducible and hence there exists a subrepresentation
2;,. € U, such that j;;anj,ﬂ C 20, .. Denote the lowest energy states of
this by 209, C 20;,.. For n >0, Jowy =0 Yuwg € 09 .. However, since U,
contains no zero-norm states, wo = 0 and thus 20, , = 0. ]

We saw previously in (5.18) that the condition j < % is necessary for
unitarity. This is also a sufficient condition for unitarity[2] and hence U; , is
unitary if and only if j < &. This is completely different from the familiar
representation theory of angular momentum where j is not bounded from

above.
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Recalling that for each operator j;f, there is a corresponding operator j;f,
we can write the Hilbert space $ as a subspace of the direct product of two
independent spaces:

a2

e P .09, (5.22)

])5:07%

5.4 Periodicity Requirements

Until now, $ has been constructed so that it is a unitary and irreducible
representation of the symmetry algebra. However, we have not yet introduced
the very basic periodicity constraint required of a closed string:

glo+2m,17)=g(0,7). (5.23)

The quantum mechanical equivalent of this requirement is that the matrix
elements of ¢ must all be periodic in o:

(V219 (0 +2m, 7)[ 1) = (219 (0, 7)|¢n) . (5.24)

Hence we must attempt to the matrix elements corresponding to all possible
states 11 and 1)s.

We begin by considering the elementary matrix elements
(Eni, |9 (x4, 22)| By, ) (5.25)

where Ef =el ® ef% are the basis vectors, and the labels M = (m,m) and
J = (j,7) each denote a pair of values.

Firstly, note that for each fixed (x,,z_), the 2x2 matrix g € T, @V

We can therefore use the Wigner-Eckart Theorem (see, for example 13]) for
such tensor operators, which states that

J J Jo 5 Jo 5

2 |A 1 2 2

<EM2 |gmm (l‘+, |EM > x C <m2 m m1> C <m2 m T_TL1) (526)
X D (Jo, Ji|xy, x_)

where the indices m,m = :I:%. The C' symbols are the familiar Clebsch-

Gordan coefficients, and D is an unknown function of J; and .J; but not of
M, or M.
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To enforce periodicity requirements, we must know the specific dependence
of D on (z,,z_). From the definition of the basis vectors,

<EA’42 Gmm (4,2-) Lo EX4> Ny (EE g (w2 )| DY, (5.27)
where .

Aj=——=h(i+1 5.28

i /€+2]1(]1+ )7 ( )

since €/, is an eigenvector of the Casimir operator JZ with eigenvalue j (5 + 1).

Alternatively, we can can calculate this matrix element using commutation
relation (4.39):

<E}{422 Gmim ($+7m—)EO‘E]{411> = —<E}\7422 [f/Oagmm] E}\]}l>
+ (LoB, |gmn| B ) (5.29)

= (10; + D) (Eaf, |Gmml Exj,) -
Comparison of (5.27) and (5.29) yields

104 <EM2 |G (T4, @ > =(A;, —Ay,) <E |G (4, 2| E]‘{411>,
(5.30)
and so
<E1{422 | Gmm (T4, 7)) E}\]jl> x e’ i85, = 2 ) T (5.31)
Performing a similar analysis for LO yields
(B N (24 w2) | Efy ) = (8 )reei(8 8 )
y 1 . - 1 -
x C <j2 2 ‘71>C (” 2 jl) (5.32)
ma M my Mg M MMy
X D, (Jg, Jl) .

1

5 . ) v if i —
e — m1> is non-zero only if jo
j1 £ % and my +m = mg, in which case A;, — A, = ,@i_+12 (j1 + %) Thus the
only non-zero elementary matrix elements are

The Clebsch-Gordan coefficient C' <] 2 1

Ji£5 AT (515 RN
<E * |G (4, 7)\E§\]411> — enpatit) o5 (=)

o nEE b o\ hEs b oA
mip+m m m ml—f-m m m1

X Dl (Jl) .
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Having established the form of the elementary matrix elements, it is clear
that for the periodicity requirement (5.24) to hold, we must further restrict
the Hilbert space $) such that j; = j;. This couples the left-moving z,
modes to the right-moving z_ modes on the string in a way such that g (o, 7)
is periodic.

This restriction implies that all matrix elements, not just those of the form
(5.25), have the required periodicity. The matrix elements of any excited
state can be calculated from the elementary ones using just the commutation
relations of section 4.1. This is best illustrated using a simple example:

(Bl 10l 2,53, ) = — (B, | [72,.9]| 221
A i R
# () Bl 22 )
R ALY
+((J2) Bl 191 B, )

— e (Bl B

(5.34)

since J annihilate the ground state vectors e/,. This is an example of the

—

‘Wigner-Eckart Theorem for SU(2)’.

5.5 Summary

We have seen that the Hilbert space $ can be written

»6 C @ mj,fﬁ ® ij,/m (535)

7=0,%...

and that all of the matrix elements of g can be calculated from

<EJ{/}2:t2 |gmﬁz (ZL’+7ZE_)| EJ‘(/}1> = e%ﬁ(zjl“rl) %< (! ( N 5 5 j1>

To solve the theory, all we now require is the explicit form of the function
D4 (71). Now that we have enforced all symmetry and periodicity require-
ments on the model, we can work with the results obtained so far to calculate
these functions.
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The only commutator arising from canonical quantisation that we have yet
to use is

9(a),g(a")] = 0. (5.37)

Although I did not have time to study the details of the calculation during the
summer student program, it is possible to use the the previous result (5.36)
along with (4.9) and (5.37) to obtain a differential equation for D (j;), which
has a solution in terms of hypergeometric functions. This allows us to write
the explicit form of any of the matrix elements in the Hilbert space, and so
completes our study of it.

6 Conclusion

This report has detailed how the classical SU(2)-WZNW-model is quan-
tised by requiring the resulting theory to exhibit loop group symmetry, con-
formal symmetry and periodicity. Following canonical quantisation, the pres-
ence of the symmetries was explicitly shown - in particular we learned that
due to the presence of quantum loop group symmetry, the theory must also
exhibit conformal invariance. By applying some simple, physically-sensible
constraints, the Hilbert space of the theory was then determined.

Although the motivation for studying it was mainly due to its applications
in string theory, this specific WZNW-model is clearly an unrealistic theory
for our universe - it is a theory of a three dimensional space-time for a
start! It should also be noted that we have restricted our study to the
closed bosonic string and so the SU(2)-WZNW-model cannot be a theory of
fermions. However, it has proved a very useful introduction to the general
WZNW-model, which can be defined over various Lie group manifolds. The
most physically interesting ones are naturally those corresponding to four or
more space-time dimensions.

As a final remark, the WZNW-model provides no prediction at all of how
the space-time background arises (as we would expect any fundamental the-
ory such as string theory to do), but instead this information must be inserted
initially by hand.
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