4

Wess—Zumino—Witten model and coset models

The two-dimensional Wess—Zumino-Witten (WZW) model was introduced in
the seminal paper of Witten [224]. The model makes use of the WZ term that
was introduced by Wess and Zumino in [217]. Sometimes the model is referred
to as the WZWN model, where the N stands for Novikov, who independently
invoked a similar model [170]. Here we follow only [224].

4.1 From free massless scalar theory to the WZW model

Consider the free massless scalar theory that was described in Section 1.2, but
now with X(z, 2) being an angle variable defined in the interval [0,2x]. The
action of the scalar field can now be re-written in the following form,

S = /dQ:cL: i/d?z@)&@”)&'
87
_ 1 2 iXV—iX_l/Q 5,,—1
= 87r/d 20, ()0 (e7') = in d“z0udu™", (4.1)

where u = ¢iX(*:%) is an abelian group element. Recall that the theory is char-

acterized by a Virasoro algebra and an abelian ALA structure. In terms of this
variable the currents J and J can be written as,

J = —iv tou =iuwdu~t, J=—ivt0u = iudu",
with
0] =0J=0
and
T = (v 'ou)? :=: (uou")?:.
It is now tempting to replace the abelian u with a non-abelian group element,
ue G, G=S80O(N) or SU(N), (4.2)
and consider the action,

1 2 a,,—1
oy = — T 4.
S&m - /d ¥4 r[@u@u ]7 ( 3)
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62 Wess—Zumino—Witten model and coset models

where the trace is taken in fundamental representation so that,

1
Tr(TeT"] = 55“’7.
The question here is whether this action admits a similar non-abelian affine Lie
algebra and Virasoro algebra. Let us analyze the equations of motion, symmetries
and the corresponding currents of this action. The variation of the action under

u — u+ du is,

0Ssm = i/d%ﬂ[@(&u)éu*l — Oud(u Suut)]

%T/dQZTT [u_léu[u_lgﬁ(u) — 85(u_1)u]]

1 I
E/dzzTr [u™"6ud" (w0, u)]

1
E_{/dzzTr [Suu™"0" (ud,u")], (4.4)

were we use ou~!=—u"!'duu! and Ou'u = —u"'Ou, following from
S(u™tu) =0 and d(u"'u) = 0. It is easy to realize that for a constant group
element g the action is invariant under,

u—gu (Ut —utgh), u—uh (u'—hruTh), (4.5)

and the currents corresponding to the left and right multiplications take the
form,

JH = i1fl<3”u Jt = fiﬁl‘uufl. (4.6)

4 47

Both currents are conserved. Note that the conservation of one implies the con-
servation of the other. However, unlike the massless free scalar theory, now we
do not have an ALA structure associated with a separate holomorphic and anti-
holomorphic conservation. The latter would have taken the form of Jy () corre-
sponding to left transformation of the form u — g(z)u and Jx (%), corresponding
to right transformation of the form u — wug(z). In a similar manner one finds
that the energy-momentum tensor,

Ty ~TrJyJ,] —1/2 g, Tr[J" Ja],

and there is only the overall conservation law 9, 7" = 0, not oT = 0T =0,
namely not an external product of two Virasoro algebras.

Can we modify the action (4.3) so that it does have the desired ALA and
Virasoro algebraic structure? For that let us consider first the variation of the
action we are looking for. If instead of (4.4) one assumes a variation of the form,

1 _ 1a 1 13 _
58S = E[/CFZTT [u™'6ud(u="ou)| = Er/dZ,zTr [Suu™'O(uou™")], (4.7
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4.1 From free massless scalar theory to the WZW model 63

then the global transformations of (4.5) are elevated into
u—g(z)u  u— uh(z), (4.8)

with the corresponding currents,

_ .,k 1 -k
Jyo=J= E{Buu Jr=J= L ou, (4.9)
which have the desired ALA property,
0J =0J =0. (4.10)

Moreover, it can be shown that for an action whose variation takes the form of
(4.7) the energy-momentum takes the form,

T ~TrlJJ), T~Tr[JJ], (4.11)

and hence it also has the appropriate Virasoro behavior.

The next question is obviously what action has a variation of the form (4.7),
and in particular can it be built from Sy,, plus an additional term that has
the standard form of S = ﬁ [d*2L. To address this question we rewrite the
variation (4.7) in the form,

08 = %_c/d%Tr [u™" 6ud" (g + €u) (0" w)]
= %{/dQZTT [Suu™"0" (guy — €u) (w0 u™)]. (4.12)

Clearly the term, proportional to g,, in both forms, is exactly the variation
0Ssm , so that we need to find what action S has a variation that takes the form
of the ¢"” term. It may seem that the action,

S = S /szGH”Tr[a“u&,u_l]
47
does the job, but in fact it vanishes.
It was the proposal of Witten to take for S the so-called WZ action, which for
the present case takes the form of a three-dimensional integral over a ball whose
boundary is an S?, which is the two-dimensional space-time,

Swz = %‘[ o * Tr{(u= 0pu) (uw™ ' 0ju) (u™ Opu)], (4.13)
where o; with ¢ =1,2,3 are the coordinates of the ball. Using the fact that
[ dPaeikoF(..) = [d®ae(...), it is straightforward to show that indeed the
variation of (4.13) yields the extra term to change (4.4) to (4.7).

The map u, from the Euclidean space-time that we now take to be S? to the
group manifold (Fig. 4.1) can be extended into a map from the ball to the group
manifold. This is based on the fact that the homotopy group associated with
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64 Wess—Zumino—Witten model and coset models

$

s G

Fig. 4.1. The map between the space-time S? and the group manifold.

maps from S? to the group space G vanishes, namely, 7 (G) = 0! for any non-
abelian group G.

On the other hand since 73(G) = Z, there are topologically inequivalent ways
to extend the map u to a map from the ball to the group manifold. This implies
that there is an ambiguity in Sz and it is well defined only modulo Syz —
Swz + 2m. Thus the coeflicient of this term must be an integer k, and to have a
variation of the form (4.12) it is clear that the sigma term has to have the same
coefficient.

Let us now summarize. The classical action of the WZW model is,

Swzw = %T/dZZTT[augufl}

—&—% Ao Tr[(u™ du) (u™ du) (u™ Ohu)]. (4.14)
The variation of this action is given by,
5S = %[ /szTr [u™ ' 6ud(u="ou)| = ﬁ /dQ,zTr [Suu™'d(udu")], (4.15)

so that the equation of motion takes the form,
O(u™"ou) = d(udu™") = 0. (4.16)
The solutions of these equations of motion take the form,
u(z, ) = u(z)u(z), (4.17)

where clearly u € G,u € G.

We should state, that the form (4.14), with a term extended to one dimension
higher, follows from general properties. Equations of motion that we want, in
even space-time dimensions, imply a term in the action with one dimension
higher, otherwise the action will involve singular terms, like the introduction of
Dirac strings in the case of elementary monopoles.

The symmetries of the action are the ALA transformations,

u—g(z)u u— uh(z), (4.18)

1 7, (G) denotes the group of homotopy classes of maps f: S” — G
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4.2 Perturbative conformal invariance 65

and the conformal transformations,

z— f(2) z— f(3). (4.19)
The ALA currents are,
__k L
J = 47_[3uu J = e ou, (4.20)

and the classical energy-momentum tensor takes the form,

1 B D
T=2TrlJJ] T = TrlJ]). (4.21)

4.2 Perturbative conformal invariance

In the following section it will be shown in an exact way, based on algebraic
properties, that the WZW model is a CFT. Prior to that we present now a
perturbative computation, demonstrating that to a given order indeed the theory
has a vanishing 3 function. Here we restrict ourselves to the one loop order. Of
course this only serves as a motivation, as the CFT is at a finite coupling, and
so exact demonstration is needed.

The idea is to use the background field method, expanding u around a solution
of the equations of motion which we denote by ug, so u = uge’’" ™ . Substituting
this ansatz into the action 4.14 one finds,

Swzw = % /d2z{Tr[8u05u0_1] + %aﬂﬂaa/tna
1
+ " - )T {(uy ' Ouo) [T, T"0, 1} + O(n*)} (4.22)

The one loop renormalization diagram is shown in Fig. 4.2.

The non vanishing contributions are only when both vertices are proportional
to " or to e"”. The two contributions are the same apart from a sign since
ntn, =n'" = —e'e;, so that the one loop beta function vanishes. Obviously,
this result relates to the choice of the coefficient of the sigma model term versus
the WZ term, with the latter being fixed by topological arguments. The vanishing
of the § function at this stage is an indication that we have chosen the coefficients
in a way that is compatible with conformal invariance.

Fig. 4.2. Calculation of the one loop beta function.
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66 Wess—Zumino—Witten model and coset models

4.3 ALA, Sugawara construction and the Virasoro algebra

An alternative approach to the quantization methods discussed in the previous
section is the ALA and CFT approach. Notice first that under infinitesimal left
transformation du = €(z)u the left current transforms as,

k

0 = —
47t

k
[O(euw)u™" — duute] = ﬂ(ae + [e, J]), (4.23)
which translates into 6, J* = £ [9e® + ifi e’ J¢]. Since the transformation of .J is
generated by,

5. I (w) = — ]f €(2)J(2)J° (w), (4.24)

T 2mi

it is easy to realize that the OPE that is compatible with such a transformation
is,

k(sab N Z'fCach
(z-w)*  (z-w)

J(2) " (w) = : (4.25)
which is the OPE associated with the ALA discussed in Section 3.2.

Next we want to determine the conformal properties of w, in particular its
confomal dimension. The classical form of the currents (4.20) is elevated to the
quantum expression via the equations,

KOu(z, 2) = J"T"u(2,2) ;, KOu(z,2) = J'u(z,2)T" :, (4.26)

where k, which is a renormalized level, will be determined shortly, and the nor-
mal ordering refers as usual to subtracting the singular parts of the product.
Assuming that u is an ALA primary field, the OPE takes the form,

J ()T u(w, ) = “ u(w, w) + kOu(w, w) + Z(z —w)" T u(w, W),

—n
zZ—w
n=2

(4.27)
where (4.26) was inserted as the (z — w)? term, and ¢, is the quadratic Casimir
operator in the representation of u, > T*T" = cy. If we assume that u is a
Virasoro primary as well, then L_ju = du, so that combined with (4.27) one can
write down the following null vector,

Vpul = (J4 T — KL_1)u = 0. (4.28)

This is a special case of the degeneracy in the combined ALA-Virasoro algebra
discussed in Section 3.3.
The null vectors obey,

LO ‘/;11111 = (h + ]-)Vnull
Jél ‘/null =17 ‘/null
L, Voun = Js Vaoun =0 for n > 0, (429)
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4.4 Correlation functions of primary fields 67

where Lou = hu. For n = 1 the conditions Lj Vyun = J{ Voun = 0 imply that the
renormalized level and the conformal dimension of u take the form,

C2

1

(4.30)

where Cy is the quadratic Casimir in the adjoint representation, defined as
facdfbcd _ CQ(Sab.

The use of null vectors and the differential equations that determine cor-
relators of primary fields were introduced in the landmark paper of Knizhnik
and Zamolodchikov [143]. An elaboration of the application of these equations
appears in [77]. This direction was further developed by Gepner and Witten
[108].

The WZW has an in-built Sugawara construction. In fact it is very often taken
as the prototype model for this structure. According to the discussion in Section
3.3 the quantum version of the classical energy-momentum tensor (4.21) takes
the form of (3.46),

1

T(z2)=———:J° “z): 4.31
()= 5ray @) (431)
and the Virasoro anomaly of the model is,
k dim G
= —. 4.32
k+ Cy ( )

The Sugawara construction is described in [203]. This paper, however, does
not have the correct expression that includes the finite renormalization. This
was done later in the paper of Dashen and Frishman [73].

4.4 Correlation functions of primary fields

Primary fields of theories invariant under ALA were defined and discussed in
Section 3.4. The group element of the WZW theory is an example of a primary
field in the fundamental representation of G x G. Indeed the transformation
properties of u(z, zZ) imply that it has the following OPE with the currents,
t*u(w,w) - u(w, w)t*

JU(Z)u(w,w) =

Z—w zZ—w

J(z2)u(w,w) = (4.33)

Next we would like to compute the n-point correlation function of the group ele-
ment primary field of the WZW model. In Section 3.6 we presented the Knizhnik—
Zamolodchikov equation which determines the correlators of theories invariant
under ALA. We now demonstrate its use in determining the four-point correla-
tion function of the primary field u(z, z) of SU(N) WZW model. We denote this
correlator as,

Gy = <’U,(21 s Zl)u_l (22, Eg)u_l (2’3, 53)16(24, 24)> . (434)
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Recall from (2.59) that in general due to the conformal Ward identity the four-
point function can be written as,

Gy = (214203714 %23] 72" G (2, T), (4.35)
where
219 %¢ 219 %:
oo A2E o 7127347 (4.36)
214232 214232
N2-1

with z;; = 2; — z; and h, the dimension of u, is given by h = NI
Now G(z,Z) can be decomposed into a sum of terms, each one representing a
conformal block, the latter having the form of a product of a holomorphic and

anti-holomorphic function,

G(z,Z) = Sum of terms of the form G(x)G(Z). (4.37)

Since u(z, Z) is in the fundamental representation of SU (), the four-point func-
tion is a product of two fundamentals and two anti-fundamentals, so each term
in the last equation can be decomposed into,

G(JL‘) =1HG + I,Gy, (438)
where I and I, are the SU(N) invariant factors,
Il = 5m1 Sy 67713,7714 12 = 67n1 Jma 6TTL2,77L4 . (439)

If we now substitute this decomposed form of the four-point function into the
Knizhnik-Zamolodchikov equation (3.69) we find,

1 ¢ @t —an
9:, + Z L [214203) (11 Gy + LGs) = 0. (4.40)

k+Nj;£i Zi — Zj

As was discussed in Section 2.9 conformal invariance allows us to fix three out
of the four points. Using the standard convenient choice,

=z, 2=0 z=1 2z =00, (4.41)

and the equation now reads,

o, 4+ 1 et 1 tets
" k+N =z E+N z—1

> (I1G1 + IQGQ) =0, (442)

After introducing the explicit expressions for the various group theoretical prod-
ucts tf ®tj1; and projecting to the I; and I, factors we get,

_ 2 _
P (SN

T k+ N N T T Nax-—1

-1 ((N2—1) Gy G4 1G2)-

8wG2:k+N -z

4.4
N x—1+x—1 N z (4.43)
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Extracting G from the first equation and plugging it back into the second
equation, the latter translates into a hypergeometric differential equation,
r(l—x
M N0 + A0, + Bla)ar(x) = 0. (4.44)

where k = k + N and with the following two possible values for A(z), B(x) and
the relation between g; and G as

p 2 4 2
Alz) = (N(]\;+ ) _ 1]ix> Nk B(z) = _—Nx(ljjx—)’_2’
G = [z(1 - o)) gf
Alz) = (—N(Zz—ﬁ)_lji )N,‘{ B(m)——%7
G = xii\v'i\?l (1-— z)ﬁgf (4.45)

The solutions of the differential equations are the following hypergeometric func-
tions,

1 1 N N—-1 N+1 N
gl_ :F<_a__71_ —,]}) gf :F( a—+71+_a$> : (446)
K K K K

In a similar way the solutions for G5 are found, defining an appropriate gs.

To fully determine the correlator we still have to fix the linear combination
of the solutions. This is done using crossing symmetry, as discussed in Section
2.10.2 The latter implies that,

G(x,2) =G(1 —x,1 — ). (4.47)
With parametrization,
g(l‘,i‘) = Z ILI__/QI] (xaj) gi,j - Z §77”LGZ('m)G;'n)~ (448)
i,j=1,2 n,m=-+,—

Crossing symmetry implies that,
Gij(x,z) =Gs—i3-;(1 —2,1—2), (4.49)

which follows from the fact that under crossing symmetry I; < I5. Single valued-
ness implies that £, _ =¢_, = 0. To obey the crossing symmetry requirement

2 Crossing symmetry to determine correlators of fermions in the fundamental representation
of SU(N) was used by Dashen and Frishman in [73].
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we make use of the following property of hypergeometric functions:
F(a,b,c;x) = AiF(a,bya+b—c¢;1 —x)
+ Ay(1—2) " PFlc—a,c—bc—a—b+1;1—x), (4.50)

where

_ T(e)T(a+b—c) '

A= A 4.51
" Tle—al(c—b) T'(a)T(b) (451)
Finally we find that
_ o d—1 _
Gij =G\ ()G (@) + - G (@6 (@), (4.52)
where
P(HT(=3) L
L0(=5) DT (5
For k =1 we have c__ = —1, and hence the second term in (4.52) vanishes.
Using F (ﬁ, 7N;+1’ ﬁ,z) =(1- :1:)\#+1 the four-point function takes the
form,
Gla.7) = [z2(1 — 2)(1—2)]F |L L 41 R (4.54)
r,r) = |TT x ZT)|! 1x 21756 156 21756 . .

In Section 6.3 it will be shown that the WZW theory of U(N) at level k =1 is
a bosonized equivalent to that of IV Dirac fermions controlled by the action,

Sy = [ 2 (vidv, +5}00) (4.55
In particular the fermion bilinear is equivalent to the group element as,
Mal(z,2) = o ()7 : M@ )5(2,2) = aut” (4.56)

where M is a mass scale and where @ denotes the U(N) group element. In the
theory of free Dirac fermions the four-point function of the fermion bilinears
takes the form,

1 1 -1 -1
g(l‘,i‘) = |:11;—|—121_$:| |:11;+121 —:E:| . (457)

It is easy to see that by converting (4.54) to a similar correlator of U(N) we find
exactly the same answer. This is done as follows: define the U(NN) group element
to be,

Wz, 2) = e VATINT0(=2)y (2 %), (4.58)
Then the four-point function of group elements of U(N) is,

- L2 2
il

G(x,2) = M2~ [zz(1 — 2)(1 — 2)]” ¥ G(x, Z). (4.59)
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For v =1 we observe that indeed the correlator is identical to that of the
fermion bilinears. For arbitrary v the correlator corresponds to that of fermion
bilinears of the Thirring model defined by,

S=5+ 727_2 ! /szJ(z)j(Z). (4.60)

This generalized bosonization will also be addressed in Section 6.2.

4.5 WZW models with boundaries — D branes

The WZW model described in Section 4.1 was shown to be based on a map
from ¥, a compact two-dimensional manifold, in paticular an S2?, into a group
manifold G. Let us now study the case where 3 has boundaries. For concreteness
we take it to be the upper half-plane. In the bulk the theory is invariant under
the holomorphic and anti-holomorphic ALA (4.18) and there is corresponding
holomorphic and anti-holomorphic conservation of the associated currents (4.9).
On the boundary the two types of modes mix, the symmetry is reduced to,

u— g(t)ug(t)™, (4.61)

where 7 denotes the coordinate on the boundary, and accordingly there is a
relation between J; and Jg,

J(2) = Qaui J(2) at z =z, (4.62)

where €., is an automorphism of the ALA.

The notion of boundary conformal field theory was introduced in [58]. The
gluing conditions used for D branes in the WZW model were introduced in [135].
From the many papers that have been written on the subject we have chosen to
describe it following [11] and [85].

Let us first address the simplest case of a level k SU (2) WZW, for which
Q= —1, and then later discuss the general case. In terms of 9;, d, and the
adjoint action of G on its Lie algebra,

Ad(g)u = gug™, (4.63)
the gluing condition reads,
(1 — Ad(u))u""Oyu = (1 + Ad(u))u"'0,u. (4.64)

The tangent space to the group G at the point w can be split into T,G =
Tr-GaT, 7|L|G, where TMG consists of vectors tangential to the orbit of Ad through
u. On T+G, (1 — Ad(u)) = 0 and (1 + Ad(u)) = 2, so that (v~'0,u)* = 0 and
the corresponding D branes, namely the submanifolds where the condition (4.62)
is obeyed, coincide with the conjugacy classes. In the case that (1 — Ad(u)) is
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invertible, (4.64) can be written as,

_ 1+ Ad(u) _
1 1
= e U. 4.
u O 1—Ad(u)u Oz (4.65)
We can now define a two form on the conjugacy class as,
k 1, L+ Ad(w)
= — dy——=u~ du | . 4.
YT 8 (u e Ad(u)u “ (4.66)
Applying an exterior derivative to this form we find,
_k —1)3

namely, it is not closed. The submanifold D C G on which the WZ term is exact,
(WZ) = dw defines a D brane in G. There is a further restriction which follows
from reasoning similar to that discussed in Section 4.1.

Consider the wave functional ¥(u(z)) on the space of closed loops w(z) in
some conjugacy class C. The latter, for the group manifold SU(2), are typically
two-spheres so that C' can be constructed in two different ways, and hence there
is an ambiguity in the phase of the wave functional. It can be shown that the
phase can take the values 2mtj with 7 =1,...,k — 1. Thus there are k — 1 two-
dimensional conjugacy classes or Dy branes for the &k level S U (2) WZW model.
In addition there are two Dy branes associated with the two points +e, where e
is the identity on the group space.

To address the issue of the conjugacy classes in other groups it is convenient
to rewrite the two form (4.66) as,

k o
w= 8—ﬂTr[k‘1dkhk‘1dkh_l], (4.68)

for uw that belongs to the conjugacy class,
C¢ ={ue Glu=khk™'}, (4.69)

The WZW action that corresponds to the map from the two manifold with a
boundary to the group space can be constructed as follows. Instead of considering
the map from ¥ that has a boundary, we take it from X U D where D is an
auxilliary disc that closes the hole in ¥, having a common boundary with it. The
disc is mapped into the conjugacy class allowing for its boundary (4.69). The
WZW action is now written as,

S = Swzw +/ w, (4.70)
D

where Sywzw is the ordinary WZW action with a three-dimensional WZ term
defined now on a ball whose boundary is ¥ U D. It can be explicitly checked
that the new WZW action is invariant under (4.18). Similar to the topologically
distinct Dy branes of the k level SU (2) WZW model, there are different embed-
dings of the disc in a conjugacy class in a general group manifold G. This is
related to the second homotopy group of the conjugacy class, which in general
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is non-trivial. The group element k of (4.69) is defined modulo a right multipli-
cation with any element that commutes with i, and the group of such elements
is isomorphic to the Cartan torus 7; generated by the generators in the Cartan
subalgebra. Thus the conjugacy classes can be described as % and the second

homotopy group reads,
I (C}) = 1L (Ts) (4.71)

For a rank r algebra of GG, the D, will be characterized by an r-dimensional
vector in the coroot lattice of G. Namely, if two embeddings given by khk~! and
k'hk'~" then on the boundary of the world sheet they have to be related as,

k(K ()7 =t(r), (4.72)

where ¢(7) is an element of the subgroup isomorphic to 7z which commutes
with h. This relation determines a mapping from the boundary to 7. Since the
latter is R” modulo 27 x (coroot lattice), every such mapping belongs to the
topological sector parameterized by a vector in the coroot lattice describing
the winding of the boundary circle on the torus 7;. This lattice vector deter-
mines via (4.71) the element of II*(C{) corresponding to the union of the two

0-H where H are

embeddings. For the group element h € 7¢ of the form h =e
the Cartan subalgebra generators, the change in the action resulting from the
topological change of the embedding is AS = k(0 - s), where s is a coroot lattice

vector. Consistency of the model then implies the condition,

2nZ

g .
(S i

(4.73)
This generalizes the condition that led to the set of k —1 Dy branes for level
k S(f(?). It implies that 6 should be 2% x (weight lattice vector). Since a point
in 7¢ is defined modulo 27 x (coroot lattice), the allowed conjugacy classes cor-
respond to points in the weight lattice divided by k& modulo the coroot lattice.
This is also the characterization of the primary fields of the corresponding WZW
model.

4.6 G/H coset models

The concept of coset models dates back to [110] or in fact even to as early as [27].
A Lagrangian formulation in terms of a gauged WZW model was introduced for
instance in [12]. Here we follow the review of [111].

The WZW models constitute a large class of conformal field theories which are
invariant under ALA. An even larger class of CF'Ts can be constructed by taking
the quotient of two WZW models. Consider an ALA g at level k and a subalgebra
of it h at level ky, . We denote the currents associated with the former as J* and
with the latter J;" where a =1,...,dim G and a;, = 1,...,dim H. The currents
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associated with the subalgebra h can be expressed as a linear combination of §
as,

Tpr = gl J° (4.74)

Using the commutator of J* and the corresponding generator of the Virasoro
algebra constructed via the Sugawara construction,

[Lm ) Js] = _menJrn? (475)
it follows that,
[Lm ’ J}CLlh n] - 7m‘]/c;h m—+n (476)

It is also obvious that a similar relation holds with L" which is the Virasoro
generator built by a Sugawara construction from the currents of h, namely,

[Lh, e 1= —mJdi" (4.77)
Thus it follows that,

[Lm - Lh

m?

Jit]=0. (4.78)
Since L is a bilinear of J;" it follows that,

Ly — L, Lt =0 — [L,, L] =L}, L. (4.79)

m?

We can now define,
LY =, — L. (4.80)
The algebra of these coset generators is a Virasoro algebra, as follows from,

[L(g/h)’L(g/h)] = L, L] — [LZ”LZ]

m n
3

= (m—n)LY") + [e(gr) — c(hn, >1w5 (4.81)

Thus we have just found that the Virasoro generators of the coset L££ /h) obey a

Virasoro algebra with a central charge of
kdi kydimh
=9 _ThOUNT (4.82)
k+Ca(g)  kn+Ca(h)

A special class of coset models are the diagonal coset models 999 The gen-
erators of the coset in this case are given by J;' = J{Ll) + J%,, namely the sum

(2)°
of the generators of each copy. It thus follows that the level of the coset must
be the sum of the two levels since [J(“l), J(“'Q)] = 0. The coset therefore takes the
form,
9k D Gk
gk1+k2
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and its corresponding central charge is given by,

. ky ko ki + ko )
¢ = dim + — . 4.83
g <k71 +Cy(g) ke +Ca(g) ki +ke+Calg) (4.83)
Consider the case where g = SU(2) and the coset is,
(2 (2
SU( );iQBSU( )17 (4.84)
SU(2);.4
with the central charge,
3k 3(k+1) 6 6
_ B i 1 , 4.85
k+2 k+3 (k+2)(k+3) p(p+1) (4.85)

where in the last step we introduced p = k + 2 > 3. This is exactly the central
term of the unitary minimal models discussed in Section 2.7. In fact one can
show that this is indeed an equivalence in the sense that the characters of the
minimal models are the same as those of the coset model.

4.7 G/G coset models

The concept of the G/G model was introduced in [200] and [227]. Our description
of the G/G model and in particular its BRST analysis follows [9] and [8].

A special class of the G/H models is the case where H = GG, namely where we
gauge the maximal anomaly-free diagonal group. Using the gauging procedure
that will be discussed in Section 9.3.1 the classical action takes the form,

k _ _ _ _
Sk(g?AH) = Sk(g) - % /dQZTT(g_lagAE +gag_1Az - Aig_lAzg + AZAZ)'

(4.86)

Next we introduce the following parameterization of the gauge fields, A, =

ih™'0.h, Az = ih*0.h*~" where h(z) € G°. In Section 15 we will elaborate more
about this formulation. The action then reads,

Sk(9,A) = Sk(g) — Sk (hh™). (4.87)

The Jacobian of the change of variables introduces a dimension (1,0) system of
anticommuting ghosts x and p in the adjoint representation of the group. The
quantum action thus takes the form of,

Sk(9: s p,X) = Sk(9) = Skrace (BR7) — i/d2zTT[05>’< +ed, (4.88)

where cg is the second Casimir of the adjoint representation.? The second term
can be viewed as S_(;42¢,)(h). Since the Hilbert space of the model decomposes
into holomorphic and anti-holomorphic sectors we restrict our discussion only to
the former.

3 This was O2(g) in the previous section; notation has changed according to the literature.
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There are three sets of holomorphic G transformations which leave (4.88)
invariant,
5Jg:7’[6(z)vg] 5]h:Z[6(2)7h]

Orom X" =1 fcebxc Oyonm p* = —i lfcebpu, (4.89)
with € in the algebra of G. The corresponding currents J*, I* and Jm® =
ifg xpp. satisfy the G ALA with the levels k,—(k + 2¢¢) and 2¢¢, respectively.
We now define J(tot)*

JEO" = o 1 4 g = L I i e (4.90)
which obeys an affine Lie algebra of level,
koY =k — (k4 2¢q) + 2¢q = 0. (4.91)

The energy-momentum tensor 7'(z) is a sum of Sugawara terms of the J* and
I currents and the usual contribution of a (1,0) ghost system, namely,

1 a 7a . 1 . Ta TG a a
() = g " g I X (4.92)

The corresponding Virasoro central charge vanishes,?
(tot) _ kdg (k + 2cq)da

- - —2dg =0 4.93
k+ce —(k+2cq)+ca ¢ (4.93)

C

The symmetry structure of the model is in fact richer. It is easy to realize
that there are also two odd conserved currents, a dimension one current which is
the BRST current JBRST) and a dimension two operator G. These holomorphic
symmetry generators are given by

1 a
J(BRST) =X, JU 4] §J(gh) ,
B 1
k4o
The reason we denote the dimension one current as a BRST current is that one
can express both T'(z), J% and JBRST) jtself in terms of its corresponding
charge @ = [ JBRST)(2) as follows,
T(z) ={Q,G(2)},
TV (2) = {Q, 0"},
JPEST) = {Q, 7 (=)}, (4.95)

G P, [ — I%. (4.94)

where j# is the ghost number current.

The fact that T'(z) is BRST exact namely T'(z) = {Q, G(z)} and that the total

Virasoro anomaly vanishes, are indications that the % model is a topological
quantum field theory. These theories which were found to be very useful in

dealing with various issues in physics and mathematics are beyond the scope

4 dg is what we called dim g in the previous section; changed according to the literature.
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of this book. We thus do not discuss here the topological quantum field theory
aspects of the % models.

By construction of the BRST procedure the space of physical states of a
% model is given by the cohomology of @. That is to say, a physical state |phys>
has to be closed under @, namely @Q|phys>= 0 and not exact, namely |phys> #
Q)|state> where |state> is any other state. It can be shown that taking the trace
over those states one finds the torus partition function of the % model which
is based on the decomposition into WZW characters, discussed in Section 3.5.
The torus partition function can be expressed as

Zg =7y’ / Auz? (7,u) 2" (1, u) 29" (7, u), (4.96)

where du is the measure over the flat gauge connections on the torus and r is
the rank of G; Z9(7,u) is the torus partition function of the G, WZW model,

Zz9 (T7 u) = (q@)% Z Xk AL (T7 U))Zk,A,( (7—7 u)N)\n AL (497)
AL AR

2977

, Ar,Ar denote the G} highest weights, and for the diagonal
invariant Ny, », = 6x, ., . The character can be written as,
Mk_’)\ (7‘, u)

MO,O (T, u) ’

where ¢ = e

Xk, A (T, u) = (498)
with Mj ) defined explicitly for the SU(2) case below. Z""" (7, u) in (4.96) is
the contribution of h € % at level k + 2C¢ or equivalently h € G at level —(k +
2¢¢ ). This takes the form 2" (1, u) ~ | My o (7, u)| =2 indicating that % contains
just one conformal block. It is straightforward to calculate Z9" (7, u), the ghost
contribution to the partiton function Z9"(7,u) ~ [My (7, u)|*. Thus there is a
cancellation of the |Mj (7, u)| factors and the resulting character is given by
the numerator of the character of the “matter” sector. In the % model it is
M, ». This cancellation property leads to an index interpretation for My, . For
G = SU(2) it was found that one can express,

> 4 1
Mij(1,0)= > q(“”“ﬂ’w)lsm{ne) {(k+2)l+j+§]}, (4.99)
l=—00
as
1L GEp? G by imdJ"
Mk,j(ﬂ 9) — ?q *r2) @l (~7+§)T7~[(_) ghoe (tot)]’ (4.100)
1

where 0 = Reu, G is the ghost number, Ly is the excitation level and j?tot

the J(Otot) eigenvalue of the excitation. Note that My ;(7,0) is obtained from the
torus Mj, ; (7, u) by restricting to just one angle. This amounts to considering the
propagation along a cylinder rather than around the torus. As long as we are
interested in the spectrum it is sufficient to consider M, ;(7,6). This index inter-

pretation enables us to read important information about the physical spectrum

)is
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from (4.99). For a positive integer k, 2j =0, ..., k. Hence there are k + 1 zero
ghost number primary states which correspond to the first term in the g expan-
sion of the different M;, ;s, i.e. the term corresponding to [ = 0 with ﬁo = %
On each of these states there is a whole tower of descendant states correponding
to the higher terms in the ¢ expansion. For further discussion of the G /G model

the reader is referred to [9].
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