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ABSTRACT

In this paper it is stressed that there is no physical reason for symmetries to be linear
and that Lie group theory is therefore too restrictive. We illustrate this with some simple
examples. Then we give a readable review on the theory finite W-algebras, which is an
important class of non-linear symmetries. In particular, we discuss both the classical and
quantum theory and elaborate on several aspects of their representation theory. Some
new results are presented. These include finite W coadjoint orbits, real forms and uni-
tary representation of finite W-algebras and Poincare-Birkhoff-Witt theorems for finite
W-algebras. Also we present some new finite W-algebras that are not related to si(2)
embeddings. At the end of the paper we investigate how one could construct physical
theories, for example gauge field theories, that are based on non-linear algebras.
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Chapter 1

Introduction

The notion of symmetry is one of the most fundamental concepts in physics. Relativity
theory for example is based on symmetry, namely Lorentz invariance. This symmetry is
the mathematical expression of the postulate that physical laws are the same for all in-
ertial observers. In particle physics the principles of symmetry provide a powerful overall
framework. This allows to successfully classify and interpret an overwhelming amount of
experimental data concerning the spectrum of elementary particles. But moreover, the
interactions between elementary particles are completely determined through the princi-
ple of local gauge invariance, a central paradigm of modern particle theory. The highly
successful standard model, unifying the electro-weak and strong interactions between ele-
mentary particles, is based on the local gauge group U(1) x SU(2) x SU(3).

The mathematical theory concerning symmetry transformations in a physical system
is group theory. It has been developed independently in different fields of mathematics.
In the context of algebraic equations the idea of groups was used already by Lagrange in
1771, though the name ‘group’ was only introduced in 1830 by Galois. The second area
in which it appeared was number theory, with Euler (1761) and Gauss (1801) as the most
important contributors. The concept found its place in geometry in the middle of the 19th
century, when Klein proposed it as a tool to classify certain new geometrical structures
that had been discovered at the time. At the end of the 19th century it was realized,
that these three group concepts were the same and this insight led to the formation of
modern abstract group theory by Lie (1870). The name of Lie has been associated to
continuous linear groups, now called Lie groups. It was Cartan who subsequently almost
fully developed this subject, though he was rather isolated for a period of about thirty
years.

The simplest symmetries are those in which the physical system is symmetric under
a finite number of transformations or when it is invariant under displacement in a finite
number of ‘directions’. The natural mathematical structures describing such symmetries
are discrete groups and finite-dimensional Lie groups respectively.

Group theory has been introduced in physics in the 1920s mostly through the work
of Weyl and Wigner. Apart from the obvious description of symmetries in crystals, they
realized that group theory is of the utmost importance in quantum physics. Weyl writes



in ] on group theory in quantum physics: "It reveals essential features which are not
contingent on a special form of the dynamics laws nor on special assumptions concerning
the forces involved. We may well expect that it is just this part of quantum physics which
is most certain of a lasting place.”

Lie groups and their Lie algebras have a wide range of applications in physics. In fact
most symmetry considerations of physical systems have up to recently been based on the
application of the theory of Lie groups and algebras. This is true for the Lorentz group
in the theory of special relativity, as well as for the groups underlying gauge theories of
the fundamental interactions between the basic constituents of matter. It is worth noting
that these theories, based on linear symmetries, in fact have highly non-linear dynamics.

In mathematics the development of the theory of Lie groups was continued with the
work of Chevalley (1950), Serre (1966) and Dynkin. In 1967 Kac [ and Moody indepen-
dently generalized the theory of finite-dimensional Lie algebras to the infinite-dimensional
case. These so-called affine Lie algebras have found remarkable applications in two dimen-
sional field theory and string theory [B].

For a long time all efforts to develop the theory of symmetry in physics were restricted
to the linear case, i.e. Lie groups and Lie algebras. However, it was realized recently that
the ‘Lie algebra’ might be too narrow a concept from the physical point of view. Unfor-
tunately the extensive machinery developed for the analysis of linear symmetries largely
breaks down in the non-linear domain. Nevertheless, in the eighties, led by developments
in string theory and solvable models, non-linear symmetries gained importance in physics.
In fact this may be seen as part of the boom in the field of non-linear science in mathemat-
ics and physics which started roughly in the middle of the nineteenth century. Non-linear
symmetries seem a logical next step in this field which has led to the discovery of theories
concerning for example solitary waves (solitons), chaos and turbulence, but also non-linear
gauge theories.

One type of non-linear algebra that has received much attention in recent years are the
so called quantum groups. They are obtained from ordinary Lie algebras by deforming
(quantizing) the co-Poisson structure present on any Lie algebra, or, equivalently, by
deforming the space of functions on the group manifold. These algebras have some very
interesting applications in conformal field theory but it is not this type that we will be
concerned with in this paper.

Surprisingly enough, when in 1985 Zamolodchikov [[l] took up the subject of non-
linear algebras, he considered infinite-dimensional W-algebras. In his work on confor-
mal field theory, he generalized the well-known Virasoro algebra, which is the infinite-
dimensional Lie algebra associated with the conformal symmetries in two-dimensional
space-time. What he found were non-linear infinite-dimensional algebras, that were called
W-algebras. Subsequently W-algebras were studied in the context of string theory, the
theory of integrable systems and the theory of two-dimensional critical phenomena. For
more details we refer the reader to the reviews [H, [, [i] on W-algebras in conformal field
theory.

One important question was and still is the classification of W-algebras, in other words,
to make a complete list of all W-algebras. The most profitable approach to date is to



apply the Drinfeld-Sokolov construction [§] to derive W-algebras starting from affine Lie
algebras. It has been shown in [J that this construction gives rise to a large class of
We-algebras. This relation between W-algebras and affine Lie algebras in principle enables
one construct W-algebra theory from the theory of affine Lie algebras.

At this point the question arose whether finite-dimensional analogues of the infinite-
dimensional W-algebras exist as well. The relevance of this question is apparent if one
considers that the theory of the infinite-dimensional so called-loop groups and algebras
can be derived from the finite-dimensional Lie groups and algebras underlying them. Loop
groups are special cases of infinite-dimensional groups of smooth maps from some space-
time manifold X to a finite-dimensional Lie group G, namely for X = S'. The study
infinite-dimensional groups of smooth maps is a natural consequence of the combination
of symmetry principles with locality or causality.

The group multiplication in such a group is just pointwise multiplication, i.e. if f,g €
Map(X,G) and a € G then (f.g)(a) = f(a)g(a). In quantum field theory groups of the
form Map(X,G) and their Lie algebras Map(X, g) (where G is the Lie algebra of G) arise
essentially in two different ways: through the principle of local gauge invariance, which is
at the heart of modern high energy physics, and through the theory of current groups and
algebras.

Unfortunately for generic manifolds X surprisingly little is known about the group
Map(X,G). Especially the representation theory of these groups is still almost unexplored.
The exception to this is the case X = S' we mentioned above, where Map(S', G) and
Map(S',g) are called ‘loop groups’ and ‘loop algebras’. Loop groups and algebras arise
in simplified models of quantum field theory in which space is taken to be 1-dimensional
and therefore also in string models of elementary particles. The study of loop groups
and algebras is much simpler than when X is some more complicated manifold. This is
caused by the fact that they behave much like the ordinary finite-dimensional Lie groups
and algebras that underlie them. This remarkable fact makes knowledge of the finite-
dimensional theory essential for the study of the infinite-dimensional theory.

For the infinite-dimensional W-algebras it was not entirely clear what the finite algebras
underlying W-algebras were and whether there was a finite version of W-theory at all.
Considering the way in which W-algebras were first introduced into physics they really
don’t seem to have any relation to the theory of loop groups and algebras. Nevertheless
the theory of W-algebras does have a finite counterpart as has been shown in [[Ld, [L1]].In
fact the finite theory is remarkably rich and, as with loop algebras, contains already several
of the essential features of infinite-dimensional W-algebra theory.

The main objective of this paper is twofold. On the one hand we wish to convey
to the reader our view that non-linear symmetries are not only interesting in relation to
theories that have a mathematical sophistication comparable to that of string theory, but
that they play an important role throughout physics. In fact, finitely generated non-linear
symmetries already show up in very elementary and famous physical systems.

Our second objective is to give a readable account of the classical and quantum theory
of finite W-algebras and to present some new results.

The outline of the paper is as follows. After some general remarks on dynamical



systems and symmetries, we illustrate by means of known examples, that many basic
physical systems have non-linear symmetry algebras. In particular, the symmetry algebras
of the two-dimensional anisotropic harmonic oscillator with frequency ratio 2 : 1 and the
Kepler problem are shown to be finite W-algebras.

Finite W-algebras can be constructed from finite Lie algebras by a procedure resem-
bling the constraint formalism. Precisely how this works will be the subject of chapter 3.
In this chapter we construct and develop the classical theory of finite W-algebras. Also we
show that many finite W-algebras contain known Lie algebras as subalgebras. The question
therefore naturally arizes whether there exist non-linear extensions of su(3) x su(2) x u(1).
The answer to this question turns out to be affirmative.

Having developed the classical theory we turn to the quantum case and show how to
quantize finite W-algebras using the BRST formalism. In some specific cases we explicitly
construct the BRST cohomologies. Next we consider the representation theory of quantum
finite W-algebras. In order to define unitary highest weight representations for finite W-
algebras it is necessary to consider real forms and Poincare-Birkhoff-Witt theorems for
these algebras. Having developed this part of the theory we describe some results on
Kac-determinants and character formulas that were recently conjectured. Finally, we
present some ideas about possible constructions of theories with finite W-symmetries.
In particular, we show how finite W-algebras are realized in one-dimensional generalized
Toda theories. We conlude with yet another simple quantum mechanical example, which
has a finite W-algebra as a spectrum generating algebra.



Chapter 2

Symmetries in Simple Physical
Systems

In this chapter we first briefly review some basic facts concerning algebras of conserved
quantities in elementary mechanical systems. It is explicitly stressed that there is no
reason, neither physical nor mathematical, why these algebras have to be linear. In fact
they are non-linear in general. We then illustrate this explicitly in some examples, namely
the harmonic oscillator and the Kepler problem.

2.1 Symmetry algebras

During the motion of a mechanical system, the generalized coordinates ¢* and the velocities
¢* vary in time. Nevertheless, there exist functions of these quantities whose values do not
change but depend only on the initial conditions. Such functions are called ‘integrals of
motion’. Integrals of motion which do not depend explicitly on time are called conserved
quantities. From now on we will restrict ourselves to conserved quantities.

Noether’s theorem states that conserved quantities are related to symmetries. Sym-
metry transformations leave the action invariant, i.e. 5 = 0. Therefore the variation of
the Lagrangian can only be equal to a total derivative 0L = %A(q7 t). Let us consider the
symmetry transformation ¢’ = ¢ + dq. Then we find that

oL . 9L .. d
3L = 500+ 500 = A b) (2.1.1)

if the Lagrangian only depends implicitly on time. Partial integration yields

d oL oL d oL

The right hand side is equal to zero because of the Euler-Lagrange equations. Therefore



if ¢ satisfies the equations of motion, then

% (A(q,t) — 86_25(1) = 0. (2.1.3)

The expression between the brackets is a conserved quantity. This is Noether’s theorem.

In the above we considered a general transformation ¢'(¢). More particularly, this
transformation can consist of a set of independent transformations in different ‘directions’,
labeled by a parameter ¢,:

8¢ = €abag’ (2.1.4)

The conserved quantities @), also called ‘Noether charges’, that can be associated to all
these symmetry transformations are defined as

OL
a::-Aa 7t _'__Taa 5 2.1.5
Q (¢,1) R (2.1.5)
such that 10
2=0. 2.1.
L 0 (2.1.6)

Now, classically, the time derivative of a quantity @ is given by

dQ
— = {H,Q}, (2.1.7)

where the Poisson bracket of the functions f and g is defined by

_9f o9 9f 99
hgr = Op; 0q'  dq' Op;’

(2.1.8)

Conserved quantities are therefore characterized by the fact that they Poisson-commute
with the Hamiltonian:

{Q,H} =0. (2.1.9)

Let {Q,} be a set of independent [] conserved quantities, i.e. {Qq, H} = 0. It is clear that
any polynomial P({Q,}) in the conserved quantities is conserved as well. Also it follows
from the Jacobi identity

{f.{g.h}} +1{g,{n. f}} +{n.{f,9}} =0, (2.1.10)

that
{H,{Qa, Qu}} =0. 2.1.11)
*Two conserved quantities Q1(q,p) and Q2(q,p) are called independent if the vectors (a(% , 86%1) and

(3Q2 9Qo
o9 * Op

) are linearly independent.



This means that the Poisson bracket of two conserved quantities is conserved. We call the
set {Qq} of conserved quantities closed if

{Qa: Qv} = Pup, (2.1.12)

where P, is some function of the quantities {Q,}. If the Poisson bracket contains some
conserved quantities which are not present in the set {Q,}, i.e. if this set is not closed, we
can add these quantities to the set and thus make it closed.

The Poisson algebra (R.1.12) of conserved quantities will from now on be called the
classical symmetry algebra. The quantities {Q,} are called the generators of the algebra.
If an algebra has a finite number of generators, it is said to be ‘finitely generated’. The
transformations associated with the Noether charge @, of the coordinates ¢* and momenta,
p; are of course given by

6aqi = {qiaQa}
6api = A{pi,Qa}- (2.1.13)

In quantum mechanics, the equivalent of equation (R.1.7) is

dQ i
— = —|H 2.1.14

where Q and H are now operators. As in the classical case, we define the symmetry algebra
as the set of independent operators {Q,} which commute with the Hamiltonian and have
the property that the commutation relations of (), and @), can again be expressed in terms
of the operators {Q,}

As [Qq, H] = 0 for a conserved quantity, the operator @, will transform eigenstates of
H into (possibly different) eigenstates with equal energy. The Hilbert space of the system
therefore decomposes into a direct sum of irreducible representations of the symmetry
algebra generated by {Q,}.

In the next section we shall introduce linear and non-linear symmetries using some
very simple and well-known physical systems.

2.2 Harmonic oscillators.

Harmonic oscillators constitute a category of very basic systems in physics. They show up
in virtually all problems with a finite or infinite number of degrees of freedom. The reason
is that, upon linearizing a generic dynamical problem harmonic oscillators approximate
any arbitrary potential in the neighbourhood of a stable equilibrium position, describing
for example small vibrations of an atom in a crystalline lattice or a nucleon in a nucleus.
On the other hand the behavior of most continuous physical systems, such as the vibra-
tions of an elastic medium or the electromagnetic field in a cavity, can be described as
a superposition of an infinite number of harmonic oscillators. In this section the idea of
both linear and non-linear symmetries will be illustrated using these elementary systems.

10



2.2.1 The isotropic case

Let us consider a particle of mass M moving in a quadratic potential in the (z1, z9)-plane.
The Hamiltonian of this system is given by

1 1
H (P} +13) + 5 Mw?(af + 23), (2.2.1)

T 2M

where w is the angular frequency of the oscillator. In the usual quantum description of
this system one introduces so called ‘raising and ‘lowering’ operators

1 1
o M o _ Mw .
b o, xo — 14/ 2Mwhp2 b o, T2 + iy 2Mwhp2’ (2.2.2)

where h is Planck’s constant. From the canonical commutation relations between coordi-
nates and momenta [z;, p;| = thd;;, one can easily derive

[a>aT] = [bv bT] =1, (2.2.3)

and all other commutators are zero.

In terms of raising and lowering operators the Hamiltonian reads H = (aTa + b+ 1) hw.
The Hilbert space of the system is spanned by the states

p.a >= ()" ()" 12 >, (2.2.4)

where p, ¢ are nonnegative integers and |2 > is the ‘ground state’ (which has the property
that a|Q2 >= b|Q2 >=0). The energy of the eigenstate |p,q > is E, ; = (p+¢q+1)hw. From
this we see that the states |p—r,r >, where r = 0, 1, ..., p all have the same energy, i.e. the
energy eigenvalue E, , has a (p + ¢ + 1)-fold degeneracy. This leads one to conjecture the
existence of a symmetry supplying extra quantum numbers and transforming eigenstates
with the same energy into each other. We shall now discuss this symmetry. For notational
convenience we take from now on M =w =h = 1.

Consider the operators
S, = ab'; S_ =a'b; Sy =b'b—dla. (2.2.5)

These quantities are conserved as is expressed by the equation i9.S; = [S;, H] = 0 for
i = £,0. The commutation relations between the operators 5; themselves can be easily

calculated using (R.2.J) and read
(S0, 5:] = 4255 (5,51 =5, (2.2.6)

11



Notice that the commutation relations of the operators .S; are again expressions in terms
of S;, so the algebra is closed. Furthermore these expressions are linear, such that the
algebra is linear. In fact, the commutator algebra (R.2.6) is nothing but su(2), the simplest
example of a non-abelian simple Lie algebra.

The theory of Lie algebras is well known and extensively described in the literature. Lie
algebras can be related to symmetry groups, called Lie groups, by an exponential map.
All elements ¢ in the component connected to the unit element of a Lie group can be
written as g = exp(a®t,), where t, are the generators of the Lie algebras, a® are numbers
and summation over the index a is understood.

The action of the generators S; and S_ of the su(2) symmetry can be interpreted
as follows. The state of the (quantum mechanical) particle in the plane is composed of
oscillations in two directions. The operator S decreases the oscillation in the z9-direction
and increases oscillation in the other one. It can continue this action, until the state of
the particle consists only of oscillation in the x;-direction. The operator S_ in its turn,
squeezes the orbit of the particle towards oscillation in the zo-direction.

What we can conclude from this section, is that the isotropic oscillator in two dimen-
sions has su(2) symmetry, which is larger than the obvious so(2) rotation symmetry in
the zy plane. Similarly it can be shown that the symmetry of an n-dimensional isotropic
harmonic oscillator is the Lie algebra su(n) (or u(n), if one also views the Hamiltonian
itself as part of the symmetry algebra).

2.2.2 The anisotropic case

We will now consider a slightly more complicated case: the two-dimensional anisotropic
harmonic oscillator. The Hamiltonian of the anisotropic oscillator is given by

1 1 1
H = m(p% +p3) + éMw%a;% + Engxg (2.2.7)
Again we will take M = h = 1. In order to have degeneration in the energy levels of F,
we take wi = % and wo = %, where m and n are positive integers. In terms of the raising
and lowering operators, which satisfy the commutation relations (R.2.J), the Hamiltonian
reads

1 1 1 1

H=—(a'a+=)+=(bb —). 2.2.8

m(aa+2)+n< +2 ( )
If we consider the analogues of the operators (R.2.J) in this system, we find that the
generators S+ no longer commute with the Hamiltonian H. In other words, Si are not
conserved. Therefore the algebra su(2) is not a symmetry algebra of the anisotropic
oscillator.

In order to arrive at the true symmetry algebra of the anisotropic oscillator, we con-
sider, like [[J] and [[3], the following operators that do commute with H:

o= ameh = (ahyme (2.2.9)

12



~ 1 1 1 1
jo = —(bTb+—> ——(aTa+—>.
n 2 m 2

These are the generators of the symmetry algebra of the anisotropic quantum harmonic
oscillator with frequencies m and n positive integers, as was shown in [[[3].

For simplicity let us consider the case that the frequencies have the fixed value m = 2
and n = 1. Calculation of the commutation relations of the generators (.2.9) for these
values of m and n produces:

Ui H] = 0 o, jx] = £2j+
~ ~ ~ 3
G4,d-] = =355 +2Hjo+ H* — " (2.2.10)
with ¢ = 0, . After an invertible basis transformation, given by
1 - —1- ~ 1
), — — 19 ; '_:—'_; In = 1 ——H7 2.2.11
=l == Jo=Jjo—3 ( )
we obtain
[H,ji] =0 o j&] = 2+ . i-l=dg+C (2.2.12)

where C' = i — %H 2. This commutator algebra is known in the literature as W?fz) [g). we
conclude that the symmetry algebra of a two dimensional anisotropic harmonic oscillator
with a frequency ratio m : n = 2 : 1 is the non-linear finite W-algebra W§2). We will
return to this algebra later in the paper. More generally, if we take m and n arbitrary
positive integers we find that the symmetry algebra is non-linear whenever m # n [[L3].

W§2) is an example of a non-linear algebra. The commutators can not be written as
linear combinations of the generators, but as linear combinations of products of generators.
As it has a finite set of generators, it is finitely-generated.

In contrast to Lie algebras, one cannot associate a finite group to a non-linear alge-
bra. The only group G which can be obtained with an exponential map from a non-linear
algebra is generated not only by the generators of this algebra, but also by their poly-
nomials and therefore is infinitely generated. Only then is the requirement met, that
Yg; € Ggigo = g3, because of the Campbell-Baker-Hausdorff formula for the multipli-
cation of exponential maps. While the elements of an algebra give rise to infinitesimal
transformations, group elements correspond to finite symmetry transformations. Conse-
quently we cannot easily tell in the non-linear case how the transformation works globally,
though we know the infinitesimal transformations on the local level. From the latter one
can in principle derive a differential equation whose solution for finite time corresponds
to transformations of the ‘finite W-group’, but these differential equations are typically
non-linear and very hard to solve explicitly.

Though the problem we considered is an elementary and a linear one, meaning that
the equations of motion are linear, its symmetry algebra turns out to be non-linear. Sur-
prisingly enough the study of these non-linear symmetry algebras has only been taken up
recently. Most attention has focused on non-linear extensions of su(2), see for example

T4, [T3, [G, [, I8, [9), B4, 1, 3.

13



2.3 Coulomb potential

A large class of well-known dynamical systems have a Coulomb potential. Planetary
motion and the motion of a charged particle in in a Coulomb field are of this type. In this
section we will consider the symmetry algebra of this class of systems.

The Hamiltonian is given by

~2
p H

H=—-—= 231
S5 T (2.3.1)

where  is a fixed constant. Due to the spherical symmetry of the potential, this system is
invariant under rotations in three dimensions. This invariance leads to the conservation of
angular momentum L. We start on the classical level by considering the Poisson brackets
of the dynamical variables, which are functions on the phase space with coordinates (7, p).
The algebra is given by {L;, L;} = €;, Ly and is called so(3) (or su(2)). It is a simple Lie
algebra.

However, the angular momentum L is not the only conserved quantity in this system.
Let us consider the vector B defined by
B=Lxp+ u;, (2.3.2)
with p again the fixed constant proportional to the central potential. Straightforward
calculation shows that this, so called ‘Runge-Lenz vector,” also (Poisson) commutes with
the Hamiltonian: {L;,H} = {R;,H} = 0. This additional symmetry differs from the
s0(3) symmetry, which is a geometric symmetry, i.e. which can be expressed as mappings
of configuration space alone. The symmetry transformations associated to the Runge-
Lenz vector do not transform the co-ordinates and momenta separately. They act on the

entire phase space. The term ‘dynamical symmetries’ is sometimes used for this type of
symmetries.

In the example of planetary motion, the Runge-Lenz vector points along the major axis
of the ellipsoid orbit of the planet and its magnitude is proportional to the eccentricity of
the orbit.

In an analogous quantum case, i.e. the hydrogen atom, which is discussed in detail in
R3], the fact that the angular momentum is not the only conserved quantity is reflected
by the degeneracy in the spectrum. While the states of the Hamiltonian depend on three
quantum numbers, n, [ and m, the energy depends only on n: E, ~ 1/n?. The energy is
independent of m because of the so(3) symmetry, which corresponds to the conservation
of angular momentum. The degeneracy with respect to this magnetic quantum number is
present for any central potential. The absence of dependence on [ suggests that there is
another conserved quantity, which turns out to be the Runge-Lenz vector. This degeneracy
only occurs if the potential is of the form % and is thereby particular to the Coulomb
potential.

Let us return to the classical symmetry algebra of L; and R;. In the first place the
algebra is only closed if we include H in the set of generators. Secondly, we see that it is

14



actually non-linear:

{Li,Lj} = eijily; {Ri, Rj} = —2¢;5.HLy,
{R;, Lj} = € lk; {L;,H}={R;,H} =0. (2.3.3)

Usually one linearizes (by a non-linear basis transformation) this algebra giving rise to
the well-known hidden so(4) symmetry in the hydrogen atom [R3]. The algebra above
describes the Kepler orbit in a three dimensional Euclidean space. Now consider the same
Kepler problem on a three-sphere S2. In [@, @] it is shown that the Poisson brackets
between the components of the R vector become

{Ri, Ry} = eij, (—2H + AL?) Ly (2.3.4)

where A is the curvature of the sphere, which is equal to the inverse radius R of the sphere
A = 1/R. We will call this algebra the the Runge-Lenz algebra. Later it will be shown
that it is a finite W-algebra (which was first remarked in [Pg]).

In the previous sections we have shown that even simple and well-known physical
systems may have non-linear W-symmetries. In section .2 we will see yet another example,
namely Toda systems. It seems therefore to be justified to embark on a more systematic
study of these algebras and their representation theory. This will lead us to the theory of
finite W-algebras.
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Chapter 3

Classical Finite WW-Algebras

As we have seen in the first chapter, algebras of conserved quantities are always closed,
but not necessarily linear. This is not merely an abstract mathematical possibility, we
have seen that some of the simplest and most fundamental systems in physics exhibit non-
linear symmetries. When trying to analyze these symmetry algebras however, or perhaps
to construct their irreducible representations, one inevitably runs into trouble due to the
fact that they are non-linear. New methods are therefore needed.

In this chapter it will be shown that many non-linear algebras, including the ones we
encountered in the previous chapter, can in fact be seen as ‘reductions’ of Lie algebras.
This result clearly opens up a new possibility of analyzing them since the theory of Lie
algebras is well developed. In the present chapter we restrict ourselves to the classical case
and leave quantization to the next chapter.

The method we use in this chapter is to construct non-linear Poisson algebras from
a canonical linear Poisson algebra associated to any Lie algebra, the Kirillov Poisson
algebra. First we give a description in simple terms of the Kirillov Poisson algebra. Then
we use a procedure very similar to the constraint formalism called ‘Poisson reduction’, to
construct linear and non-linear algebras from this Poisson algebra. After that we discuss
in detail a very interesting class of algebras which are derived using sl(2) embeddings.
These algebras are in general non-linear but they may contain linear subalgebras which
one can predict rather easily. Using this we discuss how to obtain non-linear extensions
of SU(3) x SU(2) x U(1).

3.1 Kirillov Poisson structures

Consider a system with SO(3) rotation invariance. The conserved quantities associated
to this symmetry are the three components of the angular momentum L. If one calculates
the Poisson brackets between two components of L, one finds that they satisfy

{Li, L;} = €ijp Ly (3.1.1)
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Now, let {I,}3_; be the generators of SO(3), i.e. I, is the infinitesimal generator of
rotations around the z%-axis. The commutator between I, and I} is given by

(Lo, Iy] = €apelo (3.1.2)

Note that even though (B.1.1]) is a Poisson relation and (B.1.3) is a commutator algebra,
the structure constants in (B.1.1) and (B.1.2) are the same. That is, the components of
the angular momentum together generate a Poisson algebra which is isomorphic to the
Lie algebra of SO(3).

This example illustrates a general principle: if G is a symmetry group of some physical
system, then the Poisson brackets between the (Noether) conserved quantities {J,} have
the same structure constants as the commutator brackets between the generators {t,} of
G, i.e. if [ty ty] = f5tc, then

{Jas o} = fapTes (3.1.3)

which is called the Kirillov Poisson algebra. The generators {t,} span the so-called ‘Lie
algebra’ G of G. We conclude that any system with G symmetry contains the Kirillov
Poisson structure as a subalgebra.

For later use we will now give a somewhat more formal definition of the Kirillov Poisson
structure associated to G. The reader may wish to skip this part at first reading.

Let G be a Lie algebra, G* its dual and C°°(G*) the set of smooth functions on G*.
The Kirillov Poisson bracket between F,G € C'*°(G*) is defined for all £ € G* by

{F,G}(§) = (&, [grad F, grad,G]) (3.1.4)

where (.,.) denotes the usual contraction between G* and G and gradg F' is uniquely defined
by

d
(€ e€)le=o = (¢, grad F), (3.1.5)

for all ¢ € G*. Note that grad¢F is therefore an element of G, which means that
[grad F, grad G| is well defined.

We can recover formula (B.1.1]) as follows. Let {t,} be the basis of G and J, the element
of C*°(G*) given by J,(§) = (£,t,), then these functions satisfy (B.1.])).

3.2 Poisson reduction of the Kirillov Poisson structure

Finite W-algebras are constructed by applying a procedure very similar to the Dirac con-
straint formalism, called ‘Poisson reduction’, to the Kirillov Poisson structure. Essentially
what one does is impose a set of first class constraints on the system. As usual these first
class constraints will generate gauge invariances. One therefore looks for gauge invariant
quantities. In general the set of gauge invariant quantities will be generated by a certain
finite subset. These are the generators of the finite W-algebra. Calculating the Poisson
brackets between these generators we find that the algebra of gauge invariant quantities
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is in general non-linear, i.e. the Poisson brackets close on polynomials of the generators,
not on linear combinations. This is then the finite W-algebra. Let us now come to a more
precise definition of finite W-algebras.

Let again G be some Lie algebra, £ C G some subalgebra and y : £ — C a one-
dimensional representationf] of £. Let {t,} and {t,} be bases of G and L respectively,
such that {t,} C {t.}, and let J, € C*°(G*) be defined by J,(§) = (£, 1), V€ € G*. Again
let K(G) = (C*(G*),{.,.}) denote the Kirillov Poisson algebra associated to G.

The first step is to constrain the functions J,, corresponding to the subalgebra L, to
constant values:

o = Ja - X(ta) =0. (321)

Denote the hyper-surface in G* determined by ¢, = 0 for all o by C. The set of functions
on C is equal to the set of functions on G* up to functions which are zero on C. Any
function that is zero on all of C' has the form f%¢,. Let us denote the set of all these ‘zero
functions’ by I:

I'={falf* € C*(G)}. (3.2.2)

Since all elements of I are zero on all of C, there is no way somebody living on C' can
distinguish between the functions g and g+ f if f is an element of 1. Mathematically this
is expressed by the equality

C>(C) =C*(9)/1. (3.2.3)

This formula means that we are to identify all functions in C°°(G*) that differ by an
element of I.

It is easy to show that the constraints (B.2.]]) are all ‘first class’. That means that
{ba,dp} € I, for all a, 5. For this remember that x is a one dimensional representation
of £, which means that x([ta,?s]) = Xx(ta)x(t3) — x(t3)Xx(ta) = 0. On the other hand

X([tastsg]) = f;{yﬁx(tﬁ,). From this follows that {¢q, ¢s} = f;{ﬁ%.

Obviously I is an ideal with respect to the (abelian) multiplication map in K'(G), since
hf%a = fata € I for all h € C*°(G), where f, = hf®.

I is a also Poisson subalgebra of K(G). In order to see this let f = f“¢p, and h = hy¢Pq
be elements of I. Then

{f.9} = {f* 1 oads+ {f* 05}h’ o + {da, W7} f g
+ 0P {pa, D3} (3.2.4)

Obviously the first three terms are again elements of I. That the last term is an element
of I follows from the fact that the constraints {¢} are all first class.

Nevertheless I is not an ideal with respect to the Poisson bracket. Consequently, the
Poisson bracket is not preserved if we divide out I. That is, the Poisson bracket on G
does not induce one on C'. Physically this is equivalent to the statement that first class

*One can in principle also consider higher dimensional representations of £ in some auxiliary algebra,
see section . Here we will for simplicity restrict ourselves to the one-dimensional case.
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constraints induce non-physical gauge invariances, that have to be eliminated from the
theory. Mathematically one proceeds as follows. Define the maps

Xo : CP(GY) — C®(GY) (3.2.5)

by
Xa(f) = {¢a f} (3.2.6)

In geometric terms the X, are the "THamiltonian vector fields’ associated to the constraints
{¢a}, which can be interpreted as the derivative of some function f € C*°(G*) along the
direction of the gauge invariance.

Now let [f] denote the equivalence class f + I, i.e. [f] € C*°(C). Then

Xa(f"i'l) :{¢a,f}+{¢a,l} CXa(f)""Iv (3'2'7)

where we used the fact that I is a Poisson subalgebra of K(G). Put differently we therefore
have

Xalf] = [Xa(f)], (3.2.8)

which means that the maps X, descend to well defined maps
Xo : C®(C) — C(0). (3.2.9)

In geometric terms this is nothing but the statement that the Hamiltonian vector fields of
the constraints are tangent to C.

Now define the set of the functions which are constant under the flow of X, i.e. gauge
invariant, as

W ={[f] € C(C) | Xu[f] =0, for all a}. (3.2.10)

The point is now that the Kirillov Poisson structure on C*°(G*) induces naturally a
Poisson structure {.,.}* on W. Let [f],[h] € W, then this Poisson structure is simply
given by

{If1 [p}" =[S, b} (3.2.11)

Of course one has to show that this Poisson structure is well defined. In order to do so
we have to check two things: firstly we have to check whether [{f,h}] € W whenever
[f],[h] € W, and secondly we have to show that the definition does not depend on the
choice of the representatives f and h. Both these checks are easily carried out and one
finds that indeed the Poisson bracket {.,.}* turns W into a Poisson algebra. The Poisson
algebra found by reducing a Kirillov Poison algebra is called a finite W-algebra

W(G,L,x) = W, {.,.}7). (3.2.12)
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In more physical terms, W is the set of gauge invariant quantities and the Poisson bracket
between them is obtained by first calculating the Poisson bracket and then putting the
constraints to zero.

It is clear that the number of finite W-algebras is huge. However, it is by no means clear
that all non-linear algebras are of this type. In fact this is almost certainly not the case.
However, as we shall see, several interesting non-linear symmetry algebras encountered
in physics, including the ones described in the previous chapter, are finite W-algebras.
Anyway, in this paper we restrict our attention to finite W-algebras.

3.2.1 Examples

Let us now consider some examples in order to clarify the construction. First take G =
sl(2), the set of traceless 2x2 matrices. This Lie algebra can be described as follows. It is
the (complex or real) span of three generators ¢y, t_ and tp with commutation relations
[to,t+] = £2t4 and [t4,t_] = ty. The Kirillov Poisson structure therefore reads

(Jo, Jo}t = +2J.; (Jo,J_} = Jo. (3.2.13)

The Lie algebra sl(2) has several subalgebras. The most obvious one is the so called
Cartan subalgebra spanned by #y. If we take £ to be the Cartan subalgebra and y = 0,
then from equation (B.2.1) we find ¢ = Jy. The ideal I (see (B.2.9)) consists of elements
of the form f(Jo, J4+,J-)¢, where f is an arbitrary smooth function in three variables.
Since dividing out I corresponds to putting the constraints to zero, we find that C*°(C)
is isomorphic to the set of arbitrary smooth functions in J; and J_

Cc*(C)={f(Js,J-) | fis smooth}. (3.2.14)

The next step in the construction is to find the set W of all elements in C°°(C') that
Poisson commute with ¢ (after imposing the constraint). As {¢, J+J_} = Jo{Jo,J_} +
J_A{Jo,J+} = —J_Jy + J_Ji =0, we find that W consists of functions that depend only
on the combination J,J_. However, as W has only one generator, J,J_, it turns out to
be an abelian algebra.

In fact this is what generically happens when we choose G = sl(2). If £ is one of the so
called ‘Borel subalgebras’ b+ spanned by tg and ¢4, then there are effectively no degrees
of freedom left, that is W = 0. If one chooses L to be the span of ¢4 or t_ ( and x = 0),
then W will again be an abelian algebra with one generator, Jy. The situation doesn’t
change for y # 0, because the numbers of generators stay the same. We conclude that
there are no interesting finite W-algebras that can be derived from si(2).

Let us therefore turn to G = sl(3). This Lie algebra is spanned by eight elements
{t1,t2,tar, tag, tags t—ay s t—ags t—as b, Where aj, s and as denote the three positive root
vectors of sl(3). The Kirillov Poisson algebra reads

{Jlaj:l:al} — i2J:|:a1a {J27J:|:a1} — :FJ:I:al
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{le J:l:az} = :':J:taga {JQ, Jj:a2} = :|:2J:|:a2

{J1,Jas} = LJias, {J2, Jtas} = £J 104
{J:l:a1 ) J:l:az} = :l:']:tasv {J:l:al ) J:FCVS} = :FJJFOQ
{J:l:azv‘]Pls} = iJjFalv {J-l—asv‘]—as} =+ J2
{J4a1yJ=ay} = Ji, {09 J—an} = Ja. (3.2.15)

The most obvious choice for the subalgebra L is the Cartan subalgebra spanned by ¢; and
to. Again take y = 0. According to (B.2.1)) the constraints are then ¢ = J; and ¢ =
Ja. Reasoning as before C°°(C') is shown to consist of smooth functions in the variables
JarsJ—ars Jass J—ass Jaz and J_q,. In order to construct W, we need to find functions of
these variables that Poisson commute (after imposing the constraints) with ¢; and ¢s.
In principle sl3 has dimension eight. We have imposed two first class constraints, which
brings the dimension of C' down to six. As ¢ and ¢9 are first class, they generate gauge
invariances, or in other words, two of the six dimensions will correspond to gauge degrees
of freedom. On eliminating these, which is essentially what constructing ¥V amounts to,
we are left with four dimensions. We now look for four independent elements of C'*°(C)
that commute with ¢; and ¢o. It is easy to construct them. They read

Ay = JoJoa, (3.2.16)
Ay = JopJ—ay
Al = JoyJ—a

1

B = §(Ja3J—a1J—a2_J—a3Ja1Ja2)
1

C = 5(']0!3']—041']—042+J—a3']al']012)‘

Note that there are five invariant quantities. However, the relation
C? = AjAyAs + B? (3.2.17)

between the generators in (8.2.16) brings the number of independent dimensions back to
four. In fact this relation defines the 4 dimensional surface in 5 dimensional Euclidean
space (with coordinates C, B, Ay, Ay, A3) on which the finite W-algebra lives.

The non-zero Poisson brackets between the generators (B.2.1¢) read
{A;, Ai1}" =2B {A;, B} = Aj(Aiy1 — Ai—1), (3.2.18)

where i is a cyclic index, i.e. i € {1,2,3} and i + 3 = i.

Another reduction of sl(3), and one that leads to a linear finite W-algebra, is the
following. Take L to be the span of ¢,, and t,, and x = 0. The constraints read J,, =
Jaz; = 0 and C*°(C) consists of functions of Ju,,J_q,,J1,J2,J_a, and J_,,. Again
a simple counting argument similar to the one given above leads us to look for four
independent generators of W. It is easy to check that J,,,J_n,,J1 and Ja satisfy the
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requirement that they commute with the constraints. Now J,,,J_4, and J; form and sl
algebra
{J1, Ja, }* = £2J404; {Jays J—ay }* = J1, (3.2.19)

while s = J; 4+ 2J2 commutes with all the other generators and thus forms a «(1). Thus
we have found that si(2) @ u(1l) is a reduction of sl(3). As we shall see later when we
discuss real forms of finite W-algebras this also means that su(2) @ u(1) is a reduction of
su(3):

su(3) — su(2) ® u(l) (3.2.20)

This example is actually a special case of a more general class of reductions. Let ¢
be an arbitrary element of the Cartan subalgebra of a (semi) simple Lie algebra G. We
can use ¢ to define a so called ‘grading’ on G. Define G, = {x € G | [§,z] = nz}. It then
follows that

g = @ngnS [gm gm] C gn—l-m' (3'2'21)

If we now take £L = &,-0G, and x = 0, then all elements J, such that t, € Gy will
commute (after imposing the constraints) with all ¢, = J,. This can be seen as follows.
Let t, € Go, then [t,,t,] € L, as follows from (B.2.21)). As all J, are constrained to zero,
we find that {¢a, Jo} = {Ja,Jo} is a linear combination of Jg which after imposing the
constraints become zero. We conclude therefore that this type of reduction always leads
to a finite W-algebra which is isomorphic to Gg. The ones that are most closely related to
the infinite-dimensional W-algebras of conformal field theory.

The finite W-algebras considered in this section are associated to s/(2) embeddings into
G. A given sl(2) embedding fixes both £ and x which means that there is one finite W-
algebra for every sl(2) embedding. For si(n) the number of inequivalent s/(2) embeddings
is equal to the number of partitions of the number n and this is therefore the number of
finite W-algebras of this type that one is able to extract from sl(n).

3.2.2 sly;-embeddings

In this section we always take G to be a simple Lie algebra. This implies that the inner
product (z,y) = Tr(ad(z)ad(y)) (z,y € G), the so called Cartan Killing form, is non-
degenerate, i.e. there does not exist an element y € G such that (z,y) = 0 for all x € G.
Therefore any element f of G* can be written as f(.) = (x,.) for some = € G, or in other
words we can identify G and G*. Due to this fact we can define the Kirillov Poisson
structure on G instead of on G* which makes life easier in some respects. Consider for this
C*°(G) instead of C*°(G*) and define the functions J* on G by J%(t;) = éff. The Poisson
algebra satisfied by these quantities is

{J, g% = fabge, (3.2.22)

where we have raised and lowered indices with the metric gq, = T (t4tp).

Now let there be given an si(2) subalgebra {to,t,,t_} of G,
[to, t4] = 24, [t4,¢-] = to. (3.2.23)
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If we define the spaces
G™ = {x € G| [ty, z] = nzx}, (3.2.24)

then
G =®,6". (3.2.25)

The decomposition (B.2.2]) is again a ‘grading’ of G, because
(6™, gm] c gt (3.2.26)

In general the numbers n can be integers or half integers, that is n € %Z. As in the
infinite-dimensional case, we would like to take

L£L=G6" =a,.,6™ (3.2.27)

together with x(t+) = 1 and all others zero. However there is a slight problem with
this choice, because the commutator of two elements of Q(%) may contain ¢, which is an
element of GV, This means that y would no longer be a one-dimensional representation
of G) and not all constraints would be first class. Classically this need not be a problem,
because one can eliminate second class constraints with the so called Dirac bracket [27].
However, quantization becomes much more involved if not all constraints are first class.
Fortunately it is possible for many Lie algebras, among which all si(n), to replace gt
and y by a new algebra G, and a new one-dimensional representation x : Gy — C that
lead to the same finite W-algebra without having to resort to Dirac brackets. What one
does is replace the ‘grading element’ ¢ty by a new one, 4, which is also an element of the
Cartan subalgebra [, P7]. The element § defines a grading of G which is different from
the one in (B.2.29)

G = ®nGn, (3.2.28)

where G, = {z € G | [§,z] = nz}. Essentially § has the property that it splits G(2) and
Q(_%) into two pieces:

1 1 _1 _1
¢® =gl? gl ¢ =g g gt (3.2.29)
and that
_1 1
Go = G g ggity (3.2.30)

1

Gu = GV g gg%),
i.e. ‘half’ of (+3) gets added to Q(O), which becomes Gy and the other half gets added to
GED | which becomes G+1. Obviously

G+ ® Qﬁ) =g, (3.2.31)
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Furthermore ¢ is chosen such that the grading of G is integral, i.e. all n in (B.2.2§) are
integers. The one-dimensional representation x : G+ — C is taken to be the same as
before, i.e. x(t+) = 1 and zero everywhere else. What has been done here, effectively,
is that the set of second class constraints (corresponding to g(%>) has been split into two
halves. The constraints in one half we still put to zero. One can choose § such that they
will be first class. The constraints in the other half are kept free. However, the degrees
of freedom they represent can be gauged away by the gauge invariance generated by the
first class constraints in the first half. It is not possible to find an element § satisfying the
requirements for all Lie algebras [2§]. For sl(n) however, there is no problem.

We now proceed as before. Let again {t,} = {to} U {ta} be a basis of G, where {t,} is
a basis of £ = G, and {t5} is a basis of Gy @ G_. The constraints are given as usual by

¢ =J* — x(ta)-
It is clear that elements of C°°(C') are smooth functions in the variables {J}, as all

the J¢ have been constrained to constants. The next step is to find W. For this we need
to look for elements W of C°°(C') such that

{o, W} =0, (3.2.32)

after imposing the constraints. This will then be the W-algebra associated to the sl(2)
embedding. In general it is no easy task to find the complete set of elements W such that
(B-2.32)) holds. However, in the case of finite W-algebras derived from sl(2) embeddings
there turns out to be an algorithmic procedure for doing so. For this we have to consider
the gauge transformations generated by the first class constraints ¢“. Let x = z%, be an
arbitrary element of G. The gauge transformations generated by ¢ then act as follows on
x:

(0 ) (2)ty = €{0%, J*} (),
e{JY, J (),

= Efbanb(x)ta

= effacsbt, = effoabtt,

= g fohalta = [eg™te, 2"t)

= [et™, x]. (3.2.33)

Oal

Now, if t, € G4, then t* € G_, because G, and G_ are non-degenerately paired by
the Cartan Killing form [R7]. It therefore follows from (B.2.33) that the group of gauge
transformations generated by the first class constraints is nothing but G_ = exp(G_) and
that this group acts on G by group conjugation  — grg~',g € G_. Now let = be an
element of C'. In general it has the form

r=t,+ Y 2%5. (3.2.34)

a

where 2% are complex numbers. It can be shown [R7] that the gauge freedom G_ can be
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completely fixed by bringing = to the form

tet+ Y W%, (3.2.35)
ta €Gw

where Gy, = {zx € G | [t_,x] = 0}. Put differently, for every z of the form (B.2.34), there
exists a unique g € G_ such that grg~! is of the form (§.2.35). Since the element (§.2.39)

is the same for any element within a certain gauge orbit, the quantities W< must be
gauge invariant. This means that they commute with the constraints {¢®, W%} = 0. By
construction the quantities W from a complete set of generators of the finite W-algebra
in question. The only thing left is therefore to calculate the Poisson relations

(W, WPy = {we, W) (3.2.36)

A

The equality in equation (B.2.3() can be understood as follows. In principle the bracket
{.,.}* is simply {.,.} where it is understood that we take ¢“ after we have calculated the
Poisson bracket. However, as Gy @ G_ is a subalgebra of G and since the quantities W&
will be polynomials only in J%, as follows from (B.2.34), we find that the Poisson bracket
of W% and W# will not involve any J. This justifies (8.2.36). It is now time for some
examples.

3.2.3 Examples

As a simple example take G = sly. Also take as a basis of si(2) the matrices t1,t and t3

such that
2 1

The Kirillov Poisson structure then reads
{72, 0% = —Jt, {72, 13} = J3, {(JL, 13} = —2J%  (3.2.38)

Obviously there is only one non-trivial sl(2) embedding into sl(2), namely the algebra
itself. Now, sl(2) splits up into three subalgebras of grade +1, 0 and -1,

sl(2) = 6D @ g0 g g (3.2.39)

given by the span of t3,t5 and ¢; respectively. Note that all grades are integral, which
means that G, = G(™). The constraint becomes ¢ = J' — x(t;) = J' — 1, since t; = t,.
C>(C) is given by the smooth functions of J? and J3. Next we look for gauge invariant
functions, i.e. functions which Poisson commute with the constraint (after imposing ¢ =
0). We do this by the method outlined above. Let g be an arbitrary element of G_, i.e.

s—en(20)=(10): (3:2.40)
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We can find the gauge invariant function W by solving
g (ty + %+ Pty) g7 =ty + Wi (3.2.41)
for g and W. In matrix form this equation reads
(O (L)) e
This equation is satisfied if a = J?. We then find that
W= J% 4 JAT2 (3.2.43)

Note that indeed {¢, W} = {J!, J3 4+ J2J?} = —2J% + 2J'J2, such that after imposing
¢ = 0 we have {¢,/W} = 0. As W has only one generator, the obtained W-algebra is
trivial.

In order to illustrate the construction in a slightly less trivial case consider the so-called
non-principal sl embedding into sl3. For sl3 we choose the basis

J4+ %JE’ J? Jt
Jty = Jo —2J4 J3 . (3.2.44)
J8 J7 J4 o %JE’

The sl(2) embedding is given by ty = t5,t4 = t; and t— = tg. Gy, is the span of
ts, t7,te and t4. The grading of si(3) with respect to this sl(2) subalgebra is

s3) =6V gD eg®agh agh, (3.2.45)
where
g(—l) = Span{tg}; g(O) = Span{t47 t5}7 g(_%) = span{tﬁ, t7} (3246)
¢ = span{t}; Ga) = span{ta, t3}.

Obviously this grading is not integral. The element § can be found in the appendix
and reads in this case § = %diag(l, 1,—2). The grading with respect to ¢ is

sl(3) = G-1®Go @ G, (3.2.47)
where
G_1 = span{tr,ts}; Go = span{ty, t5, ta,t}; Gy = span{ty,t3}. (3.2.48)
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Obviously

1
gé2) — span{tz}; g% ) = Span{tg}, (3249)

(SIS

The one dimensional representation is given by
x(t) = 1; x(t3) = 0. (3.2.50)
According to the standard procedure the constraints are
ot =J —1=0; ¢ =T =0. (3.2.51)

Again we want to find the gauge invariant functions in the variables J2, J4, J?, ..., J®. The
group of gauge transformations G_ is given by

1 00
G_.=[010 (3.2.52)
a b 1
As before we solve the equation
100 Jr+ 305 g2 1 1 0 0 w0 1
010 JO 2J4 0 0 1 0 |=]| wWé —2w* o
a b 1 J® JT gt =18 —a —b 1 we o wr owt

for a,b and W*. The result reads a = %J‘r’, b= J? and
1
wt = Jt WT=J" + 5J2J5 —3J2J%
1
wé = JS; W8 =J%+ ZJ5J5 + J2JS, (3.2.53)

which can all easily be shown to be gauge invariant. These are now the generators of the
finite W-algebra.

Defining
. 7 . 4 6 . 4
J+ = W5 J-=§W; Jo = —4W
2 4

and calculating the Poisson brackets between these quantities we find

{Jo,j+}" = £2j4
{4.3-Y = #+0C, (3.2.55)

Note that this algebra is identical to the symmetry algebra of the two dimensional anisotropic
oscillator with frequency ratio 2:1.
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We shall now consider another example which turns out to be of unexpected physical
significance. Take G = sl(4) and choose the basis {t,} such that

T A S A A e A T2+ TP J!
" JlO + Jll lJ? _ J8 _ J9 J4 J2 _ J3
JUe = J12 4 13 2 g BN AV C R J5_ 6 (3.2.56)
J15 J12 _ J13 2JlO _ Jll —%J7 _ J8 + J9

The sl(2) embedding we consider is tg = t7, t4 = to, t_ = t12. The grading is given by

G=6Vag® g, (3.2.57)
where
GV = span{tiz, ti3, t1a, t15}; G\ = span{ts, tg, t7, ts, tot10, t11} (3.2.58)
G = span{ty,ty,ts,ts}; Giw = GV @ span{ts, ts, t1o}-

From (B.2.57) we see that the grading is integral, so there is no problem with second class
constraints. The one-dimensional representation x : G(Y) — R is given by x(t3) = 1 and
x(t1) = x(t3) = x(t4) = 0. The constraints therefore read J! = J3 = J* =0 and J? = 1.
Performing the calculation of W as before, we find that the finite W-algebra associated to
this sl(2) embedding can be written as

{La,Lb} — félch; {La,Rb} — fgbRc
{R*,R"} = (—2H — Co)f®L", (3.2.59)

where a = 1,2,3 and f2 are the structure constants of sl(2). Note that this algebra is
essentially the Runge-Lenz algebra which is the symmetry algebra of a particle moving on
53 in a Coulomb potential, as we have seen in the previous chapter.

3.2.4 Classical Miura transformation

A careful examination of equations (B.2.34) and (B.2.35) reveals that the gauge invariant
generators W& in general have a very specific form. Let t5 be a lowest weight vector, i.e.
[t_,ts] = 0, then

We=we*+W§, (3.2.60)

where W contains all terms that only contain JB with tz € Go, and W< is the sum of
the remaining terms. Furthermore it turns out that W§' # 0. From this last fact we can
derive a very important result. As the Poisson bracket of two elements of degree zero is
again of degree zero, we find that we must have

(W, WPy = (W, W'}, (3.2.61)

where the subscript 0 in {.,.} means that we throw away everything except the grade
zero piece of (whatever comes out of) the Poisson bracket. What this equation says is

28



that the {IW{'} form an algebra which is isomorphic to the algebra satisfied by the {W}.
However, note that W{ only contains JB of degree zero which means that what we have

done is to embed the finite W-algebra into the Kirillov Poisson algebra of the semi-simple
Lie algebra Gy (denoted by K(Gp)). The map

W — K(Go) (3.2.62)

is called the ‘classical (finite) Miura transformation’.

Let us consider an example. In the case of sl(2) we have seen that W = J3 + J0J0 =
W_ 4+ Wy, where Wy = J°JY. This example was trivial due to the fact that it had
only one generator. More generally, however, in the case of the so called ‘principal si(2)
embeddings’ into sl(n) we get abelian finite W-algebras with n — 1 generators. The reason
for this is that for principal embeddings Gy is equal to the Cartan subalgebra, which is an
abelian algebra. The W-algebra is therefore also abelian. The non-trivial cases arise for
the non-principal embeddings.

Take for example again the case of G = sl(3) with the non-principal embedding. The
generators W& of this algebra were given in (B.2.5J). As Gy was the span of tg4,t5,ty and
ts we find that the grade 0 pieces of the generators are given by:

Wy = J*
Wy = J°
1
Wy = 5J2J5—3J2J4
1
we = 1J5J5+J2JG. (3.2.63)
Now, defining
3 1
h = —ZJt—2J5
2 4
e = J?
- JS
1, 1.4
= —Jt-= 2.64
s 2J 4J, (3.2.64)

which satisfy the Poisson relations of sl(2) @ wu(1)

{h,e} = e
{h7f} = —f
{e.ft = 2n, (3.2.65)

we find, using equation (B.2.54), the following expressions of the generators jo, j4,j— and
C in terms of h,e, f and s:

jo = 2h—2s
J+ = e(h—3s)
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. 4
J——gf

= —%(h2+ef+332). (3.2.66)

Using the relations (B.2.65), one can easily verify that these expressions indeed satisfy
the algebra (B.2.55). Note that due to the fact that the expressions in the right hand
side of (B ) are quadratic in the cases of j; and C' it is not possible to express h,e, f
and s similarly in terms of jg, j1,C, i.e. to invert the Miura transformation. The reason
for this is that the Miura transformation is in general an homomorphism rather than an
isomorphism.

In the case of the Runge-Lenz algebra, which we constructed above as a reduction of
sl(4), Go is given by sl(2) @ sl(2) ® u(1). The explicit expressions of L* and R* in terms
of the generators of Gy = sl(2) ® sl(2) ® u(1) can be found in [f].

3.2.5 General form of si(2) related finite W-algebras

Consider the plane in G made up of elements of the form

=t + Y a%a, (3.2.67)

ta eglw

where 2 are complex numbers. That is, we put all J* to zero except of course JT, corre-
sponding to ty, which we put to 1 and J¢ with t5 € Gj,,,, which we leave unconstrained.
It can be shown [P7] that this set of constraints (which is larger than the set of constraints
that lead to the constraint surface C') is completely second class, that is, none of the above
mentioned constraints are first class. This means that the original Poisson bracket on G,
the Kirillov Poisson bracket, induces a ‘Dirac bracket’ on the set of elements of the form
(B:2:67). Recall that for a set of second class constraints ¢ the Dirac bracket between two
functions f and g is defined by

where A;; is the inverse of the matrix AY = {¢*, ¢’ }.

Now, since the set of elements of the form (B.2.67) is nothing but C/G_, i.e. C with all
the gauge freedom removed we find that the Dirac bracket algebra of the functions J¢ (for
ta € Giw) must be isomorphic to the finite W-algebra associated to the si(2) embedding
in question.

It is possible [P7] to derive an elegant general formula for the Dirac bracket algebra on
Giw, and thus of the finite W-algebra. Let w € Gy, and let @1 and 2 be smooth functions
on Gy, Define grad,,Q € Gy ={z € G | [t+,2] =0} by

(' grad, Q) = - Qw + ) |emo (3.2.69)
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for all w € Gy, This uniquely defines grad,, @, since Gy, and Gy, are non-degenerately
paired by the Cartan-Killing form (.,.). The finite TW-algebra associated to the sl(2)
embedding in question is now (isomorphic to)

{Q1,Q2}Hw) = (w, [grad,,Q1, ,grad,, Q9]), (3.2.70)

1+ L oady

where ad,,(.) = [w,.]. The operator L is essentially the inverse of ad;, . There is neverthe-
less a problem, since Ker(ad;, ) # 0. It is however a 1-1 map from Im(ad;_) to the image
of ad¢, . One now takes L to be the inverse of ad;, in this domain of definition and then
extends it to all of G by 0.

Note that formula (B.2.70) reduces to the ordinary Kirillov Poisson bracket for the
trivial sl(2) embedding tg = t—- = t; = 0. For non-trivial sl(2) embeddings however
(B.2.70)) is a highly non-trivial and in general non-linear Poisson structure as we have seen.

3.2.6 W-coadjoint orbits

In this section we are going to construct the coadjoint orbits of finite W-algebras associ-
ated to sly embeddings. First we briefly discuss some general aspects of symplectic and
coadjoint orbits and then we show how one can construct finite W symplectic orbits from
the coadjoint orbits of the Lie algebra to which they are associated.

Suppose we are given a Poisson manifold, that is a manifold M together with a Poisson
bracket {.,.} on the space of smooth functions on M. In general such a Poisson structure
is not associated to a symplectic form on M since the Poisson bracket can be degenerate,
i.e. there may exist functions that Poisson commute with all other functions. The Poisson
bracket {.,.} does however induce a symplectic form on certain submanifolds of M. In
order to see this consider the set of Hamiltonian vector fields

Xi()={f,} for feC®M). (3.2.71)

Note that the set of functions on M that Poisson commute with all other functions are in
the kernel of the map f + X;. From this follows that in every tangent space the span of
all Hamiltonian vector fields is only a subspace of the whole tangent space. We say that
a Poisson structure is regular, if the span of the set of Hamiltonian vector fields has the
same dimension in every tangent space. Obviously a regular Poisson structure defines a
tangent system on the manifold M and from the well known relation

X1, X, = X(1.) (3.2.72)

it then immediately follows that this system is integrable (in the sense of Frobenius).
Therefore M foliates into a disjoint union of integral manifolds of the Hamiltonian vector
fields. Obviously the restriction of the Poisson bracket to one of these integral manifolds
is nondegenerate and therefore associated to a symplectic form. They are therefore called
symplectic leaves.
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The symplectic leaves play an important role in the representation theory of Poisson
algebras. A representation of a Poisson algebra is a symplectic manifold S together with
a map 7 from the Poisson algebra to the space of smooth functions on S that is linear
and preserves both the multiplicative and Poisson structure of the Poisson algebra. Also
the Hamiltonian vector field associated to 7(f) € C°°(S) must be complete (i.e. defined
everywhere). A representation is called drreducible, if span of the set {X ) (s) | f €
C>° (M)} is equal to the tangent space of S in s for all s € S. The role of the symplectic
leaves is clarified by the following theorem [Rg]. If a representation of the Poisson algebra
C°(M) is irreducible, then S is symplectomorphic to a covering space of a symplectic leaf
of M.

From the above it follows that it is rather important to construct the symplectic leaves
associated to finite W-algebras. Looking at eq.(B.2.7(]) it is clear that constructing these
symplectic orbits from scratch could be rather difficult. Luckily we can use the fact that
the symplectic orbits of the Kirillov Poisson structure are known (by the famous Kostant-
Souriau theorem they are nothing but the coadjoint orbits and their covering spaces) to
construct these. The answer turns out to be extremely simple and is given in the following
theorem:

Theorem Let O be a coadjoint orbit of the Lie algebra g, then the intersection of O and
Jiw 18 a symplectic orbit of the finite W-algebra W (g;to).

Proof: Let again C = {z € g | ¢*(z) = 0}. The Hamiltonian vector fields X< = {¢“,.}
form an involutive system tangent to C' and therefore C' foliates. gj, has one point in
common with every leaf and denote the canonical projection from C' to g, which projects
an element z € C' to the unique point 2’ € gj,,, by m. This map induces a map 7, from the
tangent bundle T'C of C' to the tangent bundle Tg;, of g;,. Let f be a ‘gauge invariant’
function on C, ie. {f,¢a}|c = 0 then obviously Xy = {f,.} is a section of T'C (i.e. as
a vector field it is tangent to C' in every point of C'). It need not be an element of T'g,
however, but using the gauge invariance we can project it back onto the gauge slice. This
projection of X; on the the gauge slice is given by m,(Xy) € Tgp,. By construction the
Dirac bracket now has the property that {f,.}* = m.(Xy). What we now need to show is
that 7. (X ) is tangent to the coadjoint orbit O. Well, obviously we have . (X;) = X;+Y,
where Y is a tangent to the gauge orbit. Since the spaces tangent to the gauge orbits are
spanned by the Hamiltonian vector fields X%, we find that Y is a tangent vector of O.
Because Xy is by definition a tangent vector of O we see that m,(Xy) is also tangent to
the coadjoint orbit @. What we can conclude is that the Hamiltonian vector fields on
Jiw W.r.t. the reduced Poisson bracket are all tangent to the coadjoint orbit and therefore
the symplectic orbits are submanifolds of the coadjoint orbits. The theorem now follows
immediately .

Let us now recall some basic facts on coadjoint orbits of simple Lie algebras. Let f be
an adinvariant function on g, i.e. f(aza™') = f(z) for all a € G and = € g. Then we have

0 = pem e o = 5 s+t
= (gradyf, [m,y]) = ([gradyf, x],y) , (3.2.73)
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which means that
(lerad, f, grad, ], y) = {f, h}(y) = 0. (3.2.74)

We conclude that any adinvariant function Poisson commutes with all other functions.
Conversely any function that Poisson commutes with all others is adinvariant, because
{f,h} =0 for all h implies that X, (f) = 0 for all h, where X}, is the Hamiltonian vector
field associated to h, which means that the derivative of f in all directions tangent to a
symplectic orbit are zero.

Consider now the Casimir functions {C’i}fi?k(g ) of the Lie algebra g. Certainly these

Poisson commute with all other functions and it can in fact be shown that the (co)adjoint
(since we have identified the Lie algebra with its dual the adjoint and coadjoint orbits
coincide) orbits of maximal dimension of the Lie algebra are given by their constant sets

Ci={recg|Cix)=pi; pi €C; i=1,... ,rank(g)}. (3.2.75)

Their dimension is therefore dimg(g) — rank(g).

Coadjoint orbits are very important to the representation theory of (semi)simple Lie
groups. In order to see why let us recall the Borel-Weil-Bott (BWB) theorem [B(]. Let G
be a compact semisimple Lie group with maximal torus 7" and let R be a finite dimensional
irreducible representation of G. The space of highest weight vectors of R is 1 dimensional
(call it V) and furnishes a representation of T'. The product space G x V is a trivial line
bundle over G and its quotient by the action of T' (where (a,v) ~ (at,t 'v) for a € G
and t € T') is a holomorphic line bundle over G/T" (which is a complex manifold). Now, L
admits a G action (a,v) — (d’a,v), where a,a’ € G and v € V, so the space of holomorphic
sections of L is naturally a G representation. The BWB theorem now states that this
representation is isomorphic to R. The BWB construction has however the restriction
that it applies only to compact groups. There does exist however a generalization of the
BWB construction called the coadjoint method of Kirillov. In this method one generalizes
G/T to certain homogeneous spaces GG/ H which can be realized as coadjoint orbits. As we
have mentioned above, a coadjoint orbit carries a natural (G invariant) symplectic form w
inherited from the Kirillov Poisson structure and can therefore be seen as a phase space of
some classical mechanical system. One then attempts to quantize this symplectic manifold
using the methods of geometric quantization [@] For this one is supposed to construct
a holomorphic line bundle L over the coadjoint orbit such that the first Chern class of L
is equal to the (cohomology class of) w. If such a line bundle exists the coadjoint orbit is
called quantizable. For a quantizable orbit the bundle L can then be shown to admit a
hermitian metric whose curvature is equal to w. The space of sections of L thus obtains
a Hilbert space structure and is interpreted as the physical Hilbert space of the quantum
system associated to the coadjoint orbit. It carries a unitary representation of the group
G and in fact one attempts to construct all unitary representations in this way. Obviously
this construction is a generalization of the BWB method. Note that the fact that generic
groups have unitary irreducible representations only for a discrete set of highest weights
is translated into the fact that only a discrete set of orbits is quantizable.

From the above it is clear that the symplectic (or W-coadjoint) orbits of finite W-
algebras are extremely important especially in the study of global aspects of W-algebras.
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In order to see this note that coadjoint orbits are homogeneous spaces of the Lie group G
in question, and it is therefore tempting to interpret the symplectic orbits of W-algebras
as W-homogeneous spaces. These naturally carry much information on the global aspects
of W-transformations. In the notation used above the symplectic orbits of the finite W-
algebra W (g;to) are given by

O = Cii[ ) 9w (3.2.76)
which are therefore (generically) of dimension dimg(gr,,) — rank(g).

Let us give some examples. As we have seen, the finite W-algebras associated to
principal slo embeddings are trivial in the sense that they are Poisson abelian. This means
that all Hamiltonian vector fields are zero and that all symplectic orbits are points. Again
the simplest nontrivial case is the algebra W?f2). The 2 independent Casimir functions of

sl3 are

1 1
Cy = 5Tr(ﬂ) and Cy = gﬁ(ﬂ), (3.2.77)

where J = J%,. The spaces O can be constructed by taking for J the constrained and
gauge fixed matrix

7 0 1
J=| Gy =257 0 |. (3.2.78)
T G- j
One then easily finds
C, = 3j2+T
Cy = -2/ +G.G_+2T. (3.2.79)

Obviously dim(g;,) = 4 and introducing the variables zy = j; 20 = G1; 23 =G_; 24 =T
we find that

O =17 € ct | 3z% +2z4=p1 and 22124 + 2223 — Zzi)’ = pa}. (3.2.80)

The topological nature of these symplectic orbits becomes clearer if we insert z4 = py —
327 into the second equation. We find that topologically O,, ., is equivalent to the 2
dimensional surface in C® determined by the equation

2923 = o — 2u121 + Szf. (3.2.81)
Compare this to the coadjoint orbits of si(2,C) which are given by [BJ]
2923 = 22 + . (3.2.82)

It is well known that the coadjoint orbits of si(2,R) and su(2), which are real forms of
sl(2,€), can be found by considering the intersection of these complex coadjoint orbits
with the appropriate real subspaces of sl(2,C).

In this section we have seen that it is easy to find the coadjoint orbits of finite W-
algebras by using the fact that they are reductions of Lie algebras. Constructing these
orbits would have been much more complicated, if not practically impossible, if this infor-
mation had not been used.
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3.2.7 Semi-simple subalgebras of finite /-algebras

As we have seen most finite W-algebras are non-linear, i.e. the commutation relations
(Poisson brackets) close on polynomials, not just linear combinations, of the generators.
It is however not uncommon for a finite W-algebra to have a linear subalgebra. We have
actually already seen an example of this in the case of the Runge-Lenz algebra which was
a reduction of sl(4). The generators L® in this algebra formed an si(2) subalgebra of the
Runge-Lenz algebra (which as a whole was non-linear). In this section we will discuss how
linear subalgebras arise and how one can predict them.

For this we need some basic facts on the theory of sl(2) embeddings. As is well known
B3 sl(2) embeddings into si(n) are completely characterized by the way the fundamental
(or defining) representation of si(n) branches into irreducible sl(2) representations. Fur-
thermore, all conceivable branchings are possible. So the fundamental (n-dimensional)
representation of sl(n) can branch into a direct sum of ny,ny, ng, ... dimensional sl(2) rep-
resentations as long as we have n = ny + ny + n3 + - - -. The number of inequivalent si(2)
embeddings is therefore equal to the number of partitions of the number n. Conversely,
any partition determines an sl(2) embedding up to inner automorphisms.

We are now ready to explain when semi-simple subalgebras of finite W-algebras arise
[B7. Suppose a certain sl(2) representation occurs m times in the branching of the fun-
damental representation of sl(n) then there will be an sl(m) subalgebra in the resulting
finite W-algebra. For example, in the case of the Runge-lenz algebra one can easily check,
using the explicit form of the generators tg, ¢4 and ¢_, that the 4 dimensional fundamental
representation of s/(4) decomposes into a direct sum of two 2-dimensional representations
of s1(2). The partition of 4 corresponding to this branching is 4 = 2 + 2. The fact that
the same representation occurs twice immediately leads us to expect that there will be an
sl(2) subalgebra in the resulting finite W-algebra. Indeed we know this to be the case.
Another, rather trivial example is the case of the trivial si(2) embedding ty = t+ = 0.
This case corresponds to the partition n = 14+ 1+ ...+ 1, i.e. the singlet of si(2) is n
fold degenerate. We therefore expect an sl(n) subalgebra. This is of course the original
Lie algebra itself.

A much more interesting question is whether there exist non-linear extensions of the
gauge group SU(3) x SU(2) x U(1) of the standard model, i.e. finite W-algebras that
contain its Lie algebra as a subalgebra. The answer turns out to be affirmative. The
smallest TW-algebra that contains such a subalgebra must be a reduction of at least s/(7)
because we need in the branching of the fundamental representation at least a double and
a triple degeneracy. The smallest n for which it is possible to do this is 7. The branching
that does the trick is 7 =1+ 1+ 1+ 2 + 2. Due to the fact that the singlet ”1” has a
threefold degeneracy and the doublet ”2” a double degeneracy we conclude that the finite
W-algebra will contain an sl(3) and an sl(2) subalgebra. The u(1) subalgebra will be
there automatically due to the fact that the second order Casimir descends to the finite
W-algebra and becomes a generator of it. The step from sl(n) to su(n) is then made by
taking the appropriate real form of the W-algebra, but we will come back to this later.

We conclude that it is not difficult to construct non-linear extensions of the gauge
group of the standard model. The next step would of course be to construct an actual
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gauge theory with this non-linear gauge algebra. In doing so one might be helped by the
fact that it is a reduction of, and can be embedded into (by the Miura transformation),
a Lie algebra. An obvious procedure would therefore be to ‘break’ the symmetry of the
linear theory to a non-linear subsymmetry by adding terms to the action which are only
invariant under the transformations generated by the non-linear gauge algebra. This is
the principle on which for example Toda theories base their non-linear W-symmetry (we
will come back to this later).

The W-algebra associated to the branching 7 =242+ 1+ 1+ 1 can be embedded into
(the universal enveloping algebra of) su(5) @ su(2). One method of writing down a gauge
theory based on this W-algebra would therefore be to first consider an su(5)® su(2) gauge
theory and then to add to its action terms invariant under the transformations generated
by the W-algebra only. A further discussion of finite W gauge theories will be postponed
until chapter 6.
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Chapter 4

Quantum Finite WW-algebras

In principle a complete quantum description of finite W-algebras involves two things:
First we need to quantize the classical algebras constructed in the previous chapter by
associating to them appropriate non-commutative associative algebras. We come to this
in a moment. The second step is to construct the irreducible unitary representations of
these quantum algebras on Hilbert spaces.

Unfortunately the general problem of quantizing finite W-algebras is not solved. How-
ever, in certain special cases, like the W-algebras associated to sl(2) embeddings, the
quantization is known [R7). In this chapter we discuss these results and add some new
ones on finite W-algebras that are obtained by reduction w.r.t. Cartan subalgebras. In
the next chapter we discuss unitary highest weight representations of finite W-algebras
and describe some conjectures on Kac determinants and character formulas.

In quantum mechanics, quantization amounts to replacing Poisson brackets by com-

mutators, sometimes denoted by
)

{'7'} - %[7] (4.0.1)

In a mathematically more sophisticated language, this amounts to replacing a Poisson
algebra, which is commutative and associative, (Ap,{.,.}) by an associative but non-
commutative algebra A depending on a parameter 7, such that

o A/RA =~ A

e if 7 denotes the natural map 7 : A — A/hA ~ Ay, then

(r(X),7(Y)} = n((XY — YX)/h). (4.0.2)

The first condition simply expresses the fact that in the limit A — 0 the original algebra
is recovered from the new one, while the second one tells you how to extract the Poisson
brackets of the old algebra from the commutators of the new algebra.

In most cases one has a set of generators for Ag, and A is completely fixed by giving
the commutation relations of these generators.
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For example, let Ay be the Kirillov Poisson algebra K(G) associated to G, then a
quantization of this Poisson algebra is the algebra A generated by the J* and A, subject to
the commutation relations [J?, J?] = hf%.J¢ (note that here the J* are no longer functions
on G but the quantum objects associated to them). Obviously, the Jacobi identities are
satisfied. Specializing to h = 1, this algebra is precisely the universal enveloping algebra

Ug of G.

To find quantizations of finite W-algebras, one can first reduce the sl,, Kirillov Poisson
algebra, and then try to quantize the resulting algebras that we studied in the previous
sections. On the other hand, on can also first quantize and then constrain. We will follow
the latter approach, and thus study the reductions of the quantum Kirillov algebra

[J2, J% = hfebge. (4.0.3)

We want to impose the same constraints on this algebra as we imposed previously on the
Kirillov Poisson algebra, to obtain the quantum versions of the finite W-algebras (G, L, x).
Imposing constraints on quantum algebras can be done using the BRST formalism [B4],
which is what we will use in the next sections. It is important to realize that we do
by no means prove uniqueness of the quantization of the finite W-algebra. There may
exist other, non-equivalent quantizations. The one that one finds by applying the BRST
formalism starts with a specific quantization of the Kirillov algebra, namely ([£0.), and
leads to one specific quantization of the finite W-algebra. Clearly, this is the most natural
one from the Lie-algebraic point of view, but it is an interesting open problem to find
out whether or not other quantizations of finite W-algebras exist. One might for example
examine what happens when one starts with a quantum group rather than the quantum
Kirillov algebra. This might lead to g-deformations of finite W-algebras, which can -if
they exist- be seen as two-parameter quantizations of classical finite W -algebras.

4.1 BRST quantization of finite 1//-algebras

Recall that the constraints we want to impose read
J*—x(JY) =0. (4.1.1)

To make this into good quantum constraints, x must be promoted to a representation of
the Lie algebra £ into some associative algebra, which is a quantization of the Poisson
algebra in which £ was represented classically by means of y. This associative algebra
will be denoted by U,. In the cases where xy = 0 or x is a one-dimensional character, this
is trivial. For all other cases we will simply assume this has been accomplished in some
or another way. Furthermore we will take 7 = 1 for simplicity; the explicit & dependence
can be determined afterwards.

To set up the BRST framework we need to introduce anticommuting ghosts and
antighosts ¢, and b®, associated to the constraints that we want to impose [B4]. They
satisfy b%cg + cgb” = 05 and generate the Clifford algebra CI(£ & L£*). The quantum
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Kirillov algebra is just the universal enveloping algebra UG, and the total space on which
the BRST operator acts is Q = UG @ U, @ CI(L & L*). A Z grading on § is defined
by deg(J*) = deg(Uy) = 0, deg(co) = +1 and deg(b*) = —1, and we can decompose
Q = ©,0F accordingly. The BRST differential on Q is given by d(X) = [Q, X], where Q
is the BRST charge

Q= J—x(J)ca — %fafbVCOlCQ, (4.1.2)
and [.,.] denotes the graded commutator (as it always will from now on)
[A,B] = AB — (—1)des()degB) g4 (4.1.3)

Note that deg(Q) = 1. First-class constraints generate gauge transformations, and
acts on generators precisely as gauge transformations, with the parameters replaced by
the anticommuting ghosts ¢,. Roughly, the anti-ghosts b* are needed to impose the first
class constraints, whereas the ghosts ¢, are needed to perform the gauge fixing on the
constrained phase space.

The standard BRST complex associated to the first-class constraints is

L4 ogk-1 4 ok 4 qk+1 4 (4.1.4)

Of interest are the cohomology groups of this complex, H*(Q;d), defined by

kerd : QF1 — QF
imd : QF — Qk+1°

H*(Q;d) = (4.1.5)
By definition, the zeroth cohomology group is the quantization of the finite W-algebra. It is
straightforward to verify that the zeroth cohomology is indeed a closed, associative algebra.
To show that it is a quantization of the classical finite W-algebra is less straightforward, but
can also be done. If the gauge group H generated by the first class constraints acts properly
on the constrained phase space C, one expects that all higher cohomologies vanish, as they
are generically related to singularities in the quotient C /ﬁ . In particular, if y is a one-
dimensional character related to an slo embedding, the higher cohomologies will vanish,
but if it is zero, they will not. Later on we will see examples of this phenomenon. In the
mathematics literature the cohomology of the BRST complex is called the Hecke algebra
H(G, L, x) associated to (G, L, x). General Hecke algebras have not been computed, apart
from those where  is the one-dimensional character related to the principal slo embedding
in G. In that case it was shown by Kostant [BJ] that the only non-vanishing cohomology
is H%(Q;d) and that it is isomorphic to the center of the universal enveloping algebra.
Recall that the center of the UG is generated by the set of independent Casimirs of G.
This set is closely related to the generators of standard infinite W,,-algebras; in that case
there is one W-field for each Casimir which form a highly non-trivial algebra [B{]. We
see that for finite W-algebras the same generators survive, but that they form a trivial
abelian algebra.

Since in the cases where x is a character related to an sls embedding the BRST coho-
mology can be completely calculated, we will first restrict our attention to this situation.
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In particular, we will verify Kostants result, but also see that for non principal sly em-
beddings quantum finite W-algebras are non-trivial. Later we will come back to the more
general situation, in particular to x = 0. Here, the general answer is not known, and
related to some interesting and difficult open problems in mathematics. Therefore, we will
restrict our attention to a few examples to sketch the general idea. But before that we
first consider the cases related to slo embeddings.

4.2 Quantum finite W-algebras from s/, embeddings

As said previously, we want to compute the cohomology of (£2;d). Unfortunately this is a
difficult problem to approach directly. We therefore use a well known trick of cohomology
theory, namely we split the complex (£2;d) into a double complex and calculate the coho-
mology via a spectral sequence argument. We will just sketch the idea, a more detailed
treatment can be found in [L1l]. Crucial is that the operator d can be decomposed into
two anti-commuting pieces. Write @) = Qo + @1, with

Q1 = Jaca—%fa,yﬁb'ycacﬁ,
Qo = —x(J%ecaq, (4.2.1)

and define do(X) = [Qo, X], d1(X) = [Q1, X]. Then one can verify by explicit computation
that d% = dod; = didy = d% = 0. Associated to this decomposition is a bigrading of
Q= EBk,le’l defined by

deg(J%) = (—k, k), if t, € G
deg(ca) = (k,1 — k), if t, € Gg
deg(b™) = (—k,k — 1), if to € Gk, (4.2.2)
with respect to which dy has degree (1,0) and d; has degree (0,1). Thus (Q%; do;d;) has
the structure of a double complex. Explicitly, the action of dg and d; is given by
) = fO;)anCaa
) = —%fﬁoﬂ]CﬁCﬁ/,
b)) = J*+ fPbcg,
) =0,
) = —x(JY). (4.2.3)

To simplify the algebra, it is advantageous to introduce
JO=J+ f“fb%g. (4.2.4)

Our motivation to introduce these new elements J is twofold: first, similar expressions
were encountered in a study of the effective action for W3 gravity [B7], where it turned
out that the BRST cohomology for the infinite W3 algebra case could conveniently be
expressed in terms of J ’s; second, such expressions were introduced for the J%’s that live
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on ‘Ehe Cartan subalgebra of g in [Bg], and simplified their analysis considerably. In terms
of J we have

() = f¥TTcq,

di(ca) = —%fﬁ;’%c%

d(b*) = J°

do(J*) = —fUx(T)es, (4.2.5)
do(ca) = 0,

do(*) = —x(J9). (4.2.6)

Now that we have a double complex, we can apply the techniques of spectral sequences
[BY to it, in order to compute the cohomology of (2;d). The idea behind spectral sequences
is to find a a series of complexes (€2;;D;), 7 > 0, such that Qy = €, such that Q;; =
H*(j, D;) and such that Q. = H*(€;d). In practise this is only a convenient technique
if the spectral sequence degenerates at some point, which means that {2; does not change
anymore for j larger than some jy. If a complex is actually a double complex, like in our
case, two natural spectral sequences exist. One of these has Dy = dyp and Dy = dy, the
other one has Dy = d; and D7 = dj.

The first people to propose using the theory of spectral sequences in the setting of
W-algebras were Feigin and Frenkel [Bg]. In fact, in this way they computed the BRST
cohomology in the infinite-dimensional case but only for the special example of the prin-
cipal sly embedding (which are known to lead to the Wy algebras). However, their cal-
culation has the drawback that it is very difficult to generalize to arbitrary embeddings
and that it constructs the cohomology in an indirect way (via commutants of screening
operators). Their spectral sequence was based on a double complex, with in the notation
introduced above, Dy = d; and D; = do. In [B7] it was first proposed to calculate the
BRST cohomology using the other spectral sequence with Dy = dy and Dy = dy. As it
turns out this has drastic simplifying consequences for the calculation of the cohomology.

4.2.1 The BRST cohomology

The following theorem [R7] gives the BRST cohomology on the level of vector spaces.

Theorem As before let Gy, C G be the kernel of the map ad;_ : G — G. Then the BRST
cohomology is given by the following isomorphisms of vector spaces

H"(Q;d) ~ UG1,)0%.0- (4.2.7)

The computation of the BRST cohomology is simplified considerably due to the intro-
duction of the new set of generators J% The simplification arises due to the fact that
H*(Q:;d) ~ H*(Qpeq; d), where Q.4 is the subalgebra of 2 generated by J% and ¢,. We
will not prove this here, but note that it is nothing but the statement that the anti-ghosts
b% impose the constraints. The subalgebra €2,.4 is a quantum version of the constraint
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phase space we have seen previously. The reduced complex (€,..4;d) is described by the
following set of relations:

dl(j&) = fo%&j"yca’

di(ca) = _%fﬁgcﬁc’w

d(](jd) = _fai/ﬁX(']ﬁ/)Cﬁ7

do(Ca) = 0,
[jd7 jﬁ_] = f&*’yﬁj:ya

[jd7 ﬁ] = _fag’yc’yv

[Cascg] = 0. (4.2.8)

At this stage we apply the spectral sequence technique. The inconvenient choice Dy = d;
and D; = dy would lead us to compute the cohomology of di on §2,..4. This turns out
to be very hard, and in addition the spectral sequence will not degenerate ever. In other
words, we would have to compute cohomologies infinitely many times in order to find
the final answer. The choice Dy = dy and D7 = dj is much more convenient, it turns
out that the spectral sequence already degenerates after the first step, i.e. after taking
the Dy cohomology, so that 2., = 1. Therefore, all that remains is to compute the dy
cohomology of §2,.4. To get an idea of the dy cohomology, we rewrite do(j @) as

do(J%) = =Tr([x(J")ty, t°]t7ep)
= —Tx([ty,tt%¢p). (4.2.9)

From this it is clear that do(J%) = 0 for t* € Gp,,. Furthermore, since t5 € Gy @ G- and
dim(Gy,) = dim(Gy), it follows that for each (3 there is a linear combination a(3)aJ* with
do(a(B)aJ) = cg. This can be used to prove that

H*(Qeqidr) = Q) ClJY6k0 = UG1s)dk0- (4.2.10)

ta€Gw

Because the spectral sequence stops here, the total cohomology of (£2;d) is the same as
(B.2.10), and this proves the theorem. We see that the ghosts ¢, have been 'used’ to keep
only the generators in Gj,,. This is the quantum counterpart of the gauge fixing procedure
we saw previously.

As expected, there is only cohomology of degree zero, and furthermore, the elements
of Gy, are in one-to-one correspondence with the components of G that made up the
lowest weight gauge in section 1. Therefore H*(2;d) really is a quantization of the finite
W-algebra. What remains to be done is to compute the algebraic structure of H*(£;d).
What we have computed in the previous theorem is an isomorphism of vector spaces rather
than an isomorphism of algebras. The only thing that ([.2.7) tells us is that the product of
two elements a and b of bidegree (—p,p) and (—¢, q) is given by the product structure on
UGy, modulo terms of bidegree (—r,7) with r < p+ ¢. To find these lower terms we need
explicit representatives of the generators of H%(;d) in Q. Such representatives can be
constructed using the so-called tic-tac-toe construction [BY], another important ingredient
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of the theory of spectral sequences: take some ¢g € Gy, of bidegree (—p, p). Then dy(¢o)
is of bidegree (1—p, p). Since d1dy(¢o) = —dopd1(¢o) = 0, and there is no d; cohomology of
bidegree (1 —p,p), do(¢o) = d1(¢1) for some ¢ of bidegree (1 —p,p —1). Now repeat the
same steps for ¢1, giving a ¢9 of bidegree (2 — p,p — 2), such that dy(¢1) = di(¢2). Note
that dido(¢1) = —dod1(¢1) = —d3(¢) = 0. In this way we find a sequence of elements ¢
of bidegree (I — p,p — ). The process stops at | = p. Let

W(g)=> (1)er. (4.2.11)
0

=

Then dW (¢) = 0, and W (¢) is a representative of ¢ in H%(Q;d). The algebraic structure
of H°(Q;d) is then determined by calculating the commutation relations of W (¢) in €,
where ¢( runs over a basis of G;,,. This is the quantum finite W -algebra. The non-linearity
comes from the fact that the ¢; are polynomials of order [ + 1 in the hatted generators J.

Let us now give an example of the construction described above.

4.2.2 Example

Consider again the nonprincipal sls embedding into sl3 associated to the following partition
of the number 3: 3 = 2+ 1. We constructed the classical W-algebra associated to this
embedding earlier. We shall now quantize this Poisson algebra by the methods developed
above. Take the following basis of sis:

“-% noon
Tota = 6 -5 T3 . (4.2.12)
rs r7 %4 + %5

Remember that (in the present notation) the slo embedding is given by t4 = t1, to = —t5
and t_ = tg. The nilpotent subalgebra G is spanned by {t1,t3}, Go by {t2,t4,t5,t6} and
G_ by {t7,tg}. The dy cohomology of .4 is generated by {j4, J7, Js, js}, and using the
tic-tac-toe construction one finds representatives for these generators in H%(Q,.cq; d):

Wt = J4,

w(Jj% = JS,

W) = J =i LR L2

W(J®) = J8+ 1505 + J2J0 — 5. (4.2.13)

Let us illustrate the tic-tac-toe construction by working out the form of W (.J7) in somewhat
more detail. Starting with J7, we find

mUU:ﬁq—%ﬂ@—%ﬁ% (4.2.14)
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To find a ¢; such that dy(¢1) equals this, one can either write down the most general form
of ¢ with arbitrary coefficients,

o1 = a1j2j2 + a2j2j5 + a3j5j5 + a4j4j2 + a5j2j6
t+agJ?J* + a7 J°J8 + agJ? + agJ°, (4.2.15)
or make a more clever guess using the form of do(j ®) = 2¢; and do(j 2) = —c3. In our case

this immediately tells us that a1 = ag = a5 = ag = a7 = 0, and that ay = % and a4 = %
The value of ag and ag has to fixed by explicit computation, and one finds

¢ = 22T+ LI - L2 (4.2.16)

leading to the form of W (J7) in ([{2.13).

Let us introduce another set of generators

¢ = W (J%) = W (JHW (J*) -1,

jo = W (J") +

j—l— = ( )7

jo = Fw(JO. (4.2.17)

The commutation relations between these generators are given by

o, J+] 2]+,
o, j-] = —2j-,
l.d-] = do+C,
[C i+l =1C,5-1=1[C.j5] = 0. (4.2.18)

(2)

These are precisely the same as the relations for the finite W3~ algebra given in [[L]] and
(B-2.12). Notice that in this case the quantum relations are identical to the classical ones.
The explicit i dependence can be recovered simply by multiplying the right hand sides of

(E2.18) by h.

In the appendix we also discuss the explicit quantization of all the finite W-algebras
that can be obtained from sl4. There one does encounter certain quantum effects, i.e the
quantum relations will contain terms of order A2 or higher.

4.2.3 Quantum Miura transformation

In section we saw that there exists a realization of classical finite W-algebras in terms
of the Kirillov Poisson algebra K(Gp). A similar Miura transformation can be constructed
in the quantum case, using the explicit form of the generators as described at the end of
section [£2.T]. Denote by W (¢)%? the part of W(¢) of bidegree (0,0), so it is (—1)P¢, in
the notation of (f.2.11]). The quantum Miura transformation is simply given by the map
W(g) — W(#)*°. As was shown in [[LI]] this map is an isomorphism of algebras. The
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generators j&, with & restricted to Gy, form an algebra that is isomorphic to UGy, the
universal enveloping algebra of Gy. As we will see later, these facts play an important role
in the representation theory of finite W-algebras. Let us illustrate the quantum Miura
transformation for the example we considered in the previous section. If we introduce
s=(J*+3J%)/4, h = (J5 — J4 /4, f = 2J5 and e = J2/2, then h,e, f form an sly Lie
algebra with [h,e] = e, [h, f] = —f and [e, f] = 2h while s commutes with everything. The
quantum Miura transformation one finds from ([.2.17) by restricting these expressions to
their bidegree (0,0) part reads, in terms of s, e, f, h,

C = —%(h2+%ef+%fe)—332+§s—l,

H = 2h-— %s—i—l,

E = —2(s—h—1)e,

P g f. (4.2.19)

4.3 Quantum finite W-algebras not from sls embeddings

As promised, we now turn to the more difficult case of finite W-algebras that can not
be obtained from sly embeddings. Important is the case where we take x = 0, which we
will study first. In general these BRST cohomologies are very difficult to calculate. One
exception to the rule is the case where one chooses £ to be the Cartan subalgebra (we
considered the classical counterpart of this case in the previous chapter). We explicitly
quantize this algebra in the case of si(3).

431 y=0

The BRST charge in this case reads
« 1 alBiy
Q =J Co — §f y b CaCg3- (431)

The action of the differential d is given by
d(JY) =[50,
d(ca) = _%fﬁgcﬁcw
(™) = J*+ fPbes. (4.3.2)

To simplify the algebra, it is again advantageous to introduce
JO=J"+ fbcg. (4.3.3)

In terms of J we have

a4 = feeie,
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d(ca) = _%fﬁgcﬁcw
™) = Je. (4.3.4)

Here 4 runs over a basis of the orthocomplement £+ of £, G = L+ @ L. Notice that in
contrast to the cases obtained from sly embeddings, £+ need not be a closed Lie algebra
itself. This makes life extra complicated.

Although we have made a simplification by going to the hatted generators ja, they
satisfy more complicated commutation relations than the original generators J*. They
read

[Je,JY) = fTe —beg(fE 0+ fU P,
lcar Y] = f%cg,
pe,Je = e (4.3.5)

Let us define FP as the vector space spanned by all products of at most p generators Je
and arbitrary many ghosts and anti-ghosts. Clearly, the differential d preserves this space.
Furthermore, the relations (£.3.5) show that F? F¢ C FP*7 and that the induced algebraic
structure on the quotient FP/FP~! is precisely that of a set of commuting variables Jo
and anti-commuting variables b*,c,. These are just the classical relations between the
variables. The subspaces FP define a so-called filtration of €2, and associated to such a
filtration is another spectral sequence [[i}]. What we have shown here is that the compu-
tation of the first term in this particular sequence is equivalent to the computation of the
cohomology of d assuming classical commutation relations between the J% and the ghosts.
It would be great if the spectral sequence would degenerate after this first step, but al-
though we expect that this happens in many cases, we do not have a general proof. The
problem is that certain higher cohomologies will survive, and to show that the spectral
sequence degenerates one has to do an explicit computation of all the higher operators
D;. To avoid this problem we will from now on assume that the spectral sequence indeed
degenerates after the first step, but keep in mind that in all explicit examples this has to
be verified explicitly.

The problem has now basically been reduced to a ’classical cohomology’ computation.
The following observation is that we can (like in the sly case) go to a reduced vector space
consisting of polynomials in ¢, and J7 (using the Kiinneth theorem, see also [R7]). Let
V.1 denote the commutative algebra freely generated by the J7. V1 is nothing but the
constrained phase space we have seen previously. We want to compute the cohomology of
don Vy1 @ AL*, the last term AL* representing the ghosts c,. This particular cohomology
problem is a well-known one in mathematics. Since £1 is an £* module in the obvious
way, so is V.1, and the cohomologies we are computing are nothing but the Lie algebra
cohomologies H"(L*,V,.). Alternatively, they can be described in terms of the Ext
groups Extyy«(C, V1), which might be computable if we had a resolution of V. in terms
of injective U L* modules, but we do not know how to write down such a resolution. In
any case, if the spectral sequence degenerates after one step and we would know these Lie
algebra cohomologies, to obtain the final full result for the original problem still requires an
additional amount of work. First, we have to use a tic-tac-toe type of construction to find
the explicit generators, and secondly we have to compute their commutation relations. In
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the latter we have to be careful to identify terms which differ by a BRST exact expression.
Altogether the result of this procedure will be that the BRST cohomology is a quantum
deformation of the classical Lie algebra cohomology, granted that the spectral sequence
degenerates after the first step.

Extra subtleties further arise if one wants to write down a generating basis for the
quantum finite W-algebra. The number of generators may be much smaller than the
number of generators of the corresponding classical Poisson algebra. This is due to the
fact that the Poisson algebra is commutative, and the quantum algebra is not. Take for
example G = slo, and £ = 0. In this trivial case the classical algebra is the Kirillov Poisson
algebra based on sly, with generators J~, J% J*. The quantum algebra is the quantum
Kirillov algebra ([£.0.3), but this one is generated by just J* and J~, by virtue of the
relation JO = %[J *,J7]. This relation becomes singular in the limit 7 — 0, explaining
the apparent discrepancy between the two. Similar phenomena take place in conformal
field theory, see [[].

Since the zeroth cohomology H°(L*, V. ) is simply the space (V)" of £* invariants
of V1, and the quantum W-algebra is by definition the zeroth cohomology, we find that
the quantum finite W algebra, assuming the spectral sequence degenerates, is as a vector
space isomorphic to (VLJ_)E*. To give a basis of this space with its classical multiplication
rule is a problem of so-called invariant theory. The answer to this question is known
only for special V1 and £*. Again, this resembles closely the situation in conformal field
theory as explained in [[l]]. Thus, even classically we cannot in general give a minimal set
of generators of the algebra (G, L,0).

To illustrate these rather abstract statements we will now give a few examples.

4.3.2 The algebra (G,G*,0)

Suppose that we have chosen £ as in the case of an sls embedding, but with y = 0. This
problem is interesting for a variety of reasons. Firstly, in the case of the principal sl
embedding it is a interesting open problem in mathematics. And secondly, it is the first
term in the 'difficult’ spectral sequence that we encountered before in the case where x was
a one-dimensional character, and might shed some light on the W-algebras obtained from
sly embeddings. More generally, we can look at any G which is the positive eigenspace
of some grading element § of the Cartan subalgebra. The nice feature of this case is that
L+ =G @GV is a closed subalgebra. That implies that we can rigorously reduce the
cohomology problem to one for the subalgebra generated by J7 and the ghosts c,. The
classical zeroth cohomology can easily be worked out, it is just the Kirillov Poisson algebra
based on GY. According to the spectral sequence argument above, the quantum algebra
can as a vector space be at most isomorphic to this. On the other hand, by explicit
computation one verifies that the quantum Kirillov algebra based on G° is contained in
the quantum algebra. Combining these two facts proves

H°(G,G%,0) =UG°. (4.3.6)
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The really difficult problem is to compute the higher cohomologies here. For this, we only
know the answer for slg, if GT is generated by JT. Then

H(sly,G7,0) = c¢C[J]. (4.3.7)

4.3.3 The algebra (G,7,0)
In this example we choose £ = 7 to be the maximal torus of G. Now, £ is no longer

a closed subalgebra. However, we are in the fortunate circumstances that J% = J® This
means in particular that the quantum algebra is generated by expressions

JoyJay * Jans (4.3.8)

where J,, is the generator J7 associated to the (positive or negative) root a;, and Y o; = 0.
To find a minimal basis is a separate problem. For example, for sl3 a set of generators is

A = JayJa

Ay = JoyJoa,

As = Joisasd—ar—as

B = (JayJayJaysas — Joy Jag—ay—as)/2

C = (JooyJ-anJartan + Joy Jag—ar—ay)/2- (4.3.9)

The BRST charge in this case is
Q = coHo + c1 Hy, (4.3.10)

where Hy = [Jo,, J—a,] and Hy = [Ja,, J_q,]. This is an example where the commutators
do not close in themselves, but only modulo BRST exact expressions. For example, when
working out [Ag, C] one encounters the expression [Ju,, J_q,], which lives in the Cartan
subalgebra. Elements of the Cartan subalgebra can be moved to either the left or the right
of an expression. Only if they stand to the left or right will the resulting expression be
BRST exact (it is the d of an anti-ghost times something) and can be put equal to zero.
In this way we find [Ag, C] is purely BRST exact, so the commutator vanishes. The final
result for the quantum algebra can be conveniently expressed as follows. Introduce

B:B+§(A1 — Ay + A3). (4.3.11)
Then the brackets are
[A;, Ais] = 2hB
[Ai;, B] = h(Ai1A — AjAi ), (4.3.12)
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which is indeed a quantum deformation of the classical result. The generators satisfy the
following relation

~ 1 h
02 - B?= 5(141142143 + A3A2A1) + Z(Al — Ay + A3)2. (4313)

It is amusing to note that in this particular case with £ equal to a maximal torus there
is an exact result for the zeroth cohomology,

HY(G,T,0) = UG)T/T. (4.3.14)

In the right hand side, we first perform a gauge fixing by looking at the centralizer of
7. In this resulting algebra, 7 generates a left ideal and we can divide out by this ideal,
corresponding to imposing the constraints. Thus we have interchanged the usual order of
first imposing constraints and then gauge fixing.

4.3.4 Further finite W-algebras

The last case we have not considered so far is when y is some representation of £ in a non-
trivial algebra. An example is is to take G = sls3, L equal to the upper triangular matrices,
and a representation of y in the one-dimensional Heisenberg algebra generated by p and
g with [p,q] = 1. Explicitly, one can take x(Jo,) = P, X(Jay) = ¢ and x(Ja,4ay) =
1. In this case one presumably recovers VV32 , the p and ¢ corresponding to a set of
auxiliary variables that can also be introduced in the infinite-dimensional case [[g]. In fact,
from the infinite-dimensional case [J] we know that the analysis for higher dimensional
representations y may become more complicated in that the spectral sequence does not
degenerate after the first step any more. For certain higher dimensional x that are inspired
by slo embeddings, one can nevertheless still compute the cohomology exactly. For all other
type of representations y little is known, and this remains a region consisting of a vast
number of new unexplored finite W-algebras. If U/, is isomorphic to a copy of UL, and x
is the isomorphism between the two, then the cohomology reduces essentially to UG, the
space of L invariants in G. For some cases, this space of invariants has been studied in
[[4]. In addition, we want to mention that there exists an alternative method to quantize
W-algebrasRY]. Using this method one finds a faithfull -representation of the maximally
non-compact real form (see next chapter) of a given finite W-algebra.

For applications to physics we are interested in the representation theory of quantum
finite W-algebras. This is the subject of the next chapter.

49



Chapter 5

The Representation Theory

We now turn to the representation theory for finite W-algebras. Physically the represen-
tations that are most interesting are the unitary irreducible representations on Hilbert
spaces. However, as finite W-algebras are non-linear it is not completely obvious what
unitary representations are. Usually a representation of a group is called unitary if all
group elements are represented by unitary operators on some Hilbert space. For finite
W-algebras there is no such thing as an abstract group which one can get by exponenti-
ating the algebra. Nevertheless it is possible to define the concept of unitarity for finite
W-algebras. The reason for this is that if the generators of a finite W-algebra are rep-
resented by (finite) matrices one can exponentiate them without running into trouble
because exp(A) converges for any matrix A. Therefore even though there is no formal
grouplike object associated to a finite W-algebra we can exponentiate its elements in any
given representation. Now, not every element of a complex finite W-algebra can expo-
nentiate to a unitary matrix, as we will explain in a moment (this is also true for Lie
algebras). It is therefore necessary to consider real forms of finite WW-algebras before one
addresses the problem of constructing unitary representations.

Deriving finite W-algebras from compact (real) Lie algebras such as su(n) is compli-
cated by the fact that these Lie algebras do not admit Gaussian decompositions. The
question therefore arises whether the constructions developed up to now are physically
interesting at all, as non-linear algebras involving compact Lie algebras seem not to be
included. In fact they are included. The point is that one should consider the Lie alge-
bras discussed above as complez Lie algebras, that is sl(n) means sl(n;C). Applying the
reduction procedures one obtains complex finite W-algebras. Only then should questions
about compactness and unitarity be addressed by studying the real forms of the complex
W-algebra. As we shall see, a given finite W-algebra admits many real forms not all of
which admit unitary representations.

The next problem we address is defining the concept of a highest weight representation.
For this one needs a Poincare-Birkhoff-Witt (PBW) like theorem for finite W-algebras.
Using this we discuss some conjectures for the Kac determinants and character formulas
for finite W highest weight modules. These conjectures were proposed in [[ij], although a
discussion of the PBW theorem, of real forms of finite W-algebras and some other details
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are lacking in [[{].

5.1 Real forms and unitary representations

Let WC denote a complex finite W-algebra (where we explicitly specified the fact that the
algebra is a module over the complex numbers) obtained from a complex Lie algebra by the
construction discussed in the previous sections. A representation p : WC — lin(#), where
(H,(.,.)) is a (complex Hilbert space), can never be such that exp(p(W)) is a unitary
operator on H for all W € WW. One can see this as follows. For exp(p(W)) to be unitary,
we must have

exp(p(W)" = exp(p(W)) ", (5.1.1)

from which follows
p(W)T = —p(W). (5.1.2)

Suppose (p.1.9) holds for W € W. Now consider W' = iWW. We have p(W")T = (ip(W))I =
—ip(W)T = p(W'). From this it follows that exp(p(W’)) is not unitary. We see that W
and W can never simultaneously give rise to a unitary operator.

What one needs to do is go to ‘real forms’ of WO, It is clear from the argument
above, that if exp(p(WV)) is unitary, then exp(p(aW)) is also unitary, provided o is real.
Real subspaces of W therefore have a chance of being represented unitarily. These real
vector spaces should, however, be invariant with respect to taking commutators. This
requirement leads one to consider the so called anti-involutions of order 2 of W.

A two-anti-involution of a complex finite W -algebra WL is a map w : WO — WC such
that

1) w?=1
2) wlaw; + pwy) = aw(wy) + Bw(ws)
3) w(wiws) = w(ws)w(wy), (5.1.3)

where o and  are complex numbers and wy,wy € WC. From 1) it follows that w has two
eigenvalues: £1. Consider the negative eigenspace of w

W = (W e W |w(W) = —W}. (5.1.4)

This space is actually a real subspace of V\/C, as one can see as follows: Let W € W and
a € C, then w(aW) = —aW. If oWV is to be an element of V\/(]_j, we must have & = a. We

conclude that aW is only an element of )/Vq_j if « is real.

)/Vq_j is also closed under commutation, because

w([wr, we]) = [w(ws),w(w)] (5.1.5)



by property 3). Therefore, if wy,ws € VV(]_j, we find

w([w, wa]) = —[w1, wa], (5.1.6)

which means that [wq, ws] is an element of VV(]_] if wy and wo are. V\/q_j is therefore actually
a subalgebra of )/Vq_j We have thus found a closed real subalgebra of )/Vq_j that stands a
chance of admitting unitary representations. From now on we denote the space VV(]_j by
WER, where we have made the w dependence explicit and in analogy with the Lie algebra
case we call it a ‘real form’ of WC.

A unitary representation of the real form WU]JR is now defined as a representation
of WQI)R in some (complex) Hilbert space H (with inner product (.,.}), such that for all
elements W € WE)R

exp(p(W)! = exp(p(W))~, (5.1.7)
or equivalently
p(W)F = p(w(W)) = —p(W). (5.1.8)

In general not all real forms of a given wC algebra will admit unitary representations
and in this sense the situation is similar to that in group theory.

Let us look at some examples. Consider again the (complex) finite W-algebra
o, ja] = £2j+; [t d-1=4d +C. (5.1.9)

This algebra has two independent anti-involutions wy and ws, given by

wi(jo) = Jo; wa(jo) = —Jo
wi(jx) = Jx; wa(j+) = £j+
w(C) = C; ws(C) = C. (5.1.10)

The negative eigenvalue eigenspace of wy is spanned by

(="
2

(Cko---Oky, — Oy ---Okg) (5.1.11)

and
(=9)"

2
with for 0 <p<nk,e{l,...,4}, and n=0,1,2..., where

(O‘ko...akn —I—O'kn...O'kO), (5.1.12)

g1 :’ijo; g9 :j+—j_; ngi(j+ —|—j_), 04:’i0. (5.1.13)
The non-zero commutation relations between the generators oy read
[01,09] = 203; [0, 03] = 204 — 2i0%; [03,01] = 209. (5.1.14)
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This is the real form of (f.1.9) with respect to wy. The unitary irreducible representations
of this algebra were constructed in [I(]. The two dimensional representations read

i@+ 1) 0 B 0 V2
o= 0 i(z—1) 2=\ —var o

2% —3 2
o3 = <Z-02$ 02 ) 04:< (1O+ ) _i(11x2)>,(5.1.15)

where x > 0 is real. Note that exp(a,0,) is unitary for all real numbers a.

Now consider wy. In this case the negative eigenvalue eigenspace is spanned by

An—1
—1
S A (5.1.16)

and -
(_TZ)(Skou-Skn + Sk, ---Sko ) (5.1.17)

with for 0 <p <n k, € {3,4+,—,0}, and n=0,1,2..., where
S3 = jo; Sy =1ijq; S_=j_; Sy =1iC. (5.1.18)
The non-zero commutation relations between the generators read
[S3,84] = £254; [Sy,S ] =iS3 + Sp. (5.1.19)

This real form can mot have a non-trivial finite-dimensional unitary representation. In
order to see this, assume that vy is a eigenvector of S3 (where we omit explicit reference
to the representation p). As S;: = —S3 in a unitary representation, all eigenvalues of Sj3
are purely imaginary, i.e. S3vg = (i\)vg, where A € IR. Now, consider the vector Stvg. It
is also an eigenvector of S3, as follows from

SgS:tU() = (S;th + 2S:|:)U() = (Z)\ + 2)S:|:U(), (5.1.20)

but with eigenvalue i\ + 2. This contradicts the fact that S3 only has purely imaginary
eigenvalues, therefore S1vg must be zero. This means that the representation is at most
one dimensional.

5.1.1 Real forms of general finite I/-algebras

In the previous section we have demonstrated that real forms of a complex finite W-algebra
can be obtained from anti-involutions w. Since our construction of finite W-algebras is
based on the computation of a certain BRST cohomology, the question arises whether real
forms of the Lie algebra lying above can be used to construct ones of the finite W-algebra.
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In the example we just considered one can however easily convince oneself that none of
the two anti-involutions comes from any of the three real forms of sl3 (corresponding to
sl(3,IR), su(3) and su(1,2)). To understand what causes this, notice that if the BRST
operator is given by d(X) = [@, X], then an anti-involution w of G descends to an anti-
involution of H*(d) iff H*(d) = H*(w(d)), where w(d)(X) = [w(®), X]. In particular, a
sufficient condition for this to happen is that w(Q) is proportional to ). This shows

An anti-involution on G gives rise to one on the finite W algebra (G, L, x), if w(L£) = L
and [w, x] = 0.

For example, this shows that the anti-involution w(X) = —X of Gf| always gives
rise to an anti-involution of (G,H,0). It is unknown whether or not any other anti-
involutions of these algebras exist, and since we will not discuss their representation theory
in detail, we will for the remainder of this section focus on those W-algebras that can be
obtained from sly embeddings. Let us denote the generators of sly by {t_,to,t+}, and
the corresponding images in G by J~, J°, J*. Furthermore, we will assume that the one-
dimensional representation x is given by x(J*) = £, where now £ is an arbitrary complex
number. The Lie algebra G can be decomposed in terms of the half-integral eigenvalues
of ad(J°) as G = @,G™ (see also (B.2:25)). Naively, one would think that the choice of &
is irrelevant, since there is an automorphism of G where every element of G is rescaled
by A™ for some nonzero complex number A, and one can use this to put £ = 1. However,
this rescaling does not scale the generators of the W-algebra in a simple way, since the
explicit form of these generators in terms of the anti-commuting variables b%, ¢, and the
J¢ contains terms with different ad(J°) eigenvalues. Therefore, varying & gives a one-
parameter family of finite W-algebras that are not necessarily isomorphic. An interesting
situation arises when ¢ is purely imaginary. In that case the anti-involution w(X) = —X
of G satisfies [w, x] = 0 and gives rise to an anti-involution on the corresponding finite
W-algebra. In particular, the second anti-involution wy in (p.1.1(0) can be obtained in

this way, since for the embedding that describes the algebra W§2) it turns out that the
resulting algebras are isomorphic for all £&. More explicitly, for arbitrary & the algebra

(p-1.9) becomes
o, ] = 2545 . j-l=¢""5+C. (5.1.21)

One sees that indeed for purely imaginary & an anti-involution is obtained by sending
each generator X to —X. A subsequent basis transformation C — ¢ 'C and j, — ¢~ 14,
yields exactly the anti-involution ws in (5.1.10). Notice that taking ¢ imaginary brings
one automatically in the basis described in equations (b.1.1§) and (5.1.19).

In general, we will call the finite W-algebras that one gets for imaginary £, with
their corresponding anti-involution, the maximal non-compact real form of (G, L, x). In
analogy with the corresponding situation for Lie algebras, these algebras do not have any
interesting finite-dimensional unitary representations. The argument is the same as the
one we presented for the case of W§2) at the end of the previous section.

To have a more interesting representation theory, we would like to have the analogue

*We assume here and in the sequel that a basis of G with real structure constants has been chosen,
typically the one corresponding to the maximal non-compact real form of G, which for G = sl(n,C) is
sl(n, R)
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of the compact real form for finite W-algebras, like the anti-involution w; in (5.1.10). The
construction of this real form is somewhat more involved, since it cannot be induced from
one on G. Let us denote the parabolic subalgebra ®,,<0G (") of G by P, the centralizer of sly
in G by IC, the restriction of the Cartan subalgebra to K by Hx and the orthocomplement
of Hix in H by Hg (so H = Hs ® Hg). The centralizer of K in G is a direct sum of some
subalgebra Gg (with Cartan subalgebra Hg) and the u(1) factors of K. This algebra Gg
plays an important role in the discussion of the representation theory [i]. In most cases,
Ggs is the subalgebra of G in which the sl is principally embedded. K is precisely the
semi-simple subalgebra of the finite 7W-algebra described in section B.2.7.

In section we saw that the computation of the BRST cohomology could be reduced
to one for a reduced complex, where only the J® which are not in £ appear. If there are no
degree 1/2 subspaces in G, so that G*(1/2) = 0 and the grading provided by ¢y is integral,
then exactly the J® that correspond to the parabolic algebra P appear. If the degree 1/2
subspaces are nonzero, then there exists an other, equivalent formulation of the BRST
cohomology involving auxiliary fields, and one can go to a modified reduced complex,
where still only generators of P appear. Rather then trying to reduce an anti-involution
of the whole Lie algebra G, we can also try to start with one of the reduced complex and
reduce that to the finite W-algebra. It is straightforward to analyze what conditions such
an anti-involution has to satisfy and one finds that any anti-involution w of the parabolic
algebra P gives rise to one of the finite W-algebra (G, £, x) if w(J7) = (£/€)J .

To prove the existence of anti-involutions is not so easy in general. For example, the
existence of the Cartan involution for ordinary Lie algebras becomes only transparent in
certain distinguished bases of the Lie algebra, like the Cartan-Weyl basis. We do not
have similar distinguished bases of P at our disposal, so that we can only conjecture the
following

There exists an anti-involution on P which restricts to the Cartan involution on X
and to minus the identity on Hg. We will call the corresponding real form of the finite
W -algebra the compact real form.

In all known examples such an anti-involution exists. For example, in the example in
the previous section the anti-involution of P corresponding to the anti-involution w; in

(b.1.10) is

a—b 0 0 a+b 0 0
w1 ¢  —2a 0 = d —2a 0 . (5.1.22)
e d a+b e c a—b

Another example is the finite W-algebra corresponding to the sly embedding in sly under
which the fundamental representation of sly decomposes as 2 @ 2. In that case

A0 Bt 0
8 9)- (5w, 1

where A, B, C' are two by two matrices.

It is an open problem to classify all possible real forms of finite W-algebras, and to
prove the existence of a compact real form in general.
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5.2 Highest weight representations

In this section we work out the construction of highest weight representations of finite
W -algebras, and the conjectured form of the Kac determinant and the Kazhdan-Lusztig
conjecture for such representations[ifj]. The latter relates the characters of highest weight
representations to those of irreducible representations.

The definition of highest weight representations of Lie algebras uses the decomposition
of the Lie algebra into generators corresponding to the positive roots, the negative roots
and the Cartan subalgebra. A highest weight module is built by acting on a particular
vector with arbitrary negative root generators. This vector is by definition annihilated by
all the positive root generators, and has specific eigenvalues with respect to the generators
of the Cartan subalgebra. If the Hamiltonian of a physical system would be part of the
Cartan subalgebra, a physical motivation to look at such representations would be that
their energy is bounded from below.

To imitate this construction, we need a similar type of decomposition of the finite
W-algebra. The part of the Cartan subalgebra which survives in the finite W-algebra
is precisely Hy, and every generator of the finite W-algebra has well defined eigenvalues
with respect to the adjoint action of the generators of Hyx. Thus we can associate to every
generator of the W-algebra a root in the root space Hj., which is the dual of Hx. To
find out what are the positive and negative roots, we assume there is an automorphism of
the Lie algebra G which maps Gg into a subalgebra generated by {Ei,,, Ha, }ics, where
S is a subset of the set of simple roots of G. From now on we will assume we are in a
basis of G where this is the case. Any root « of G can be orthogonally projected onto
an element (called 7m(a)) of the root space Hy.. The image of the positive roots of G
under this projection (except those which project to zero) is what we will call the positive
roots of Hy. This then defines the following decomposition of the generators of the finite
W-algebra

W=W_®Wy,dW,. (5.2.1)

The same decomposition can be written down not just for the generators, but also for
the universal enveloping algebra of the W-algebra. Typically, Wy contains H, a certain
number of central elements that commute with everything and do not give new roots (one
of such generators is the remnant of the quadratic Casimir of the original Lie algebra),
and other elements whose adjoint action cannot be diagonalized.

The properties of such a root-space type decomposition of the generators of the finite
W-algebra are different from those of Lie algebras. Here, there can be root spaces of
dimension larger than one, and one does not have subalgebras isomorphic to sls corre-
sponding to any root. In addition, in the case of Lie algebras [E,, E] vanishes if a + (3
is not a root or zero. Finite W-algebras on the other hand satisfy non-linear relations, so
even if o+ (3 is not a root, one can still have relations of the type [Eqqy, Eg_y] ~ EqEg.

An important property that finite W-algebras share with Lie algebras is that the
Poincaré-Birkhoff-Witt theorem still holds. Choose a basis of the finite W-algebra so that
the generators are in one-to-one correspondence with elements of ker(ad; ) and have a well
defined non-negative half-integer eigenvalue with respect to —ady,. For example, choose
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the generators in one-to-one correspondence with the lowest weights of the irreducible sl
representations in which G decomposes under the action of the embedded sly. If this basis
is {W;}ier, we can order the index set I in some arbitrary fashion, and the Poincaré-
Birkhoff-Witt theorem states that a basis for the finite W-algebra (considered as a vector
space) is given by all expressions of the type

Wi, Wi, - Wi (5.2.2)

n?

where i1 < ig--- < 4,. To prove this, we first note that from the explicit form of the
generators, as obtained from the tic-tac-toe construction, one can see that the commutator
of two generators of —ad,, eigenvalue A; and Ay does not contain generators or products
of generators of —ad,, eigenvalue larger than A; + Ay. More precisely, the linear terms
have eigenvalues < A1 + Ao, the quadratic terms have eigenvalues < A1 + Ao — 1, the third
order terms have eigenvalues < A; + Ay — 2, etc. Armed with this observation the theorem
can now be proven using double induction on the number of generators and their —ady,
eigenvalue.

A particular useful ordering of the generators of the finite W-algebra is to put all
generators in W_ to the left, those corresponding to Wy in the middle and those cor-
responding to W, to the right. Then one can define a highest-weight representation in
the usual fashion, by acting with the W-algebra on a particular vector |A), which (i) is
annihilated by the generators in W, and (ii) has certain eigenvalues with respect to the
generators in Wy. The Poincaré-Birkhoff-Witt theorem then tells us that the resulting
module is spanned by the vectors

W, Wi, - Wi, |\, (5.2.3)

where i1 < ig5--- < i,, and the W, are elements of W_. This agrees precisely with the
standard definition.

At this stage we should discuss how one constructs highest weight representations of
finite W-algebras in terms of representations of G. One possibility is to use the BRST
procedure once more. The finite W-algebra was the BRST cohomology of a certain com-
plex constructed out of G, and it is possible to extend this complex to one where the
Lie algebra is replaced by a representation of the Lie algebra. The cohomology of this
complex then automatically gives representations of the finite W-algebra. This procedure
has some disadvantages, however. Firstly, it is rather cumbersome if one has to compute a
new cohomology for every representation, and secondly, finite-dimensional representations
of G typically yield just the trivial representation of the finite W-algebra. For a discussion,

see [

A better procedure is to take explicit representatives for the generators of the finite W-
algebra, and to use those to obtain finite W-representations as subspaces of representations
of the universal enveloping algebra of G[]. This only works if the generators form an

T Strictly speaking one also needs a representation of the b%, ¢ Clifford algebra, for which one can take
the module obtained by acting on a vector |0) that is annihilated by all the co. In that case one never has
to deal with the Clifford algebra explicitly, and we will ignore it from now on.
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exact closed algebra, not one up to BRST exact termsﬁ. The only realization which has
this property is the one that one gets from the tic-tac-toe construction in section [£.2.1].
This is not yet the complete story, however. One would also like to get highest weight
representations of the finite W-algebra from highest weight representations of G. However,
from ([£.2.17) one sees that C contains a lowering operator of G, namely J8. Hence C' is
not automatically diagonal on a highest weight of G. To achieve also this we have to use
the quantum Miura transformation, which tells us that we can consistently restrict the
generators to their bidegree (0,0) part. If we do this, then C' will be diagonal on a highest
weight of G, and we end up with a highest weight representation of the finite W-algebra.
Thus, to summarize, we can construct highest weight representations of finite W-algebras

via
highest weight representations of G

| restriction
highest weight representations of Gy (5.2.4)
| Miura
highest weight representations of W

Assume from now on that we are in the basis of Gg where Gg is generated by { E1,, Ha, }ics-
The above construction of highest weight representations of the finite W-algebra leads to
a non-linear parametrization of the eigenvalues of the generators of Wy in terms of the
weights of G. This is a correct counting of degrees of freedom: W, consists of generators
obtained from Gg in addition to those of Hx. Since the sls is principally embedded in Gg,
we get rank(Gg) generators in W, from this, so that dim(Wy) = rank(Gs) + dim(Hx) =
dim(Hg) + dim(Hx) = rank(G). The W) eigenvalues corresponding to Hi are linear in
terms of the G weight A. The W, eigenvalues corresponding to the generators obtained
from Gg will typically be non-linear, and be reminiscent of the Casimirs of Gg. Indeed,
the conjectured form of the Kac determinant, to be discussed in a moment, shows the W
eigenvalues correspond to the Wy invariants that can be constructed out of A; Wy is the
Weyl group of Gg, and its action on the weights A will be discussed later.

As we said previously, every generator of the finite W-algebra has well defined eigen-
values with respect to the adjoint action of Hy, and this defines for every W-generator
an root in Hy.. The set of roots corresponding to the generators of W, will be denoted
by AKV. We will write AKV = {(®i, i) ier, where &; € Hj., and p; labels the potential
degeneracy of such a root. The corresponding generators of W, will be denoted by W,
and those of W_ by W¥_. Furthermore we will by Ai denote the set of positive roots
of G minus the set of positive roots of Gg, and denote by 7 the canonical (orthogonal)
projection from the root space of G to that of K. On Hg we can define the Kostant
partition function P(@), which is the number of inequivalent series of nonnegative integers
{ti}ier such that & = 3, t;a;. Now consider the highest weight module generated by |A).
It consists of the vectors

WHL WS e A) = W A), (5.2.5)

—a1 '’ —oe

It would for instance be nice if one could express the generator of the finite W-algebra corresponding
to the quadratic Casimir simply as 7,,J°J®, but then the finite W-algebra no longer closes and it is in
general not clear whether the other generators can be modified in order to close the algebra.
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with (ayq, 1) > (ag,pe) > -+ > (ap, tn) with respect to some ordering of the roots of
A’fr‘). The states with > ;@ = 3 span some finite-dimensional vector space Vi Ifw
denotes the anti-involution corresponding to the compact real form of W, and we define
|A)T = (A] and (A|A) = 1, then unitarity of the highest weight representation implies that

the dim(Vj3) x dim(Vj3) dimensional matrix
M5(A) gt = (MWD i Ay (5.2.6)
6 {ulva/}v{ﬂ/va} {—C_!/} {_d} L.

is hermitian and has only positive eigenvalues. Reducibility of the highest weight represen-
tation is indicated by zero eigenvalues of this matrix, and both unitarity and reducibility
can be studied by looking at the so-called Kac determinant of this matrix, which we denote
by M B(A)' We conjecture the following form of the Kac determinant, similar to the one

in [0
My(8) = K3, A) TT TT (A +pw,0) — oo, a)) "4 (5.0

where K(3,A) is a positive constant and and (,) is the usual positive definite invariant
inner product on H*. The vector pyy that appears in (5.2.7) depends on the details of the
Miura transformation and the slo embedding. To construct it, we look at the generator
of the finite W algebra which is written in the tic-tac-toe form of section [.2.1], and which
differs from the quadratic Casimir 74,J%J of G by a BRST-exact quantity. The bidegree
(0,0) of this generator, which appears in the Miura transformation, has a certain eigenvalue
on the highest weight state |A). The eigenvalue in terms of |A) is of the form

a(A+ pw, A+ pw) +b (5.2.8)

, for some constants a, b, and this defines pyy. One of the properties of pyy is that the Wy
eigenvalues are invariant under the following action of Wy

w-A=w(A+ pw) — pw. (5.2.9)

This is consistent with (5.2.7), since one easily verifies that Mg(w - A) = Mg(A) for
w € Wg. Thus the Kac determinant can be rewritten as a polynomial function of the W,
eigenvalues.

To illustrate the use of the Kac determinant we will now work it out in more detail for
the finite W-algebra described in section [£.2.3.

5.2.1 Example

In this example the algebra Gg is generated by {t¢1,t5,tg}, which is not generated by
{Ha,, E+q, bies. Therefore we first perform an automorphism of the sl to make sure that
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Gs is generated by {H,,, EF1n, }. This automorphism is

1 00 1 00
X—-1001]X]001 (5.2.10)
010 010
and the new basis of sl3 is
L
Tale = s gt o |- (5.2.11)
Te T3 —%4

Strictly speaking J’s are elements of the dual Lie algebra G*. We identify the latter
with the Lie algebra via the pairing (X,Y) = tr(XY). Furthermore, highest weight
representations of G correspond to lowest weight representations of G*, and it is the highest
weight representations of G* that give the highest weight representations of the finite W-
algebra. To correct for this, we apply the Chevalley automorphism H — —H,E, «— E_,
to G. This leads to the following identification between the J’s and sl3 matrices

—r4+ 75 1 79
raJ® = T8 —rqg—15 17 |. (5.2.12)
T6 T3 27’4

The semi-simple subalgebra K is a u(1), and is spanned by ¢4 which is proportional to
2H,, + H,,. Therefore, the root space Hj is spanned by as + $ay. Furthermore we find
that Af_ = {ag, a1 + as}, and that 7(ag) = (o + ag) = ag + %al. Hence the positive
roots of the W-algebra correspond to positive multiples of 2a; 4+ a1, and we see that W
is generated by C and jo, that W, is generated by jy with root ag + %al and that W_ is
generated by j_ with root —(ag + %oq). The anti-involution corresponding to the compact

real form is the same as wy in (p.1.10).

The explicit form of the generators as given in (f.2.13) and ([.2.17) can now be used
to deduce what the eigenvalues of jy and C on a sl3 highest weight state |A > are. If we
parametrize the weight A as g1 A1 4 g2A2, where ;2 are the fundamental weights of sl3,
we find for the jp and C eigenvalues h, ¢ respectively

2
ho— 1420 +4<J27
3
4 4
c = —§(q% + q% + Q1Q2) - §Q2 -1 (5-2-13)

Alternatively, ¢ can be written as —%(A + a9, A + ag) + %, and we deduce that pyy = as.
Therefore, element w of the Weyl group acts on a weight A as

w-A=wA+pw) — pw. (5.2.14)
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The Weyl group is Zs and is generated by the reflection s,, in the line perpendicular to
aq. It acts on q1, g as

Sar (1) = —q1 + 2 Sar(q2) = q1 + @2 + 1, (5.2.15)

and leaves h, ¢ invariant.

For the Kac determinant at 3 = p(az + 201 we find

p
Mp(q1,92) = Kp(q1, q2) H (2 +2-k)(g1+aq@+1-k), (5.2.16)

which can in agreement with our expectations be rewritten in terms of ¢, h as

>J>IC.O

p
1
Mp(a1,q2) = Kp(q1, g2)( H c+(h+1-k)?>+ g(k:2 —1)). (5.2.17)

This result can be compared with the results in [[[(] by working out explicit commutation

relations. Then one finds out that Kp(q1,q2) = p!(3)P.

The Kac determinant can now be used to obtain information about unitary and re-
ducible representations of the finite W-algebra.

_ Unitarity of a representation implies that the Kac determinant is positive for every
(3. In this example the representation is spanned by {j.|A)};>0 and the Kac determinant
gives us the norm

Mp(q1,q2) = (Al7452[A), (5.2.18)

so that positivity of the Kac determinant is here equivalent to unitarity. It follows that
the highest weight representation is unitary if (i) g2 < min(—qi, —1) or (ii) there exists
a nonnegative integer r such that max(r —2,r — 1 —¢q1) < ¢2 < min(r — 1,7 — ¢q1). If
the Kac determinant has a zero at some level p, then the norm of j”|A) is zero and this
vector can be consistently put equal to zero, leading to a finite-dimensional representation
of the finite W-algebra. The condition for this is that either go =p—2or ¢g1 + g =p—1.
This leaves one parameter free which we parametrize by an arbitrary real number x as
a1+ 2q2 = %(p—l—x—2), sothat h = p+ 2 —1and ¢ = (1 — p?)/3 — 22. When are
these finite-dimensional representations unitary? From the Kac determinant we see that
if g = p— 2 then ¢; + ¢2 + 1 — kK must be positive for 0 < k <p—1,andif g1 +g=p—1
then go 42—k must be positive for 0 < k < p—1. Therefore we find that (i) g = p—2 and
g1 > 0or (ii) g1 + g2 =p— 1 and g2 > p — 3. Both possibilities imply the same condition
for z, namely %(p +x—2)>2p—4,or x> (p—2)/3. Finally, let us look at the maximal
reducible representations. These are representations where the Kac determinant has a
maximal number of zeroes, corresponding to finite-dimensional reducible representations
of the finite W-algebra. Such representations exist if for some integer [ satisfying 0 < 1 < p
we have (i) gg+2—p=0and ¢ +¢2+1—-1=0or (ii) g1+¢g2+1—p =0 and go+2—1 = 0. In
terms of z this implies p+1—3 = 2(p+2—2), or x = (2/—p)/3. For this value of z the finite
W -algebra has a p-dimensional representation with an /-dimensional subrepresentation.
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5.3 Characters of finite 1V -algebras

In this final part of the description of the representation theory of finite W-algebras we
will take a closer look at the characters of these representations. In the description of the
Kac determinant we explained that every highest weight representation can be decomposed
into finite-dimensional vector spaces V3, and the Kac determinant was defined as det(v;|v;)
where the |v;) formed a certain distinguished basis of V. The formal character of a highest
weight representation R with highest weight A of a finite W-algebra is now defined as
follows

ch R= Z dim(VB)e”(A)_B, (5.3.1)
g

where 7 is the orthogonal projection of the weight space of G on that of K. This is a
formal expression in the sense that it contains the ill-defined object exp(3). The best way
to think of these objects is that ultimately we want to view the character as a function
on Hy, and for A € Hy the function exp(3) is defined as exp(8)(\) = exp((3,))). In
particular these exponentials satisfy the usual property exp(a)exp(3) = exp(a + 3). The
combination 7(A) — 3 which appears in the exponent in (f.3.1]) is exactly what gives the

eigenvalues of the generators in Hx when acting on the states in V.

The Verma module M (A) with highest weight A is by definition the highest weight
module that is freely generated by |A), so that in particular we keep all the states with
zero norm. Every highest weight module with highest weight A is a quotient of M(A),
and the quotient of M(A) and its maximal proper submodule M’(A) is an irreducible
highest weight module L(A) = M(A)/M’'(A). All irreducible highest weight modules are
of the form L(A) for some A, and our goal in this section is to study the characters of the
modules L(A) in terms of the characters of the Verma modules M (A).

The characters of the Verma modules M (A) are easily obtained, since they are freely
generated by W_, and we can use the Poincaré-Birkhoff-Witt theorem to write down a

basis for M (A) (see (5.2.5)). From this one deduces that

m(A)

M = HaeAf(l —e )

(5.3.2)

Non-trivial submodules of M(A) can arise if M(A) contains a singular vector, which is a
vector (not equal to |A)) annihilated by all generators in W,. If we denote this vector
by |A’), then the Verma module M(A) contains the submodule M(A’). If the latter
would happen to be the maximal proper submodule of M(A), we would find that L(A) =
M(A)/M(A’). Since the character of a quotient of two modules is simply the difference of
the two characters, this would lead to the following identity for characters

ch L(A) = ch M(A) — ch M(N). (5.3.3)

More general situations can occur, of course. For example, if M(A) contains three singular
vectors |A1), |[A2) and |As), and |A3) is contained in both M(A;) and M (Az), then the
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maximal proper submodule is generated by M (A1) and M (As), but it would not be correct
to subtract their characters from M (A) to get the character of L(A), since we would have
subtracted the vectors in M (As) twice. Rather, the correct formula is

ch L(A) = ch M(A) — ch M(A;) — ch M(Ag) + ch M(As). (5.3.4)

A further complication is the possible existence of subsingular vectors. These are vectors
that become singular after modding out a module generated by singular vectors. In that
case one also needs to subtract the submodules generated by these subsingular vectors.
Altogether this leads to an expression for the character of L(A) as a linear combination
of those of M(A) with integer coefficients. Since we know the latter explicitly (5.3.9), this
immediately yields the explicit characters of L(A).

The conjectured character formula in [[f] deals with the maximally degenerate repre-
sentations of the finite W-algebra. These are representations for which the Kac determi-
nant has a maximal number of vanishing factors. Vanishing factors in the Kac determinant
are closely related to the existence of singular vectors (the latter have zero norm), and
an alternative definition of maximally degenerate representations is those representations
with a maximum number of singular vectors. For these representations the character
formulas will be the most complicated ones. A factor (A + pyy,a) — %(a,a> in the Kac
determinant vanishes (for G = sl,) if (A + pyy, @) is a positive integer, since every root
has length two. If p denotes one half of the sum of the positive roots, then (p, a;) = 1 for
all simple roots «;. Therefore, if A + pyy = A + p, and X is a dominant integral weight
(a linear combination of the fundamental weights with nonnegative integer coefficients),
then (A + pyy,a) will be a positive integer for any root . From now on we will restrict
our attention to such weights.

The Weyl group W of G acts on A via (§.2.9). The subgroup Wy does not change the
representation of the finite W-algebra, so from that point of view we may identify weights
and their images under the action of Wg. Thus, the orbit of the weight under the Weyl
group gives a set of weights of the finite W-algebra in one-to-one correspondence with the
coset Wg\W, and the conjecture is that these are precisely all the singular vectors of the
representation of the finite W-algebra.

The Weyl group is generated by the reflections in the hyperplanes perpendicular to
the simple roots. Every element of the Weyl group can be written as the product of
such reflections, and the minimal number of reflections in simple roots needed to obtain
an element w of the Weyl group is called the length of that element, I(w). A particular
ordering of the elements of the Weyl group plays in important role in the character formula,
the so-called Bruhat ordering (see e.g. [[f]). Write v’ — w if w = tw’ and I(w) > l(w'),
where ¢ is the reflection in the hyperplane perpendicular to some root (not necessarily
simple). Then we say that w’ < w, if there is a sequence w' — w; — -+ — wWy_1 — w.
Now given a Weyl group Wg associated to some subset S of the set of simple roots,
we define W9 as the set of w € W such that I(sw) > I(w) for all reflections s in any
hyperplane perpendicular to any root (not necessarily simple) of Gg. Any element w € W
can be uniquely written as uv with u € Wg and v € W, and W¥ is a set of representatives
for the coset Ws\W. We will identify We\IW with the set W and give it a partial ordering
by restricting the Bruhat ordering on W to W¥.
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We can now write down the Kazhdan-Lusztig conjecture for finite W-algebras, as
proposed in [[ff]. It reads

ch (T (Wmax - A) = Y. (=D (=D)! P2 (1)ch M(0 - (Wmax - A)).  (5.3.5)
o<TeWs\W

Here, wpax is the longest element of W (so that wmax.A + pyy — p is an anti-dominant
weight), and pr(x) are the so-called dual relative Kazhdan-Lusztig polynomials associ-
ated to Wg, see [, (). In [ this character identity is proven for ordinary simple Lie
algebras, when S is the empty set.

One of the implications of this character formula is that the singular vectors in M (A)
are in one-to-one correspondence with the elements of Wg\W ~ W¥, and that the Bruhat
ordering tells us precisely which singular vectors can be obtained from which other singular
vectors by acting on them with W_.

To conclude this section we illustrate this character formula with the example studied
in sections and p.2.. The Weyl group of sl3 is S3 and the Bruhat ordering on Ss
coincides with the ordering with respect to the length of the elements, i.e. w < w' «
l(w) < l(w"). If we denote the reflections in the lines perpendicular to the simple roots oy
and ay by s1 and s, then Wg = {1,51} and W9 = {1, 59, s951}. We represent the highest
weight as in section as A = 1\ + g2 A2. The maximal Weyl group element is s15281
and by explicit computation one finds that

Wmax - A = (=1 —=q)A1 + (=1 —q1)A
$2° (Wmax - A) = (—q1 — @)A1 + (g1 — 3)A2

5951 (Wmax - A) = (2—qu)M + (@1 + g2 — 1) Aa. (5.3.6)
In view of () representations with weight s981 - (Wpax - A) can be identified with those
with weight $15251  (Wmax - A) which is just A = g1\ + g2)2, and we will do so in the
equations that follow. The values of the dual relative Kazhdan-Lusztig polynomials are
given by P2 (1) = 1 for all ¢ < 7, with one exception. If 0 = 1 and 7 = s95; then it
vanishes. Substituting everything in the character formula yields three equations

ch L(-1—¢qo,—1—¢q1) = ch M(—1—q2,—1—q1)
ch L(—=q1 — g2,q1 —=3) = ch M(~q1 —q2,q1 —3) —ch M(~1—q2,—1 —q1)
ch L(q1,q2) = ch M(q1,q2) —ch M(—q1 — q2,q1 — 3). (5.3.7)

These identities agree with the picture of the representation of this finite W-algebra as
sketched at the end of section p.2.7. An explicit expression for the character of L(qi, ¢2) is
now easily obtained. The positive root in AKV is aig + %al = %/\2, and m(A) = (g2 + %ql)/\g.

Thus
e2e2ta)r2/2 _ o(q1—g2—6)A2/2
h L(q1,q2) =
¢ g 1 — e—3X/2

The formal limit Ao — 0 of the right hand side yields ¢s + 2 and this is the dimension of
L(q1,q2). If we parametrize as in the end of section the maximal reducible represen-
tations by ¢ =1 —2 and ¢ = p — [ — 1, we find that the dimension of L(q1,¢2) is [. This
is indeed correct since for these values of ¢q, g2 the p dimensional finite representation had
an [ dimensional subrepresentation which is precisely L(q1, ¢2).

(5.3.8)
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Chapter 6

Constructing Theories with Finite
W-Symmetries

In Chapter 2 we have seen some finite W-algebras that appear in simple physical systems.
This happened more or less by coincidence, a priori we had no reason to expect a finite
W-algebra to show up (although anisotropic harmonic oscillators have quite generally
extended non-linear symmetry algebras for rational frequency ratios, see e.g. [[J]). Here we
want to pose the reverse question, namely, can one given some finite W-algebra construct
theories that have this W-algebra as their symmetry algebra? An additional interesting
question is whether or not one can build gauge theories based on finite W-algebras. If we
would succeed in constructing a gauge theory for a finite W-algebra that contains SU(3) x
SU(2) x U(1), this might be a new candidate for a Grand Unified Theory. Such finite -
algebras certainly exist, as we briefly explained at the end of section 3.3.6. Unfortunately,
we have not succeeded in constructing a gauge theory for finite W-algebras except in one
dimension. In this section we want to sketch some of the ideas and problems involved in
the construction of theories with finite W-symmetries. This is definitively not a finished
chapter in the theory of finite W-algebras, and it will have more the character of a series
of remarks than that of a finished theory.

6.1 Problems with finite W-symmetries

We start with some particular (classical) finite W-algebra given by the Poisson brackets
{Wa, Ws} = Pap(W5), (6.1.1)

where the P,g are certain polynomials in W,. Suppose that we have some field theory
with fields ¢; with a finite W-symmetry. This means that there are transformation rules
0pi = Y ., €aba®; that leave the action invariant, where €, is the constant parameter
corresponding to the generator W,. Associated to these transformation rules are a set of
conserved currents j# that can be found in the usual way through the Noether procedure.
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The corresponding conserved charges, that generate the symmetries, are
Qo = /dd_lxjo. (6.1.2)

The statement that the theory is invariant under the finite 1W-algebra (6.1.1)) means that
the conserved charges have to satisfy precisely (6.1.1]), i.e.

{Qa, Qﬁ} = Paﬁ(Q'y)- (6.1.3)

It is hard to see how one could realize (5.1.3). The left hand side contains two integrations
J d? 1z, and one of these disappears after integrating over the delta function that arises in
the equal-time Poisson brackets. Hence, the left hand side contains exactly one integration
J d?1z. The right hand side contains as many integrations J d% 1z as the degree of P,s.
These two facts can only be made to agree with each other if (i) the finite TW-algebra
is linear or (ii) d = 1. Case (i) is precisely what we are not interested in, since that
brings us back in the realm of ordinary Lie algebras, and we will come back to d = 1
later. Therefore, it seems that we have some kind of no-go theorem in dimensions d > 1.
What else could we try to do? First, the above argument assumes the symmetries are
local. If one drops this assumption, it might still be possible to do something. We have
not analyzed this possibility, partly because of the problems in dealing with theories with
non-local symmetries. A second possibility is to change the definition of what we mean by
a theory with finite W-symmetries, and this will be the subject of the next section. The
reader who has some knowledge of the corresponding situation with ’infinite’ W-algebras
in two dimensions may wonder how these escape the no-go theorem given above. The
reason is that the ’infinite’ W-algebras have an infinite number of generators, and this
makes it possible to convert the integrations that remain in the right hand side of (f.1.9)
into infinite sums of generators. Since we restrict attention to finite W-algebras with a
finite number of generators, this does not provide a way out either.

6.1.1 Another definition of finite W-symmetries

In [AJ] an attempt was made to write down a gauge theory for a non-linear algebra which
is a deformation of su(2). This construction involved a set of scalar fields, which are not
needed in the gauge theory of pure su(2). This can be rephrased in the language of the
previous paragraph by saying that rather than looking for a theory which has (6.1.3) as
its symmetry algebra, we look at one which has the following algebra of symmetries

{Qa, Qp} = Pls(T5)Q, (6.1.4)

where the Ty are extra scalars, one for each generator of the finite W-algebra. The Tj are
added by hand. Now the left and right hand side of (p.1.4) contain the same number of
integrations and the objection of the previous paragraph no longer applies. In some sense
on might say that a minimal finite W-multiplet necessarily involves an extra set of scalar
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fields. We have not yet specified what the polynomials P(;Yﬁ are. A first guess could be to
require

P5(Qs)Qy = Pup(Qs), (6.1.5)

so that (p.1.4) becomes identical to (p.1.J) upon identifying Q, with T,. It is, however,
not clear that with this choice the Jacobi identities are satisfied. To verify the Jacobi
identities, we need also the bracket

{Qa,Tﬁ} = Saﬁ(Ty)- (616)

Furthermore, we assume that the equal time Poisson bracket of Ti, with Tj3 vanishes. Then
the Jacobi identities give two differential equations for S and P. If we choose Pgﬁ as in
(), we cannot give an explicit solution for S or even prove that a polynomial solution
always exists. A much more natural choice is

Saﬁ(Tv) = Paﬁ(T’Y)7
0
P (T5) = ——P.3(Ts), 6.1.7
(T = g PaslT) (6.1.7)
since now the Jacobi identities {Qq,{Q3, @~}} + cycl = 0 and {Qn, {Qp, Ty }} + cycl =0
follow directly from the Jacobi identities for the original W-algebra. These conventions
differ slightly from those in [I9], but agree after rescaling the deformation parameter in
[E9) by a factor of two.

Is it possible to realize the algebra (f.1.4), (6.1.6) in some field theory? Although this
would not be a finite W-invariant theory in the narrow sense, it would at least be a finite
W -inspired theory. If there are no further fields in the theory apart from the scalars T,
it is natural to look at sigma-models with Lagrangian density

L= —%Gaﬁ (1) T8, Tp — V(T). (6.1.8)

Invariance under the transformations generated by (), yields the equations

1 1 1
58”G05Pp7+ngﬁaaPm—kiGo‘p@BPm = 0,
VP, = 0. (6.1.9)

The equation for the potential simply states that V is in the center of the finite W-algebra.
If the latter is generated by certain polynomials C;(W,), then V is a function of these
C;. The center of a finite W-algebra from an sly embedding consists of the Casimirs
of the original Lie algebra, since these clearly commute with the BRST operator. Of
course, depending on the explicit representatives one chooses to represent the W-algebra
generators, the generators of the center of the W-algebra will in general differ from the
Casimirs by certain BRST-exact terms.

The solution to the first equation in (p.1.9) is less obvious. If the symmetry algebra
is a Lie algebra then one can choose G to be an invariant inner product on the Lie
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algebra. However, Lie algebras are special in the sense that (), and T, transform in the
same way under W-transformations. In general, Q. transforms in the same way as 9,7,
which differs from the way T, transforms. We have examined two examples of non-linear
algebras in detail. Omne of them is the finite W-algebra W?f2) and the other one is the
following non-linear deformation of slsf]

o, j+] = £jx  [i+,7-]1 = ¢'(Jo), (6.1.10)

where ¢(jo) is neither a linear nor quadratic function of jy. The center of this algebra is
(classically) generated by C = 2j4+7- 4+ ¢(jo). The finite W§2) algebra can be written in
the same way as (6.1.10), where now ¢ = %jg + Cjp and C is an additional generator that
commutes with everything. The center of this algebra is generated by C7 — j1j_ + ¢ and
Cy = C. In both cases we have explicitly solved the differential equation for G** and we
have found that the only allowed kinetic terms are in either case of the form

G (Cy)0" C;9,0;. (6.1.11)

These are not really interesting, since they only induce dynamics for the gauge invariant
combinations of the T,. It would be interesting to know whether a similar result holds
for all non-linear algebras. Before we start to look at other possibilities, we will now first
examine what happens if finite W gauge fields are included.

6.1.2 Gauge fields for finite W-symmetries

Gauge fields appear if we want to make finite W-symmetries local, i.e. we allow the
parameter of the gauge transformations to be space-time dependent. To find the trans-
formation rules for the gauge fields one can for example propose a covariant derivative for
Ty, DT = 0,1, — hﬁRga(T), and require that D, T, satisfies the same transformation
rule under local W-transformations as 0,7, under global ones. This leads to the following
result

D,To = 0,Ta—hlPs(T)
Shil = 0ue’ — €19° P, (T)1]), (6.1.12)

where €7 is the local parameter for the finite WW-transformation generated by .. With
these definitions one finds indeed

3(D,Ty) = €107 Pyo(T) D, T (6.1.13)

It is not at all clear, however, that (b.1.13) is the appropriate way to define an object
that transforms ‘covariantly’ under finite W-transformations. Firstly, it is not clear how

*Non-linear algebras of this type are among the few examples of non-linear algebras that are similar to
finite W-algebras and that have been studied previously, see remark at the end of section 2.2.2.
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to define another covariant derivative D,(f) so that D,(,Q)DMT » transforms also covariantly,

as 0,0, T, transforms differently from 0,1, already under finite W-transformations. Sec-
ondly, one could as well consider modified transformation rules for hﬁ such as

Shl) = 9u€” — €10° Py (T, + €/(D, T, S0 (T), (6.1.14)
to obtain for D,T,, the following transformation rule
8(D,Ty) = €07 P (T) + Pap(T)S0) D, T, (6.1.15)

If we can choose ¥ in such a way that D, T,, transforms in the same way as T,,, then we
can immediately write down an invariant kinetic term for the T,, based on one of the
elements of the center of the finite W-algebra. We have, however, no clue whether this
can be done or whether it is sensible. Alternatively, one could try to fix ¥ by requiring
the gauge algebra to close on the gauge fields. One can easily compute that

[Oer s 0es )1l = Se, ) — €]€3 (D Th) X1, (6.1.16)

where ¢ = 9P, €75 and

X8 = —90P, I + 0P, B + 9 Py B0 — 9P 20+ Pyniiey
~Po S0 4 Py VS — Pr0VS5Y = 87 Py X — 0207 Py (6.1.17)

Clearly, the gauge algebra closes if X,’fcf‘ = 0, but the significance of this equation for X
remains to be seen. Finally, one would like to write down an invariant action for the
gauge fields, preferably in terms of a generalized curvature, which would be a non-linear
version of Yang-Mills theory. It would be interesting to analyze for each of the possible
transformation rules for the gauge fields whether or not such invariant actions exist. An
attempt in this direction was made in [[i], where an invariant action was constructed for
a non-linear deformation of su(2), to first order in the deformation parameter. However,
it is not clear whether their result can be extended systematically to an arbitrary order in
the deformation parameter.

6.1.3 Other possibilities in d > 1

In this final section on dimensions larger than one, we will briefly indicate some other
possible approaches to the construction of invariant actions for finite W-algebras.

e In the construction sketched so far, we did not use the fact that our finite W-algebras
were obtained from a Lie algebra by imposing constraints. It would be nice if we
could somehow use this fact to our advantage. Suppose we have at our disposal
a theory which is invariant under some global symmetry algebra G. Associated
to these G transformations are certain conserved charges whose Poisson brackets
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form precisely G. We can impose the constraints that some of these charges have
to be equal to either zero or one, but since these constraints are non-local, it is
not obvious what the best way to impose them is. Adding the constraints with a
Lagrange multiplier to the action makes the action non-local and difficult to handle.

o Alternatively, if we would start with an action with a local symmetry based on the
algebra G, we could try to impose constraints on the gauge fields. Putting some
components of the gauge field equal to one breaks Lorentz invariance, since the
gauge field transforms as a vector, and not as a scalar. Putting components equal
to zero is only compatible with Lorentz invariance if we put the same components
equal to zero for all A,, p = 0...d — 1. This is such a strong requirement that
typically no interesting non-linear symmetry will be left. A possible way around these
obstructions is to perform some twisting, so that A, transforms in a non-standard
way under Lorentz transformations. Whether or not this is possible remains to be
explored, but this is for example what one does in two dimensions to to get infinite
W -algebras.

e Previously, we have examined the representation theory of finite W- algebras in some
detail. Given some n-dimensional unitary representation of a finite W-algebra, one
can always take fields ¢;, i = 1...n that transform in this representation, and write
down a finite W-invariant term ¢; ¢;. These are clearly not very interesting, as they
are invariant under U(n) and the finite W-algebra is realized as a subalgebra of
U(n). Now one can write down terms ¢; M;;¢; which are also invariant under U(n)
if M transforms in the adjoint representation. An interesting question is whether
one can come up with some constrained field M;; so that this term is no longer U(n)
invariant, but still invariant under finite W-transformations, so that it can be used
to break U(n) to a finite W-algebra. Another way to phrase this question is whether
the finite W-orbit on M;; is the same as the U(n) orbit, or strictly smaller?

e Can one use the fact that many finite W-algebras look as if they are deformations
of some Lie algebra? There is a one-to-one correspondence between generators of
a finite W-algebra associated to an slo embedding, and the generators of the Lie
algebra Gy (see section B.2.4), given by the requirement that they belong to the
same slo orbit. We do not know whether a finite W-algebra can always be seen as a
deformation of Gy, and whether this would be useful for the construction of actions.

e The universal enveloping algebra of a finite W-algebra can be viewed as an infinite-
dimensional Lie algebra, subject to additional relations. Can one construct a theory
invariant under this infinite-dimensional Lie algebra and systematically impose the
extra relations?

Fortunately, the obstruction explained in section [6.1] does not apply in one dimension.
For the remainder, we will examine some of the possibilities that exist in d = 1.
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6.2 Finite W-invariance in d =1

In one dimension it is possible to realize finite W-algebras in terms of conserved charges.
However, this fact in itself is not yet sufficient to construct a theory invariant under finite
W-symmetries. For that one needs a realization of finite W-algebras in terms of known
objects, such as creation and annihilation operators or generators of a Lie algebra. Or
alternatively, one can use the fact that finite W-algebras were obtained by imposing con-
straints on the generators of a Lie algebra. We will now briefly examine these possibilities
in turn.

6.2.1 Imposing constraints

Suppose we have some action which is invariant under the global symmetry algebra
G. Associated to these global symmetries is a set of local conserved charges that obey
{Qa,Qp} = ;’ﬁQﬁ,. Then we can immediately write down an action in which we impose
the constraints necessary to get the finite W-algebra (G, £, x) by adding to the action the
term

/ dt TH(A(Q — X(Q)) + ..., (6.2.1)

where A is an £ valued gauge field, and Q@ = Q,7T“. The dots indicate possible terms
that are of higher order in A. This action has a local gauge invariance generated by the
first class constraints @ — x(@), under which A transforms as a kind of gauge field. How
A transforms exactly depends on the details of the theory. If we perform a BRST gauge
fixing of this gauge symmetry than the action becomes the original action plus a free
ghost action, and the BRST operator that generates the BRST symmetries of this action
is precisely the one we used to analyze quantum finite W-algebras, with J replaced by Q.
In particular, the Hilbert space of the theory is given by the BRST cohomology and carries
a representation of the finite W-algebra. This is a genuine finite W-invariant theory, but
the W-invariance is only apparent on the level of the Hilbert space.

In some cases one starts with theories whose symmetry algebra contains two copies of
G. When this happens it is possible to impose constraints on both algebras, and it can
happen that one can explicitly integrate out the Lagrange multipliers, thus yielding an
action without BRST symmetry but with a finite W-invariance. One particular example
is to start with the action of a point particle moving in a group manifold. This will lead
to the celebrated Toda theories, and we will describe this example in some more detail.

One starts with the action for a free particle moving on the group manifold G (the
Lie algebra of G is G). The metric on G is given by extending the Cartan-Killing metric
(ta,ty) = Tr(taty) on the Lie algebra G all over G in a left-right invariant way. This leads
to the familiar action

1 _1dg _,dg
= [dtTr (g ' = 1—>. 2.2
Slg) = 5 [ arte (5 g (6:22)
It satisfies the following identity
Slgh] = Slg] + S[h] + / ATy (g‘l%%h‘l> , (6.2.3)
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from which one immediately deduces the equations of motion,

d —1d_9> _d (@ —1> _
di (g a) " al\a? )= (6.2.4)

The action (p.2.9) is invariant under g — hjghs for constant elements hi, hy € G. This
leads to the conserved currents J, J given by

_ d.g -1 _— 71a T _ — 7a
J = Eg =J ta and J =g _t = tg- (625)

The equations that express the conservation of these currents in time coincide with the
equations of motion of the system, so fixing the values of these conserved quantities com-
pletely fixes the orbit of the particle once its position on t = 0 is specified. In this sense
the free particle on a group is a completely integrable system. The conserved quantities
form a Poisson algebra [B(]

{Je, g%y = febge, (6.2.6)

with similar equations for J. This is precisely the Kirillov Poisson bracket we used as a
starting point for the construction of finite W-algebras. These were obtained by imposing
constraints on the Poisson algebra ([.2.6), and we want to do the same here to get systems
with finite W symmetry. Actually, we already have the first explicit example at our
disposal here. If we consider the trivial embedding of sl in SL,, then the finite W-
algebra is the Kirillov Poisson algebra (6.2.6). The action (p.2.9) is the generalized Toda
theory for the trivial embedding. The conserved currents of this generalized Toda theory
form a Poisson algebra that is precisely the finite W-algebra associated to the trivial
embedding.

Finite W-algebras were obtained by imposing a set of first class constraints 7, (J) =
x(J), where 7, is the projection on £. Here we want to impose the same constraints,
together with similar constraints on J,

me(J) = x*(J) and 7w (J) = x(J). (6.2.7)

There are two equivalent ways to deal with these constraints. One can either reduce the
equations of motion, or reduce the action for the free particle. Let us first reduce the
equations of motion, where we restrict our attention to the finite W-algebras obtained
from an sle embedding. If G4+ denote the subgroups of G with Lie algebra £, £*, and G
the subgroup with Lie algebra Gg, then almost every element g of G can be decomposed
as g—gog+, where g4 o are elements of the corresponding subgroups, because G admits a
generalized Gauss decomposition G = G_GyG4{Strictly speaking G_G(G is only dense
in G, but we will ignore this subtlety in the remainder}. Inserting g = g_gog, into (6.2.7)
we find

dg
—1 + -1
t — <
9o '+90 = dt g+
dg_
t_git = g7 t—=. 6.2.8
got—g; 9= ( )
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In the derivation of these equations one uses that mz(g_t g:l) = ty, and a similar equation
with 7wz« and ¢_, which follow from the fact that ¢+ have degree +1. The constrained
currents look like

dgo _ 1\ _
J = g_ <t+ + 29 '+ got—gp 1) g,

_ d
J = g3 (t +g5° dio +gptt go) 9+ (6.2.9)
The equations of motion now become
_dJ d (dgy _ > _
1 1 1
= —g_. = — t_
O0=g-"—9 g ( 90 | T loot-g0",t+],
dJ -1 d -1 dgo> -1
0= = — - t_ t . 6.2.10
9+ 9% g (go o ) Tt 90 tgol, ( )

which are generalized finite Toda equations as will be shown in a moment.

Alternatively, one can reduce the action by writing down the following gauged version
of the action

Slg, Ay, Al = /dtTr( 1d~;’ 1%+A1+A%)

+/dm AT = X)) + AL (T = X'() + A_gAyg™)6.2.11)
This action is invariant under the following transformations

g — h_ghg,

A- — h_A_h~'-— dh—‘h:l,
dt
_1dhy
+ W’
where hy are arbitrary elements of G+. We assume here that x is either constant or
zero. If x is some higher dimensional representation, one needs in addition to (6.2.11) a
Lagrangian describing these additional degrees of freedom. In the case where the finite W-
algebra comes from an sls embedding we can use the gauge invariance to put g = g_ = e
(where e is the unit element of the group G) in the Gauss decomposition of g, thus we can
take g = go € Go. Then from the equations of motion for A+ we find Ay = g, 't go and
A_ = got_gy ! (The terms Ai and A% are not present in this case). Substituting these
back into the action it reduces to

1
- §/dtTr< 51djt° 0_1ng> /dtTr got_gg t+) (6.2.13)

Ay — hi'Afhy —h (6.2.12)

The equations of motion for this action are indeed given by (f.2.10), showing the equiva-
lence of the two approaches.

This generalized Toda action describes a particle moving on Gy in some background
potential. Two commuting copies of the finite W-algebra leave the action (f.2.13) invariant
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and act on the space of solutions of the equations of motion (6.2.10)[]. An explicit proof of
this will be given in the next section. This action is only given infinitesimally, because we
do not know how to exponentiate finite W-algebras. One can, however, sometimes find
subspaces of the space of solutions that constitute a minimal orbit of the W-algebra, see
for example [B1]] where this was worked out for the infinite W3 algebra.

For the principal embeddings of sly in sl,,, the equations of motion reduce to ordinary
finite Toda equations of the type

7=1

d2 n—1
i L+ exp (Z quj> =0, (6.2.14)

where i = 1,...,n — 1, Kj; is the Cartan matrix of sl,,, and gy = exp(q; H;).

The general solution of the the equations of motion (§.2.1(J) can be constructed as

follows. Let h(l) h(()z) be elements of Gy. Let Xy be an arbitrary element of go. If go(t) is
defined by the Gauss decomposition

g- ()90 )9+ (1) = b expt(Xo + (b)) b + Pt (W)Y B, (62.15)

then go(t) is the most general solution of (5.2.1(). The easiest way to study the action of
the finite 1/ -algebra on these solutions, is to use the explicit transformation rules (f.2.33).
This might provide a valuable tool in the study of the solutions (6.2.19).

In the case when x = 0 in (f.2.11) it is not so straightforward to pick a good gauge for
g, unless £ = G, which corresponds to the case described in section [£.3.3 Then a good
gauge choice is to pick g in Gy, and integrating out Ay is trivial. The result is

dgo _,d
/dtTr< ot dgto 9! dgt°>. (6.2.16)

The symmetry of this theory is Gy x Go, which is in perfect agreement with (.3.6).

Finally, let us present an action which has the finite W-algebra obtained by setting the
Lie algebra generators in a Cartan subalgebra equal to zero, as discussed in section ({.3.3).
We take the action (f.2.11]), but since it is not easy to find a good gauge choice for g, we
put A, = 0, ie we impose only constraints on .J, not on .J. This is a special case of (.2.1).
A good gauge choice is then for example g = g_g+, where g1 € G4 and G = G_TG4 is
a standard Gauss decomposition of GG. Integrating out A yields the following action

1 dg_dgy _ dgs 1 _1\?
S[g_,g+]:/dm< -1 i g; +1) /dm (W <g_ §:g+1g 1) ) (6.2.17)

where 77 is the projection on the Lie algebra 7.

fMore precisely, the symmetries of () form an algebra that is on-shell isomorphic to a finite
W -algebra
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Any of the actions in this section can in principle be used as a starting point for a
theory with local finite W-symmetries in one dimension. We are not going to discuss this
here; basically one can use the same techniques as one uses in two dimension to gauge
infinite W-algebras, see eg [f.

6.2.2 Realizations of finite I/-algebras in terms of lie algebras

The Miura transformation provides a realization of a finite W-algebra that comes from an
sly embedding in terms of the generators of Gy (see section B.2.4). Can one, given such a
realization, find an action invariant under finite W-transformations? One way is to first
express the generators of Gy in terms of oscillators (see [f, 3]), thereby providing a Fock
realization of the finite W-algebra. Subsequently, one can try to use the method in the
next section to find an invariant action. Alternatively, one can try to use the realization
in terms of Gy. An obvious guess is to look for actions of the type

Slgo] = %/dtTr( gldjto 0—1d9°> /dtV %) (6.2.18)

The kinetic part of this action has a Gy x Gy invariance, and the problem is now to find
a potential V(gg) that reduces this invariance to a finite W-invariance. To be able to say
something more we first need to work out some properties of the polynomials in terms of
Jo = dczo 9 ~1 that the Miura transformation gives us and that form a realization of the
finite W-algebra.

The (classical) Miura transformation can be described as follows. We start with the
Kirillov Poisson algebra (f.2.6), and decompose J as J_ + Jy+ J, and in addition we will
decompose J_ = J_1 +.J_o+... according to (B.2.2§). After imposing the constraints we
get Jeonstr = J— + Jo +t+. The finite W-algebra is the Poisson algebra of the polynomial.
P(J_,Jy) that are gauge invariant under the gauge transformations generated by the first
class constraints on the constrained phase space, i.e. P(J_,Jy) satisfies

SP(J_,Jy) OP(J_, Jo)) )
T _ ty,e_]) = 2.1
r(( 5 + 570 [J-+ Jo+ty, €] 0, (6.2.19)
where e_ is an arbitrary parameter with values in G_. We can rewrite (f.2.19) as

OP(J_.Jo) | SP(J_. Jy)
5J_ 5.0

Jo+Jo+ty| =0, (6.2.20)

T

with 74 the projection on G;. The Miura transformation does not give P(J_, Jy), but
just P(Jo) = P(J_,Jo)|s_=o. If we insert J_ = 0 in (.2.2() and then project it onto G, 1,
we find
dP(Jo)
) t+
dJo

[Q(Jo), Jo] + [ =0, (6.2.21)

with Q(Jo) = (6P (J-, Jo)/6J-1)].s_=0.
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Under a small W-transformation generated by P(Jy), the potential V(go) transforms
as

(6.2.22)

5V(90) — €Tr <6P(JO) 5V(90)> )

dJo 59090_1

In order for the perturbed action to be W-invariant, we want this variation to be total
derivative. In order to be able to use the identity (p.2.21]) in (b.2.29), we need to require

that
1%
iff = [t+, R(g0)]- (6.2.23)
39090
This allows us to rewrite
6V (g0) = €Tr (Q(Jo)[R(g0), Jo]) - (6.2.24)

If in addition to (5.2.23) we require that

[R(90), Jo] = %T(go) (6.2.25)

for some functional T'(go), then dV (go) is a total time derivative modulo the equation
of motion dJy/dt = 0 of the unperturbed part of (6.2.1§). We can then modify the
transformation rule of gg to cancel the equation of motion terms in 6V (gg), but this gives
rise to a new variation of the potential V(gy), and we have to check that this is again
a total time derivative. Clearly, this is a somewhat cumbersome procedure and it is not
clear that it terminates. Omne obvious solution to (p.2.23) and (f.2.2]) is the potential
V(go) = Tr(got_gy 'ts), with R(go) = got_gg " and T(go) = —R(go). We do not know
whether other simple solutions to ((.2.23) and (p.2.2]) exist. Rather than verifying step by
step that (.2.13) is invariant under finite W-transformations, we will give a direct proof
of this. This proof, given below, will show that the procedure sketched in this section is
in general not very efficient for finding invariant actions, but may provide some clues for
finding other and better techniques.

The Toda action was obtained by imposing constraints on both J and J. The corre-
sponding constraints first brought J in the form J = J_ + Jy + t1, and subsequently in
the form (p.2.9), where g_ is a function of gg determined by (p.2.§). If we substitute this
special constrained form of J in the gauge invariant polynomials P(Jy, J_), then the g_
dependence disappears, since we are precisely interested in G_ invariant polynomials, and
we find the following polynomials in terms of gy and its time derivatives:

P(go) = P(Jo, J-)|, _da

_ _ 6.2.26
J0=Wgo17J71=gotgo17J72=07J73=0,m ( )

We claim that these are precisely the conserved quantities of the Toda theory. To prove
this, we take (p.2.2(0) and deduce from it that we must in particular have

P(J_ P(J_

0J_ 0Jo

> — 0. (6.2.27)
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If we put J_o = J_3 =...=0 in this equation, and denote

P(J—17 JO) = P(J—7 J0)|J72=0,J73=0,... (6228)

etc., we find

o0P(J-1,Jo) ] 0P(J_2,J_1,Jp)
Te|J | |—F _
r<J1<[ 57 1 ,Jo| + 57 J72:0,J1 +
OP(J_1,Jo) )) _
[ 570 . =0. (6.2.29)

The middle term in this equation drops out, and the remainder can be rewritten as

dP(J_1,Jo)

SP(J_1,Jo)
(P, 3P

6J 1 [Jo7t+]) = 0. (6.2.30)

Now if we put Jy = ddifgo_l and J_; = got_go_l, then

dJ

d—to = [t4,J1]

diy

=L = o, ) (6.2.31)

The first equation is the Toda equation of motion, and the second one is a straightforward
algebraic identity. Using these, (6.2.3(0) can be rewritten as

o (5P(J_1,Jo) dJ 1 5P(J—17J0)%) —0 (6.2.32)

0J_1 dt 0Jo dt

and this is nothing but %P(gg), proving that P(gp) is a conserved quantity in the Toda
theory.

The transformation rules that leave (.2.13) invariant can now immediately be deduced.
They read

8go = € (M (6.2.33)

0Jo

Jo=29041 g t_ )go.
0o=—g;90 »J-1=got-gy

To verify that these transformations form indeed a finite W- algebra we compute the

variation of another conserved quantity Q(go) = Q(J_l,J0)| LT i—got_g! under
the finite W-transformations generated by P(go)
d (6P opP 0Q 0Q )
1) Tr — Ji J1| — ). 6.2.34
o= (( (5z) * 50 53+ 5o 525 (6:2.34)
Using the exact identity (f.2.30) and the Toda equations of motion, we derive that
d (0P oP
— | — _ 2.
#(5m) = [ (623
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modulo equations of motion. Inserted into (f.2.34) this yields

opP

0Q oP 0Q [6P } 0Q >
0Q=Tr||—,J 1| — — — —J | —). 6.2.36
@ <[6J_1’ 1} 5y szo’ 0} 50 18de T B (6.2.36)
This corresponds exactly to the brackets of the finite W-algebra, with J_o = --- = 0.

Therefore the symmetry transformations (p.2.33) form a finite W-algebra modulo field
equations, i.e. the algebra is on-shell isomorphic to a finite W-algebra.

6.2.3 Realizations of finite I1/-algebras in terms of oscillators

Given a realization of a finite W-algebra in terms of a set of oscillators, or more general
in terms of the generators of an algebra A, one can try to compute the centralizer of the
W -algebra in A, and take any of the generators of the centralizer as the generator of time
translations in some physical system. For this to make sense one wants the generator to
be Hermitian, so that it can be identified with the Hamiltonian. Any action whose Hamil-
tonian is identical to this one is an action invariant under W-transformations, provided
the commutation relations found by canonical quantization agree with those given by the
algebraic structure of A. For any realization, the center of the finite W-algebra is always
a subalgebra of the centralizer in A, and these are the first candidates to look at.

As an example, we can take the oscillator realization of W?EZ) in section (R.2.9). It is
given by

1

v = %CL%T,

o = mah)

Jo = ngb—gaTa,

= —(%aTaJrngb)Z—(%aTaJrngb). (6.2.37)

The center of Wéz) contains C', and the Hamiltonian of the anisotropic harmonic oscillator
is given by %\/ 1 —4C. Although this is non-polynomial in terms of C, it is polynomial in
terms of the oscillators and belongs to the centralizer of the finite W-algebra. The other
generator of the center of Wg(z) is O3 = j8 + 2jo + 350C + 3jj_ + 3j_j+, which is equal
to h/3 — 16h3/27 with h the Hamiltonian. This illustrates the fact that the centralizer of
Wg(2) in the oscillator algebra is generated by hﬂ. It would be interesting to know whether
the example of the anisotropic harmonic oscillator can somehow be obtained as a reduction
of a system with sl(3) symmetry. This would open the door for the construction of many
more examples of quantum mechanical systems with finite W-symmetry.

To conclude, let us mention one more possibility. So far we tried to find systems
with a finite W-algebra as its symmetry algebra. We could also be less restrictive, and

*If one allows non-polynomial expressions in terms of the oscillators, this is no longer true, as can be

nriata

seen from the example e , which commutes with all generators of Wéz).
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demand that it is just a spectrum generating algebra. For our example of W?E2), this would
mean that we can also take jy as our Hamiltonian, since j. and j_ map jy eigenstates
to jo eigenstates. Incidentally, an explicit example where this is the case is known [5J].
Consider a sequence of Schrodinger operators L; = AjAj_ + \j where A;-t = :I:% + fj(x)
and \; is a constant. If LJ-A;-F = A;—Lj_l,_l and A;L; = Lj41 A7, then the Ajc can be
used to map eigenstates of L; into those of L; 1 and vice versa. Therefore, if we know
the spectrum of L; we also know that of L; ;. This technique to construct new exactly
solvable Schrodinger operators from old ones is known as the factorization method. An
interesting situation arises when one imposes a kind of periodic boundary condition on
the chain of operators L;, namely if one requires Lj;n = Lj + p and A\jyny = A\j + p for
some parameter u. If we denote L1 by jg and define

j+ = AT .. AL, jo=Ay.. AT, (6.2.38)

then the following relations hold

[j(]vj-‘r] = Mj-‘r)
[j(]vj—] = _#j—7
N
J+j- = (Jo — k),
k=1
N
j-iv = 1[G =M+ m). (6.2.39)
k=1

In particular, for N = 3, the commutator of j; and j_ will be a quadratic polynomial in
jo, exactly as in the Wéz) algebra. The Hamiltonian jy in (.2.39) is —d%zg + 2+ fl+ M,
where f; satisfies the following set of coupled differential equations

— A+ AN = fE e,
X = [+ fi+ ),
S5+ fE 40 = I+ M+ p
(6.2.40)

To solve these, first notice that the sum of these three equations is 2(f] + f5+ f4) +pu =0,
from which one derives fo+ f3 = —f1 — px/2+ k, with k some integration constant. Next,
the second equation in (f.2.40) can be rewritten as (fs— f2)(fs+f2)+(f3+f2) +A3—A2 = 0,
or equivalently (f3 — f2)(—fi1 —px/2+ k) + (= f] — p/2) + A3 — A2 = 0. We thus have one
equation for fs 4+ f3 and one for fo — f3 in terms of fi. Solving these for fo and f3 gives
upon substituting these back into the differential equations (f.2.40) a differential equation
for f1, which turns out to be the Painlevé-IV equation. The corresponding potential in 7
is then a one-gap potential. It would be interesting to see what role the representations

of Wg(2) play in the spectrum of jg.

The periodicity conditions for the operators L; allow for a natural g-deformation [@]
The corresponding Schrodinger operators have a spectrum generating algebra which is a

g-deformation of (.2.39), and in particular for N = 3 one finds a g-deformation of Wg(z).
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The issue whether one can ¢-deform arbitrary finite W-algebras is an entirely different

story, which we will not discuss here, but it is amusing to see that a g-deformation of W§2)

can still occur in simple quantum mechanical systems.

Appendix

In this appendix we discuss the finite W-algebras that can be obtained from sly. Using
the standard constructions developed in this chapter we calculate their relations and the
quantum Miura maps.

4=2+1+1

The basis of sli4 we use to study this quantum algebra is

1 1 1
5710 — 578 — 579 T11 T12 T15
3 1
T T8 — 3T T r
Tatq = b g8 819 T 1 . (6.2.1)
T4 T6 —3gI8 + 579 r13
r1 ) r3 —%7‘10 - %7“8 - %7”9

The sly embedding is given by ¢4 = 15, tg = t10 and t— = %tl. The nilpotent algebra G

is spanned by {tlg,t14,t1§}, Go by {t4,...,t12} and G_ by {t1,t2,t3}. The d; cohomology
of Qyeq is genAeratedAby J% for a =1,...,9. Representatives that are exactly d-closed, are
given by W(J?%) = J% for a = 4,...,9, and by

W(jl) _ Ly jAjl2 g jgn _|_%j10j10_|_%j10’

W(J%) = J2+J0J2 + 37871 4 L0 4 pgt,

W) = JS T LR L0 g (6.22)
Introduce a new basis of fields as follows:

1

U = W%+ W (),

H o= Z(W(*) ~W(J),

F = —-W(J"),

E = -W(J%,

Gl_ = _W(j3)7

Gf = w(J?,

Gy = W(J),

¢ o= Wi,

C WY+ 1EF + JFE + H? + 1U% + 2hU. (6.2.3)

If we compute the commutators of these expressions, we find that C' commutes with
everything, {F, F, H} form a sl subalgebra and G?E are spin % representations for this
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sly subalgebra. U represents an extra u(1) charge. The nonvanishing commutators, with
h dependence, are

[E,F] = 2hH,
[H,E] = hE,
[H,F| = -—hF,
U, Gi] = hGi,
U,G3] = —hGs,
[H,G] = +5G7,
[E,G] = hGf,
[F.G] = nG;,
[GT,G3] = —2RE(U +h),
[Gl,Gg] = 2hF(U + h),
[GY.G3] = W-C+EF+FE+2H?+3U?+2HU) + h*(2H + 3U),
[Gl,G;] = W(C —EF - FE —2H? - 3U* 4+ 2HU) + h*(2H - 3U).  (6.2.4)

Let us also present the quantum Miura transformation for this algebra. In this case,
Go = sl3 @ u(1). Standard generators of Gy can be easily identified. A generator of the
u(l)iss = %j8+%j9—|—2j10, and the sl3 generators are e; = J°, e3 = JS, e5 = J4, f; = J11,
fo= j7, f3 = jl2, hy = —%jg—l—%jlo and ho = %jg—%jg. The convention is such that the
commutation relations between {e;, f;, h;} are the same as those of corresponding matrices
defined by

C1 a as
aie; +bifi+chi=h| bi co—c1  as i (6.2.5)
by be —C2
The quantum Miura transformation reads
U = L(s—2hy—4h),
H = 1ih,,
F = —f
E = —es,
Gy = —fofi — 3(s—2ha — hy + 3h) fs,
Gy = €2f3+%(8+h2—h1+3h)f1,
Gy, = e,
Gy = e
C = (5% +LEs)+i(erfi+ fier +eafo+ foea +esfs + fzes)
+2(hi + hihy + h3). (6.2.6)

In C' we again recognize the second Casimir of sl3. It is a general feature of finite W-
algebras that they contain a central element C, whose Miura transform contains the second
Casimir of Gy. C' is the finite counterpart of the energy momentum tensor that every
infinite W-algebra possesses.
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4=242

A convenient basis to study this case is

%"’7 + % %56-1- %811 r12 T14
Tola = 2 N EEENE T6 r13r10 5 T15T8 . (627)
e} 2 12 2772
nooom Fo% ey

The sl; embedding is given by t. = t1o + t15, to = t10 — t11 and t_ = %(tl + t4). The
subalgebra G, is spanned by {t12,...,t15}, Go by {t5,...,t11} and G_ by {t1,...,t4}.
The di cohomology of €2,.4 is generated by J Lo, J7. The d-closed representatives are
W(j“) = J® for a = 5,6, 7, and

W) = S L0 LTS L L0104 8 j10 g,

W(j2) j2+%j5j10+%j5j11_%j6j8+%j8j10_%j10j11+%j8,

W) = P4 LS LTI LT L0 Ljoji g o

W) = S LB LIS LS L R0 s (g

To display the properties of the algebra as clearly as possible, we introduce a new basis of
fields

H = jW(J%,
E = —wW(J",
F = —W(J%,
Gt = W(J?),
GO = W) -w(h,
G- = —W(J?,

C = WY +WUIH+ iw(IOW IS + 1w ()W (")
AW (IHYW(J) + 2w (J°). (6.2.9)
Here, C is the by now familiar central element, {E, H, F} form an sly algebra and

{G+,G° G~} form a spin 1 representation with respect to this slo algebra. The non-
vanishing commutators are

|[E,F] = 2hH,
[H,E] = hE,

[H,F] = —hF,
[E,G°] = 2rGT,
[E,G7] = hG°,
[F,GT] = hG",
[F,G°] = 2nG~,
[H,GT] = hG™,
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[H,G"] = —hG~,
[G°,G"] = W-CE+ EH?+ 1EEF + JEFE) — 2h°F,
[G°.G7] = W-CF+FH?+LFFE+LFEF) - 2K°F,
GY.,G"] = W-CH+H*+}HEF + $HFE) — 2h*H. (6.2.10)

Since Gy = sly @ sly @ u(1), the quantum Miura transformation expresses this algebra in
term of generators {ey, hy, f1}, {€2, ha, fo}, s of Gy. The relation between these generators
and the Jo are: s = JO — JU p = %(j6 + JWO 4 W hy = %(jﬁ — JW0 gy,
er = 3(JT+J%), e = 3(JT—J), fi = 3(J°+J®) and fo = $(J°—J®). The commutation
relations for these are [e1, f1] = hhy, [h1,e1] = 2hey, [hy, f1] = —2hf1, and similar for
{ea, ha, fo}. For the quantum Miura transformation one then finds

H = i(hi+h),

E = —e —eo,
F o= —fi—fo
Gt = %elhg — %62}11 + %8(61 — 62) + h(el — 62),

-
I

frez — faer + Ls(hy — ho) + A(hy — hy),
$fiho — 3 faht — 1s(f1 — f2) — B(f1 — fo),
C = (3 +hs)+ Llerfi + frer + eafo + foeo) + 2(h3 +13).  (6.2.11)

4
I

The infinite-dimensional version of this algebra is one of the ‘covariantly coupled’ algebras
that have been studied in [F5]. The finite algebra (§.2.1() is almost a Lie algebra. If we
assign particular values to C' and to the second Casimir Cy = (H? + %EF + %F E) of the
sly subalgebra spanned by {E, H, F'}, then (p.2.1() reduces to a Lie algebra. For a generic
choice of the values of C' and Cs this Lie algebra is isomorphic to sls @ sla. An interesting
question is, whether similar phenomena occur for different covariantly coupled algebras.

4=3+1

The last nontrivial nonprincipal slo embedding we consider is 4, ~ 35 ®1,. We choose yet
another basis

T T
o3 T8 11 12
s
T4 Y 713 714
ol = r r r ” r (6.2.12)
o ono BrEEF om0
noom §+y BeE-3

in terms of which the sly embedding is t, = t11 + ti5, t° = —3tg + t7 and t_ = 2t3. The
subalgebra G, is generated by {t11,...,t15}, G— is generated by {t1,te,t3,t9,t10}, and Gy
is generated by {t4,...,ts}. TheAdl colgomology is ggnerated by J',...,J°, and d-closed
representatives are given by W (J4) = J4, W (J%) = J5, and
WY = LIS L0y LTS AP0 16 LT 1 s
1747678 1 367676 , 1 76 7777 | 31h 74 78 _ 3R 79 |, 5h 76 76
ST AT AT A v A A A S T A B R e U S A
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h 77 76 _ 3h 77 77 _ 3h% 37 752 76
+gJ =45 T 2T — J°,
W(J2) — J2_%JBJS_%JSJlO_%J6J10+§J7J10_%J8J9+%J10+%J5J‘5J8
LAPJOJS L JOJOFS TGS 5 JE B OGS BT 4 o2 8,
W3 = P+ 48+ 5J00 + LT+ BT - B S, (6.2.13)

We introduce a new basis

U = W),
Gt = wW(JY,
G- = W(J?,
S = wW(Jh,
C = W)+ 5W(IHW(J®) - 2w (J?). (6.2.14)

In this case, the fields are not organized according to sls representations, because the
centralizer of this sly embedding in sl; does not contain an sls. Again C is a central
element, and the nonvanishing commutators are

U,G*] = hG*,
U,G"] = —hG~,
[S,GT] = hGT(=2C + Qu? — $hy 4 290%)
[S,G7] = n(ZC-RU*+ @U_wh?)G—
’ 3
[GH,G7] = hS—%hoy 4 Moy Shys 12y B (6.2.15)

This is the first example where the brackets are no longer quadratic, but contain third order
terms. For the sake of completeness, let us also give the quantum Miura transformation
for this algebra We 1dent1fy generators {e, f,h},51,82 of sla@u(1)@u(l) = Gy via f = J®,
e=J h= (J5 J%), s (2J6 +J%) and sy = J7. The only nontrivial commutators
between these five generators are [e, f| = hh, [h,e] = 2he and [h, f] = —2hf. The quantum
Miura transformation now reads

U = %sl—téh,
Gt = e,
G~ = (%s Tsih+ 1h* — L1s2 — B(3sy + 3h + s0) + 207,
S = (831+4h 31R)f — 1ag(s1 — h)* + (81 — h)s3 + 32(sy — h)?
—l—% 2(s1 —h) — ?{282—¥8 —%(81 h),
C = (def+3ife+in?)+ (Lsd+bso) + (451 — hsq). (6.2.16)

This completes our list of finite quantum W-algebras from si4.

ACKNOWLEDGEMENTS

We would like to thank CERN for hospitality while part of this work was being done.
JdB is sponsored in part by NSF grant no.PHY9309888S.

84



Bibliography

1]

H. Weyl, The theory of groups and quantum mechanics (Dover Publications, orig.ed.
1928).

V.G. Kac, Infinite-dimensional Lie algebras - an introduction (Cambridge University
Press, 1983) and references therein.

P. Goddard, D. Olive, Kac-Moody and Virasoro algebras in relation to quantum
physics Int. J. Mod. Phys. A1 (1986) 303.

A.B. Zamolodchikov, Infinite additional symmetries in two-dimensional conformal
quantum field theory, Theor. Math. Phys 65 (1985) 1205.

P. Bouwknegt, K. Schoutens, W-symmetry in conformal field theory Phys. Rep. 223
(1993) 183.

T.Tjin, Finite and infinite W-algebras and their applications, PhD thesis (Amster-
dam, 1993).

J. de Boer, Ezxtended conformal symmetry in non-critical string theory, PhD thesis
(Utrecht, 1993).

V. Drinfeld, V. Sokolov, Lie algebras and equations of Korteweg-de Vries type, J.
Sov. Math. 30 (1984) 1975.

F.A. Bais, T.Tjin, P.van Driel, Coupled chiral algebras obtained by reduction of
WZNW theories Nucl. Phys. B357 (1991) 632.

T. Tjin, Finite W-algebras, Phys. Lett. B292 (1992) 60.

J. de Boer, T. Tjin, Quantization and representation theory of finite W-algebras,
Comm. Math. Phys. 158 (1993) 485.

J.M Jauch, E.L. Hill, On the problem of degeneracy in quantum mechanics, Phys.
Rev. 57 (1940) 641.

D. Bonatsos, C. Daskaloyannis, P. Kolokotronis, D. Lenis, Symmetry algebra of
the planar anisotropic quantum harmonic oscillator with rational ratio of frequen-
cies, preprint THES-TP/93-13, |hep-th/9402099; The symmetry algebra of the N-
dimensional anisotropic quantum harmonic oscillator with rational ratios of fre-
quencies and the Nilsson model, preprint DEM-NT 94-36, THES-TP 26/94, |hep]

th/0411214.

85


http://arxiv.org/abs/hep-th/9402099
http://arxiv.org/abs/hep-th/9411218
http://arxiv.org/abs/hep-th/9411218

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

22]

[23]

[24]

[25]

[26]

[27]

28]

[29]

[30]

M. Rocek, Representation theory of the non-linear SU(2) algebra, Phys. Lett. B255
(1991) 554.

S. P. Smith, A class of algebras similar to the enveloping algebra of SU(2), Trans.
Am. Math. Soc. 322 (1990) 285.

A. P. Polychronakos, A classical realization of quantum algebras, Mod. Phys. Lett.
A5 (1990) 2325.

C. Daskaloyannis, Generalized deformed oscillator and non-linear algebras, J. Phys.
A24 (1991) L789.

Ya. I. Granovskii, A. S. Zhedanov, O. B. Grakhovskaya, Addition rule for non-linear
algebras, Phys. Lett. B278 (1992) 85.

A. S. Zhedanov, The ‘Higgs algebra’ as a ‘quantum’ deformation of SU(2), Mod.
Phys. Lett. A7 (1992) 507.

C. Delbecq, C. Quesne, Non-linear deformations of SU(2) and SU(1,1) generalizing
Witten’s algebras, J. Phys. A26 (1993) L127.

D. Bonatsos, C. Daskaloyannis, C Kolokotronis, Generalized deformed SU(2) alge-
bra, J. Phys. A26 (1993) L871.

F. Pan, Generalized deformed algebras F(A1) and their applications, J. Math. Phys.
34 (1994) 5065.

M. Bander, C. Itzykson, Group theory and the Hydrogen atom (part I), Rev. Mod.
Phys. 38 (1966) 330, (part II) Rev. Mod. Phys. 38 (1966) 346.

P.W. Higgs, Dynamical symmetries in a spherical geometry I, J. Phys. A12 (1979)
309.

Ya. I. Granovskii, A. S. Zhedanov, I. M. Lutsenko, Quadratic algebras and dynamics
in curved spaces II. The Kepler problem, Theor. Math. Phys. 91 (1992) 604.

P. Bowcock, Representation theory of a W-algebra from generalized Drinfeld-Sokolov
reduction, preprint DTP-94-5, hep-th/9403157;

J. de Boer and T. Tjin, Quantization and representation theory of finite W -algebras,
Comm. Math. Phys. 158 (1993) 485.

L. Fehér, L. O’Raifeartaigh, Ruelle, I. Tsutsui, A. Wipf, On the general structure of
Hamiltonian reductions of WZW theory, Phys. Rep. 222 (1992) 1.

N. P. Landsman, Rieffel induction as generalized quantum Marsden- Weinstein re-
duction, to appear in J. Geom. Phys., hep-th/9305088; preprint DAMTP to appear;
Private communication.

R. Bott, Homogeneous vector bundles, Ann. Math. 66 (1957) 203.

86


http://arxiv.org/abs/hep-th/9403157
http://arxiv.org/abs/hep-th/9305088

[31]

32]

33]

[34]

[40]

[41]

[42]

N. Woodhouse, Geometric quantization, Oxford University Press, Oxford 1980; J.
Sniatycki, Geometric quantization and quantum mechanics, Springer-Verlag, New
York, 1980; V. Guillemin, S. Sternberg, Geometric quantization and multiplicities of
group representations, Invent. math. 67 (1982) 515.

E. Witten, Coadjoint orbits of the Virasoro group, Commun. Math. Phys. 114 (1988)
1.

E. B. Dynkin, Semi-simple subalgebras of semi-simple Lie algebras, Amer. Math.
Soc. Transl. 6 (1957) 111.

B. Kostant, S. Sternberg, Symplectic reduction, BRS cohomology, and infinite-
dimensional Clifford algebras, Ann. Phys. 176 (1987) 49.

B. Kostant, On Whittaker vectors and representation theory, Inv. Math. 48 (1978)
101.

F. Bais, P. Bouwknegt, M. Surridge, K. Schoutens, Fxtensions of the Virasoro al-
gebra constructed from Kac-Moody algebras using higher order Casimir invariants,
Nucl. Phys. B304 (1988) 348

J. de Boer, J. Goeree, The covariant W3 action, Phys. Lett. B274 (1992) 289;
W -gravity from Chern-Simons theory, Nucl. Phys. B381 (1992) 329; The effective
action of Ws gravity to all orders, Nucl. Phys. B401 (1993) 348; Covariant W -gravity
and its moduli space from gauge theory, Nucl. Phys. B401 (1993) 369.

B. Feigin, E. Frenkel, Quantization of the Drinfeld-Sokolov reduction, Phys. Lett.
B246 (1990) 75; E. Frenkel, W-algebras and Langlands correspondence, Harvard
preprint 1991; Affine Kac-Moody algebras at the critical level and quantum Drinfeld-
Sokolov reduction, Harvard thesis.

R. Bott and L. W. Tu, Differential forms in algebraic topology, Graduate Texts in
Mathematics 82, Springer Verlag, New York, 1982.

J. McCleary, User’s guide to spectral sequences, Mathematics Lecture Series 12,
Publish or Perish, Washington, 1985.

J. de Boer, L. Fehér, A. Honecker, A class of W -algebras with infinitely generated
classical limit, Nucl. Phys. B420 (1994) 409.

M. Bershadsky, Conformal field theories via Hamiltonian reduction, Comm. Math.
Phys. 139 (1991) 71.

A. Sevrin, W. Troost, Extensions of the Virasoro algebra and gauged WZW models,
Phys. Lett. B315 (1993) 304.

F. Barbarin, E. Ragoucy, P. Sorba, Finite W-algebras and intermediate statistics,
preprint ENSLAPP-AL-489/94, hep-th/9410114.

K. de Vos, P. van Driel, The Kazhdan-Lusztig conjecture for finite W-algebras,
preprint DAMTP-93-66, UCLA/93/TEP /46, hep-th/9312014.

87


http://arxiv.org/abs/hep-th/9410114
http://arxiv.org/abs/hep-th/9312016

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

J. E. Humphreys, Reflection groups and coxeter groups, Cambridge Studies in Adv.
Math. 29 (1992).

D. Kazhdan and G. Lusztig, Representations of Cozeter groups and Hecke algebras,
Invent. Math. 53 (1979) 165.

S. I. Gelfand and R. MacPherson, Verma modules and Shubert cells: a dictionary,
Lect. Notes in Math. 924 (1982) 1.

K. J. Schoutens, A. Sevrin, P. van Nieuwenhuizen, Non-linear Yang-Mills theories,
Phys. Lett. B255 (1991) 549.

G. Papadopoulos, The global phase space structure of the WZW model, Phys. Lett.
B295 (1992) 44.

Z. Bajnok, L. Palla, G. Takdcs, As Toda theory in reduced WZNW framework and
the representations of the W-algebra, Nucl. Phys. B385 (1992) 329.

B. Kostant, Verma modules and the existence of quasi invariant differential operatos,
Lect. Notes Math. 466 (1974) 101.

A. P. Veselov and A. B. Shabat, Dressing chain and spectral theory of the Schréidinger
operators, Funct. Anal. Appl. 27 (1993) 81.

V. Spiridonov, Symmetries of the self-similar potentials, Commun. Theor. Phys. 2
(1993) 149.

T. Tjin, P. van Driel, Coupled WZW-Toda models and covariant KdV hierarchies,
preprint ITFA-91-04.

88



