3

Theories invariant under affine current algebras

In addition to being conformal invariant, it was shown in Chapter 1 that the
theory of a free massless scalar field admits also affine algebra currents J(z)
and .J(z) which are holomorphically and anti-holomorphically conserved, namely
0J(z,2) = 0J(z,2) = 0. The existence of these currents, as was the case with the
energy-momentum tensor, implies that the theory is invariant under an infinite-
dimensional group of transformations. Inspired by this invariance of the free
scalar theory we would like to identify and investigate field theories equipped with
an affine current algebra (ACA), which is often refered to as Kac-Moody algebra
or affine Lie algebra (ALA). Conformal field theories (CFT) are characterized by
the Virasoro anomaly, the set of primary fields and the corresponding structure
constants. It will be shown in this chapter that theories with ACA admit a
similar algebraic structure and moreover that they are necessarily also CFTs.
Thus every ACA theory will be characterized by the Virasoro anomaly as well
as its ACA analog, the ACA level. Primary fields that have been defined so far
via their operator product expansion (OPE) with the T'(z) and T(z) will have
to obey certain OPE also with currents J(z) and J(Z). The zero modes of the
free scalar affine currents Jy and Jy (1.57) commute, namely, they generate an
abelian group. For theories with “ordinary” non-affine currents the generalization
of the abelian group to non-abelian ones led (in four dimensions) to the standard
model of the basic interactions and in fact to an enormously rich spectrum of
interesting theories. It is thus very natural to explore the generalization of the
abelian ACA to non-abelian affine current algebras. The investigation of two-
dimensional theories which are invariant under transformations generated by
such affine currents is the subject of this chapter. We start with a brief reminder
of the properties of finite dimensional Lie algebras.

The topics included in this chapter are covered in several books and review
papers. In particular we have made use of the famous review by Goddard and
Olive [111], and the book by Di Francesco, Mathieu and Senechal [77].

3.1 Simple finite-dimensional Lie algebras

Consider the Lie algebra G,

[T, T"] =i fo'T°, (3.1)
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40 Theories invariant under affine current algebras

associated with a group G, namely, the set T are the generators of the group
G.' We will consider simple groups, namely those that do not contain invari-
ant subgroups. Denote the maximal set of commuting Hermitian generators by
H' i=1,...,r so that

[H H1=0 ij=1,...,r (3.2)

This abelian subalgebra of G is referred to as the Cartan subalgebra. It can
be shown that any two such abelian subalgebras with generators H’ and H
are conjugate under the action of the group, namely, Hi = gH'g™! for some
g € G. The dimension of the Cartan subalgebra, which is the maximal number
of commuting generators is defined as the rank of the algebra G, rank (G) = r.

A basis of the full algebra G constitutes H’ and the step operators or ladder
operators E“ defined by,

[H E|=a'E“, i=1,...,r (3.3)

The r-dimensional vector « is called a root associated with the step operator £¢.
The roots are real and up to multiplication with a scalar there is a single E“
associated with « via (3.3). No multiple of a given root « is a root apart from
—a which is the root paired with E~® = E*T. The number of roots is obviously
(dimG — rank@).

The rest of the algebra are the commutation relations [E®, E”] which follow
from the Jacobi identity,

[H,[E“, E’]] = (o' + p)[E”, E”], (3.4)

so that if (@' + ') # 0 and is not a root, then [E*, E”] = 0. If on the other hand
(& + () is a root then [E®, E] must be a multiple of E**4. If (o’ + 8') =0 it
follows that [E*, E~%] ~ - H.

To summarize the full algebra reads,

[H H]=0 i,j=1,...,rank(G)
[H'E“] =a'E* a=1,...,(dim G —rank(G))
[E®,E°] = e(aB)E“"P if a+ B is a root

20 H
=T ifa+8=0
0%

=0 otherwise. (3.5)

This basis of the algebra is a modified version of the Cartan—Weyl basis. The
constants €(af3) can be chosen to be +1 if all the root vectors have the same
length.

I Finite-dimensional Lie algebra is covered in many books, for instance Cahn [54].

https://doi.org/10.1017/9781009401654.004 Published online by Cambridge University Press


https://doi.org/10.1017/9781009401654.004

8.1 Simple finite-dimensional Lie algebras 41

It is straightforward to realize that the triplet of generators £, E~“, and “afl
is isomorphic to J,J_, J3 of an SU(2) algebra, namely,
- H -H
[a . Ei} —+E*, (BB =22 (3.6)
@ @

o
o
unitary representation. The eigenvalues associated with each root 3 is given by

23;3 € Z. It is natural to define the notion of coroot a” = i—‘;

Consequently the eigenvalues of 295~ just like those of 2.J3, are integers in any

3.1.1 The Weyl group

Consider a root 3 such that 2a - 3/a? # 0 is its eigenvalue under the operation
of 2“(');51 . There must be another step operator E’+™® which is a member of the
SU(2) multiplet with the opposite eigenvalue, namely,

20 - B/a’ +2m = —2a - B/’ (3.7)
Then m = —2a - 3/a?, and
ﬂ-ﬁ-ma:B—Q(aé—f)a:ﬁ—(a/\,ﬁ)azaa(ﬁ) (3.8)

is a root for each pair of roots o and f3; o, () is a reflection in the hyperplane
perpendicular to «.. The set of these reflections that permute the roots, generate
a finite group W(G), the Weyl group of G.

3.1.2 Cartan matriz and Dynkin diagrams

It is convenient to define the notion of simple roots as follows. Select a rank(G)
dimensional basis of the roots that consists of a;), i = 1,...,rank(G) in such a
way that any root o can be written as,

rank G

a= Z nioy), (3.9)
i

where the n; are integers which are either all n; > 0 or all n; < 0. In the former
case « is positive, while in the latter it is negative. This base is called the basis
of simple roots. Associated with the simple roots one defines the simple Weyl
reflections o, that generate the entire Weyl group.

The scalar products of simple roots define the Cartan matrixz as follows:

2004 - o
Ay = (Z)2 G) (3.10)
)
The Cartan matrix is a rank(G) x rank(G) matrix with integer components and
with diagonal elements which take the value of 2. The off diagonal elements are
either negative or vanishing.
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Ay O—O0—0--0O—0—0 su(r+l)
1 2 3 -2 r-1 r

-2 r-1

r
By O—O—0-+:-0—0==0 s0(2r+1)
T

1 2 3 =2 r-1

G O—0—0+-0—0=%0 sp(r)

1 2 3 -2 r-1"r

r
O—O0—0O-e¢ r—2  so(2r)
D 1 2 3 3 —1

G 0=

Fig. 3.1. Dynkin diagrams for all the simple Lie algebras.

It can be shown that the roots of a simple Lie algebra can have at most two
different lengths, a long root and a short one. The ratio between their lengths
are either 2 or 3. When all the roots have the same length the algebra is a simply
laced algebra. From the Cartan matrix A;; one can reconstruct a basis of simple
roots up to a scale and overall orientation. In fact constructing all the roots from
the simple roots, one finds that full information on G is encoded in A4;;.

The information contained in the Cartan matrix A;; may be encoded in a
planar diagram, the Dynkin diagram. The construction of such a diagram is as
follows:

* To each simple root «a(;) assign a node in the diagram.

¢ If a node represents a short root mark it by a black dot, and if a long one by
a white dot.

* Join the points a(;) and « ;) by A;; Aj; lines. For i # j, A;; Aj; can take the val-
ues of 0,1,2,3. In fact since A4;;A;; = 4cos®0;;, where 0;; is the angle between
the two roots, then orthogonal simple roots are not connected, and those with
an angle of 120, 135, 150 degrees are connected with one, two, or three lines.

¢ In some conventions one does not separate between black and white dots, but
rather one draws an arrow pointing from « ;) to a(;) when oz?l.) > a%j>.

The Dynkin diagrams for all simple Lie algebras are given in Fig. [3.1].
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3.1.3 Highest weight states

We now consider finite-dimensional representations of G other than the adjoint
representation that has been analyzed so far, the latter being the same as the
generators. We can always choose a basis {|u)} for which,

H'|p) = p'|). (3.11)

The rank(G) dimensional vector u of eigenvalues of the Cartan subalgebra gener-
ators is called the weight vector. A root is a weight of the adjoint representation.
In a similar manner to their action as roots, the triplet £, E=% and 2a - H/o?
form an SU(2) algebra and hence {|u)} must be an SU(2) multiplet, and in
particular,

2a- /o’ € Z, (3.12)

for any root a.

This property of any given weight defines a lattice Ay (G), the weight lattice
of the algebra G. The weights associated with a representation must be mapped
into one another under the operation of o, and in fact the whole Weyl group.
One can choose a basis for the weight lattice Ay (G) consisting of fundamental
weights A(;) such that,

20 - o /o) = 8ij. (3.13)

Any weight A can then be expanded as A =} n; \(;) with integer coefficients n;. If
all n; > 0, the weight X is called a dominant weight. Every weight can be mapped
into a unique dominant weight by action of the Weyl group. The dominant weight
p = Ay, wherei = 1,... rankg, is characterized by p - a > 0 for any positive
a and p-a < 0 for any negative a. In fact p =1/2> o where the sum is over
all the positive roots.

For any given finite-dimensional representation of G one defines the highest
weight state |po) for which p - pg is the largest. Such a state is annihilated by all
the raising operators,

E” o) = 0, (3.14)

for every a > 0. All the states of a given irreducible representation can be built
by acting on the highest weight state with lowering operators, namely, each state
takes the form,

E= BT ). (3.15)

In fact every irreducible representation has a unique highest weight state |z ) and
the other weights 1 have the property that pg — p is a sum of positive roots. The
highest weight state is a dominant weight. In the opposite direction for each dom-
inant weight there is a unique irreducible representation for which it is the highest
weight state. As was mentioned for the adjoint representation the weights are
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—04=0,
‘
Fig. 3.2. Root system and Weyl chambers of SU(3).

_az

the roots so that the corresponding highest weight state is the highest root. The
difference between the highest root and any other root is a sum of positive roots.

We end this subsection with an example. Consider the SU(3) algebra. The
Cartan matrix for this algebra takes the form,

<_21 _21> . (3.16)

The simple roots are related to the fundamental weights as () =2A) —
A2y and «(9) = —A(1) + 2A(2). The scalar products between the fundamental
weights are ()\(1),/\<1)) = (/\(2),)\(2)) =2/3 and ()\(1),)\<2)) = 1/3, using the stan-
dard normalization of (o), a(;)) =2. The full Weyl group is given by W =
{1,01,09,0109,0901,0109071 }. The action of the different elements of the Weyl
group on the two simple roots gives all roots.

The root system and the Weyl chambers are given in Fig. 3.2. The Weyl cham-
bers are separated by the dashed lines, and are specified here by the elements of
the Weyl group, with the latter denoted in the figure by s;. The Weyl chambers
are defined by,

C, = {\(w\ ;) >0,i=1...7r}.

3.2 Affine current algebra

In the previous subsection we acquired a certain familiarity with the notions of
roots, highest weights, Cartan matrices, Dynkin diagrams etc., in the context of
a simple Lie algebra. As was explained in the introduction to this chapter, two-
dimensional CF'Ts are characterized by an extended algebraic structure, that of
affine Lie algebra.? We now describe the basic properties of the affine Lie algebra
using the notions of the previous subsection.

2 Affine Lie algebras were introduced into the physics literature by Bardacki and Halpern in
[27]. Independently V. Kac [136] and R.V. Moody [164] introduced them in the mathematical
literature.
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3.2 Affine current algebra 45

The basic ALA is given by,
[Jo T8 =i f® IS+ kmaybm .o, (3.17)

where the central element % commutes with all the generators g
[J2 k] = 0.
We now use a generalization of the Cartan—Weyl basis to the affine algebra as

namely,

follows:
[H},, HJ) = kméY 8,00
(H,,, E}] =a'E}
[E%,EY) = e(aﬂ)Eﬁ,ii if o+ 3 is a root
= 2o Hyr +hmby) ot B=0
=0 otherwise.
[H}, k] = By k] = 0. (3.18)

We have used the normalization (H',H7) =6, (E*,E”)= 26,43, where
(X,Y) denotes the Killing form, defined as the trace of the product in the adjoint
representation, Tr(ad X, adY’). The hermiticity properties are,

mi=m, . EBet=p k=i (3.19)

—m

Unlike the simple Lie algebra, here we have an r + 1 dimensional abelian sub-
algebra consisting of [H{, ..., H},k]. With respect to these generators, E are
step operators,

[H;, By) =o' By, [k, Ey] =0. (3.20)
Each of the eigenvectors (a', ..., a",0) is infinitely degenerate since it is indepen-

dent of m. Moreover this abelian subalgebra is not maximal since [H}, H}] = 0.
Thus one has to extend the algebra by adding a grading operator which can be
taken to be Ly such that,

[LUa Jg] = —TLJ;? [L()v k} =0. (321)

Using the generators (H, 12:, —Ly) as in the Cartan subalgebra we have as the
step operators EY corresponding to a root (a,0,n) and H! corresponding to
(0,0,n).

The root system of ALA is thus infinite but spans an (r + 1) dimensional space.
We can divide the roots into positive and negative according to the following rule:

(,0,n) >0 ifn>0 orifn=0and a>0 (3.22)
The basis of the simple roots can therefore be taken as,

o) = (2,0,0), 1<i<r
oo = (=001, (3.23)
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where «; is the basis of simple roots of the Lie algebra, and € is the highest root.
Thus an arbitrary root of the ALA can be expressed as,

o= Znia(i). (3.24)
i=0

It is positive if n; > 0 and negative when n; < 0, and these are the only two
posibilities.

3.2.1 Cartan matriz and Dynkin diagrams

The first step is to define the scalar product (X,Y’) which has to be symmetric
and obey the relation,

(XY 2) + (Y, [X, Z]) =0

for X,Y, Z € g, the ALA. Upon using a convenient normalization one can bring
the basic scalar products to the following form,

(3.25)

The last relation is actually a choice, following on from the invariance of the
algebra under a shift of Ly by a multiple of k. Here we use T instead of § used
previously.

In the following Hermitian basis,
(Tan + Tl—m) (I% — LU) (]% + LO)
the scalar product is Lorentzian since the norm of all the first three basis vectors
is +1 while that of % is —1.

The Lorentzian signature holds also for the Cartan sub-algebra (CSA) genera-
tors. One can define the scalar product of two vectors of simultaneous eigenvalues
of the CSA,

e, (3.26)

m' = (' pynly,), m = (gl
to be,

m'emd =t 4+ g (3.27)
In particular the scalar product of two roots,

a = (ai70,ni), a = (aj,O,nj)
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3.2 Affine current algebra 47
is
a-al =o' ol (3.28)

o, 2 = a? > 0 and hence

is referred to as a space-like root, whereas the root that is associated with H},
nd = (0,0,n) has zero norm (light-like) and is orthogonal to all other roots. We
have used the “unit” of 6 = (0,0, 1).

The Cartan matriz of g, which is an (r + 1) x (r + 1) matrix, is defined in a
similar way to one of the Lie algebra, namely,

The root that corresponds to E%, a = («,0,n) has a norm a

Ay = w 0<i,j<r (3.29)
()

We add to the Cartan matrix of the Lie algebra, the extra row and column A;

and Ay; which can be found using (3.10) with ay = —6. Now from the definition

of the fundamental weight it follows that § = — > Ag;A;. Since 6 is a long

root of ¢, namely, 6% > a%z.) one gets that,

—Ajp =1 if Ay #0
— A =0 if Ay; =0, (3.30)

provided that 6 is not itself a simple root, as happens for SU(2). The Dynkin
diagram of § is obtained using that of g appended with an extra point that
corresponds to ag connected by —Ag; lines to the points a(;). If —Ap; > 1 an
arrow is drawn which points toward a(y). We demonstrate the construction in
the following example:

SU(2) - There are only two simple roots aq) = (—,0,1) and a¢) = («,0,0)
so that Ag; = A;p = —2 and the Cartan matrix is

(_22 _22> . (3.31)

Thus, there are two roots of equal length connected by four lines with arrows
pointing in both directions to indicate that a(Qo) is equal to a%l).

The Dynkin diagrams of the affine simple algebra are shown in Fig. 3.3. The
point that corresponds to o) is marked by a zero. The black dots relate to the
notion of twisted affine Lie algebra which we do not discuss here (see for example

[111)).

3.2.2 The Weyl group
The Weyl group of g is defined in a similar way to that of g, namely it is generated
by reflections in the hyperplanes normal to a,

oa(b) = b—2 (b_“> 0= (02 (8),0,m, —2 (‘:f) ng), (3.32)

a?
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1 2 r-1 r 0 1 3 4 5 6 7
2
o 2 Q—Q—I—Q—Q—O—O—O
B, *—o Eg
3] 2 3 r2r-1I'r 1 34 5 6 17 8§ 0
¢ O==0—0w-0—0=%0 F, 0—e—e——e—0
L0071 2 =2 rlr ‘0 1 273 4
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=] 2 3 3 2 or-l ’ 0 172

Fig. 3.3. Dynkin diagrams for all the affine simple Lie algebras.

for a = (a,0,m4) and b = (,0,n3) a space-like root. Light-like roots are invari-
ant under such reflections o, (nd) = nd. In fact the Weyl group of § is a semi-
direct product of the Weyl group of g and the coroot lattice of g which is the
lattice generated by the coroots o = 2. The coroots form the root system of
the Lie algebra dual to g obtained by interchanging the root lengths. The simply
laced algebras A, , D, , E, are obviously self-dual, as are F;, and G5, whereas
By =C, and C} = B,

3.2.3 Highest weight representations

A highest weight state |fiy) is a state that is annihilated by all the raising oper-
ators for positive roots, namely,

E{ |fio) = Ef"|fo) = H}|jw) =0, (3.33)

for n > 0, > 0. The eigenvalue of this state is the highest weight vector fig =
(,U/f), ka h) given bY7

Hjlfio) = phliw), klito) = Klfwo), Lolfo) = hlfio). (3.34)

We can set h to zero as a matter of convention. A highest weight representation
is characterized by a unique highest weight state. To have a unitary highest
weight representation the following necessary and sufficient conditions have to
be obeyed:

2k

FEZ k=0-m=0. (3.35)
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The non-negative integer Z—’; is the level of the representation. Any state in
the representation is characterized by a weight vector fi = (u’, k, h) such that
1o — p is a sum of positive roots. Introduce now a set of fundamental weights
Iy for g, i =0,...7, such that 2l - a(j)/a%j) = 0;;. The general solution of the
condition 2a - fi/6* € Z, which is equivalent to the condition Eq. (3.35) for a =
aq) = (—0,0,1), now takes the form fip = S o nil(;), where n; are non-negative
integers, apart from the indeterminate component in the Ly direction. For [;
one finds,

1 1
l(l) = ()\(1)7 2mi92,0> l(()) = (0, 2’[77,092,0) 5 (336)

where my =1 and where the integers m; are defined via 6/6% =
oo miag/ a(Q,L.>. The corresponding level is given by,

,
level = Z n;m;. (3.37)
i=0

Level 1 representations are thus associated with highest weights [;) with all
m; = 1. Those are indicated by open points in Fig. 3.3.
From the definition of m; it follows that,

> Agym; =0. (3.38)
i=0

Since the Cartan matrix has the basic symmetry of the extended Dynkin dia-
gram, also the positions of the open dots have to preserve this symmetry. For
the classical groups A, , B,,C;, D, the values of m; for the closed dots is 2. For
the exceptional groups the vector (my,...,m,) is as follows

ES (1,1,2,2,3,2,1)

ET (1,2,2,3,4,3,2,1)

E*  (1,2,4,6,5,4,3,2,1)

Ft (1,2,3,2,1)

G? (1,2,1) (3.39)

3.3 Current OPEs and the Sugawara construction

In Section 1.8 for the free scalar theory it was shown that the OPE of two currents
J(z)J(w) takes the form of J(z)J(w) = ﬁ—&— finite terms. This type of OPE,
which corresponds to the abelian ALA, is generalized following the discussion in
Section 3.2 to,
kéab ach
Ja(Z)Jb(’LU): +ifc (w)

(z-w)? (2 -w)

+ finite terms. (3.40)
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We can now use the OPE to evaluate the infinitesimal transformation of the
current under ALA transformations,

56Ju(w):_7§dze )P (2)J° (w)

i 2’ (2 kge? ifgbjc(w) =
o 020 [ T -

T — kOet.  (3.41)

The same structure also holds for J%(2).
The OPE form of the ALA can be transformed into a commutator form of the
algebra. We introduce a Laurent expansion of the currents,

J(z) = Z Jozmntl) g — %dzz” J(z (3.42)

n

Substituting the OPE into the expression of the commuation relation we indeed
find the ALA of (3.17), namely

[Jsz ) J7b] - Zfab m+n + I%m(sab(strn,[L (343)

In free scalar theory there are two “currents” which are holomorphically con-
served, J and T, and moreover the energy-momentum tensor is bilinear in .J,
as was shown in Section 1.5. We now elevate this special case into a general
construction of 7' for theories which admit ALA structure. The construction is
known as the Sugawara construction. One writes T as a normal ordered product
of the currents,

1
2/<;

with a coefficient x that has to be determined quantum mechanically. In fact,

T(2) = — : J(2)Ju(2) : (3.44)

one way to determine k is by requiring that J is a primary field of weight 1,
namely,

T(Z)Ja (U}) _ (Z ;]"rfw)Q n 8Ja(w)

. 3.45
C—w) (3.45)
Using the OPE (3.40) and the relation —f f¢, = 2C3%, where C is the dual
Coxeter number, we find that Uf:—c) =1 so that the form of the Sugawara con-
structed T is,

1

Note that the Casimir of the adjoint is 2C. Note also that in Section 1.5, for the
free scalar case, we had a relative minus sign, due to a difference of factor i in
defining the currents there.

In the WZW models discussed in the next section, classically one has 7" with a
coeflicient of ﬁ It is thus clear that for those models quantum mechanically, due
to the double contraction, we get a finite renormalization of the level £k — k + C.

JU(2)J.(2) : (3.46)
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Here we have used currents which are in an orthonormal basis. If instead
we express the current in the Cartan—Weyl basis used in the previous sections,
the form of T in terms of the Cartan sub-algebra generators H' and the step
operators K¢ is,

1(:) = s [ @) s+ s pep)] .
Z)= ———|: z zZ) i +— . .
2(k+C) 2

The OPEs (3.45) and (3.40) also enable us to determine ¢, the Virasoro

anomaly of the model, via the computation,

1

TCIT(w) = TC) gy 9" ()
“Eo e e
G i e ke e
- (k—il—C) k(idimwi) +2 (ZT_(%Q + (iT_(qu)). (3.48)
We thus read off the Virasoro anomaly
_ kl‘:ifCG. (3.49)

The construction of T in terms of a normal ordered product of two currents
calls for combining together the ALA and the Virasoro algebra. Substituting into
(3.46) the mode expansions, of T'(z) in terms of L,, and of J(z) in terms of .J,,
one finds that,

1
L,=—— E 0 S .
2(k + C) — ‘]’n, m Jm (3 50)

where here the normal ordering implies putting the currents with positive m to
the right. In fact normal ordering is required only for L.
Using this relation, we write down the full Virasoro algebra and ALA,

(Lo, Lin] = (0 — M) Lysm + ~— (n — )n(n + 1)8(n +m)

12
[Lna Jﬁl] = _szz+n
[ng Jg] = iffbjrcrwn + kméabémﬂt,O- (3'51)

In mathematical terminology the Virasoro algebra belongs to the enveloping
algebra of the ALA.

3.4 Primary fields

Recall that the operators of any CFT were shown to be either Virasoro primaries
or descendants. The former were defined by their OPE with 7. In a similar
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52 Theories invariant under affine current algebras

manner ALA primaries ®, (2, 2) are defined via their OPE with J,

D, 7(w,w
7@, ) = L
- TP, j(w,w
J(2)® j(w, w) = l(;l(w)), (3.52)

where Tj", T} are the matrix 7 in the [, [ representations, for the holomorphic
and antiholomorphic sectors, respectively. From here on we discuss only holo-
morphic properties. In terms of the Laurent components J¢ the condition for a

primary field reads,
Jy®,1(0,2) =0 forn>0; Jy® (2,2) =T® (2,%2). (3.53)

In theories where the energy-momentum tensor can be constructed in a Sug-
awara construction it is easy to see that the ALA primaries are also Virasoro
primaries. Indeed, using (3.50) we see that L, for n > 0 annihilates the ALA
primary. For Lj acting on the primaries we get,

1 Cy (1)
Ly® = ———=J3Ji & = ——9;. 3.54
Tk O) T T 2k ) ! (3:54)
Thus the primaries in theories equipped with the Sugawara construction, for
instance the WZW models that will be discussed in the next section, obey (3.53)

and also,

_ “ _ Ca (1) _

L,®,;(0,2) =0 forn>0; Lj® ;(z,2) = m@ﬂ(z,z). (3.55)
Recall that T is not a Virasoro primary but rather is a descendant of the identity
T(0) = L_5I. The same applies to J(z). From the mode expansion (3.42) it is
clear that,

J0) = Jo, 1. (3.56)

Note however that J*(z) is a Virasoro primary. Apart from the distinguished
descendant J there are descendant operators of all the primaries. In fact all the
local operators can be written as,

—nN Y —n -

JU T T T B (2, 7), (3.57)

and in the case of a Sugawara construction all the operators are of the form,

Loy oo Loy Loy o L J% T T8 T By (2,2). (3.58)

—ny Y —n;

3.5 ALA characters

In Section 2.8 we introduced the notion of the Virasoro character (2.45) which
characterizes the structure of the Virasoro Verma module. In a complete analogy
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let us now define a character of the CFT and ALA module ) as follows:
X; (Zj , 7_) — efz'm;\ 6T7’;\ [627TiTL[) e—2mﬁ Zj zj h,j]’ (359)

where mj, § and h? are the generators of the Cartan subalgebra associated with
the group, and z; are complex numbers. The character can also be expressed in
terms of the generalized theta function O3 in the following form:
. Yowew €W)O, 55
X (2, 7) = ===l e (3.60)
ZU;GVV E(w) wp

where the sums are over the elements of the finite Weyl group, e(w) = (—1)"*)
with {(w) the length of w.

Rather than defining the generalized theta function for any ALA at any level,
we define here only the function for SU(2) level k. For this case we have,

5 27
@E\’j) (Z,T,t) _ 6727Tkt Z ef2ﬂi[knz+%)\127knl‘r7%]. (361)
nez

with @E\kl)(z; 7;0) = O(k — A1, A1) (see [77] for details).

In terms of this function the character of SU(2); takes the form,

k+2 k+2
Xi = Olir —OCi, (3.62)
e e
where \ = [k — A1, \]. For the special point (z =0,t=0) the character
expressed in terms of ¢ = e>™7 reads,

“”"zf};—znez[)‘l _|_1+2n(k._|_2)]qn[/\1+1+(k+2)n]

X; (q) = ¢ 7 St G (3.63)
For level one and for k = \; = 1 we get,
s (2—4g+8¢° —10¢° +...)
Xi(q) = ¢ 1 3 6 10
(1-3qg+5¢>—7¢5+9¢"0 +...)
=qT(2+2¢+ 6> +8¢° +...). (3.64)

The content of the four first grades of the module [k — X\ =0, =1] is
(1),(1),(3)® (1), (3) ®2(1), so that the number of the states in these different
grades is indeed 2,2,6 and 8 as in the expression of the character.

3.6 Correlators, null vectors and the
Knizhnik—Zamolodchikov equation

Correlators of Virasoro primaries were subjected to local and global Ward identi-
ties, (2.61) and (2.56), respectively. We now derive their ALA duals. Performing
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a group transformation of a given correlator,

(f et e w0 o, (o))

2m
=3 (on i) f S O o ), )
= Z <¢ll (whwl) s 56¢l, (wi7 wi) DR ¢l,, (wn;wn» . (365)
i=1

Now from the OPE (3.52) we know that 0. ¢, (w;, w;) = € (w;) T} ¢, (w;, ;).
Since this holds for arbitrary € we can get a local form of the Ward identity in
the form,

. B B n Tyla
() (wr, @) .. b1, (w,B,)) = 3 L

i=1

<¢11 (wl ) wl) cee ¢ln (wn7wn)> .

(3.66)
As for the global Ward identity, we use the fact that the correlator has to be
invariant under global g transformations (constant €”), namely,

(z —w;)

6? <¢ll (wlawl) cee QSZ,,, (wnvﬁ)n» = 07

leading to

Z,Tl‘,l <¢11 (wlvwl) s ¢ln (w,,,,@"» =0. (367)

1=1

Null vectors of CFTs were found to be useful in Section 2.9, since they lead to
differential equations for certain correlators. In a similar manner one can write
down null vectors of ALA. In the context of the Sugawara construction, due
to the link between the Virasoro algebra generator 7" and the ALA generators
J¢, there are null vectors that combine generators from both infinite algebras.
We discuss now an important example of this class that leads to the Knizhnik—
Zamolodchikov equations. Consider, at Virasoro level one, the following null
vector,

Inull> = {L_1 S CJ“ T }|<1>,1>. (3.68)

It is easy to see that this is indeed a null state, following (3.52). If we insert
the corresponding null operator into a correlation function of primary fields, like
<@y (z1)...null(z) ... P, (2,)>, the latter must vanish and hence we get,

Ty
9 - ka 5 ¢ <®i(z1)... Pu(20)> = 0. (3.69)

https://doi.org/10.1017/9781009401654.004 Published online by Cambridge University Press


https://doi.org/10.1017/9781009401654.004

3.7 Free fermion realization 55

In the derivation, we use,

<P, (Zl) o le(bi(Zi) .. P, (Zn,)>

1 dz
= — (0] TN (2P (%) ... D, (2
2715 o 2 — 2 < 1(Z1) J (Z) t(zt) VL(ZVL)>
1 dz Ty
:T J <(p1(2’1)...@j(Z]')...q)n(Zn)>
W R A S G )
T
=D L <Py (z) . D (20)> (3.70)

(2 — 25)

j#i

For the case of four-point functions, as the correlator depends only on the cross-

ratio coordinate Z = Zij; , the partial differential equations reduce to an ordi-
nary differential equation. In Section 4.4 we will demonstrate a solution of the

Knizhnik—Zamolochikov equation for a four-point function.

3.7 Free fermion realization

In the previous chapter the theories of massless free Dirac and Majorana fermions
were analyzed as examples of CFTs. In particular it was shown that the Dirac
fermion admits an abelian ALA structure. It is thus natural to expect that the
theory of N fermions should be invariant under the transformations associated
with non-abelian ALAs.? Indeed, it will be shown in this section that an SO(N)
ALA, and a U(N ) are the underlying algebraic structures of N free massless
Majorana fermions and N Dirac fermions, respectively. We start with the former
case.

3.7.1 Free Majorana fermions and gb(]\’)

Consider a generalization of the action given in Section 2.11 for N Majorana
fermions,

_ L

S87‘[

N
/dQZ Z{lﬁié% + ;005 }, (3.71)
im1

where 1 and z/NJ are left and right Weyl-Majorana fermions, respectively. Note
that this is possible in 2d, and in any other dimension that is 2 modulu 8. In 4d,
for example, we do not have a Weyl-Majorana fermion, as in the case of a single
Majorana fermion, due to the equations of motion,

v=1i(z) P=di(2). (3.72)

3 The free fermion realization of ALA was presented for the first time in [27].
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However, unlike the case of a single fermion, here the action is invariant under
transformations associated with SO () affine algebra generated by the following
holomorphically (anti-holomorphically) conserved currents,

a 11u Ja (= 1~’ia~"
T2 = U T T (2) = GO T, (3.73)
where T are SO(N) matrices which can be expressed as,
a — (kD) _ socksl skl
T =t =i(0;6; — 676;). (3.74)

The coefficients (halfs) are not determined by the Noether procedure, but are
chosen in a manner that will be explained below.

The T}, matrices obey the relations,

Tr[T°T"] = 26

Z Ty = —0ik0j1 + 0idjk
Z fabcfabd = 2(N - 2)6cd~ (375)
ab

The anticommutation relation and the OPE generalize in an obvious way those
of the single Majorana fermion, namely,

{0 (zo, 21)% (o, y1) Hao—yo = %505@1 - Y1) (3.76)

and

B () (w) = =2 (3.77)

Z—w

5id

V() (w) =

Now using this OPE one can derive the OPE of two currents and verify that
they take the form of (3.40),

J*(2)J" (w) =
1

()T (2) = % (w) Tt (w)
ik
0 )wm()

i

—mth |- (s vk s+
il

(v 2 vere) - Tt

[ 6" 9/ (2)9! (w) : + 5” L (2)F (w) : +67F 2 (2)9 (w) :

S /L wz(z)wk( ) ] + T“ TMW [_yké]l +61[6jk] ) (3.78)

By expanding the fields that are functions of z around w and using the relations
above one finds that indeed the OPE of the two currents take the form of (3.40),
namely,

z—
1

4

1(5“1) féLbJC (w)
(z-—w)*  (z-w)

It is thus clear that this is a realization of an §O(N) ALA of level k = 1.

J(2) ]’ (w) = + finite terms (3.79)
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The Noether currents associated with the conformal transformations, the

energy-momentum tensor T (7)) is just the sum of T' (T) associated with each
one of the N Majorana fermions, hence,

T(z) = —% Z Yt T(z) = —% Z SOY (3.80)

Since the Virasoro anomaly of a single Majorana fermion is ¢ = % it is clear that

the theory of NV fermions has ¢ = %

In Section 2.12 it was shown that T" of a Dirac fermion could be transformed
into a Sugawara form, T'(z) = —% : J(2)J(z) :, where J(z) was the U(1) current.
Since we will show below that the Sugawara form is the underlying structure of
the important class of WZW models, it is a natural question to ask whether also
in the present case for the NV fermions 7" can be put into a Sugawara construction.

Now, using the expression for the Virasoro anomaly for a theory with 35(1\/' )1,

we find, as we saw before, that,

_dimG  jN(N-1) N

= = = —. 3.81
TEkrC T 1+(N-2) 2 (3:81)
3.7.2 Primary fields
Similarly to the case of a single Majorana field, the OPE of T'(2)¢(w) is,
. 1y o’
T ! = - .82
@) = g+ 2 (3.52)

which implies that ' are N primary fields of conformal dimensions (%, 0), and
similarly ¢/ has dimension (0, ).

Is the primary field ®(1/2:1/2)(2z) = )(2)4)(z) the only primary operator (in
addition to the identity operator that corresponds to the vacuum state)? For the
primaries of the ALA §5(N)1 we find (see (2.13)) that there is also one primary

operator with dimension % for odd N, and two primary operators for even N.

These additional primaries transform in the spinor representation of §5(N )1

Can one construct these primaries in terms of the fermionic fields ¢ and 7,/; ?
The situation here is similar to the one in the Ising model. In fact, using the spin
operator o(z, z) or its dual, one indeed gets from the N independent Majorana
% and the number of degrees of freedom 2%V,
which are identical to the dimension of the spinor representation.

fermion theories, the dimension

So far we have shown the free fermion construction of §5(N )1, namely, of
the ALA at level 1. We would now like to investigate the possibility of having
free fermion realization also to the affine Lie algebra at higher levels. Going
through our previous derivation it is clear that the ALA structure of the OPE
of two currents (3.40), applies to fermions at any representation. For a given
representaion p the corresponding level k is determined from the first term on
the right-hand side, namely Tr(T%T") = 2k§**. Now since for a representation p,
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Tr(T,fT/f ) = 2D5(p)d? where Dy (p) is the Dynkin index of the representation,

it is clear that free fermions constitute a realization of §5(N ) at level Dy (p).

3.8 Free Dirac fermions and the U(N)
Consider the theory of N Dirac fermions described by the following action,

§— L /dQZ{?/)ZTad)Z BATYAY (3.83)

In terms of symmetries, the difference between this theory and the one of a single
Dirac fermion, is that now there is an invariance under U(N) left holomorphic
and right anti-holomorphic transformations, namely,

Y= =g P = =g(2), (3.84)
where ¢(z), g(z) € U(N). The associated holomorphic currents are given by,
J= g Ty T =y, (3.85)

where J is the U(1) current, J(z) are the SU(N) currents and T/ are matrices
in the adjoint of SU(N), that obey

Tr[T°T") = 6
a a 1
D THTE = Gudji — 570100

Z fabcf(zbd = N50d~ (386)

ab

Using the OPEs of the fermions, it is straightforward to realize that the cur-
rents indeed constitute the OPEs that correspond to a U(N) of level k =1,

15 e (w)

a b — fini .
J(z)J" (w) G w) + —w) + finite terms
1 .
J(z)J(w) = GowZ + finite terms
J(z)J(w) = finite terms. (3.87)

Similar to the case of Majorana fermions, the Noether current T is given by,
T(2) = Ty + TE)su) = 51100 —ovTvl,  (389)
and can be reexpressed in terms of a Sugawara form,
T(2)va) = L : wTii/Jﬂ/)Tjwj :

RSy P (3.89)
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Since a Dirac fermion has a ¢ = 1 Virasoro anomaly, it is clear that the theory of
N Dirac fermions has ¢ = N. This is also the outcome of the Virasoro anomaly
associated with the Sugawara form as follows,

N?—1
N+1

CU(I) + CSU(N) =1 + (390)
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