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Abstract. In N = 2 string theory the chiral algebra expresses the generations and
anti-generations of the theory and the Yukawa couplings among them and is thus
crucial to the phenomenological properties of the theory. Also the connection with
complex geometry is largely through the algebras. These algebras are systematically
investigated in this paper. A solution for the algebras is found in the context of
rational conformal field theory based on Lie algebras. A statistical mechanics
interpretation for the chiral algebra is given for a large family of theories and is
used to derive a rich structure of equivalences among the theories (dihedralities).
The Poincare polynomials are shown to obey a resolution series which cast these
in a form which is a sum of complete intersection Poincare polynomials. It is
suggested that the resolution series is the proper tool for studying all N = 2 string
theories and, in particular, exposing their geometrical nature.

1. Introduction
In many respects, a viable physical theory is not unlike a basic mathematical one.
Apart from being experimentally correct, all good physical theories are marked
by a set of simple concepts and the depth and elegance of their results. The study
of nature, from this viewpoint, may be considered as the uncovering of the principles
from which it stems, with experimental data supplying the lead. String theory,
although as yet only partially understood and thus hard to confront directly with
the realm of particle physics and their interactions, passes the criteria above with
flying colors. So far, it is experimentally correct, in the sense that string theories
which closely imitate nature can be constructed. Equal in significance, it has' been
offering depth and elegance that are perhaps unprecedented, fusing into its set of
notions many mathematical fields in a nontrivial fashion and giving rise to almost
miraculous interrelations among these.
The subject of this paper is N = 2 string theory, first constructed in ref. [1]
which in its structure appears to embody the aforementioned properties (for a
review, see, ref. [2]). Its origin is in the pursual of semi-realism in the framework
of non-trivial string theory. The requirements of supersymmetry and sufficiently
large gauge group were shown to have a canonical solution. Namely, for any
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two dimensional quantum field theory with the so-called N = 2 superconformal
invariance, there is a unique construction of a fully consistent string theory in four
dimensions which is space-time supersymmetric. It is further shown that the
requirement of modular invariance can be satisfied, in general, only if the underlying
gauge group is E8 x E6 or S0(26) x 17(1). This class of theories has a very good
phenomenological potential. For example, a three generation string theory has
been studied in detail [3] and appears to be quite promising.
Owing to the severely constrained consistency requirements of string theory,
the fact that string theory can be constructed in such a generality is quite surprising.
Even more amazing is the fact that to each such string theory one can attach a
geometry, and that the entire massless spectrum of the string theory and many of
the interactions are completely geometrical in nature. This interplay between
geometrical and algebraic structures in N = 2 string theory is as yet only partially
understood. This paper is a step in the exploration of this.
The N = 2 superconformal algebra, N2 is a graded super-Lie algebra. The
commutation relations are [4],
£

[Lm, LJ = (m - n)Lm+n + ^(™ 2 ~ "O^+m.o*
[L m ,JJ= -nJm +n,

nc

+St0.

(1.1)

The first equation is the usual Virasoro algebra for the moments of the energymomentum tensor. The Jn generate to the usual Heisenberg algebra (U(l) current
algebra), while the Gn are fermionic generators, obeying anti-commutation relations
among each other, c is the central charge of the Virasoro algebra. The indices r
and s take their values either in Z (the integers), in which case this is called the
Ramond sector, or in Z + 1/2 which is called the Neveu-Schwarz sector. We shall
assume that all the representations are highest weight modules. Then the Cartan
subalgebra consists of J0 and L0. Accordingly, each such highest weight representation is labeled by the value of c (the central charge), the value of L0 (denoted by
A and called the conformal dimension) and the value of J0 (the (7(1) charge,
denoted by Q), when acting on the highest weight vector.
By an N = 2 superconformal field theory we shall refer to a fully reducible
highest weight representation, Jf , of the product of two such algebras, N2x N2.
We shall refer to_each as the left and right N = 2 superconformal algebras. The
values of A and A as the left and right (7(1) charges and the values of Q and Q
as the left and right l/(l) charges. The representation is such that c has a certain
value (it acts as the identity). We shall call the decomposition of an N = 2 super-

Algebraic Structure of N = 2 String Theory

435

conformal field theory into its irreducible representations, the spectrum of the
theory. In addition we shall assume that this representation is modular invariant,
unitary, and that the representation Q = Δ = Q = Δ = Q appears exactly once in
the spectrum of the theory.
The property of modular invariance in this context is the following. Consider
the quantity,
Z(τ) = Tre 2πίτ(Lo ~ c/24) e~ 2πίτ * ( ^°~ c/24) ,
je

(1 2)

which is a certain specialized character of this representation. Here τ is an arbitrary
complex number in the upper half plane. Modular invariance is the condition that
Z(τ) = Z(τ+l) = Z(-l/τ). Z(τ) is called the partition function of the theory,
corresponding to its Feynman path integral on the torus, and hence the modular
invariance property.
A conformal field theory is marked with an additional structure. Primarily,
one can consider the space of fields in the theory, each denoted by φι(z9z)9 where
z and z are complex numbers, which forms an isomorphic representation of the
N2 x N2 algebra, where the isomorphism sends the field φ(z9 z) to the state
\φy = 0(0) I OX where |0> is the vacuum, i.e., the unique highest weight state with
Δ = Δ = Q = Q = 0. The action of N2 x N2 on the fields is related to superconformal maps on the variables z,z and four Grassmann variables θ± and θ±
(superspace).
The fields in the theory which correspond to highest vectors of the superconformal algebra are called primary fields. The primary fields obey the inequalities

A*

and z

^

f

(u)

which is simplest to see by computing <φ|[G* 2 , GZ 1 / 2 ]|φ> ^0, implied by
unitarity. The fields for which the equality holds in Eq. (1.3) are special and are
called chiral primary fields. pne_can define a product structure on the set of chiral
fields which obey A = β/2, A = Q/2 via the operator products of the fields. Denote
by Ct and Cj two such chiral fields. It follows from the conformal properties of
the theory that
CfcJCfa)

= fΐjCάzJ

+ 0(Zί - z2),

(1.4)

where the product is regular as z1^+z29 and the constant term is itself a chiral
field with β = β. + Q. and β = 6i + δ/ Thus, endowed with this product structure,
the set of chiral fields becomes a bigraded associative commutative algebra (see,
e.g., ref. [5,6,7]), called the chiral algebra. Similarly, _pne can define a product
structure for the fields which obey A = Q/2, A = - Q/2, called the anti-chiral
algebra. The other two algebras one can define are related to these two through
complex conjugation of the structure constants.
Since any unitary JV 2 theory is a tensor product of a 17(1) current algebra
(generated by the Heisenberg algebra Jn) and a unitary conformal field theory, it
follows that all the fields in such a theory obey the inequalities,
- and Z ^ - .
2c
2c

(1.5)
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For the chiral fields this implies that there is a unique chiral field with maximal
(7(1) charge, with Q = c/3. Bosonizing the (7(1) current, J = ί^c/3dzφ, where φ is
a canonical free boson, this field assumes the form,

where we have similarly defined the right moving field C max . The product of these
two fields, C max C max is a field with the (7(1) charges (c/3, c/3). This field might or
might not appear in the spectrum of the actual conformal field theory. From here
on we shall limit ourself to N2 theories for which this field is indeed in the spectrum
of the theory. In case that ambiguity cannot arise we shall denote this field simply
by C max .
In all the known N2 conformal field theories, the (7(1) charges have a rational
value. Moreover, the set of charges appearing in a theory is of the form s/D, where
D is some fixed integer and s is an integer which depends on the field. It is natural
to conjecture that in all N2 theories this is indeed the form of the charges, and
we shall assume it from here on. The existence of a chiral field of a maximal (7(1)
charge, Cmax, then implies that the chiral algebra # is finite dimensional. Hence
also all the fields other than the identity are nilpotent.
Owing to the presence of the field Cmax in the theory, one can define a transposition operation [8]. Let C be any chiral field. The transpose of this field is then
defined by
C' = C max Ct,

(1.7)

where the field C^ is the complex conjugate of the field C, and the product above
is defined as the most singular term in the operator product of the two fields. It
(c
c -\
can be seen that the field C is a chiral field with the (7(1) charges ( — β, — Q j.
The transposition operation is a 1-1 map form the chiral algebra, #, onto itself
which is of order 2, (CJ = C.
It is strongly believed, through the connection with complex manifolds
described below, that this pair of algebras completely determines an N = 2 superconformal field theory.
To every superconformal field theory with central charge c = 12, one can
associate a superstring theory. More precisely, it is a string theory in D + 2 = even
dimensions if the conformal field theory is a tensor product of a c = 12 — 3D/2
μ
superconformal field theory with D free bosons X (the string coordinates) and D
free fermions (their supersymmetry partners). The physically interesting case is
D = 2 which corresponds to a four dimensional string theory. By applying a certain
projection, the resulting string theory can be made space-time supersymmetric. As
a result of this projection all the ί/(l) charges become odd integers.
It is convenient to actually split the representations appearing in the theory
to smaller representations, which are representations of the algebra (which is not
a Lie algebra) generated by the products of any even number of the G ί? which will
be denoted by N2- We can then define the full character of the algebra N 2 , of
some irreducible highest weight representation J4?p,
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which is the generating function of the number of fields in the representation Jjfp
with a given dimension and a L/(l) charge. There is an action of the modular
group on the full character described by,
:

ΣSP,AM,<4

(1-9)

where Sptq is some (unitary) matrix, and the sum ranges over some set of representations, all with the same central charge c. Here α,fc,w and n are arbitrary
integers such that an-bm=l, i.e., the elements of the modular group SL2(Z). In
a string theory the central charge is c = 12, as explained above, and we shall assume
this value from here on. Written in terms of the characters, the partition function
of the theory becomes,
Z

W = Σ Np,qχp(τ, 0,0)^(1,0,0)*

(1.10)

p,q

which corresponds to the decomposition of the Hubert space into irreducible
representations,
(1-11)

*=®NP,q*pX*9>
p,q

and Nptq are some non-negative integers.
Now, given an N = 2 theory with c = 12 with a partition function as above,
we can project and make the theory space-time supersymmetric, while retaining
its modular invariance, by summing over the action of the operator (— l)"Qn =
(— l)neinφ. The supersymmetrized partition function would then be
Zsusy(τ) - £ Np>^(p)δ(^)χ-m(τ,0,0)χs;m(τ,0,0)*,

(1.12)

p,q

where δ(q) is equal to one if the f/(l) charge Qq is an odd integer, and is zero
otherwise. χ^um is defined by

2

,

24

Y

O /

(1.13)

Supersymmetry implies that the partition function so defined is equal identically
to zero, Zsusy(τ) = 0, since there is an equal number of bosons and fermions at
each mass level and these appear with opposite signs in the partition function.
Thus, Eq. (1.12) is understood as a generating function for the spectrum when the
full dependence on z and u is retained. Modular invariance then follows from
Eq.(1.9).
A four dimensional string theory includes the space-time fermions and spacetime bosons Xμ and ψμ, where μ = 1,2, as explained above. The inclusion is both
for the left and for Jhe right movers. The theory can be made heterotic-like via
the replacement of ψμ (i.e., the right moving fermions with space-time index), with
internal fermions, representing either the level one 50(26) or the £8 x 50(10)
current algebras. In the latter case which is the one of physical interest since it
admits chiral fermions, the gauge group becomes E8 x E6 x G, where G is some
enhanced symmetry group (which is generically empty). The massless spectrum
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can then be read from Eq. (1.12) and contains in the matter sector only particles
in the 27,27 and the singlet representations of E6. All the particles are E8 singlets.
The particles in the 27 representation of E6 (generations) correspond to all the
chiral fields in the theory with Q = Q = 1. Similarly, the particles in the 27 (antigenerations) are described by the anti-chiral fields, Q = — Q = 1. In addition, the
Yukawa couplings among the generations are determined by the graded chiral
algebras introduced above, as follows [8]. Consider the three point Yukawa
coupling of some three particles in the 27 representation of E6. Then, each of these
correspond to a chiral field Ct with Qi, = Qt = 1. Multiply the three chiral fields,
C = C ί C / Cfc with thejproduct structure introduced above. The result is then a
chiral field with Q = Q = 3. However, this chiral field is a chiral field also of the
c = 9 theory with Q = Q = c/3 = 3. Thus, C = α ίjfc C max , where Cmax is the unique
maximal chiral field of the c = 9 theory and αl7fc is some constant of proportionality.
The constant αίjfe is the Yukawa coupling of the three fields. Similarly, the Yukawa
couplings among the anti-generations are determined by the anti-chiral algebra.
This description of the chiral algebra is very close in spirit to the geometry of
manifolds with a vanishing first Chern class, although absolutely no geometrical
input was entered in the construction of this class of string theories. In particular,
in field theory compactifications on such manifolds ref. [9] the 27 correspond to
(2,1) forms and their Yukawa couplings to the wedging of three such forms, where
one extracts the coefficient of the unique (3,0) form. We thus have roughly the
identification of the chiral algebra with the Delbeult cohomology complex of the
manifold in question and the Yukawa couplings as the graded algebra structure
of this complex given by the wedging of forms.
Via a case study, this correspondence can be made very precise and detailed,
in particular, singling out the manifold which corresponds to each N = 2 string
theory. For example, the discrete unitary series of the N2 algebra has the central
charge c = 3k/(k + 2) for any positive integer k [10]. The chiral algebra of the
theories is given by the cyclical polynomial algebra, P(x)/(xfc+1), where (xk+l)
denotes the ideal generated by xk+ί. Taking k + 2 such theories results in the
central charge c = 3/c, which can be used to construct a string theory in 10 — 2k
dimensions. It can then be seen that the corresponding manifold is [11],
k+2

£ Z *+2 = 0,

(1.14)

i=l

where the Zt are complex variables in CP fc+1 , {Zj = {Λ.ZJ, for any complex λ.
The Fermat surface, Eq. (1.14), is a complex manifold with dimension k and a
vanishing first Chern class. The cohomology algebra of the manifold is then seen
to be identical to that of the corresponding N = 2 string theory.
A theorem was conjectured in ref. [11] and proved in some cases (see [2] for
an account), that, indeed, all N = 2 string theories are geometrical in nature, and
that their chiral algebras correspond to cohbmologies of complex manifolds with
vanishing first Chern class. The purpose of this paper is to further investigate this
question in the context of a large class of N2 theories.
To simplify our considerations we will assume that the N2 theory before the
supersymmetry projection is left-right symmetric. Namely, we shall_assume that
there are no anti-chiral fields and that all the chiral fields obey Q = Q. In this_case
the bigrading of the chiral algebra becomes a unique grading according to Q = Q.
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Let C l 5 C 2 ,..., Cr, be a set of generating chiral fields in the sense that all the
fields in the chiral algebra, #, can be obtained by products of these. We can then
define the "normal order" map, τ, as follows [8]. Consider the free algebra of
polynomials P = P(x l 5 x 2 ,...,x r ), in which the x f are graded in the same way as
the chiral fields Cl9C29 .,Cr. Given a polynomial p = x%x% x£reP we define
τ(p) to be the chiral field C\l Ca22 - Carr, where the product is in the operator product
sense, Eq. (1.4). The fact the operator product algebra among the chiral fields forms
an associative algebra is crucial for the definition of the normal ordered map. This
map is a graded algebras homomorphism. The kernel of this map K = Ker(τ)
consists of all the polynomials p(x f ) for which τ(p) = 0 and is a graded ideal of the
algebra P. The ideal K is generated by a set of a finite number of relations that
the generating chiral fields obey, syzigies in Hubert's terminology. The chiral
algebra itself is given as the quotient algebra # = P/K. The chiral algebra is
completely determined by this set of syzigies. Thus, if one knows which Yukawa
couplings among the chiral fields vanish, one can determine the precise values of
the non-vanishing ones, as well.
An important tool in the study of graded algebras (referred to as G-algebras)
is the Poincare series [6,7,12] which is a character of the algebra. Let M be any
graded module of the G-algebra A. We then define the Poincare series of M as
PM(Ϊ) = Σ tQm>
meM

(1-15)

where Qm is the x grade of meM. Since A itself is an A-module, one can similarly
define the Poincare series of A, denoted by P(t).
Since the chiral algebras are finite dimensional, the Poincare series becomes a
polynomial. The transposition map, Eq. (1.7), implies that dim(β) = dim(c/3 — Q)
where dim(g) is the dimension of the vector subspace of charge Q. Thus, the
Poincare polynomial of chiral algebras obey the duality property,
(1.16)
The Poincare series of G-algebras obey a number of properties [6,7,12]. Let
M! and M2 be two graded ^-modules. We can then define the direct sum module,
M = M! © M2 and the tensor product module N = Ml ® M 2 . The Poincare series
of M and N are then
PM(t) = PMί(t) + PMM

PN(t) = PM^PMM

(1-17)

The Poincare series of a free polynomial algebra, P = P(xl9x2,...9xr)9 is easily
seen to be given by

^)=Πr^*

(L18)

i=1 1 —Γ

where the ά{ are the grades assigned to the variables xt. A theorem of Hubert and
Serre asserts that every Poincare series of a module of a G-algebra is a product
of the series above P(ί), where the dt are the degrees of the generators, times a
finite polynomial. The proof, which can be used to compute the polynomial, is
based on the identities above, Eq. (1.17), via the writing of an exact sequence of
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free modules which "resolves" the given module. This sequence is called a finite
free resolution.
The Poincare series encodes much of the structure of the algebra and many
results have been established concerning the characterization of G-algebras through
their Poincare series (see, e.g., ref. [13]).
An important class of G-algebras is the complete intersection algebras. The
polynomial algebra L,
L = P(xl9x29...,xm)/(θl9θ29...9θH)9

(1.19)

where Θ ί 9 Θ2, . . . , θn is a set of syzigies among the x f and (Θί9θ29...9θn) denotes the
ideal generated by these syzigies, is a complete intersection algebra, if the relations
form a ^-sequence, i.e.,
(Θ19Θ29...9ΘΛ)P*P

(1.20)

and θi is not a zero divisor modulo Θl9 Θ2, . . . , fy- 1 for all 1 ^ i ^ n.
If the degrees of the variables are άi and those of the syzigies are fi9 then the
Poincare polynomial of this algebra is

(1.21)

This is proved using the properties of the Poincare series Eq. (1.17) [13, 12].
Denote the ideal (Θl9θ29...9θn) by K. Consider P as a K module. The complete
intersection condition implies that P is a free K module, and the basis elements
are given by the basis of the algebra L = P/K. It follows that P is isomorphic to
the tensor product of L and K as modules over the base field. The property
Eq. (1.17) implies that PP(t) = PL(t)PK(t). Since both P and K are free polynomial
algebras (using the algebraic independence of the θf which follows from the complete
intersection condition) their Poincare polynomials are of the form Eq. (1.18) and
the result follows.
There are many examples of complete intersection algebras. If A is a coin variant
polynomial algebra of some complex reflection group, then it is a complete intersection algebra with n = m,di = \ and the /f are some exponents which depend on
the group. A well known theorem of Todd and Chevalay [14] asserts that G is a
complex reflection group if and only if its coinvariant algebra has this form.
Another example of complete intersection algebra is the local ring of a quasihomogeneous singularity [15]. In this case, the syzigies, φ{ are given by the
derivatives of the singularity. If an N2 theory is described by a two dimensional
Wess-Zumino model (scalar field theory) [16, 17, 8] then the graded chiral algebra
of the theory is given by this local ring [8]. Namely, the algebra is of the form
P/(φi)9 where V(xί9x29...9xr) is some quasi-homogeneous potential, of degree d
dV
and φi = — . It follows that in this case /. = d — d f .
dxi
In all these examples, the Poincare polynomials have a very specific form: the
zeros and poles of the polynomial are all primitive roots of unity. The degrees /,and d, can then be read from the polynomial uniquely, thus obtaining the algebraic
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information about the degrees of the generators and the syzigies and the fact that
they are algebraically independent. Such information can be obtained also in case
that the algebra is not a complete intersection algebra, however, some guesswork
might be involved. The advantage of doing so is that it is generally much easier
to compute the Poincare polynomial than to study the algebra directly.
Our path in studying N = 2 string theory is clear then. First the Poincare
polynomial is computed and is cast in a form which reveals its algebraic structure.
This is the combinatorial part of the problem. Then this combinatorial information is used to decode the algebraic structure of the chiral algebra. Finally, this
algebraic structure is used to find the associated geometry, by exposing a complex
manifold whose cohomology ring has this structure. This has been done in many
instances [11,17,8].
We shall use as our testing ground for these ideas a large class of N2 superconformal field theories, the N = 2 coset models, which are based on afϊine current
algebra. These may be considered as the rational conformal field theories of the
N2 algebra. The problem of classifying these theories, is, to a large extent, equivalent
to the classification of all rational conformal field theories. This classification, in
turn, proceeds by linking them with complex manifolds.
We find here the chiral algebra of these theories in complete generality. It is
then seen that the chiral fields assume a remarkably simple form, being in correspondence with certain subsets of the Weyl group. We then proceed to calculate
the Poincare polynomials.
It turns out that the generic Poincare polynomial are never of the complete
intersection form Eq. (1.21), except for a few isolated cases. However, quite generally,
we show that the Poincare polynomials of the theories can be written as a sum
of polynomials of the form Eq. (1.21), with some of the exponents being negative.
The exponents that appear are then seen "to obey many remarkable properties,
which almost determine them completely.
It is thus suggested that the proper tool for classifying these theories, and
perhaps all N2 conformal field theories, is to consider sums of polynomials of the
complete intersection type. We call such sums the resolution series of a theory.
Examples of resolution series abound in all known N2 theories, but are not always
easy to calculate. This essentially solves the combinatorial part of the problem.
Unfortunately, less is known at the present concerning the algebraic and geometrical
part of it and some directions are outlined in the discussion.

2. N= 2 Quotient Theories

Conformal field theories associated with quotients of Lie algebras, G/H, were
introduced in ref. [18,19] for abelian H, and generalized to other H in [20]. For
a special choices of G and H the quotient theory has and N = 2 superconformal
invariance [21]. The N = 2 quotient conformal field theories are constructed as
follows. One takes a Lie algebra G and a subgroup of it H. We shall assume
that rank (G) = rank (H) and that H is a diagram subgroup. Namely, H = Hix
H2 x //m, where each of the Ht is either a semi-simple Lie subalgebra of G or
a U(l) subalgebra, and H is obtained by the removal of some nodes from the

442

D. Gepner

Dynkin diagram of G. Such a pair of (G, H) is called a reductive pair.
^
ι
r
*
G Λ x S0(n)ι
One then ίorms the quotient theory —1--,w
m
2
f/k + g-h * H
x ••• x k
ff + g-hm
k + g-h
Gk stands for a G current algebra at level /c, whose currents are denoted by Jα,
and n = dim(G) — dim(H). Similarly the SO and Hi factors correspond to the current
algebras at the appropriate levels, g and ftf are the dual Coxeter numbers of G
and H\. H is the diagonal subalgebra of this product (the H currents are the sum
of the G and S0(n) ones). The S0(n)1 current algebra may be represented in terms
of n free Majorana fermions, denoted by pα, where α is a root of G.
The fields in the theory are obtained by decomposing a G x S0(n)1 into the
H current algebra times the quotient theory. Explicitly, let A and λ stand for
integrable highest weights of the G algebra at level fe and the H algebra at level
k + g — h. In addition, let s stand for the four integrable representations of SO(n)ί ,
the singlet, the vector and the two spinor representations. The hallmark of a
quotient conformal field theory is the decomposition of fields g = φh, where g is
any field in the G current algebra, h a field in the H current algebra, and φ is a
field in the quotient theory [18, 19,20,22]. In this context, a general field of the
quotient theory, denoted by Φ*'a is obtained from,
n

X

GΛVa=Φf
Λ

s

X

n

ί

Xtl

2

a

Hλ.

(2.1)

λ

Here G , V and H stand for any three fields in the corresponding representations of G, SO(π)t and H. Equation (2.1) enables the calculation of the dimensions
and operator products of the fields in the quotient theory from those of the fields
in the current algebra.
The roots of G may be divided into positive and negative roots. It is convenient
to use the order relation on roots α > /? if α — β is a positive root. The positive
(negative) roots are a sum of the simple roots with positive (negative) coefficients.
Consider the following field in the G x S0(n) current algebra
P""J. + i Σ / α / VpV~l

(2.2)

α<0

where α, β and γ range over the roots of G, ΔG which are not roots of H,
ΔH = ΔG/H, and G~ =G+t, i.e., replacing i with —i in Eq. (2.2) and exchanging
" < " with " > ". The fields G ± are singlets under H and thus are also fields in the
quotient theory. It can be verified that the fields G± are the super-energy
momentum tensors of an JV = 2 superconformal algebra and their moments obey
the commutation relations Eq. (1.1). The energy-momentum tensor of the quotient
theory is the difference, T = TG + Tso — TH, where TG is the energy momentum of
the G current algebra, etc. The 17(1) current is
J=~ Σ P β P" β + τ^-Λ.,
α>0

fc

+0

(2-3)

1
If Ht is a subalgebra of short roots, the level is actually 2(k + g)/Θf — hh where 0f is the
longest root of H in the normalization given by the embedding, which is the length of the
short roots. This is easy to see by writing down the current algebra commutation relations
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where ha is the element of the Cartan subalgebra of h dual to the root α. All the
sums over roots above are on the roots of G which are not roots of H.
Since T -f TH = TG + Tso, and this is an identity as a tensor product of
conformal field theories as well, all properties of the theory may be computed.
The central charge of the theory is given by c = CG + cso — CH. Since CH =
kDG/(k + g\ where DG is the dimension of G [23], we find
c=

D0-DHl-DH2--DHn
2

|

kDG
k+g

£ D^k + g-^θf)
iti
fc
+#

where for a £7(1) factor we take θ2 = h = 0.
Using the strange formula of Freudenthal-De Vries,

9

24

.

(23)

The central charge may be written more compactly as
±c(k + g) = (k + g)Dim(ΔGfH) - 4pG(pG - pH\

(2.6)

where pG and pH are half the sum of positive roots for G and H respectively. We
used the fact that pGpH = p2H which is easy to prove since p obeys pαf = ^α? for
all the simple roots.
The dimension and (7(1) charge of the field Φ*'a can be read from Eq. (2.1),

m. (2.7)
5 is the spinor weight of the S0(ή) algebra, n and m are some integers. As noted
earlier, there are infinitely many different fields which correspond to the decomposition Eq. (2.1) for a given Λ,λ and α. The integers n and m are different for
each of these fields. For particular fields in the theory, these integers may be
computed using the actual dimension of the other fields appearing in Eq. (2.1), but
there is no simple formula for these integers, in general.
Recall from Sect. (1) that all the fields in an N = 2 conformal field theory obey
Δ ^ I g |/2, where the chiral fields are the ones for which the equality holds.
As discussed in Sect. (1) the operator product algebra of the chiral fields gives
rise to a finite dimensional associative algebra. We shall now turn to the derivation
of these algebras in the framework of coset N = 2 theories which will be described
in this section and the next one. This result was announced in ref. [24].
To find the chiral fields we could, in principle, use the relation Δ — Q/2 along
with Eq. (2.7) for the dimensions. There is a problem, however, associated to the
fact that there is no good way to determine, in general, the integers appearing in
Eq. (2.7). Thus, we will need to make a direct study of the fields in the theory.
The method we will use to derive all the chiral fields is a direct extension of
that used in ref. [8] to derive a subset of the chiral fields. The chiral fields obey,

(2.8)
+

(QC(z) = 0(l).

(2.9)
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For the coset N — 2 theories the superpartners of the energy-momentum tensor,
G ± , are given by Eq. (2.2). Note that the fields G ± are singlets of H, i.e., under
the decomposition into H the fields G + give the unit field in the H current algebra.
Now, a chiral field C is obtained be a decomposition of the field C in the G x S0(n)
current algebra,
C = Cxh,

(2.10)

where h is some field in the H current algebra. The fact that G ± decompose into
the unit operator in H implies that Eqs. (2.8-2.9) are equivalent to the following
equations
(2.11)
G+ (ζ)C(z) = 0(l),

(2.12)

which are equations purely in the G x S0(n) current algebra.
Let us make the following ansatz for the chiral fields. Assume that the chiral
fields are of the form
C = p- ip-°>...p- »g9

(2.13)

where the a{ are different positive roots of the simple algebra G and g is some field
in the Hubert space of the G current algebra. Let us also assume at first, for
simplicity, that H = U(l)r, where r is the rank of G. Under the ansatz Eq. (2.13)
each of the terms in G ± must obey the conditions for chirality, Eqs. (2.8-2.9),
separately. This is due to fermion number conservation for each of the adjoint
fermions.
Thus, each term in the expressions for G ± gives a separate condition. Let us
analyze the condition for the terms of the type Gα ^ y = f-.^βyyp~Λpβpy, where α, β
and y are three positive roots. The requirement that /_ α / ^ y ^0 is equivalent to
α=
β + y- Denote by NΛ the number of times that the field p~ α appears in the
expression for C, Eq. (2.13). NΛ is either zero or one for each of the positive roots.
From the operator product of the free fermions, pα(ζ)p~α(z) = - and p*(ζ)pΛ(z) =
0(ζ — z), it follows that the operator product
£ ~~z
Gα/?y(C)C(z) = 0[(C - z)N'+"'-* ].

(2.14)

Similarly, the degree of the singularity of GJL is - Nβ - Nγ + Na. It follows that
a necessary condition for the field C to be cniral is,
l^Nβ + Ny-Nβ

^Q9

+y

for all β,y,β + yeΔ + ,

(2.15)

where we denoted by Δ + the set of positive roots of G. This set of equations
appears to be rather cumbersome? but in fact, as we shall now show there is a
very simple and beautiful solution to it. Let us define
N.β=l-Nβ,

(2.16)

where β is any positive root. It is easy to check that with this definition, Eq. (2.15)
holds for all the roots of G and not just the positive ones. Define now
0}.

(2.17)
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The set Δ has the properties. 1) For every γeΔ either γεΔ or — yeΛ 2) If β, γeΔ
then β + ye(5. This follows from Eq. (2.15) and is, in fact, equivalent to it.
Let us call an element αe^ί indecomposable if it cannot be written as α = β + y,
where β and ye A Denote the set of indecomposable elements by Δs. From property
(1) and the definition, it is clear that every root y can be written as y = £n/a i ,
where ^eΔs and the nt are either all non-negative or all non-positive. From property
(2) it follows that the elements of Δs are linearly independent. Thus Δs is a basis
for the root system.
A standard theorem in the theory of Lie algebras (see, e.g., ref. [25]) gives a
description for the set of basis of the root system. Every basis is obtained by the
action of some element of the Weyl group, we W(G), on a standard basis. Thus,
1
Δ = w " (Δ +), where w is some element of the Weyl group. Different Weyl elements
give different basis, since the Weyl group acts transitively on the Weyl chambers,
and thus the solutions of Eq. (2.15) are in a 1-1 correspondence with the Weyl
group. For any root α, ΛΓα = 0 iff w(α) > 0. To summarize, the chiral fields C must
be of the form,
C = p-"g,

(2.18)

where
p-w=

Π

α>0
w(α) < 0

P~"

(2-19)

and w is any element of the Weyl group. Different elements of the Weyl group
give rise to different fields in the G x S0(ή) current algebra.
Let us turn now to the first term in G ± . These are the terms of the type p~aJΛ,
where α is a positive (for G + ) or negative (for G_). If α > 0 is a root such that
w(α) > 0, then from-Eqs. (2.11-2.12) it follows that
J_β(00(z) = 0( —1.

(2.20)

If w(α) < 0 then

/

1 \

(2.21)

Since the elements of the CSA are obtained as the commutators [Jα, J~ α ] it follows
that for all the currents of G, Jfl, we have
(2.22)
Thus g is a primary field of the G current algebra, denoted by G*9 where A is a
weight at level /c, k ^ Λθ, where θ is the highest root, and λ is some weight in the
representation with the highest weight Λ. Now, the conditions Eqs. (2.20-2.21) are
equivalent to JaG* = 0 iff w(α) > 0. Since the representation is invariant under the
action of the Weyl group this implies that α + w(λ)φL(Λ) for every positive root
α > 0, and w(λ) is the highest weight of the representation, λ = w -1 (yl).
We conclude that the chiral fields are all obtained from the fields,
CA—
n~wCτΛ
—

(221}
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in the G x SO(n) current algebra, where weW(G) and A is an integrable highest
weight. For each such A and w the field C* is chiral.
Due to the quotient by the H current algebra, some of the fields C* give rise
to identical chiral fields in the G x SO(n)/H theory.
Let us recall some facts about field identification in current algebra (see ref.
[22] for a discussion and further references). Let σ be an automorphism of the
extended Dynkin diagram of the affine Lie algebra G. The simple rqots of G are
the simple roots of G, denoted by α l 9 α 2 , . . . , αr, where r is the rank of the algebra,
along with the root α0 = δ — 0, where θ is the highest root and δ is a null vector,
δv = 0 for any root vector v. The external diagram automorphism is some
permutation of the simple roots σ(αt ) = αp(/) which preserves the scalar products,
σ(ctt)σ(ctj) = αjOj.
Now, the dual to the root space is the weight space generated by the fundamental
weights of the simple algebra G, along with the weight ΛQ. These obey /^α,- = δί<7 α?/2
for i, j = 0, 1, . . . , r. Thus also under the external automorphism σ the fundamental
weights transform by the same permutation of the indices which holds for the
simple roots, σ(A^ = Ap(i). If λ is a weight of G then^δ = fc is the level of the weight
(we normalized θ2 = 2). It follows that the weight 1 can be written as
r

λ = (k-θλ) + £ ntΛi9

(2.24)

where λ = £ n^ is the finite algebra part of the weight. A weight is integrable
i=l

iff all the coefficients appearing in Eq. (2.24) are non-negative integers, nteZ and
k^θλ.
Under the action of the external automorphism σ the weight λ transforms as
r

σ(λ) = (k- λθ)Λpm + Σ n ; Λ p(i) .

(2.25)

ί= 1

If σ is such an external automorphism then σ gives rise to a change of basis
of the finite algebra G. Let β{ = α, for i = 1, 2, . . . , r and β0 = — θ. Then this change
of basis is σ(j8f) = βp(i). Since scalar products are preserved, this is an automorphism
of the finite algebra and it follows that σ is equal to a product of some element
of the Weyl group wσ (which affects this change of basis) times a possible external
diagram automorphism of the finite algebra G. An external automorphism, σ, for
which σ = w σ eVF(G) (i.e., it does not contain a finite diagram automorphism) are
called proper, and these are the only ones that interest us.
For proper external automorphisms it follows that
σ(λ) = σ(0) + W,μ),

(2.26)

where σ(0) obeys σ(0) = fc/lf and Aiθ=\. Such weights are called minimal
fundamental weights and for each such weight there is one proper external
automorphism. The external automorphism group is isomorphic to the center of
the group G, or equivalently to the weight lattice modulo the long root lattice.
The same group is also obtained from the Weyl transformations w σ . We thus have
an embedding of the center group in the Weyl group given by σ-> w σ . The external
automorphisms may be described as a twist of the algebra G by an element of the
weight lattice, which may be affected continuously [26].
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For example, take SU(n)« An_ ί. The Dynkin diagram of 4 n _ j is a circle with
n points. The proper automorphisms are rotations of this circle, forming a Zn
n— 1

group. The finite weight £ m^ at level k transforms under the automorphism
i=l

σ to σ(λ) = (k — ml — m2
m n _ 1 )yl 1 +m 1 /l 2 H-m 2 /i 3 H
h w n _ 2 Λ ι - ι The other
proper automorphisms are powers of this one. We have wσ = w αι wα2 - wαn _i, where
Wβ is a Weyl reflection by the root β.
Consider now the fields of the G current algebra theory at level k. As was
discussed in ref. [19] one can decompose the currents into n free bosons and
"parafermions,"
α

^,

r

(2.27)

xβ(x)= \\c^ι^^\
V α

(2.28)

where fcf are the currents of the Cartan subalgebra, xα are the others and we are
using the Chevaley basis. The cα are cocycle factors. The highest weight states of
the G current algebra may be written as
-

(2.29)

We also have \j/Λ = Φ®'$.. The parafermionic fields obey
Λ Λ
Λ
A
Φλ,λ
L = φλΛ>
- = φλ,λ
>*+ β>
+ β,λ
Ψ

Ψ

Ψ

where β is any element of the lattice fcML, where ML is the lattice spanned by the
long roots. In addition,
σ(Λ)MΛ)

__. φΛ,Λ
Ψ

Q 31)
\^>JL)

'

for any proper external automorphism, σ.
Let us return now to the chiral fields C*. We will prove that the field
identification in the parafermionic theory implies that,
σ(A]
CwA—
r
~^w W

n\ί.3ί)
λ?ϊ

C

σ

for any proper automorphism σ and for any A and w. To prove Eq. (2.32) let us
decompose it into parafermions. Also, we can bosonize the fermions p* (for α > 0),
pβ = ^% p*p-« = ίdzφ,

(2.33)

where </>α is a canonical free boson.
Let us first prove,
Lemma (2.1). For any root β>Q and any proper external automorphism σ: βσ(0) = k
ifandonlyίfw-1(β)<0.
Proof. First, we can compute σ(- w~l(σ(Q))) = σ(0) - w σ (w~ x(σ(0))) = 0. Thus,
w;V(0))=-σ-1(0).

(2.34)
1

1

Assume now that βσ(0) = k. Then, from Eq. (2.34), k = - βwσ(σ ~ (0)) - - wσ~ (β)σ ~1 (0).
Since σ -1 (0) is a fundamental weight, any root that has a negative scalar product
with it is a negative root and, in particular, w~1()5) < 0.
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To prove the other direction, it is enough to show that if βσ(0) = Q then
l
w~ (β) > 0. Assume then that βσ(0) = 0. Note that β > 0 implies that 0 - β > 0,
where θ is the highest root. Since 0σ(0) = k we have (θ - β)σ(Q) = k. From the first
1
ί
1
part above as applied to θ — β, we find w~ (θ — jδ) < 0, or w~ (β) > w~ (θ) (with
1
no equality). From the definition w~ (θ) = — α f , where α f is some simple root. Thus
w
«7 Hβ) > 0> completing the proof.
We need also a second lemma,
Lemma (2.2). Denote by ~χ = ]Γ ~α</>α. For αrcy proper automorphism σ and any
α>0

Weyl transformation w,

(2.35)
Proo/. Let us compare both sides of Eq. (2.34) for each positive root α. There are
three possibilities.
1
1
1) w(α)σ~ (0) = k. This implies w(α) > 0 (since σ~ (0) is a fundamental weight).
w
α
From Lemma (1), w σ w(α)<0. Thus p~ does not contain p~ but the exponent
α
on the right-hand side (of Eq. (2.35)) does contain p~~ . From w σ w(α)<0 the
left-hand side also contains p~ α .
2) w(α)σ~ 1(0) = — k. Similar to case (1), we now have w(α) < 0 and wσw(α) > 0.
Thus p~ α does not appear in the left-hand side. Since p~ α appears in p~ w and the
exponent now contains pα, on the right-hand side, we now have p " α p α = 1 and
both sides do not contain p~ α .
3) w(α)σ-1(0) = 0. We now have two further possibilities using Lemma (1): a)
w(α) > 0 and wσw(α) > 0. b) w(α) < 0 and wσw(α) < 0. In case (a) both sides do not
contain p~ α and in case (b) both sides do contain it.
From the three cases above we see that the two sets of roots appearing in the
left-hand side and right-hand side of Eq. (2.35) are identical, proving this equation.
Let us return now to Eq. (2.32). From the definition of C,
r<σ(Λ) _
- w σ w rLσ(A)
C
wσw-P
^w-ιw-^(Λ)'

From the proof of Lemma (1), w~ 1 σ(0) = — σ'^O), implying that
fiσ(Λ)
_ ΓLa(A)
^w- ι w ; la(Λ) ~ ^vv- i ( Λ - σ - »(0))»

(J ^\
^-3 '*

where we used Eq. (2.26). We can now decompose G into parafermions according
to Eq. (2.29),
G5\!-.-i(θ)) = exp^

(2.38)

where we used Eq. (2.31). Since σ" 1 (0) = fc/lί, where Λt is a fundamental weight,
σ~ ^0) - w" ίσ~ 1(0)efcML, where ML is the long root lattice. Thus using Eq. (2.30),
*- 1(Λ) .

(2.39)

Combining now Eq. (2.39) with Lemma (2) it follows that,

«>o

(2.40)
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To complete the proof of Eq. (2.32) we need only to show that the exponent in
Eq. (2.40) is equal to 1 modulo H.
r
To see this let us write the currents of H ( = U(l) ) in terms of those of G x S0(n).
Using the parafermions Eq. (2.27) and Eq. (2.33), these may be written as
(2.41)
β>0

β>0

\

Thus the free bosons i^fkφ + Σ βφβ are precisely the ones that vanish modulo
β>0

H. But this is what appears in the exponent in Eq. (2.40) and thus we proved
Eq. (2.32).

3. The Case of Nonabelian H
Let us turn now to the case when H is not abelian. We shall assume that
rank (H) = rank (G) = r, and that H is a diagram subgroup of G, i.e., H is the
subgroup spanned by a set of simple roots α t l , α I2 , . . . , α lm , where m ^ r, along with
the elements of the Cartan subalgebra. As in Sect. (2), we shall make the ansatz
that a general chiral field is of the form,
C = p~ β l p~ β 2 - -p~ fl "G,

(3.1)

where G is a field in the G current algebra and the at are now positive roots of G
which are not roots of //, ateA^ — Δ* (which we denote by ΔG/H).
The same analysis as before for the term p~ α J α shows that,
if 0 < α ^ f l ,

Ja(ζ)G(z) = 0(\\
—\

C-v

or

α=-α,,

otherwise.

(3.2)
α

It follows that for any current of the G algebra J (QG(z) is at most singular as
θ( - 1 and thus G is a primaryfield.Let us denote ^it then by G*, where A is
the highest weight and λ is some weight in the representation.
Now, the currents of H act trivially on the fields of G x S0(n) (modulo H). Let
α be any root of H. The associated current is
j _ J(G) -f i Y /

(3.3)

pfipy.

We can form an equivalent chiral field to C by writing the operator product of
Jα and C and picking up, say, the most singular term, which is of order 01

).

\C — zj

We get the field C which is a sum of fields in which each of the α c is going to
α f + α (provided αf + α ^ 0/) or /I goes to λ 4- α. Continuing to form operator
products in this fashion, we arrive at a unique equivalent field of the form,
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where b . — a^H and y — λeH. In addition, for any positive root of //,
(bl+a
bt + αeZl G implies that p~ ) appears in C, and that y + α is not a vector in the
representation L(A). This field is the highest weight vector with respect to the finite
algebra H. This also shows that for any chiral field C we can form an equivalent
one by adding roots of H to any of the at and λ.
Let us thus assume that C is a highest weight of H. Consider the action of G ±
β y
on C. From the second term, of the type faβyp*p ρ , we get, as before, the condition
l^NΛ + Nβ-NΛ+β^O,

(3.5)

where now a,β,u + βeAG/H. Now define NΛ = ΰ if αe^. Equation (3.5) is still
valid, since if aeΔG/H and βεH then α -f βeΔ implies that NΛ +β = 1 as we assumed
that C is a highest weight vector of H. Thus JVα + JV^ — N^+β = 1 and Eq. (3.5)
holds. In other words, we can extend the map N to the whole of ΔG while preserving
this equation.
Thus, as in the case of an abelian //, it follows that N is obtained from some
Weyl transformation weW(G). We have Nα = 0 iff w(α) > 0. In addition, if αezi^
then w(α)>0. We denote p~aιp~a2 " p~°n = p~w.
From the first term, of the type p~ α J α , we have: 1) if aeΔH then λ + aφL(A).
2) If aeΔG/H and ± w(α) > 0 then λ ± uφL(Δ). Thus for any positive roots of G, β,
we have w(i) + ocφL(Λ) implying that λ = w~l(Λ).
To summarize, we have shown that all the chiral fields are of the form
Λ
w
Λ
C
=o~
G
^w
P
^vv-i(Λ)'

(36}
^
'

where Λ is an integrable highest weight and w is an element of the Weyl group.
Now, not all weW(G) will give rise to different chiral fields, due to the
identification modulo H. We will now show that if whe W(H) then C*= C^Wh, and
these are all the identifications due to the quotient by H.
We first need a lemma,
Lemma (3.1). Any Weyl transformation we W(H) permutes the positive roots in ΔG/H.
Proof. Recall that we assumed that H is a diagram subgroup. Denote the simple
roots of H by α 1 ,α 2 ,...,α l l l . Since the Weyl group is generated by reflections by
the simple roots, wαι, it is enough to prove the lemma for these. If βeΔG/H then
β = Σ s i α /> where the s f are non-negative integers and some s f for i > m is positive.
i=l

m

r

Now, wαι(β) = ]Γ s'.Ui +
i=l

£ apt. Since some sf is positive it follows that w(αf) > 0.

ί =m + l

Using the lemma we find
p-™»=

Π
δ>0
\vwh(δ)<0

-*=

p

Π P~^(δ}

(3.7)

ό>0
w(<5)<0

But vv~ x((5) = δ 4- α, where αeZl^, and as discussed earlier adding roots of H leaves
the chiral field invariant modulo H . Thus,
Similarly, for the second term,
G

. - .

=G - . Λ + .

(3-9)
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where aeAH. It follows that, modulo H,

c£=c£^

3 10

( )

It remains to show that C^ = C^2 implies that w 2 w
Lemma (3.2). Suppose that we W(G) obeys w(δ) > 0 for all δ e Δ^/H . Then w e W(H).
Proof. Suppose that weW(G) obeys the assumption of the lemma. Denote by
Δ'H = {δεΔH\ w((5) > 0}. Δ'H is a positive root system for H and thus Δ'H = w^ 1(Δ£)
for some w0eW(H). Consider now the Weyl transformation ww" 1 . If δeΔ^/H then
ww~ 1 ((5)>0 (since w" 1 permutes the positive roots in Δ^fH). If δeΔ* then from
the definition ww" ί(δ) > 0. Thus for all δeΔG we have ww^ 1(δ) > 0. But the Weyl
group acts transitively on the basis, implying that w w " 1 = 1, which proves the
lemma.
Thus, each weVΓ(G) may be decomposed uniquely as w = ur, where reW(H)
and u preserves the positivity of the roots of H. From Eq. (3.10) it follows that
we can replace w by u. Then different w's would give different fields, just as in the
abelian case, since these are in one to one correspondence with the basis of G
which contain Δ£ .
Our discussion so far was independent of the spectrum of the theory, or the
particular modular invariant used to describe it. The same discussion holds also
for the right movers and for the left movers separately (except for the field
identifications which must be carried simultaneousy for the left and right movers).
For the sake of completeness let us digress here on the spectrum of quotient
conformal field theories. As discussed in ref. [22], the field identifications and the
restriction on the weights play a crucial role in the spectrum. Specifically, let G
and H be arbitrary algebra and its subalgebra. Then the fields in the theory, as
in Eq. (2.1), are given by Φ*. Similarly, one defines the string functions, which are
the characters over each such block of fields, c*(τ) (see the discussion of modular
invariance in Sect. (1)). Under modular transformations c£(τ) transforms as the
product of G characters times a product of the complex conjugate of H characters.
Let NΛ λ and Mλ ^ be arbitrary modular invariants for the G and H conformal
field theories, respectively [27]. Then the partition function of the G/H conformal
field theory is given by
Z=

Σ
(Λ,λ)eA

NA.zM^ctcf;

(3.11)

where A is the set of cosets (/I, λ\ where A — λ is in the root lattice of G (or the
appropriate generalization of this condition in case of non-simple G according to
the decomposition of representations of the finite algebras; this is the condition
C(/l, λ) of ref. [22] ) modulo the field identifications of the theory, the action of σ.
The sum above is understood in terms of picking one arbitrary representative from
each coset. The choice of representative is immaterial due to the field identifications - all the representatives describe the same field. Due to the fact that
N
σ(Λ)MΛ) = NΛ,λ^0ΐ anY modular invariant N of any algebra well and for any Δ
and Λ [9], it follows that the partition function Eq. (3.11) is indeed well defined
on the cosets.
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The partition function Z defined in Eq. (3.11) is modular invariant. To see this
note that it can be written as
7 —_
V
^ —2
^ __
d Λ,λ,σ,p,Λ,λ

,

,

where a is the order of the field identification group. This is since the exponent
(
gives a delta function which is the condition C(Λ, λ) and since c° $(τ) = c£(τ).
Modular invariance can be now shown using the explicit expressions for the
modular transformations (see ref. [21, 22] for details). In particular, S:τ-» —
τ

simply exchanges σ and p, implying the invariance of the sum over both. The
spectrum, as read from Eq. (3.12), is closed under the operator product algebra
since the fusion rules [27] obey σ(λ) x μ = λ x σ(μ) = σ(λ x μ), where " x " stands
for the fusion rules, λ and μ are any integrable weights and σ is any external
automorphism [19]. Thus the fusion rules of the quotient theory are the same as
the original one, in terms of representatives modulo σ. Hence this spectrum
represents a closed operator algebra if the original invariants N and M were so.
It follows that the spectrum of the most general G/H theory is given by the set of
cosets described above. Note, in particular, that this holds also when σ have fixed
points when acting on the pairs (Λ, λ)2.
An important choice for the modular invariants N and M is the left-right
symmetric one, NΛ Ά = δΛ ^ and Mλ ι = oλl. From hereon we shall assume this
invariant, unless otherwise specified. This choice of modular invariant will be
referred to as the principal theory.
The entire discussion can now be summarized in the following theorem.
Theorem (3.1). The chiral fields in a quotient, G/H, N = 2 conformal field theory
with the left-right symmetric modular invariant are given by C* = p~wp~wG^\Λ
mod//, where weW(G) and λ = w~1Λ. In addition, C*=C^h = Cσw(^. In other
words, the chiral algebra is in a 1-1 correspondence with pairs (Λ,w), where Λ is an
integrable highest weight and weW(G)/W(H) (right quotient), identified by the action
of(σ,wσ).
Actually, our proof of this theorem assumes that the chiral fields are given by
the general form Eq. (2.13). This ansatz needs to be justified. To do so [24] we
can utilize the connection between the problem of finding the chiral field and the
harmonic forms of a Lie algebra cohomology. In the Ramond sector, the superconformal generators, GQ become a Lie algebra derivative with respect to some
Borel subalgebra of the affine G and its dual with respect to the killing form.
The ansatz Eq. (2.13) is equivalent to assuming that the fields are in the ground
state of the fermionic theory. This cohomology problem was studied by
mathematicians in connection with the cohomology of loop groups [28]. When
translated into this context, it implies that the chiral fields are given by replacing
2
In case there are no such fixed points we can replace the partition function, Eq. (3.12),
with the sum over all (Λ, λ) and divide by a. (This is the partition function given in ref. [22].)
In case there are fixed points, it is incorrect to do so; in particular, the result would not be
modular invariant
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each of the objects by its corresponding affine counterpart. In particular the chiral
fields are of the form C*9 where w is in the affine Weyl group and the appropriate
definition for pw is given. Decomposing w into T x W9 where W is the Weyl group
of G and T is the translation subgroup, it can be seen that the translation is
irrelevant modulo H, and thus indeed the ansatz Eq. (2.13) is justified.
It is straightforward to generalize this theorem to other modular invariants,
as well to the anti-chiral algebra. Note that the complex conjugate of a chiral
field is an anti-chiral one. For a general ^modular invariant, the chiral fields are
of the type C^= C^C^9 where A and Λ are the left and right highest weights
and w and w are two elements of W(G)/W(H)9 appearing in the spectrum a number
of times according to the modular invariant used. In addition, C*'£ = C^^} for
every proper external automorphism σ. A similar result holds for the anti-chiral
fields where for the right movers we take the complex conjugate of the corresponding chiral field.
It can be seen that in the case that the left-right symmetric modular invariant
is used for H, Hλ^ = δλl, the field Cmax, discussed in Sect. (1), is in the spectrum
of the theory. This field is given (up to field identifications) by C°, where w is the
longest element in Wl93 i.e., the element that reflects all the roots in ΔG/H, which
is of length dim ΔGfH and p — w~ 1p = p — pH. It is not hard to compute, using Eq.
(3.20), that indeed for this field Q = cβ. It follows that, irrespective of the modular
invariant used for G, this field will be in the spectrum of the theory and the
transposition operation of Sect. (1) can be defined. Thus also the Poincare
polynomials are always dual obeying Eq. (1.16).
Assume then that Mλ-λ = δλ-λ. If the invariant used for G,NΛ<^, is not the
left-right symmetric one, then the chiral fields are still given by C* each appearing
NΛ Λtimes. This follows from the fact that the equation w(Λ + p) — p = w1(Λ1 +p) — p
has as the only solution w = w^ and Λ = Λ± (this is fairly standard, see e.g., [29]).
If the modular invariant used for G is also the left-right symmetric one,
MΛ Λ=δΛ Λ, it follows that there are no anti-chiral fields. The relevant equation
in this case is, w(Λ + p) — p= —w1(Λ + p) + p mod ΔH and this has no solutions.
When wσ acts without fixed points on the pairs (Λ9 w), the number of chiral
fields for the principal theory is
\Z\x\W(H)\
where | W(G)\ is the number of elements in the Weyl group, |Z| is the number of
elements in the center and N% is the number of integrable highest weights at level
k. When Z acts with fixed points on the pair (Λ9 w), the number of chiral fields is
strictly greater than the number above.4
Let us now turn to the decomposition into H of the fields C* of the G x S0(n)
current algebra. As was discussed earlier these fields are primary fields of the
diagonal H subalgebra. In addition, the foregoing discussion shows that the field

3

This observation is due to R. Cohen
Equation (3.13) was independently derived as a lower bound on the number of chiral fields
in ref. [30], where also the Poincare polynomials of the level one h.s.s. simply laced theories,
Eq. (3.26), are described
4
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C^ is a highest weight vector under H if and only if w(/t) > 0 for all heΔ^9 and
that there is exactly one such h in each coset of W(G)/W(H). We shall denote the

fc\

ί c\

set of such Weyl elements by W\ — ). Let us assume that we W\ — ). For such a
\Hj
\Hj
w the field C* decomposes according to Eq. (2.1) as
CΪ=K£Hλ,

(3.14)

where λ is the weight of C* under the diagonal subalgebra (since, C is the highest
vector), and Hλ is the field in the H current algebra with highest weight λ and
weight λ. The weight λ is easily computed from that of the fermions and the G
primary field,
λ = w" 1 (Λ)+ X α.
(3.15)
cteΔc/H
w(α) < 0

Since w(/z) > 0 for heΔ*, the sum above can be taken over all positive roots of G.
It is easy to see that,
Σ oc^p-w- 1 ^),
(3.16)
α>0
w(α) < 0

since
2w- 1 (p) = £ w- 1 (α)=
α>0

£ β- Σ

/?>0
w(/?)>0

/?>0
w(β)<0

ft

(3 17)

where we substituted β = w~ x(α). Thus,
A = w~ 1 (/l + p)-p.

(3-18)

We can now compute the dimension and charge of the field K^from Eq. (3.15).
We find,
fc^ β = 2Λ
(3.19)
4= ^ +
2
k +g
and we see that the fields K are indeed chiral. n(w) is the number of positive roots
α > 0 for which w(α) < 0. The number n(w) is also equal to the length of w, denoted
by /(w), which is the minimal number of reflections by the simple roots from which
w is composed (e.g., ref. [25]).
As discussed in Sect. (1), a convenient way to summarize the various grades
in a graded algebra is the Poincare polynomial, Eq. (1.15).
Consider the h.s.s. family of theories, where a,βεΔG/H implies that α + βφΔ*/H.
These pairs of G and H may be characterized by the fact that the central charge
c = 0 for k = 0. Assume also that G is simply laced. Now, the fact that c = 0 for
k = 0 implies that for this value of k all the (7(1) charges computed from Eq. (3.19)
must vanish. This implies that,
- - - "
Q
Thus for the h.s.s. family Eq. (3.19) can be written as,
+

k+g

k+g

(3.20)
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Consider, now the case of k = 1. In this case, since all the level one weights of G
are minimal (as G is simply laced) the field identification may be implemented by
assuming that A = 0 (we are also assuming the left-right symmetric modular
invariant). Thus, for k = 1 the U(l) charges are,

IM
4 = -^, for wεW(G\
1/(9+1}

Denoting by u = t

w(/ι)>0.

(3.22)

the Poincare polynomial becomes
PG/H(U)=

l(w}

"

(3-23)

«' >

(3-24)

Σ

\veW(G/H)

Define now the following polynomial,
PG=

Σ

(w)

weW(G)

for any semi-simple Lie algebra. Note now that any weW(G) may be decomposed
uniquely as w'w h , where weW(H) and w'(/z) > 0. (The arguments are similar to the
ones described for Lemma (3.2).) This decomposition is unique and goes both
ways. Thus there is one-to-one map from such pairs of Weyl transformation to
the Weyl group. In addition, it is easy to see that /(w) = /(w') + /(W Λ ) (use the fact
that /(w) = n(w) and the fact that W Λ permutes the positive roots not in H). Thus
we have proved,
ΓH(U)

.

(3.25)

Finally, there is a simple formula for PG(u) which is closely related to the
cohomology of the manifold G/H [31],

1 — u™1

JO(«) = n-j
—
>
i 1
u

326

( )

where the m t are the exponents of the Lie algebra. Using Eq. (3.26) we can compute
the Poincare polynomial of the simply laced k = 1 h.s.s. cases.
4. Dihedrality and Statistical Models
Consider the theory

(4.1)
at some level fc. This is the most general theory which can be derived from SU(N),
and is obtained by the deletion of / roots of SUty^ + n2 + ••• + nt), i.e., the roots
α / l l , α w l + Π 2 , . . . , α Λ l + / l 2 + . . . + Π ϊ _ 1 . This class of theories have many nice properties that
make its investigation easier, and thus provides a good testing ground. In addition,
most of the lower central charge theories come from SU(N)9 and thus play a bigger
role in compactification.
One property is that if gcd(nί9n2, ...9nl9k)=l then the theory Eq. (4.1) has no
fixed points (see the discussion in Sect. (6)). If gcd(n l5 n 2 , . . . , n z ) = 1 then there are
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no fixed points for any fc, and these are the only such theories, simplifying considerably their investigation.
Another, rather amazing property, is that k can be assumed to be equal to
zero, k — 0, without any loss of generality. This is due to the following equivalence
of theories,
l/(n 2 + n 3 +

+ nt)nι

_

U(n2) x l/(n 3 ) x ••• x Ufa)

Ufa + n2 + --n^o
Ufa) x U(n2) x ••• x Ufa)

where the first theory is at level n1 and the second is at level 0. We shall prove
this identity (for any w / ^ 0 ) below. As we shall show this identity implies the
dihedrality of the theories of this type. Namely, the freedom of permuting
T(nl9n29n39... 9 n t ) — T(np^ np^9 np^)9

•> np(i)j9

(4 3)

where p is any dihedral permutation, generated by either a rotation, p(i) = i -h s mod /
for some s, or a reflection p(i) = p(l + 2 — i) for 2 ^ i ^ /.
First it is not hard to calculate the central charges of both theories in Eq. (4.1).
The results are the same,
αc
c = ίp, where Sr=
£
n^n^n^.
(4.4)
We shall establish the equivalence of theories Eq. (4.2) by describing a 1-1
map from the chiral fields of the one theory to the other, which preserves the (7(1)
charges. Let R = SU(nl + π 2 + ••• + nz), G = SU(n2 + n 3 + ••• + n^f^ = SU(n±) and
H = SU(n2) x SU(n3)--SUfa). As Lie algebras, R^Hlx G.G^H. According to
»
Theorem (3.1) the fields of the theory
at level fc = 0 are given by C°,
/ R \
#! x H
where w e W Ί
I is the set of Weyl transformations of R, which leaves as
positive the positive roots of H^ x H. The L/(l) charge, is given according to
Eq. (3.19), by
(k-{-g)Qw = (k + g)l(w) — 2(pR —pHί — pH)

^ α,

(4.5)

α>0
w(α) < 0

where we used Eq. (3.16), k = nί and g = n2 + n 3 -h •••«/.
The first step is to decompose w and we follow closely the proof of Lemma (3.2),
in which such a decomposition was established. Consider the set,
Θ γ v -{αeG|w(α)>0},

(4.6)

where we use αeG to denote any of the roots of G. Θw is a positive roots system
for G and thus, Θw = r~l(ΔG)9 for some rεW(G\ where ΔG denotes the positive
(G
roots of G. Since w preserved the positivity of H, it follows also that reWΊ —
\H
1
Define the Weyl element u = wρ~ eW(R). Acting upon a positive root of G,/?,
/

R

we find w(jS) = wr" 1 ^) > 0, since r~1(β)eΘw. Thus, weW^ί —.

\

1 and we found

\H1 x GJ
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a unique decomposition, w = wr,
w(-±—} = wf-M x w(-\
{H.xHj
UixG/
\Hj

(4.7)

Obviously this decomposition is 1-1, since r is defined uniquely from w (using the
property that the Weyl group permutes the Weyl chambers, acting transitively)
and onto.
Consider the set of positive roots that w reflects, Φ^ = {αe.R|α > 0 w(α) < 0}.
These can be separated to two disjoint subsets. The first subset consists of the
positive roots of G which are negated by r, denoted by Φr. Other roots of G are
not reflected by w, since r maintains the positivity of the roots of G. The second
subset consists of positive roots of R — G. Since r permutes the positive roots of
R — G among each other, due to Lemma (3.1), it follows that these roots are of
the form r~ (Φu)9 where Φu is the set of positive roots which are negated by u. It
follows that
/(w) = /(u) + /(r),
(4.8)
φw = φu i j φf

φu r\φr = X^ί
(9ί

9)
\f4* ^/

where Eq. (4.8) follows from Eq. (4.9) since the length is equal to the number of
positive roots which are negated.
Let us compute the charge Q, Eq. (4.5), in this decomposition. Equations
(4.8-4.9) imply that β w splits into two terms, g w = Qu + gr, where
(k + g}Qr = (k + g)l(r) - 2(pR - pHl - pH) £ α,

(4.10)

αeΦr

- 2r(pR - p Hl - pH) Σ α-

(4 nϊ

Now if αEΦ r then (ρκ — pG)α = 0, since α is a sum of simple roots of G and each
of these has a product 1 with both pG and pR. Similarly, apHl = 0. Thus we can
recast Eq. (4.10) as
(k + g)Qr = (fc + g)l(r) - 2(pG - pH)(pG - r- ^p^).

(4.12)

Consider now the second term Qu. First, note that
2(pR-ρHί-PG) = (k + g)ΛkR9
1

(4.13)

th

where A R denotes the f fundamental weight of R. For a proof see Sect. (6), Eq.
(6.16). Now each of the roots αeΦ w is of the form αfe + •••, where the "•••" refers
to other simple roots. Any of the roots of R contain αfc either once or none at all
(since gt= 1 for SU(N)). If it does not contain αfc, then it is a root of H{ x G,
contradicting the fact that u preserves the positivity of these roots. Since the number
of roots in Φu is /(w), and r permutes the positive roots of R — G, we find,
(k + g)l(u) = 2r(pR - pHl - pG) Σ α.

(4.14)

αeΦu

Combining Eq. (4.11) with Eq. (4.14), leads to
-pH) Σ α.

(4.15)
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Let λ = Σ α> which is a weight in R. λ may be decomposed as λ = λί - Λu,
αeΦu

where Λu is some weight of G and λ1 is some weight such that λ1cti = Qfoτ i> fc,
(where αf stands for the / th simple root). Explicitly,
g +k

Λ,= -

£ (λα,)/^-*,

(4.16)

ί =k + l

where /l^ is the i th fundamental weight of G. Since r(ρG — pH) contains only roots
of G, it follows that
(4.17)

(k + g)Qu = 2(pG - pH)r~ \AU\

Combining Eqs. (4.12) and (4.17) we arrive at the following form for the l/(l) charge,
(k + g)Q = (k + g)l(r) + 2(pG - pπ)[r' l(Λu +PG) - pG].

(4.18)

G\
— ).
H/
Let us compare this expression to the (7(1) charge of the G/H theory at level
k. Again, from Eq. (3.19),

(

(k + g)Q = (k + g)l(r) + 2(pG - pH)[^-l(Λ + pG) - pG],

(4.19)

G\
— 1 and Λ is an integrable highest weight of G = SU(g).
H/
Thus, the two expressions Eq. (4.18) and Eq. (4.19) are identical, with the identification w = r and Λ = Λu. This is the map of chiral fields between the two theories,
which preserves the (7(1) charges.
It remains to show that Λu so defined is an integrable highest weight at level
k. This will be done by explicitly calculating it.
The positive roots of R are given by £t — εj9 where 1 ^ ί < j ^ k -f g and εf stands
for an orthonormal set of unit vectors, ε, ε7 = <5l7. The positive roots of H1 or G
are of the same form where, respectively, 1 ^ i < j ^ k and k + 1 <; i < j <* fc H- 0.
The Weyl group ofSU(N) consists of all the permutations ε t ->ε p(/) , where p is any
R \
- I consists off all the permutations p(ί)eSk+g for
Hί x G/.
1 ^ i ^fc4- 0, which obey (since it must preserve the positivity of the roots of Hλ
and G),

(

(

1 ^p(fc + 1) <p(fc 4- 2) < - <p(fc + g) £ k -h 0.
Let αt = p(i). Then l ^ α 1 < α 2 <

(4.20)

< α f c ^ f c + 0. Each such ascending series defines
/

n

uniquely a permutation obeying Eq. (4.20) and thus also an element of W\
/ R \
j
x
Hence, we shall denote an element of W\ - J by a = [α1? 02, . . . , αfc], where
the αt is such a series.
^ 1
'
Each of the positive roots reflected by a are of the form ε, — ε^, where i ^ fc,
7 ^ f c + 1 and pd)^^. Since the p(y) also defines an ascending series, the latter
condition will hold iff j ^ ίί? where ί^: = a{ -h fc — i. It follows that the total number
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of such reflected roots is
k
/(«)=Σflι-i.

(4.21)

i=l

and that the sum over the reflected roots is,
α, + k - i

k

Σ «=Σ

α>0
w(α) < 0

Σ si-δj

(4-22)

i = 1 j =k + 1

Now, εf — βj? = Λ7'"*"1 — Λj~k, up to a weight of # which vanishes when multiplied
by the roots of G, and where we have conveniently defined, Λ° = A9 = 0 (this, if
you will, is the afϊϊne weight Λ°). We can now sum up the string of roots
di + k — i

Σ

cii+k — i

e«-fij=

j=k+l

Σ

Λj-k-l-Λj-k=-Λa*-\

(4.23)

j=k+l

and thus
k
βl
Λ,= tΣ^
"'
=l

(424)

The projection of λ over the weights of H l 5 because of the symmetry of exchanging
//! and G, is given by the same expression with a{ replaced fcs, where bs = p(s + fc).
Now, the map that we have defined is not 1-1 as it stands. This is due to the
fact that we have not taken into account the field identifications. As explained in
Sect. (2) the chiral fields are C* modulo the field identification, C£ = C^, where
σ is any external automorphism. We need to show that the map so defined is one
to one and onto between the cosets modulo this identification.
/ R \
Let us note then the action of vv- on we^l
]. The elements of
/

W\

jR

x

\

1

/

1 are described by permutations p(ϊ) for i^i^k + g, as explained

\H! x G/

above, which obey the ascending chain condition, p(ϊ) < p(j\ where i < j and i,
are in the same subgroup, Ht. In this explicit notation, the decomposition that we
defined earlier, w = ur, can be described as,
u = [a l 5 a 2 ,...,a f c ] = [p(l),p(2), ...,p(/c)],
and r correspond to the permutation q(i) of k < i g k -f g such that q(i) < q(j) for
i < j in the same subgroup, Hh and pq(ϊ) < pq(j\ for all k < i < j ^ k 4- g.
The action of w* on w, the element w^w, is given by the permutation
p(i) + s mod k + g. What does that do to the decomposition of w? Consider for
simplicity the case s = 1. There are two possibilities.
Possibility (7). lϊ p~1(k + g)^k then we get precisely the same decomposition as
before, w-»(Λ M ,r). That r does not change is clear since it depends only on the
order of the roots of G and this stays the same. As of w, it does change, but Λu
does not, since Λ° = Λ9 and the set at — i stays the same, except for this substitution.
l

Possibility (2). If p~ (k + g)>k then clearly at — i<g for all l ί g i ^ f c . Then
αf -> a{ + 1 implies that /iu -> σ(/lu), where σ stands here for the automorphism of
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G. Similarly, q is rotated and so r-»w σ r. Thus we find precisely the field identiS-1

fϊcation of the theoryy —.

H

Now, our claim is that the map we have defined is 1-1 and onto from
R \
}mod{w σ } to the pairs ( Λ u 9 r ) modulo the action of σ. Consider then
Hl x GJ
a representative from the first set. We can choose a representative such that
at -i<g for all / by using rotations of type (1). It is clear from Eq. (4.24) that Λu
is an integrable highest weight at level k. The map u-+Λu is also 1-1 and onto

(

since if A is an integrable highest weight, it can be written uniquely as Σ Λbl,
i= 1

where Q^b1=b2,...^bk<g. Define the a{ = b(i) -f i and u = [αj. Then A = Λu
in a unique fashion. Choosing different representatives, for which α f — i<g, would
lead to rotations of type (2) giving precisely the field identification of the theory
G/H. Thus the map we have constructed is well-defined, 1-1 and onto, between
the two sets of cosets and we have proved,
Theorem (4.1). There is a one to one map from the chiral fields of the two theories
T(n1;n2,..., nt) to T(0; nl9 π 2 ,..., nt), where the nt are any non-negative integers. This
maps respects the (7(1) charges and is given by the Weyl group decomposition
described above.
In particular, the two theories will have the same Poincare polynomials.
Presumably, this map is a graded algebras isomorphism, namely, it respcts the
multiplication of the chiral fields. Albeit, in view of the fact that the structure
constants of the theories in question are not, in general, known, it is hard to
establish this directly.
Since the Weyl group of SU(N) consists of permutations, and since the level,
k, can be assumed to be equal to zero without any loss of generality, a purely
combinatorial formulation can be given for all the theories in this class. The
R \
1 obviously correspond to the different orderings of
H^xGJ
I type of objects, where we have n t of type I,n 2 of type two, etc. To simplify the
notation, let us assume that 1 = 3 and that there are three objects, n t red balls
R \
1 be some permutation.
H! x G /
We then locate the red balls in the p(i) places \^i^nl9 the blue ones in p(i) for
HI + 1 = i ^ HI + n2 and the green ones at the places p(i) for nl + n2 + l^i^n1 +
n2 + n3. Quite evidently, this is a one to one and onto map between the various

(

(

arrangements of these balls on a line and W
In view of the field identifications by wσ, which is a rotation of the balls, they
should actually be considered as arranged on a circle, and two configurations
which can be rotated to each other are one and the same. Our configuration space
is thus the different arrangements of these balls on a circle. We can now define
the "energy" of each configuration as a measure of its derivation from the ordered
state where the balls are lumped in three groups (p(i) = i). The energy is the 17(1)
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charge Q = (nl -f n2 + n3)Qw, which using Eq. (4.5) can be shown to be,
Q = - n2/(red, green) + π3/(red, blue) + nl /(blue, green).

(4.25)

Here the Γs are defined as follows. Open the circle at some arbitrary point to a
line. Now count the number of green balls that are lower than red balls, by
summing up the number of green balls that are to the left of each red ball. This
number is denoted by /(red, green). (This is the minimal length of a permutation
needed to arrange all the green balls to the right of the red ones.) Similarly define
the other Γs.
The energy Q, so defined, is, of course, a function of the arrangements on the
circle. If we pull, say, a green ball from the exteme right to the extreme left, we
add nί to /(red, green) and n2 to /(blue, green). The change in the energy is then,
ΔQ= — n2(nl) + n3(Q) + nΐ(n2) = Q, showing that Q is invariant. Similarly, Q is
easily seen to be invariant under the pulling of red or blue balls. Thus Q is indeed a
function on the circular configurations. In fact, this property completely determines
the coefficients in Eq. (4.25) and it is thus the unique function of this type.
We can now define the partition function as the sum over all configurations
at the temperature β = — log ί. We have
Z(ί)=

Σ

config.

e

~PQ= Σ P
config.

(4-26)

Note that the partition function Z(t) is precisely the Poincare polynomial of the
theory, P(t).
Thus we have translated the problem of understanding these theories to a very
simply stated statistical mechanics problem on the circle. One can then ask
questions about the zeros of the partition function, grand canonical partition
functions (summing over the nt with some chemical potentials) and thermodynamic
limits (the limit of an infinite number of balls). In fact, these are precisely the
questions that we will deal with in much of this paper. As explained in Sect. (1)
the zero's of P(i) encode the algebraic information about it. The grand canonical
partition function is the polynomial generating function introduced in Sect. (6),
and the thermodynamic limit corresponds to taking fc->oo, a valuable limit in
which the algebra becomes a free polynomial algebra.
This picture can be drawn equally well for / > 3 by the introduction of / distinct
types of balls. The energy Q then assumes the form

e = Σ Σ ««/(*, o,
s=1ί=s+l

(4.27)

where /(s, ί) is the number of t balls to the left of s-type ones. It is not hard to see
that Q will be cyclically invariant if and only if
Σ"sΛ = 0,

t

(4-28)

for any s and we defined mst = — mts. A given mst is a solution of Eq. (4.28) if and
only if it is of the form
™« = Σκ«unu>

(4.29)
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where Kstu is any fully antisymmetric tensor5. For each such tensor we would have
a cyclically invariant ζλ The coefficients mst that correspond to the U(l) charge Q
can be calculated from Eq. (4.5) and we find that they correspond to the most
symmetric case of these, Kstu =1 if s < t < u and is antisymmetric in the three
indices. Explicitly,

™s<= i =Σ1 *i- i =Σs+l »* + i =Σt+l *ι>

(4-30)

for 1 ^ s < t ^ / and mts = — mst.

The rather formal proof that we have given above for Theorem (4.1) can be
understood, quite intuitively, in terms of these "colorful" balls. We leave the details
as an exercise.
We finally come to the dihedrality of the theory, Eq. (4.3). This follows simply
from the field identification. Under vvσ, w cyclically permutes, p(i)->p(i) + s mod(fc + g).
Thus, the very same permutations correspond to T(nl9n29...,nl) and
T(n 2 ,n 3 ,...,n ί ,n 1 ). It follows that these theories have an identical configuration space and identical polynomials. Similarly, since T(0'9nί9n29n39...,nl) =
T(nί9n29 ...,«/) (Theorem (4.1)), it follows that we can reflect nt -> nt +2 -i for 2 ^ i ^ /.
(It is the same algebra, with the same roots deleted.) Thus we have proved the
identity stated in the beginning of this section.
Theorem (4.2). We have the following equivalence of theories (in terms of their
Poincare polynomials),
U(n2 + κ 3 + ~ + nt)nι
U(n2) x U(n3) x ••• x [/(n,)

U(np(2) + np(3) +

+ np(l))np(ί)

U(np(2)) x l/(np(3)) x ••• x U(np(l))'

where p is any diehedral permutation, generated by a rotation p(i) = i -f 1 or a
reflection p(ί) = I + 2 - i for 2 <£ / ^ /.

The isomorphism map between the chiral algebras of the theories is given by
the composition of two of the isomorphisms described in Theorem (1). Namely,
multiply w and A (represented by the corresponding Weyl element), then rotate
the result by wσ to the appropriate power and, finally, decompose back according
to a different subgroup. In general, this two step isomorphism becomes quite
complicated, while each of the steps is relatively simple.
The case of / = 3 of Theorem (4.2) was conjectured in ref. [21], whereas a case
of this theorem for n 3 = n4 = ••• = n{ = 1 was proved in ref. [32].
Both Theorem (4.1) and Theorem (4.2) hold for all / and all n, > 0. If gcd(n t ) φ 1
there are fixed points of the action of σ. However, since we established the
isomorphism as maps on cosets, this does not matter.
5

To see this note that if V ί l t i 2 t _ t ί w is a fully anti-symmetric tensor, i.e., an element of the
exterior algebra Λ V, or a form, then we can define a boundary operator, 5K = ^w ί l K ί l > l 2 t > .. j ί n .
u

It is easy to check that d2 = 0 and thus we defined a complex. Equation (4.28) is the statement
that m is a closed form, while Eq. (4.29) implies that it is exact. Define, as usual, the cohomology
group as closed forms modulo the exact ones. Then this statement is equivalent to the second
cohomology group being trivial. By a direct calculation it is not hard to establish that all
the cohomology groups are trivial provided that nt φ 0

Algebraic Structure of N = 2 String Theory

463

Note that although the central charge is completely symmetric in the n/s
(Eq. (4.4)), permutations other than the dίehedral ones described above, would,
indeed, lead to different theories. This can be seen by the direct calculation of the
Poincare polynomials. The polynomials turn out to be different for theories related
by permutations other than the diehedral ones, showing that these are distinct
/! 1
theories. At a given / there are — = -(/— 1)! inequivalent theories (/ ^ 3) for every
generic choice of n^s. Thus at / = 3 there is a unique theory, three at / = 4 and at
1 = 9 there are 20,160 inequivalent theories, all with the same central charge!
5. Dihedral Polynomials
The typical polynomials that one anticipate in a scalar field theory have the form
(see Sect. (1)),
n

Π _ td-mr\

P(ί)=Π
—- >
U
M (l-ί"*)

(5 !)

where g is the degree of the potential and the mr are a set of exponents which are
the degrees of the generators. It will prove useful to introduce a short-hand notation
for any polynomial of the type Eq. (5.1). Let q(x)eZ((x))9 where by Z((x)) we denote
all the Laurent polynomials with coefficients in Z of which only a finite number
is nonzero. For every such Laurent polynomial we can associate a rational function
with integral coefficients as follows. Suppose
N

Σ

q(x)=

«X,

(5-2)

r= -N

then define Pq(t) to be the rational function,
.. N

P,®= Π (1-ίT

(5-3)

r = -N

We shall call q(x) the degree series of the rational function Pq(t). It is also useful
to define the "dimension" of the series q(x) as a map from Z((x)) to Q (the field
of rational numbers),
N

D(q)= Π •
' *•

(5-4)

r = -N

It is clear that the map q -> Pq(t) is onto the field of rational functions over Z
whose zeros and poles are all primitive roots of unity, or zero. This map is almost
one-to-one, in the following sense. Let q be some degree series. Then Pq(t) φ 0 may
be written as

pq(t) = (-ιytkγi(i-trr,
r=l

(5.5)

where k is the order of the zero at t = 0 (equal to the sum of the negative power
terms of q), s is the sum of the negative coefficients and ar is the sum of the
coefficients of r and — r. Clearly, there might be some ambiguity, in case k Φ 0, in
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reading q from Eq. (5.5). However, k and ar are uniquely determined from Pq(t).
The proof is a generalization of the polynomial case [12], and proceeds by
induction, k is the order of t = 0 and thus it is enough to consider the case of
k = 0. If Pq(t) is of the form Eq. (5.5) then all the roots and poles are primitive
roots of unity. Clearly, for n large enough, Pq(t) has no poles or zeros which are
m primitive roots, with m > n. Let n be the biggest integer such that Pq(t) has a
th
primitive n root of unity as a zero or a pole, with degree an. Multiplying both
an
sides of Eq. (5.5) by (1 — t")~ lowers the value of n. Repeating this step proves
the assertion. The ambiguity associated with k Φ 0 will not be of a problem in our
subsequent discussion, as we shall be dealing with Pq(t) of the form Eq. (5.1) where
it does not arise.
An evident but very useful property of the maps defined above is,
Lemma (5.1). If q{ and q2 are two Laurent polynomials then
P ί l + « = V«>

(5-6)

Dqι+tl = DqιDn.

(5.7)

Proof. Immediate from the definition.
Suppose that q(x) is such that q(l) = 0. This implies that the sum of positive
and negative coefficients is equal. We can then write the polynomial Pq(t) as,

Pg(t)-~

,

(5.8)

Πα-ί-)
and thus the function Pq(t) is regular at t = 1. (Similarly, if q(l) is nonzero, P(t)
has a zero or a pole according to the sign of q(\) whose degree is \q(l)\.) We can
compute Pq(l) by dividing both the denominator and numerator by (1 — t)r and
expanding,
(5-9)
t=l

Substituting t = 1 we find,
Pq(l) = D(q).

(5.10)

In case Pq is the Poincare series of a graded algebra, then Pq(\] is the dimension
of the algebra over the base field, and thus this dimension is given by D(q) (hence
the name of this map). In particular, in this case D(q) must be a non-negative
integer. Similarly, if a Poincare polynomial of a graded algebra is given in the form,

ί=l

then the dimension of the algebra is
P(l)= £ D(qs\
s= 1

(5.12)

Algebraic Structure of N = 2 String Theory

465

where for simplicity we assumed that qs(l) = 0 for all s. Note that each of the terms
separately is not necessarily a positive integer and that the Pqs itself need not be
a polynomial.
We want to use the notation introduced above to investigate the following
question. Consider the N = 2 superconformal field theory,

SU(n) x SU(m) x 17(1)
We know from Sect. (4) that this theory is dihedral. Namely, it remains the same
under any permutation of fc, n and m. Suppose the Poincare polynomials of the
associated chiral algebras are given by expressions of the type Eq. (5.1). Then this
expressions must be dihedral as well, namely, invariant under a permutation of
fe, m and n. As we will now show, this fact alone is almost enough to determine
the degree polynomials completely and hence also the Poincare polynomials.
It is enough to supplement it with the following: assume also that the set of
degrees obey the duality relation
(5.14)

{mi} = {n + m-mi}

and that the exponents mf are positive integers. In that case, since d = k -f- g and
g = n + m, P(t) assumes the form
r

(\ _ t*nι+k\

πϋ-J-1.

(5.15)

The reason for this assumption is simple. For all hermitian symmetric spaces (h.s.s.)
theories the conformal field theory at fe = 0 is trivial, c = 0. Thus at fe = 0, P(t) = 1,
which is possible only if this duality holds.
Define the degree polynomial q(n, m) by

The duality property Eq. (5.14) is equivalent to,
(5.17)

Then the denominator of Eq. (5.15) is given by Pq(ntin} and the numerator is given
by Pj(ί), where l(x) = xkq(x). Thus, the polynomial P(t) is
P(t) = PM

where

k

iφc) = (x - l)q(x).

(5.18)

The dihedrality of permuting n, m and fe implies that the Poincare polynomials
are the same:
Pn^\t) = p" ».*(ί) = P" *»m(t),

(5. 19)

n m k

where P > > is the polynomial of SU(n + m)/SU(m) x SU(n). Let also qn,m(x) stand
for the degree polynomial of this algebra. Since the Poincarέ polynomial determines
completely the degree polynomial (using also the positivity of the degrees), as
discussed earlier, it follows that
(1 - xk)qn,m(x) = (1- xk)qm,n =.(1 - xn)qm,k.

(5.20)
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Equation (5.20) determines completely the degree polynomial qnm for all n and m
up to a constant polynomial, which is independent of n and m. To see this substitute
n
k = 1 in Eq. (5.20). We get (1 - x)g n>m = (1 — x )<?ι,m. Repeating again we find,
2

(1 - x)

Λ. II, III

\7

/*

4. i , J. \

/

\

/

n+m

Using now the duality of q, x q(\/x) = q(x) we find qlΛ = x. Thus we determined
completely the allowed exponents,
-,

It is easy to see that all the coefficients in Eq. (5.22) are indeed non-negative. An
equivalent way to write this equation is
qn,m= Σ Σ x ί + J "S
i=ι j=ι

(5-23)

allowing us to write the Poincare polynomials Eq. (5.23) in the form
n

m

m

(\ — fk + i + j-l\

P"' '"(t)=
Π1 1Π
V /
1
1
/-<+ j-jx
i=lj=l

( L — t

J

)

V

ϊ

By the preceding discussion, the Poincare polynomial P"'w'k(ί) is given by Pq(t\
where
ee

and is thus manifestly symmetric in n, m and /c and the dihedrality is explicit. Thus
we have shown that a Poincare polynomial of the form Eq. (5.15) is dihedral if
and only if it is identical to Pn>m*(t) defined in Eq. (5.24).
One might wish to relax some of the assumptions made. In particular, all the
arguments can be seen to hold if some of the degrees (mj appearing in Eq. (5.15)
are allowed to be negative. In this case the proof is exactly the same and we arrive
at the conclusion,
Theorem (5.1). Assume that a family of polynomials pn>m>k is given in the form
n m fe
Eq. (5.15) and P ' ' = Pq(t\ where q is the degree polynomial Then this family is
dihedral in the sense that P"'m'fc = Pm'n'k = Pk'm'M if and only if the degree polynomial
q is
q(x) = (xk-\}pm,n(x\

(5.26)

where pm,π(x) = Σ χm ' ™ tne degrees generating polynomial and is of the form
i

W 1 —χ"\(\ —χm]

(5-27)

where s(x) is an arbitrary polynomial. The degrees (mj will permute among each
other under the reflection m^m + n — mt if and only if s(x) = s(l/x). The number

(5.24)
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of generators is given by nms(l) and the sum of the degrees is
Σ^ = P;m(D.

(5.28)

i

// s(x) — s(ί/x) then s'(l) = 0 and the sum of the degrees is ^s(l)nm(n + w). // all the
degrees are positive integers, then s(x) = α, where a is an arbitrary positive integer6.
It is possible to cast our answer for the dihedral polynomial for
SU(n + m)

SU(n) x SV(m) x 17(1)

in a root system form such that it would be evident how to generalize it to any
G/H. Note that the number of generators appearing in this formula is equal to
the number of positive roots in ΔG/H. Furthermore, it is not hard to see that the
n

m

exponent generating polynomial q(x)= Σ Σ

χl+J

'~ 1 can be written as,

i=l j=l

£ χθ".

q(x)=

(5.29)

aeΔo/H

In other words, the degrees are given by pα, where α runs over all the positive
roots which are in G but not in if, and the gradation is given by k + g.
Written in this form, it is obvious how to generalize Eq. (5.29) to all theories.
Simply replace ΔG/H with the roots of the corresponding theory. The Poincare
polynomial of the theory G/H graded at k + g will then be given by,
Π _tk+g-*p\
Π *
(5.30)
Most importantly, for all G and H this polynomial has the correct central charge.
The central charge can be read from the degree of the polynomial, as explained
in Sect. (1), and we find
-c(k + g)=

X

k + g-2xp = (k + g)IXm(AG/H)-4pG(pG-pH)9

(5.31)

which is precisely the formula for the central charge that was derived in Sect. (2),
Eq. (2.6).
G
In the special case where — is an h.s.s. theory, since Λσa = 1 iff αeZl G/H , where
H
Λσ is the minimal fundamental weight that was deleted and α is any positive root
of G, it follows that the polynomials Eq. (5.30) can be written as
1 _ Λ

= Π

,

x

,

(5-32)

6
Taking a = s(x) φ 1 corresponds to replacing P(t) by P(t)a a freedom that always exists,
but that does not concern us in our discussion since it will result in an incorrect central
charge. This would be the Polynomial of a tensor product of a identical copies of the theory,
which is, obviously, dihedral
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where A = kAσ. A well known result due to Weyl is that P(t) is the character of
L(A) graded by p (the so-called principal gradation) (see, for example, [29],
Proposition 10.10, where a generalization of this to all Kac-Moody algebras is
described), noted in this context in ref. [30],
P(ή=

t(Λ-λ}f>,

£

(5.33)

λeL(Λ)

where the coefficient of ta is the number of vectors in L(Λ) of height a. It follows,
in particular, that P(t) is a polynomial in this case. (This is not necessarily so in
the non h.s.s. case.) Another consequence is that in the h.s.s. case, P(t) is a unimodal
polynomial, i.e., if the positive coefficients of P(t) are denoted by dl9 d2,..., dm then
di = d m _i and the series increases up to d[(m+1)/2]> for any A [33]. This is not hard
to see since P(t) is, up to a factor of t~Λp, the character of L(A) as an SU(2)
representation, where the SU(2) algebra is generated by the sum of all positive or
all negative roots. It follows that d{ — dt.l is the number of times the representation
with weight (m + l)/2 — i appears in L(Λ) and is thus non-negative, for i^(m+ l)/2.

6. Polynomial Generating Functions
Let us return now to the graded chiral algebras of Sect. (2-3). We arrived there
at the following expression for the 17(1) charges (grades) of the fields in these
algebras,

k+g
where A is an integrable highest weight, and weH^j — ) is an element of the Weyl
\H >
group of G, W(G), under which all the positive roots of H remain positive. For
each such A and w there is precisely one field in the principal theory modulo the
field identifications. The number of fields is then given by (in case there are no
fixed points), Eq. (3.13)

N=

JBG)L
\W(H)\Z

k

where N% is the number of integrable highest weight fields at level k and Z is the
order of the center group.
Let us consider the Poincare polynomial of some reductive pair (G, H) at level
/c, graded by k + g and denote it by P%IH(t) or succinctly by Pk(t\
PGkIH(i)=

X ί(/c+*<

(6.3)

Λ,w

It is useful to introduce a polynomial generating function for all such polynomials
at an arbitrary level,
00

PG'«(z,ί)= Σ PGk'tt(ttf.

(6.4)
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We shall derive an explicit expression for the generating function P(z, ί).
An integrable weight at level k can be written in the form
Λ=Σ'Λ,

(6.5)

i=l

where. Λt are the fundamental weights of G and n is the rank of the algebra. The
lt obey the integrability condition /c^Σ#^; It is convenient to adjoin also the
affine weight / 0 Λ 0 , where lQ = k — ^gili9 and the gt are defined by

Define also #0= l θ stands for the highest root. The sum Σ#ΐ = # ιs the dual
Coxeter number.
The expression for the charge Q of the field C^, Eq. (6.1), can now be written
in the form
S

n
• V"
i i
w + L "vvΛ

k+g

where n = rank(G) and the "exponents" a^ are defined by
and
s

w = #'(w) ~ 2(p — p#)[p — w~ 1(p)].

(6.9)

We can now compute
Λ.weϊFi.fc

weWί h,h,...,ln

(6.10)
The sum factorizes into a product of geometric series and we find an expression
for the polynomial generating function,
P(z,t)=

Σ -n

—

— ί Π(i-^*<)
=0

(6.H)

The case that G/H is an hermitian symmetric space corresponds to a reductive
pair (G, H) such that H is obtained from the diagram of G by a removal of one
node which is minimal, Λσ = σ(0) for some automorphism σ of the extended Dynkin
diagram. A fundamental weight Λt is minimal if and only if gt = 1 and the simple
root αf is a long root. Recall from Sect. (2) that an external automorphism can be
written as
σ(λ) = σ(0) + wσ(λ),
(6.12)
where wσ is an element of the Weyl group. Furthermore, p at level g is invariant
under any external automorphism, σ(p) = p. To prove this note that p at level g
corresponds to the affine "sum of positive roots" defined by the equation
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and is thus invariant under any permutation of the afϊine simple roots at which
preserves the scalar products, proving that σ(p) = p. Using Eq. (6.12) we get
(6.14)

p = wσ(p) + gΛσ,
or p - wσ(p) = gλσ. Recall from Sect. (3), Eq. (3.16) that
P-w σ (p)=

Σ

α>0

α

=

w~1(a)<0

α

Σ

α>0

>

(6 15)

&Λσ=l

where we used Lemma (2.1). The sum on the right-hand side of Eq. (6.15) ranges,
however, precisely over all positive roots that are in G but not in H, since every
such root is of the form β = ασ + ••• (since gi = 1) and is thus equal to 2(p — pH).
We have proved,
(6.16)

2(p-pH) = gΛσ.
It follows also that
2(p-pH)(p-w-1(p))

= gΛσ

£

α = 0/(w),

(6.17)

α>0
w(α) < 0

where we used Eq. (3.16). This is a more direct proof for Eq. (3.20). Thus sw = 0
C\
— 1 and it follows that
Hj

(

Lemma (6.1). When G/H is an hermitian symmetric space, sw = Q and the generating
function assumes the form

p(z,ί) = Σ Π—1~—r-

(6 18)

The (7(1) charges can be written for this family as
Λ
Q*=

kl(w) + gΛaw~*(Λ)
,
—.
k +g

(6.19)

Picking the z independent term in Eq. (6.11) we find the Poincare polynomial
of the k = 0 theory,
ΓoW= Σ ^>

(62°)

or, the 5W are the charges of the k = 0 theory. In the hermitian symmetric space
case the central charge vanishes when k = 0 and P0(ί) becomes a constant integer.
(G
This represents the trivial algebra with only the unit field, appearing W\ —
H
times due to an over counting.
In fact, as discussed in Sects. (2-3), the fields C* and C^ are one and the
same, i.e., we need to identify fields under the action of the external automorphisms.
We have assumed in our discussion that there are no fixed points of this action.
If there are then Eq. (6.11) needs to be modified as explained in Sect. (3). In case
there are no fixed points, the correct expression for P(z, t) is .obtained by dividing
it by Z, the order of the center. Further, it will be shown that s W σ V V = sw and
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w = α wαw ( 0 » Eq (6-32), and thus the terms in Eq. (6.11) associated with w and w σ w
are the same. Assuming no fixed points is equivalent to demanding a faithful action
of wσ on Wl and thus the sum can simply range over a set of representatives of
W1 mod{w σ }, where the quotient is on the left.
It is not hard to extend the formalism described above to allow for fixed points.
This will be demonstrated through an example calculation of the polynomial
a

generating function. Consider thus

which is an h.s.s. theory. The
S0(3)xl7(l)
simple roots of S0(2n + 1)« Bn are εt — εi+l9 where 1 ^ i < n along with εn. The
Weyl group of S0(2n + 1) has 2nnl elements, which are the signed permutations
of the εί9 the most general element being of the form w(ε f ) = s^p(i), where st = ± 1
and p is any permutation. Thus the number of cosets in W\
1 is 2n. It
\SO(2n-l)J
is not hard to see that there is only one non-trivial external automorphism, wσ = δί9
where δt is the Weyl transformation that only flips the sign of ε f . The elements of

W\
) are given by either pr or prδl9 where pr = w r w r _ 1 •• w1 and
\SO(2n-l)J
0 ^ r < n. Since δ1pr = prδ2 if r > 0 it follows that wσ exchanges the two cosets p0
and PQO^ (since p0 = 1) and fixes all the other cosets, wσpr = pr and v^σprδί = prδl9
for r > 1.
Let us compute the polynomial generating function for n = 2. It is enough to
compute a^ for the three Weyl elements 1, w t and \v 2 w l 5 for which /(w) is 0,1,2,
respectively. For this theory, 0 f = l , 0 = 3, 2(ρ — pH) = gΛί, Λ1=εl and
Λ 2 = 2"(ει + ε2). Substituting into Eq. (6.8) we find that
4 = (0,3,|), < = (!,!,!), α ί W2 w 1 = (2,2,i).

(6.21)

We can now repeat the calculation of the polynomial generating function Eq. (6.10),
taking into account the fixed points. For the first coset, w = 1, the calculation
is unchanged since it is not a fixed point of wσ and thus, as before, P(z9 i) =
(1 -z)" 1 ^ -zt6}~l(i -zt3)'1. (We have replaced t with t2 so as to make all the
powers integral.) For the coset \v1 we find
(6.22)
where the first sum is the usual one, dividing by 2 in view of the action of σ on
A (which exchanges l± with / 2 ) and the second sum adds half for every fixed point
so as to make the total equal to one for these as well. It is now easy to sum
Eq. (6.22) and wefindP(z, t) = [(1 - zί2)(l - z 2 ί 4 )(l - zί5)] ~'. Similarly we get for
the third coset P(z, ί) = [(1 - zί4)(l - z 2 ί 8 )(l - zί)] ~ \ The generating function of
the theory is the sum of the contributions from the three cosets,
P(z,t) =

(1 - zί2)(l - z2ί4)(l - zt 5 )
This concludes the example.

(1 - zί4)(l - z2ί8)(l -
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Note the striking similarity between the expressions that we obtained for the
"bi-graded" Poincare polynomial, P(z, t\ and a classical Poincare polynomial.
Recall from invariant theory (e.g., ref. [14]) that for any group G of matrices acting
on a vector space we can define the invariant polynomial algebra S(V)G defined
as all the polynomials in Dim(F) variables invariant under the action of G. The
Poincare polynomial of such an algebra is according to Molien's Theorem [14]
of the form
P(z) = Σ det(/ - zgΓ1 = Σ Π T-1^
geG

geG

i

1

ZA^

<6-24)

where the A t 's are the eigenvalues of g in the representation acting on V. If we
Γ"\

— ) we see that the expression we have derived
in the h.s.s. case, Eq. (6.18), is identical to Eq. (6.24). This clearly suggests that
P(z, ί) might be interpreted as the Poincare polynomial of a symmetric polynomial
algebra. Namely, take all the polynomials generated by the Λt graded at the level
Qi and interpret these as tensor products which are invariant under the action of
Wί. This is consistent since k is additive under such products, hence respecting
the z-grading. This polynomial cohomology will then have as the Poincare series
the polynomial generating functions that we have computed. It is thus natural to
try and identify it with our bigraded chiral algebra.
The set of exponents alw obeys the following property,
n

Σ afw = sw + 2p(p-pa),

(6.25)

i =0

which follows their definition, Eq. (6.8), using £& = 0 and £/!,- = p. It follows that
the generating function P(z, t) can be written as
(-l)n + ^zst2p(p-pH)

£ -n--- .

(6.26)

i =0

As discussed in Sect. (1), the Poincare polynomial is dual,
:),

\ί/

(6.27)

implying that,

fc=0

fc

=0

and we proved

/
\

M

A
9

t)'

The field identification,
Λ = C σ(Λ) 9

C

(6 30)
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discussed in Sect. (2), implies, in particular, that the 17(1) charges of the two fields
in Eq. (6.30) must be equal. Owing to Eq. (6.7) this is equivalent to
for all w and i. Summing Eq. (6.31) over ί and using Eq. (6.25), we find
swβw = 5 w>

<C-ΐ(ί) = <•

(6.32)

In the h.s.s. case, since sw = 0, comparing Eq. (6.18) with Eq. (6.26) we find that
the generating function has the property
z ί/

(6.33)

where M = Όim(ΔG/H) and we used Eq. (6.16) and the fact that 2Λσp = M (since
for every α > 0, %eΔG/H iff αΛ σ = 1).
This property may be thought of as a generalization of the Poincare duality
for infinite dimensional graded algebra and is common for many "simple" algebras.
For example every Gorenstein algebra obey this [34,13]. Every Cohen-Macaulay
integral domain with this property is a Gorenstein algebra [13]. Thus the simplicity
of the polynomial generating function F(z, ί) strongly suggests that a simple
bigraded algebraic structure arises. As discussed earlier, it is natural to identify
this structure as some invariant version of a tensor algebra which owing to
Lemma (6.1) must be a relatively simple algebra.
In the h.s.s. case, since gM = 4p(p — pH\ the Poincare duality Eq. (6.29) assumes
the form,
/
1\
(6.34)
The two transformations, A and B, generate a Z2 x Z2 group of "bi-dualities,"
A2 = B2 = 1 and AB = BA.
Let us consider now the theories of the type

. First, in
SU(m) x SU(n) x 17(1)
case G « SU(N), we can write the exponents in a nicer form, for any subgroup H.
This is since for SU(N) all the fundamental weights can be written as At = σ'(0),
where σ is the generating external automorphism (which generates a cyclic group
of order N, ZN). Thus, we can use Eq. (6.32) to write,
α j = α °W0W
=ί(w».
f
w

σ

(6.35)

Thus in the case that G = SU(N) the generating function may be written as
P(Z,ί)= Σ

Π [l-zf'^r1.

w e W i imodJV

(6-36)

We shall be mostly concerned with the h.s.s. family, where H = SU(ri)x
SU(m) x l/(l) and G = SU(n + m), which is obtained by the deletion of precisely
one weight from the Dynkin diagram of SU(n + m). Recall from Sect. (4) the
structure of the Weyl group W, in this case. As described there the simple roots
ofSU(n -f m) are given by εf — εί+1? where {εj is an orthonormal set of unit vectors,
and 1 ^ i ^ n -f m. The elements of W(G) are given by the permutations wfo) = εp(ί),
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where p is any permutation. The elements of W(G/H) correspond to permutations
such that p(ί) < p(j) for 1 ^ i <j ^ n or n < i < j ^ n + m. Thus, w( — 1 is in a one

\H /

to one correspondence with the sequences w = [aί,a2,...,an] such that 1 5^ <
02 <
< an ^ n + m, where α t = p(i). The length of the Weyl element w is, Eq. (4.21),
n

/( W )= £ α .-i.

(6.37)

We can compute wσw. wσ corresponds to the cyclic rotation, p(i) = i + 1 mod n,
p = (l,2,3,...,n + m). For any integer x, denote, by {x}, the integer i such that
I -ζi^n + m and i = xmod(n -f m). Let w = [α l5 α 2 ? . . . , βw] be some element of
— 1. Then vv^vv is given by [αt + s]. In particular, /(w σ w) is
HJ

- -n(n + 1) + £ {αt + s} = - -φ + i) _ (n + m)fc + £ α f ,
2

j

2

i

(6.38)

where k is the number of times we "wrapped" around with the αt's.
Now assume that gcd(n,w) = 1. Then asvv = atw implies that s = tmod(n + m),
since if asw = afw, where w = [βl9 α 2 , . . . , αj, Eq. (6.38) gives
- f φ + 1) + sn + £ a f = - |φ + 1) + m + X α t mod(π H- m),

(6.39)

implying that indeed z =7'mod(π + m). Thus, there are no fixed points for any k if
gcd(m,n)= 1. This is easily generalized for / > 3 (in the terminology of Sect. (4))
showing that there are no fixed points iff gcd(n l5 w 2 , . . . , nt) = 1.
As alw = /(vt^vv), where /(w) is the number of positive roots of ΔG/H that become
negative roots under the action of w, we find that 0 ^ a^ ^ M, where M = nm is
the number of elements in ΔG/HΊ '.

It follows that for the family - , we can take as a comm
SU(n) x SU(m) x t/(l)
denominator in Eq. (6.36), f j (1 — zίd), showing that,
d=0

,, _ _
, _ .,
,
SU(n + m)
Lemma (6.2).x For tnejamily ofrι h.s.s. theories
-su n
function assumes the form,
( )x
j

Σ ^(^

, the generating

(6.40)

ΓΠi-zί")
w/iere M = nm, J = M + 1 — 0, am/ ί/ie £_y(i) ar^ some polynomials. From the
bi-duality of the generating function, Eqs. (6.33-6.34), it follows that the polynomials

1

For any G and H,alw^Q and s w ^0. To see this, apply the formula for the 17(1) charge,
Eq. (6.7), to the weight sλh where s is very large. Taking k = 0 shows that sw ί> 0

Algebraic Structure of N — 2 String Theory

475

Ej(t) obey

£ r j/l t\l
f

c

— *J>

17 /*\

c f (l/2)M(M4- 1 —g)

/v''/ — ^ ^

5

(f\ A\\
V

/

(6.42)
(6.43)
where S = | W(G/H)\ is the number of cosets in W(G) modulo W(H).
Proof. Described above. It remains only to show the properties listed. That
C\
— ) is clear by substituting z = 0 in Eq. (6.36). The rest of the proof
Hj
follows as in Sect. (7), Theorem (7.2).
The only known series of theories which are scalar field theories at an arbitrary

(

level fe, is the series

[8]. The generators are of degrees {1,2,..., JV).
SU(N) x 17(1)
The Poincare polynomials agree precisely with the ones we computed using dihedrality alone, Eq. (5.24),

The generating polynomial P(z, ί), Eq. (6.36), in this case assumes the form
N
P(z,ί)= Π O - Λ ' Γ 1 ,
(6-45)
i=0

since there is only one right coset of W± mod{w σ }, and no fixed points. We thus
arrive at the identity,
N

N

π _ f * + 'ϊ

Πd-rtO-^Σ^π

(6 46)

'

The identity, Eq. (6.46), aside from being very pretty 8 , can be used to derive
closed formulas for the Poincare polynomial P(t) at any k for many other theories.

Consider for example - which is an h.s.s. theory. In this ca
Sl/(3) x SU(2) x 17(1)
there are no fixed points and precisely two inequivalent elements of the Weyl
group that are needed to be considered. These are 1 and w 2 (a reflection by the
second simple root, that was deleted). We find,
a\ -(0,3, 6, 4, 2)

8

and

alW2 = (1,4,2,5,3).

(6.47)

This identity is known in mathematics and goes back to Cauchy. It is called the g-binomial
theorem. See, for example, ref. [35]
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Thus, using Eq. (6.36),
~ (1 - z)(l - zί3)(l - zt6)(l - zί4)(l - ztT)

1
4

- zί)(l - zί )(l - zί2)(l - zί5)(l - zί3)

Using, Eq. (6.46), we find for the kih term of P(z, ί), the Poincare polynomial Pk(t\
Pk(t) = 2RΊk - (1 + t + t5 + ί6)#,7_ ! + 2ί 6 K fc 7 _ 2,

(6.49)

and so

no-' 1 )
)α

3)

--

t 7 )Ί

(

(1-0

_Γ
(6.50)

As we can see the answer, even in this case, is quite complicated. It displays some
sort of an algebraic structure, as evidenced by the many primitive roots of unity
that appear as zeros and poles, yet a big chunk of the answer does not seem to
have much of an explanation. Certainly the theory is not a scalar field theory,
except for k= 1.
In order to make any further progress we need to cast the Poincare polynomials
that we have computed in a form that would make their algebraic structure more
transparent. This we will do in the next section.

7. The Resolution Series
Let us go back to the canonical form for an SFT Poincare Polynomial in the h.s.s.
case. In this case P(t) assumes the form (Sects. (1,5)),
S

M

n J c + mjΛ

PM= Σ ΓΓ
s=0 i = l

.

(l-ίm')

(7-1)

Note that we generalized this expression to include more than one term. The
meaning of this generalization will become clear later in this section. We shall
further assume that the exponents {mj are dual, {mj = [g — mj for some g and
that the sum £ w* = R is independent of s. We will also assume that Pk(t) = 0 for
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— 1 ^ / c ^ l — g, which is satisfied if mi = 1,2,...,g — 1 are part of the exponent
set. The exponents, mt can be positive or negative and, of course, m* / 0.
We start with a theorem.
Theorem (7.1). Let P(t) be any polynomial given as above. Then R — ^Mg. Define
as usual the generating function
00

P(z,t)=

£ zkPk(t).

Then P(z, t) obeys the bi-duality property (Eqs. (6.33-6.34)). Namely,

(7.2)
vZ

t

and
(7.3)

Proof. Property B is the consequence of the Poincare duality of Psk(t) which is
easy to establish from the explicit expression Eq. (1). The proof of property B is
very similar to that given in Sect. (6) for the G/H generating functions and we shall
omit the details. This property can of course be generalized to the non-h.s.s. cases.
Consider then property A. For simplicity consider first the case S = 0, where
there is only one polynomial. Then we can compute
00

M

M

k +m

mi

k

9

k
k Γ l — (\lt\ ~ ~ ~\
Π — t i}
°°
p(z^ t)=
y
z
π
y
z
π - —
'
*—'
//ι
/- Λ
^^
._ I 1 11 t\~
I
Γ

Δ

l

\ "> )

Z.J

I

IA

/,,

m

m^

Z-l

1 1

-.

/Λ

n,

I \

Π _

,

(7-4)

where we used the assumptions on the exponents. Now, Eq. (4) looks precisely
like the desired A duality, except for one thing, the sum on the right-hand side
ranges over k= — g to — oo instead of k = Q to oo. Since P k (f) = 0, for — 1 ^
OO

k ^ 1 — 9, we can change the range of the last summation from
it is enough to show that
fc'=
-

£ zkPk(t)=

00

£ to £ . So,
-0
-1

£ z*Pfc(ί),

(7.5)

for any z, where this identity is understood in the sense of analytic continuation
of the series, each defined from its range of convergence.
We can expand Pk(t\
nW = Πί~^V = Π U - *"")- ' Σ ( i=ι

(1 — t ')

d =o

ΐ=ι

tfJViWί",

(7-6)

where the Nd(t) are the polynomials
Nd(t)=

X
iι.Ϊ2....,id
ίl < Ϊ 2 < " < i d

ί

m ί l + m f 2 + -+m l d >

(?>7)
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Using the expansion Eq. (7.6), Eq. (7.5) assumes the form,
v

^z-'r'ATjft)

Nd(t)

(7 8)

'

where we summed the series on each side. This is evidently correct, completing
the proof.
Since the bi-duality is valid term by term, it follows also for S > 0, if it holds
for 5 = 0.
The fact that R = \Mg is required for the consistency, AB = BA. Otherwise we
would find P(z, ί) = taP(z, t) with a nonzero a when combining the two dualities,
implying that P(z, ί) = 0.
Consider now the application theorem (7.1) to the Poincare polynomials of
Sect. (5). From there, Eq. (5.30), in the h.s.s. case,
Π _tk + P<*}

M

/, _tk + mi\

Pk(t)= π ^—-—- = Π ——->
•UK

(1-0

M (1-0

79

( )

£

where M = Όim(ΔG/H), m^ = α p, and we indexed the roots of ΔG/H in some irrelevant
manner. It is not hard to check that the exponents mi are dual (mj = {g — raj
and that M,= 1,2, ...,# — 1 are part of the exponents, and so Pfc(ί) = 0 for
— I g / c ^ l — #. Furthermore # = ^rat = 2p(p — pH) = \gM. We thus find that the
generating function
*
00

P(^= Σ

Π

k+ Λ
((] — t P}

(7.ιo)

,

obeys the same bi-duality relation that we found for the actual generating functions
of the theory Eqs. (7.2-7.3) with precisely the same exponents and we start to see
a firm connection between the two.
Let us continue now our investigation of the generating functions of the type
(7.10). The next step is to give a more explicit expression for these. This is described
in the next theorem.
Theorem (7.2). Let P(z, t) be as in Theorem (7.1). Then it can be written as
Σ ^£;W

P(z,t) = ^- ,

(7.11)

Π (!-*')
/ =o
where J = M + 1 — g and £,-(£) are some polynomials. Furthermore, the polynomials
Ej(t) obey
)

,

(7.12)
(7.13)
(7.14)
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Proof. Let us first assume for simplicity 5 = 0. We can expand Pk(t\ as in the
proof of Theorem (7,1), Eqs. (7.6-7.7), and then evaluate the series,
P(z,ί)= Π (1-fT 1 Σ z* Σ
/=1

fc

=0

M

M

i =1

d =0

d=0

(-VdNd(t)tkd
XT / x
1 — Zt

Taking a common denominator leads to
M

M

J

p(z,ί)= f] (i-fT 1 Π (i-zfV 1 Σ βjW*7',

(7 16)

where the gj(ί) are some polynomials and J is some integer.
In case S > 0 we will get precisely the same kind of expression, Eq. (7.16), since
each of the terms separately gives this. Now, since P(ί) is a polynomial, there must
be no poles at ί = c in the generating function Eq. (7.16), for any complex number
M

c. This implies that Q = Y[(i- tmί) divides each of the Qj(t) and Ej(t) = Qj(t)/Q(t)
is a polynomial. Thus, i==ί

(7.17)

which proves the first part of the theorem.
Now, it is not hard to compute E0 by tracing back the steps in the proof above.
It follows that
=1,

(7.18)

where we used Eq. (7.7). Similarly if S > 0 we find £0 = S + 1.
We can now apply Theorem (7.1) to P(z,t). Using Eqs. (7.2,7.17)

M

From the A duality, Eq. (7.2), we find,

i
7

t

(7.20)
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Comparing the two expressions Eq. (7.19) and Eq. (7.20) proves property A,
Eq. (7.13).
Property B follows from the β-duality of P(z,t). From Eq. (7.17)

Σ*Λτ,

(7.21)

Comparing with Eq. (7.3) proves property B, Eq. (7.14).
Since the coefficients of zj in the denominator of Eq. (7.17) vanish when j < 0,
the A duality implies that Ej , = 0 for j > M + 1 — g and J = M + 1 — g as stated
in the theorem. Finally, combining the A and B dualities acting on EQ leads to
the expression for EJ9 completing the proof.
A number of corollaries follow from the theorem.
Corollary (7.1). Consider the module V over the ring of polynomials P(t\ the
polynomials in ί, spanned by the P(z, t) polynomials of the form Eq. (7.1), which satisfy
the assumptions of Theorem (1). Then Dim(K) ^ [f(M — g + 1)], (where we denote
by [x] the maximal integer j such that j ^ x). In particular, if M < g — 1 then
dim(K) = 0 and there are no such polynomials. If M = g — 1 then dim(K) = 1 and
there is a unique such polynomial, which is the polynomial of - , R9, defined
SU

in Eq. (6.44).

^

XU

^

Proof. If v(z,t)eV is a such a polynomial it follows from Theorem (2) that
M .
j
υ = Π (1 - ztd)~ l Σ Evj(t)zj. In addition the AB duality implies that Ej(t) = EM+1 _, (ί)
d=0

j=0

up to t to some power. Thus, at most Q(M — g + 1)] such polynomials can be
linearly independent over P(t). If M < g — 1 the AB duality implies that there does
not exist a polynomial satisfying the assumptions of Theorem (7.1). If M = g — 1
we have J = 0 and E0 = 1 (or a positive integer), from Theorem (7.2), and thus
P(z, t) is given by R9k, Eq. (6.44).
The inverse of Theorem (7.2) can also be stated. Namely, given a P(z, t) of the
form Eq. (7.11) one can calculate Pk(t). This is done as in Sect. (6) by utilizing the
identity (6.46). We find

η
) L

(7-22)

J

where

Thus, Pk(t) is given by
W
7=0

(7-24)
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This identity provides also a simple way to compute Ej(t) from Pk(t), since it
can be inverted into a recursion relation for £7 (ί),
J
h

(

t

\

f o r 7 = 0,1,...,J.

(7.25)

This recursion relation shows that the polynomials Ej(t) have only integral
coefficients. More importantly, we can show:
Lemma (7.1). Suppose Pk(t) and Mk(t) are two polynomials of the type Eq. (1). Then
ifPk(t) = Mk(t)for fc = 0, 1, . . . , s, where s ^ ±(M - g\ then Pk(t) = Mk(t)for all k ^ 0.
Furthermore, if N(z, t) is of the form Eq. (7.11) with arbitrary coefficients Ej(t), and
it obeys the bi-duality property, Eqs. (7.2) and (7.3), then the above holds also for Nk(t).
Proof. This follows directly from the recursion relation, Eq. (7.25). Let Dk(t) stand
for Pk(t) — Mk(t) for the first case, and Pk(t) — Nk(t) for the second. In both cases,
Dk(t) assumes the form Eq. (7.11),
Σ EjW
β(z,0 = ~- ,

Π(i-zt')
1=0

(7.26)

and Dfc(ί) = 0 for; = 0, 1,..., J, where we used the bi-duality Eqs. (7.13-7.14). The
coefficients Ej(t) can now be computed from the recursion relation Eq. (7.25), and
we find Ej(t) = 0 for all;. Thus, D(z, ί) = 0 and Dk(t) = 0 for all /c, which proves the
lemma.
«,.,.,
v
Let us return now to the h.s.s. family of theories of type SU(n) x SU(m) x 17(1)
In Lemma (6.2) it was proved that if gcd(n,w) = 1 the polynomial generating
functions of the theory can be written in the form,
Σ E}(t)
P(z,t) = -£2 - ,

(7.27)

where M = nm and J = nm — m + 1. This is precisely the same form that we obtained
here for polynomials of the type Eq. (7.1) and in particular for the dual polynomials
of Sect. 5, Eq. (5.24). Furthermore, since in both cases the generating function obeys
the bi-duality property, the coefficients £,- obey properties A and B, Eqs. (7. 13-7. 14).
So the two polynomials would be equal, if and only if, their Ej(t)'s agree, for
In addition, according to Lemma (7.1), if we can find enough polynomials of
the type Eq. (1) then we might be able to express the generating function in terms
of these.
To see how this works, let us first discuss an example. For the theory of
- we found that the generating function is given by Eq. (6.48),
S£/(3) x SU(2) x 17(1)
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.

(7 28)

where E0 = 2, E1 = - 1 - t - t5 - t6 and E2 = 2t6.
The dihedral polynomial Pk(t\ Eq. (5.24), is in this case,
(7.29)
According to Theorem (7.2) it is given in the same form Eq. (7.28) with the
coefficients E% = 1, £f = t6. E® can be easily computed from the recursion relation
Eq. (7.25), and we find, E^ = Q1 — R^ = t2 + t3 + t4. Now consider the polynomial,
Lfe(ί) =

M _ f f c - i w ι -tk +6\ 4 π _ t* + Λ
x
Π (ί_tj) '
(ι_rι(ι_t6)

(7 30)

'

Again it is of the form Eq. (7.1), with the same g and M, and L7(ί) = 0 for
— 1 ^ 7 ^ — 4 , since 1,2,3,4 are part of the exponent set. So again L(z, ί) is of the
form Eq. (7.1) and the coefficients can be similarly computed from the recursion
relation Eq. (7.25). We find that ££ - 1 and
(1 — t)

.

(7.31)

It follows that Dk(t) = Pk(t) - Qk(t) - Lk(i) will have both E0 and E^ equal to zero!
Thus we have proved that for all /c, Dk(t) = 0,
Pk(k) = Π Π

M

~ +v

.

tl~^J~^\

A

ίΊ

' t^\ ' x Π ^M—tJ\
^

f~^W1

(7.32)

This is our first example of a "resolution series." Note that the polynomial Lk(t)
is of an SFT type, with the same central charge, but, with some of the degrees
being negative.
Now, how do we go about generalizing Eq. (7.32), to all n and m? Differently
put, from the close similarity in structure that we have found, it is natural to
suspect that the Poincare polynomial of the theories is always given by an
expression of the form
oo

n+m

P(z,ί)= Σ

Π 0-^Γ 1 ^ Σ

zkp

k(t\

(7.33)

where
S

mn

*MO=Σ Π

(]

s

fk + m \

_

. .

m

(7.34)

and our main problem is to figure out the set of exponents m]. This we do by
invoking the dihedrality of exchanging n, m and k. We know that Pk(t) is dihedral.
We thus assume that each of the polynomials appearing in Eq. (7.34) is dihedral
as well, or that this equation is dihedral term-by-term. Then we can use the powerful
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results of Sect. (5), where it has shown that dihedrality alone can almost fix the
allowed exponents. There we found that a set of polynomials of the type Eq. (7.34)
would be dihedral if and only if for all n and w, for which Pq(t) is defined, the
degrees m{ are given by
q,(X)=Σ x » ; =

X(1

X

X

)β w

~ ~ " *'

(7 35)

where Qs(x) is a fixed polynomial which obeys Qs(x) = Qs(l/x), ensuring that
{mj} = {g — m*}. Further, we want the number of exponents to be equal to nm
implying that Qs(l) = 1. Now, the sum of the exponents may be computed by
Σ m ?= <?s(l)

(7.36)

I

Since Qs(x) = Qs(l/x) it follows that Q'5(l) = 0 and
ΣX = >n(n + m).

(7.37)

i

Finally, we want qs(x) to have as coefficients only non-negative integers and the
constant term to be equal to zero, since otherwise we will get a contradiction in
Eq. (7.35).
All these conditions severely restrict the possible polynomials Qs(x). We can
calculate these simply by studying examples. Assuming that the polynomial Lk(t)
is dihedral we can immediately generalize it to all n and w, by substituting n — 3
and m = 2 in Eq. (7.35) and calculating Q\(x}- We find
_ (1+x 3 ) 2
x 2 (l+x) 2 '
and thus obtain a first "deficiency" polynomial for all n and m. Continuing now
for a different n and m we find a second deficiency polynomial, which again can
be dihedralized, and so forth. The situation turns out to be the simplest for n — 2
and any m, in which case we find that

'

(739)

for any integral s, gives all the exponents.
Thus we have found:
Conjecture. For all n and m such that gcd(n,m)= 1, the Poincare polynomial of
Sl/(n + m)
u
u
the
theory
- is equal to
SU(n) x SU(n) x 17(1)
(7.40)

where Psq(t) is
mn

s

ί\ _ j.m + k\

= IT-r-1.
M

(l-£m )

(741)
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and S is equal to the number of cosets in W(G/H) mod {wσ}, which is --,
n Im I
as are some integral coefficients and the qs are some degree series, qs(x) = £x m i .
l
For n — 2 the coefficients as = 1 and the degree series is
χ

2
(1 - x )

(1 + x)

2

.

(7.42)

For n = 2 if n is odd S = |(n — 1). If n is even and k is odd, using dihedrality we
For n,m,k>2 the situation is more complicated. By dihedrality, the exponents
4/ι,m,s above are part of the exponent set, in this case, but there are a few more.
The coefficients as are not equal in general to 1. An example will be given below.
We shall prove the following theorem regarding this conjecture.
Theorem (7.3). Let n and m be some fixed integers. If the conjecture above holds for
k such that — n — m - h l ^ / c ^ ^(nm -\-\-n~m) then it holds for all k.
Proof. The polynomials Psq(t) are of the form Eq. (7.1) and obey all the assumptions
of Theorem (7.1), as we checked above: the number of exponents is fixed at nm,
the sum of the exponents is constant by the calculation above and Pk(t) vanishes
for 1 — g ^ k^ — 1 by the assumption of the theorem.9 The set of exponents is
dual under g, {mj = {g — mj, since s(x) = s(l/x) (Sect. (5)). Owing to Lemma (6.2)
the Poincare polynomial of the theory

SU(n) x SU(m)
we can apply Lemma (7.1) and the theorem follows.

is also of this form. Thus

The number of chiral fields in the theories

(we shall
SU(n) x SU(m) x 17(1)
assume gcd(n, w,/c) = 1, so there are no fixed points) is given by (from Eq. (3.13))
\W(G)\
Z\W(H)\

=

N
k

(n + m + fc-l)!
nlmlkl

where Nk is the number of integrable weights of SU(n + m) at level fc.
The number of fields in the corresponding polynomial
M / j _tk + mt\

ΛW= Π

™~

(744)

is given by Eq. (5.12),
M. i j i

\

where
M
k

p(x) = (x -l)Σx"".

(7.46)

t= 1

9
It can be verified that 1,2,...,0— 1 are part of the exponent set for all the exponents that
we have computed, and it is probably so in general. Hence Pk(t) = O f o r O > / c ^ l — g
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Thus, comparing the dimensions of both sides of Eq. (7.41), we find the
remarkable identity,
Corollary (7.2). Fix some n and m. Let ps(x) = (xk — l)qs(x). where qs is as in the
conjecture above. Then

,
where S is as in the conjecture.
Example. Take the simple case of n = m — 2, k odd. Then qs(x) = x 1 ~2s + 2x2 + x3 +2s
and the above corollary translates into the series

3)
4(l-2s)(3

%

s

Even this simplest identity is quite hard to prove directly. This can be done by
eliminating the common factor of (k + 2)2/4, taking a second difference of both
sides with respect to k, and using the fact that

*
1
*
1
1
1
1
_4 > _
= >
___
= __ I
2s + 3 2α-l 2 α + l
s = α (l-2s)(3 + 2s)
s=«2s-l

1
2b + 1

1
2i> + 3'
(7.49)

as all the middle terms cancel.
A more complicated example is the case of n = 3 and m = 4. Here we have five
sets of exponents (S = 4) which are listed in Table (1), along with ss.
The exponents qn^s(x) can be observed to have many intriguing properties.
First, qn^s has only primitive roots of unity as its zeros and poles, and thus it is
of the form

where c f and ft are some exponents of the exponents!
Next, it can be seen that qΛtmtS is always given by some gradation of the positive
roots ΔGIH,

q(x)=

Σ

*"A>

for some λ in the roots lattice of G. Further, we always find that λ2 = p2.
Table 1. 3 x 4 exponents

Exponents
1
1
2
2
-1

1,2,2,3,3,3,4,4,4,5,5,6
-1,1,1,2,3,3,4,4,5,6,6,8
-2,-1,1,2,2,3,4,5,5,6,8,9
-3,-2,-l,l,2,3,4,5,6,8,9,10
-5,-2,-1,1,2,3,4,5,6,8,9,12

7 51

(

)
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Example. For the exponent gn m s with s = 1, Eq. (7.42), the gradation is given by
λ = p + θ — ασ, where ocσ is the deleted root, for any n and ra. In the case of n = 2,
all the gradations that appear can be seen to come from the affine Weyl group,
W(G). Namely, λ = w(p), where w is some element of the affine Weyl group. E.g.,
for the first deficiency polynomial, λ = p -f θ — aσ = wαowασ(p). The elements w
calculated are then seen to be the same for any n and m. Thus, finding a general
formula for these would enable to write down the entire resolution series in a
closed form, similar to the one given for the first term, Eq. (5.30). Since W(H)
permutes AGfH, taking w or /zw, where heW(H) results in the same exponent,
through a different gradation. Attempts that have been made to identify the precise
elements of W(G) mod W(H) that give rise to the exponents have not been successful,
so far. w may be decomposed as tβw^ where w± e W(G/H) and tβ is some translation.
Then H>! can be seen to correspond to the cosets of W(G/H)moά {wσ}. However,
the required translations remain mysterious.

8. Discussion
In this paper we have described the calculation of the chiral algebras in the
framework of rational N = 2 superconformal field theory. This offers a large testing
ground for the study of these algebras, which is central in the connection between
N = 2 string theory and complex geometry. In view of the interrelations among
conformal field theories, the classification of such N = 2 theories, through their
geometrical nature, is a long step towards the classification of all rational conformal
field theories, whereas in the context we have topological tools that are not
available elsewhere.
The emerging picture in the detailed study that we have made here is rather
complex, and as yet incomplete. We chose as the first objects to study the Poincare
polynomials of the chiral algebras. As explained in the introduction, these encode
the algebraic information, where the degrees of the generators and relations can
be read off, in many instances. It turns out that the generic polynomials are not
of the complete intersection type, and thus, in particular, the generic theory is
not a scalar field theory.
However, one regular feature did arise in all the theories studied, and this is
the resolution series. In Sect. (7) we have shown that the Poincare polynomials of
all the theories of type

, where gcd (n, ni) = 1 can be described
SU(n) x SU(m) x 17(1)
as a sum of scalar field theory type polynomials with all except for the first one
containing negative exponents. This is a highly nontrivial statement on the structure
of these algebras.
This is by no means special to this family, but is, in fact, a common feature of
all studied N = 2 superconformal field theories. The reason that we choose to
explore this in detail in the context of SU(n) is the many simplifying properties of
this class of theories, such as the dihedrality, proved in Sect. (4) and explored in
detail in Sect. (5), and the lack of fixed points, which enables us to deduce the
polynomials of one theory from another.
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Let us discuss an assortment of random examples of the resolution series. The
Poincare polynomial
of the h.s.s. theory --— is given by
J
50(3) x 17(1)
3

i _ Λk + πit

where P0(ί) is the generic polynomial Eq. (5.30) (corresponding to mί = 2,3,4),
mi = — 2, 3, 8 and k = 4. Note that these exponents are given by the gradation of
ΔG/H by λ = p + θ — aσ (see the discussion at the end of Sect. (7)) and thus this
polynomial is precisely the generalization of the first deficiency polynomial to this
case. This suggests that once the gradations that give rise to the exponents are
identified, this will immediately generalize to, at least, all the h.s.s theories.
Another example is -*-. Here we find,
2
U(l)
i _ jk + 3 — m

p0(ί) + 2— — -,

(8.2)

where P0(ί) is the generic polynomial Eq. (5.30) (mt = 1, 1,2), m = - 1 and k = 2.
The examples above, as well as most of the discussion in this paper, were for
the principal theories, with the left-right symmetric modular invariants. The
resolution series can be seen also in the context of other modular invariants. An

instance of this is - , where we can take any modular invariant for the
St/(2) x 17(1)
SU(3) factor. If we keep the left-right symmetric resolutions for the SU(2) x U(l)
factor, then the chiral fields are given by C*, now appearing each NΛ Λ times,
where N is the SU(3) invariant used in the defining the partition function, Eq. (3.12).
Thus we can attach a Poincare polynomial to each modular invariant of Sί7(3).
Denote by Slίth = NΛ Λ where Λ = lίΛ1 + 12Λ2 and Λt are the fundamental weights.
Then the polynomial is
p

Σ

M=

S/u/2ί

2 l l+l2

.

(8.3)

Every modular invariant can be assumed to contain the field Cmax and so the
2k
polynomial P(t) is dual, P(ί) = t P(l/t). Similarly, one can define the polynomial
for -- 2- with analogous properties,
U(l}
P2(t)=

Σ

S / 1 ( / 2 (i 2 / i+2I * + i 2 l ' + f c+ 1),

(8.4)

/1,/2^0

Iι+I2£k

and P(ί) = t3k+1P(l/t). These two Poincare dualities give strong constraints on the
multiplicities of the left-right symmetric representations which can appear in a
modular invariant. This system of equations is enough to determine completely
many of the multiplicities. It is clear that a classification of these Poincare
polynomials will be more or less equivalent to the classification of the modular
invariants. This can of course be generalized to other Lie algebras.
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An instance of this is the exceptional solution at fc = 5 whose diagonal
representations are (0,0), (2,0), (3,0), (2,1), (2,2), (5,0), (3,2) along with the conjugate
10
representations of the non-real ones . Substituting into Eq. (8.3) we find
3

4

5

6

7

8

Ft(ί) = 1 + t2 + ί -f 2ί + 2ί + 2ί + ί + ί + ί

10

(8.5)

which is evidently dual. Now, this polynomial is also an example of a resolution
series since it can be written as
p^t) = P 0 (f) +

!—,

(8.6)

where P 0 (f) is the generic polynomial of the left-right symmetric theory, Eq. (5.30),
k = 5, g = 3 and m = — 1. This example serves to demonstrate also the importance
of this problem to the classification of rational conformal field theories, in general.
Thus, the resolution series defines for us a notion of relatives among conformal
field theories. Namely, we can declare two theories to be relatives if they have
identical central charges and their Poincare polynomials are equal only for
primitive roots of unity or zero. At a first glance this may seem as a bizarre criteria.
However, the algebraic significance of the polynomials, as elucidated in Sect. (1),
along with the many examples discussed, convince us that it is a correct one.
This can be seen even in the context of the minimal series, which is the case
of

with any modular invariant. The minimal models have been classified

in ref. [1]. As discussed in ref. [17] these theories are related to Arnold's

Table 2. Minimal series polynomials
Type

Potential

c
3(fc-l)

Λ

"

fc+1
fk ~ 1 .4 ι»2 rr

Γ)

k-l

„

LJ

15
6

*

'>*

Polynomial

P-PA

1-ί.k
1-

π

(i- ί

2fc

2
k 2
(1- ί )(l-ί - )

(i- t»)(l-t )
9

4

3

\~ V

3

E9

10

8

14
—

v3 ~\~ vz3

(1- ί )(l - ί )

(i- ί )(l-ί )
(i--ί )(l-r )
(i- ί )(l - ί )
(i- ί )(l-ί )

. ,
z5 + y 3

4

24
6

(l-ί 2 f c ~ 2 )(l-ί f c - 4 )
(l-ί^ίl-ί*- 1 )
2

4

12

hiΓ

- 4 )(l-ί k )

5

12

(l-ί )(l-ί )(l-ί )
(l-ί-^l-ί^ίl-ί 6 )

14

(l-ί 3 )(l-ί 5 )(l-ί 8 )(l-ί 1 8 )

6

(i-r^ίi-ί^ίi-ί^i-ί 9 )

20

10

(1 - t 5 )(l - ί9)(l - ί 14 )(l - f 3 0 )

(i-rw-ί^i-ί^d-t")

A level by level classification of all SU(3) modular invariants has been pursued in
collaboration with G. Harel. It can be checked explicitly that the physical invariants indeed
obey the properties discussed. This exceptional invariant has been found in this work
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classification of 0-modal singularities. We find two series (Ak and Dk) related to
the A and D algebras, and three exceptional solutions, E6, EΊ and Es. The
singularities are in 1-1 correspondence with the modular invariants of SU(2). In
Table (2) we list the potentials and the Poincare polynomials of each of the theories.
The last column corresponds to the difference of the polynomial of each of the D
and E theories with the polynomial of the A theory at the same central charge,
denoted by P-PA.
Rather strikingly, it turns out that the deficiency polynomials P — PA have
only zero and primitives roots of unity as their zeros. In other words, they are all
of the form tPq(t\ where q is some degree series. Thus all the theories are related
to the A series in the precise sense defined above.
This brings us to an important, but rather complex, question. Namely, what is
the algebraic and geometrical significance of the resolution series. Clearly, the two
questions are connected and understanding the algebraic structure would lead also
to the correct geometrical interpretation. At this stage we can only speculate on
this. One possibility is that the deficiency polynomials correspond to ghost system
conformal field theories that are needed to be added to the theory. The fact that
these polynomials have the scalar field theory structure, with some of the exponents
being negative is very encouraging in this direction, hinting that one may be able
to consider the ghost systems as scalar field theories with some of the fields having
negative dimensions.
Alternatively, one may be able to think of the deficiency polynomials as the
result of imposing extra constraints on the theory. There are clear signs that this
is what is taking place. To see it, consider the limit of /c->oo of the
theories. In this limit all the relations in the chiral algebra
SU(n) x SU(m) x (7(1)
become null, and the algebra becomes a free polynomial algebra with n 4- m — 1
generators whose grades are /(w^) (see the discussion in Sect. (6)). The generic
polynomial P0(t), Eq. (5.30), also becomes a free polynomial algebra, but the
number of generators is, in this case, nm. Thus the two can be equal only if
nm = n + m — 1, which is solved either for n = 1 or m = 1. In other cases, the Krull
dimensions of the algebras are different, the difference being nm — n — m + 1. Thus,
we would need precisely this number of additional equations in the naive theory
PQ(t) in order to get the actual chiral algebra. The deficiency polynomials express
precisely this reduction of the dimensionality through either the addition of ghosts
or extra imposed constraints. This picture is also consistent with geometrical
considerations. Work on this question is currently in progress and will be reported
elsewhere.
It is hoped that the results described in this paper will form a basis for a study
of the possibilities in string theory, and the classification of rational and
non-rational conformal field theory. The theories studied here are certainly very
intricate in structure and offer considerable complexity. Yet, we hope to have
demonstrated that the complete understanding of N = 2 string theory is not beyond
reach.
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