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Preface

This book is addressed to researchers in mathematics or in physics eager to learn
the basics on vertex algebras and related geometrical aspects, such as arc spaces
and the concept of associated variety. It is based on several lecture courses given
by the authors in Pisa and Roma (Italy), Melbourne (Australia), Kyoto (Japan), Les
Diablerets (Switzerland), Dijon (France), Rio de Janeiro (Brazil), Amherst (US),
Bengalore (India), etc.

Part I is devoted to the theory of arc spaces, the definition of vertex algebras, the
first properties and basic examples of vertex algebras.

Part IT is about Poisson vertex algebras, the notion of associated variety for vertex
algebras and Zhu’s functor, as well as the links between all these objects.

The BRST cohomology is the core of Part III. The W-algebras which are the
major motivations of the book are defined via the quantum Drinfeld—Sokolov re-
duction using the BRST cohomology. Their related algebraic/geometrical structures
introduced in Part III can also be defined through the BRST cohomology: Slodowy
slices, finite W-algebras and arc spaces of Slodowy slices. All these structures are
studied in this part as well.

We focus in Part IV on quasi-lisse vertex algebras. These are vertex algebras
whose associated variety satisfies a certain finiteness condition. They form a large
class of vertex algebras that enjoy remarkable properties similar to those sharing by
lisse or rational vertex algebras. Part IV includes various examples of such vertex
algebras, particularly in the context of W-algebras, and recent developments in the
area.

Each part contains exercises with hints collected at the end of the book. They are
five appendices, and an index.

The reader is supposed to be familiar with the basics in commutative algebra (for
instance, some spectral sequence arguments are used in Part III) and in representation
theory. Although there is an appendix giving a quick review on simple Lie algebras,
the reading of the book is greatly facilitated by a good knowledge on Lie theory.






Introduction

The goal of this book is to introduce the theory of vertex algebras and affine W-
algebras, which are certain vertex algebras, with emphasis on their geometrical
aspects, in particular through the study of the arc spaces.

Vertex algebras are algebraic structures introduced by Richard Borcherds in 1986
[65] as a powerful tool in representation theory, motivated by the construction of an
infinite-dimensional Lie algebra due to Igor Frenkel. They were notably used in the
monstrous moonshine conjecture (formulated by Conway and Norton), which sug-
gests an unexpected connection between the monster group and modular functions,
to build representations of sporadic groups. Vertex algebras also play a prominent
role in the representation theory of affine Kac-Moddy Lie algebras.

In the meantime, they appear in string theory in physics. They give the rigorous
mathematical definition of the chiral part of a two-dimensional quantum field the-
ory, intensively studied by Alexander Belavin, Alexander Polyakov and Alexander
Zamolodchikov [62].

After they were introduced by Borcherds, vertex algebras have turned out to be
extremely useful in many areas of mathematics, such as algebraic geometry (moduli
spaces), representation theory (modular representation theory, geometric Langlands
correspondence), combinatorics, two-dimensional conformal field theory, string the-
ory (mirror symmetry) and four-dimensional gauge theory (AGT conjecture). In fact,
a recent discovery, which goes back to the works of Nakajima in 1994 [243], reveals
that vertex algebras appear in higher dimensional quantum field theories as well, in
several ways. This gives new insights for the representation theory of vertex algebras.

Part I of the book is about the general theory of arc spaces, the definition of a
vertex algebras, the first properties and examples.

Roughly speaking, a vertex algebra is a complex vector space V, endowed with a
distinguished vector, the vacuum vector, and the vertex operator map from V to the
space of formal Laurent series with linear operators on V as coefficients. These data
satisfy a number of axioms and have some fundamental properties as, for example,
an analogue to the Jacobi identity, the locality and the associativity. The algebraic
law of a vertex algebra is governed by what is called the Operator Product Expansion
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(OPE). This notion and the precise definition of a vertex algebra are at the heart of
Chapter 2.

The simplest vertex algebras are the commutative ones (when the OPEs are
trivial). The latter are nothing but differential algebras, that is, unital commutative
algebras equipped with derivations. The jet algebras of unital commutative algebras
(of finite type) provide the typical examples of commutative vertex algebras. The
schemes corresponding to jet algebras, called the arc spaces, are of great importance
in the study of general vertex algebras. One of the reasons is that to any vertex algebra
is attached in a canonical way a certain Poisson variety whose arc space is closely
related to the graded vertex algebra. The geometry of the arc spaces arising in this
way reflects important properties of the vertex algebra. On another note, arc spaces
appear in the definition of the chiral de Rham complex on a complex manifold. The
study of jet algebras and arc spaces is of independent interest, and the book starts
with this topic (see Chapter 1).

Important basic examples of (noncommutative) vertex algebras are those arising
as representations of affine Kac—Moody Lie algebras or Virasoro Lie algebras, [131,
179]. They are crucial in the representation theory of these Lie algebras, and that
of W-algebras, which are more sophisticated vertex algebras. We observe that many
vertex algebras that appear in the nature carry an action of the Virasoro algebra.
This leads to the notions of conformal vertex algebras and vertex operator algebras.
We refer to Chapter 3 for the study of these basic exemples, including the chiral
differential operators on an algebraic group (a particular case of chiral de Rham
complex).

Other important examples (not studied in this book) of noncommutative vertex
algebras are the lattice vertex algebras and the module moonshine, constructed by
Igor Frenkel, James Lepowsky, and Arne Meurman in 1988 [209].

Part II concerns several functors from the category of vertex algebras to the
categories of simpler objects (commutative and/or of finite type): Poisson algebras,
Poisson vertex algebras, associated algebras. These functors are extremely helpful
to study various aspects of the theory.

Vertex analogues of Poisson algebras are discussed in Chapter 4. In a summary
way, Poisson vertex algebras are differential algebras equipped with a Poisson vertex
A-bracket {—,—} compatible with the multiplication and the derivation. This theory
allows to study the integrability of partial differential equations efficiently, as it was
developed by Aliaa Barakat, Alberto De Sole, Victor Kac [50], among others. The
following are two examples of Poisson vertex algebras. First, taking the jet algebra
of a Poisson algebra gives a Poisson vertex algebras (cf. Section 4.2). Second, as
observed by Haisheng Li [214], any vertex algebra is filtered and the corresponding
graded vertex algebra is naturally a Poisson vertex algebra (cf. Section 4.4). In fact,
to each vertex algebra V one can naturally attach, using the Zhu C,-functor V +— Ry,
a certain Poisson variety Xy called the associated variety of V. The arc space of the
associated variety is deeply connected to the graded vertex algebra (cf. Section 4.5).
The associated variety is a fundamental geometrical invariant that captures important
properties of the vertex algebra.
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Another functor, studied in Chapter 5, is the Zhu functor V — Zhu(V). It attaches
to any vertex algebra an associative filtered algebra which allows to parameterize the
simple modules of the vertex algebra in the best situation [282]. The graded Zhu’s
algebra of a vertex algebra V is a Poisson algebra deeply related to the associated
Xy . Thus the knowledge of the associated variety is also important for the represen-
tation theory of vertex algebras. In fact, the associated varieties of vertex algebras,
especially in the context of affine ones (those corresponding to affine Kac—-Moody
Lie algebras), play an analogue role to the associated varieties of primitive ideals of
the enveloping algebra of a simple Lie algebra. Figure 0.1 summarizes the different
functors. We warn that the diagram is not commutative in general.

ar(-) .
Vertex Algebras ——— > Poisson Vertex Algebras

Zhu(-) R_

Associative Algebras # Poisson Algebras
gr(-

Fig. 0.1 Functors from the category of vertex algebras

From a given vertex algebra, there are several ways to construct new vertex
algebras: the coset construction is one of them, the BRST construction is another
one. The BRST construction comes up in several places. In particular it is used to
define the W-algebras, an important class of sophisticated vertex algebras associated
with nilpotent elements of simple Lie algebras.

The appearance of the AGT conjecture in physics led many researchers to-
wards these algebraic structures. The W-algebras were introduced and developed
by Zamolodchikov, Fateev—Lukyanov, Feigin—Frenkel and Kac—Roan—Wakimoto,
[62, 113, 117, 182] while their finite-dimensional analogues, the finite W-algebras
introduced by Premet [248, 249], have caught attention for different reasons that are
more related to classical problems in representation theory. Thus W-algebras arise
in geometric representation theory and mathematical physics. They are related with
integrable systems, the two-dimensional conformal field theory and the geometric
Langlands program.

The study of W-algebras is the major motivation of the book. They can be regarded
as affinizations of finite W-algebras, and can also be considered as generalizations
of affine Kac-Moody algebras and Virasoro algebras. They quantize the arc space of
the Slodowy slices associated with nilpotent elements.

Since they are not finitely generated by Lie algebras, the formalism of vertex
algebras is necessary to study them. The construction of affine W-algebras is the
main purpose of Part III. In this context, associated varieties of W-algebras are
important tools related to the singularities of nilpotent Slodowy slices. In Part III is
introduced the BRST cohomology for the different blocks of Figure 0.1, specifically:
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Poisson algebras (coordinate rings of Slodowy slices, studied in Chapter 7),
Associative algebras (finite W-algebras, studied in Chapter 8),

Poisson vertex algebras (coordinate rings of the arc spaces of Slodowy slices,
studied in Chapter 9),

— Vertex algebras (affine W-algebras, studied in Chapter 9 and Chapter 10)

The nicest vertex algebras are those which are both rational and lisse. The ratio-
nality means the complete reducibility of modules. The lisse condition means that
the associated variety has dimension zero. If a vertex algebra V is rational and lisse,
then it gives rise to a rational conformal field theory. In particular, the characters
of simple V-modules form a vector-valued modular functions and, moreover, the
category of V-modules is a modular tensor category, so that one can associate with
it an invariant of knots.

Lisse (or Cp-cofinite) vertex algebras are natural generalizations of finite-
dimensional algebras. The modular invariance of characters still holds without the
rationality assumption. In fact the geometry of the associated variety often reflects
algebraic properties of the vertex algebra. Vertex algebras whose associated variety
has only finitely symplectic leaves are also of great interest for several reasons [42].
They were referred to as quasi-lisse vertex algebras by the first author and Kazuya
Kawazetsu [32], and have been intensively studied since that time. Part IV is about
this family of vertex algebras. Examples of lisse and quasi-lisse vertex algebras are
presented in Chapter 11 and Chapter 12. Although the quasi-lisse condition is much
weaker than the finiteness condition required for lisse or rational vertex algebras,
quasi-lisse vertex are still nice for many reasons that are explained in Chapter 13. In
particular their characters still satisfy certain modular invariant properties.

In the case where the vertex algebra is an affine vertex algebra, its associated
variety is a conical subvariety of the corresponding simple Lie algebra, invariant by its
adjoint group. Such vertex algebras are quasi-lisse if and only if the associated variety
in contained in the nilpotent cone. For W-algebras, it happens when the associated
variety in contained in a nilpotent Slodowy slices. When the associated variety is
symplectic (which is the case of chiral differential operators) it loosely implies the
simplicity of the corresponding Poisson vertex algebras. All these observations are
exploited to study more advanced aspects of the representation theory of W-algebras,
such as the rationality question or the obtention of collapsing levels, see Chapter 14.

Associated varieties not only capture some of the important properties of vertex
algebras but also have interesting relationships with the Higgs branches of four-
dimensional N = 2 superconformal field theories (SCFTs) as discovered by Christo-
pher Beem and Leonardo Rastelli and coauthors [57]. For instance one can deduce
the modular invariance of Schur indices of 4D N = 2 SCFTs from the theory of
vertex algebras. On the other hand, Jethro Van Ekeren and Reimundo [102] Heluani
recently observed that the arc space of the associated variety is involved in the chiral
homology of elliptic curves with coefficients in a quasiconformal vertex algebra. It
is believed by physicists that vertex algebras coming from 4D N = 2 SCFTs are
quasi-lisse. This implies a number of interesting conjectures and expectations that
are presented in Chapter 15 in connections with the 4D/2D duality in physics.
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Conventions and notation

Throughout the book, the ground field will be the field C of complex numbers unless
otherwise specified. We shall work with the Zariski topology, and by variety we
mean a reduced and separated scheme of finite type over C. We denote the smooth
part of a variety X by Xe, and its complement by Xj;ne. By a point of a scheme of
finite type over C we always mean a closed point. For a subscheme Z of a scheme X,
the reduced subscheme of X with underlying space Z is denoted by Z¢q.






Part I
Vertex algebras: definitions and examples



This part aims to introduce the notion of vertex algebras. The heart of the mat-
ter is to give a definition. This is done in Chapter 2 after preliminary results on
formal series. We establish also the first properties, and present basic examples (in
Chapter 3), essentially examples of vertex algebras generated by infinite-dimensional
Lie algebras. Any finite-dimensional vertex algebra is commutative. Thus even the
smallest examples of noncommutative vertex algebras require significant work.

Commutative vertex algebras are not, nevertheless, without significance. The
structure sheaf of the arc spaces yields to interesting commutative vertex algebras.
In fact, are spaces not only provide examples of commutative vertex algebras, but
also serve as powerful tools in the study of general vertex algebras. We start the book
with their study in Chapter 1 from a slightly different point of view than the usual
one, adopted for instance in the theory of singularities.



Chapter 1
Jet schemes and arc spaces

This chapter is devoted to the study of jet schemes and arc spaces associated with a
scheme X defined over the field of complex numbers.

Roughly speaking, an arc on a scheme X is a formal path on X, that is, a morphism
from the formal disc D = Spec C[[z]] to X. Jets on X are obtained by truncation of
such paths at a finite order.

The study of singularities via the space of arcs was initiated by Nash [245]. He
conjectured a close relationship between the geometry of the arc space and the sin-
gularities of X, see for instance Ishii and Kollar [169]. More precisely, he suggested
that studying the images under the truncation morphisms of the space of arcs should
provide information about the fibers over the singular points in a resolution of sin-
gularities of X. The work of Mustati [242] supports these predictions; for instance,
rational singularities of a locally complete intersection variety can be detected by
the irreducibility of all its jet schemes. The space of arcs also plays a crucial role in
motivic integration, serving as the domain over which functions are integrated. We
direct the reader to the recent book by Chambert-Loir, Nicaise, and Sebag [84], as
well as the references provided therein, for further insights into this topic.

It turns out that arc spaces are also of great importance in the theory of vertex
algebras. One of the primary reasons is that the pushforward of the structure sheaf
of the arc scheme over a scheme X possesses the structure of a sheaf of commutative
vertex algebras over X ([59, 122]), as detailed in Chapter 2. Furthermore, every vertex
algebra is canonically filtered by the Li filtration ([214, 215]), and the associated
graded space is a quotient of the space of functions on the arc space of the associated
scheme of the vertex algebra, as explained in Chapter 4 for further details. Thus, the
space of functions on an arc space will be the most crucial example of commutative
vertex algebras.

In later chapters, we will explore applications of the geometry of arc spaces to
vertex algebras. Conversely, vertex algebras also find applications to arc spaces, see
[10, 33].

The chapter is organized as follows. Section 1.1 covers the jet construction of dif-
ferential algebras. Section 1.2, Section 1.3, and Section 1.4 address initial properties
and examples pertaining to arc schemes. We delve into the geometrical properties

17



18 1 Jet schemes and arc spaces

of arc spaces in Section 1.5. In the context of vertex algebras, it’s also necessary to
consider the loop space £ X of an affine scheme X, discussed in Section 1.6. Arc
spaces of group schemes acting on a scheme are discussed in Section 1.7.

1.1 Jet construction of differential algebras

In this book, a differential algebra is a unital commutative C-algebra A equipped
with a derivation 0, that is, a homomorphism of vector spaces d: A — A satisfying
the Leibniz product rule d(ab) = d(a)b + ad(b) for every a, b € A.

A differential algebra homomorphism f: A — A’ between two differential alge-
bras (A, d) and (A’,9’) is a C-algebra homomorphism which commutes with the
derivations, that is, d’(f(a)) = f(d(a)) for every a € A. We denote by Dif.Alg
the category of differential algebras, and by Alg that of commutative C algebras.

Lemma 1.1 For any finitely generated unital commutative algebra R, there exists a
unique (up to an isomorphism) differential algebra J-R such that

Hompif. a1g(JwR, A) = Homp14(R, A) (L.1)
for any differential algebra A.

Proof The uniqueness of o R follows from Yoneda’s lemma.

Let us show the existence. First, let R = C[xy,...,xy] with N > 1. We define
JR to be the polynomial ring C[0/x;: i = 1,...,N, j > 0] with infinitely many
variables &/x;,i=1,..., N, j = 0, with the differential

9: 8/ x; — 87y, (1.2)
We have the embedding
j: R JuR, x;— 8%, (1.3)

and Jw R is generated by R as a differential algebra. From now, we identify x; with
d%x;. Tt is clear that (JoR, 9) satisfies the desired property.
Next, let R be general. We may assume that

R=Clxi,....xn1/{fi, for o s fr)
with f; € C[xy,...,xn]. We define
JoR=Cld'x;:i=1,...,N, j>01/{d/ fi:i=1,...,r, j =0), (1.4)
where f; is considered as an element of C[8/x;: i = 1,...,N, j > 0] by the embed-

ding ;. Since (07 fivi=1,...,r, j > 0)is a differential ideal, Jo R is naturally a
differential algebra with the derivation 9. Because (3/f;: i = 1,...,r, j > 0)
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is the smallest differential ideal of C[d/x;:i = 1,...,N, j > 0] containing
(fi> f2s -+ 5 fr), (JoR, 3) satisfies the required property. O

The differential algebra J R is called the jet algebra of R.

By the proof of Lemma 1.1 we have the embedding j : R — J.R given by the
correspondence (1.3). In particular, R can be regarded as a subalgebra of J. R and
the isomorphism (1.1) is given by restriction.

Observe that the correspondence R — JwR is functorial. If f: R — R’ is an
algebra homomorphism, then we naturally obtain a morphism Jeo f: JoR — JooR’
making the following diagram commutative:

R%R’

wR ———— JoR’

Lemma 1.2 Let Ry and R, be finitely generated unital commutative algebras. Then
Joo(R1 ® R2) = JooR1 ® JuR>

as differential algebras, where the differential of JooR| ® JoR> is given by A(9) =
0®1+1®4.

Proof For any differential algebra A, we have

HOInA]_g (R] ® R, A) = HomAlg (Rl, A) ® HOl’nA]_g(Rz, A)
=~ Hompif.a1g(JooR1, A) ® Hompif a19(JeR2, A)
= Hompi£.a1g(JeoR1 ® JooR2, A).

This concludes the proof. O

Corollary 1.1 Let A be a finitely generated commutative Hopf algebra with counit
€: A — C, coproduct A\: A — A ® A and antipode S: A — A. Then JA is
a commutative Hopf algebra with counit J«€, coproduct J/A and antipode JS.
Moreover, if M is a comodule over A with comodule map u: M — A ® M, then
deoM is a comodule over Jo A with comodule map Joop.

Proof Note that J.,C = C. Hence J € defines an algebra homomorphism J.,A — C.
It is straightforward to check the assertion using Lemma 1.2. O

For any C-algebra A, we set

Allz]] = {Z an?": ay € A}, (1.5)

n>0
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which is naturally an algebra. Note that A ® C[[z]] & A[[z]] in general.

As an algebra, . R has the following characterization.
Proposition 1.1 For a finitely generated unital commutative C-algebra R, JR is
the unique (up to an isomorphism) unital commutative C-algebra such that

Homy14(doR, A) = Homa14(R, A[[2]])

for any unital commutative C-algebra A.

Proof The uniqueness follows from Yoneda’s lemma.
For f € JR, we set

=3 L@ )" € @RI

n>0

Next, for @ € Homa14(JxR, A), we define ®(a) € Hompig(R, A[[z]]) by

O(a)(f) =a(e®f) = > a(@"f/n)", feR.

n=0

Since e?9(fg) = e%9(f)e??(g), ®() is an algebra homomorphism. Hence, ®
defines a map ®: Hompi4(JoR, A) — Homai4(R, A[[2]]).
Conversely, define a map ¥: Homy14(R, A[[z]]) — Homa14(dwR, A) by
Y(B)(d"f) = ;ig%)a?(ﬂ(f)), f €R, neZs.

It is easy to see that ¥ is well defined and we have ® o ¥ = W o @ = id. This

completes the proof. O
We have
HooR = mng’ (16)

where J,,R is the subalgebra of JR generated by d/x; withi = 1,...,N, j =
0,...,m in the presentation (1.4). The inductive limit is taken with respect to the
natural inclusions J,R — J,,R, for n < m.

The proof of the following assertion is similar to that of Proposition 1.1 and is
left to the reader.

Proposition 1.2 Let R be a finitely generated unital commutative C-algebra. For
m 2 0, J;uR is the unique (up to isomorphisms) commutative C-algebra such that

Homaig(J,mR, A) = Homp4(R, Az]/(z™))

for any unital commutative C-algebra A.

Exercise 1.1 Let K be afield of characteristic p > 0. Let us call a unital commutative
K-algebra A a differential algebra if it is equipped with linear maps
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oA — A, n>o0,

(that corresponds to the divided power differential 9" /n!) such that
n . .
1" (ab) = " aVN(a)a"(b), a,b e A.
=0

Show that statements of Lemma 1.1, Proposition 1.1 and Proposition 1.2 hold by
replacing C-algebra by K-algebra and defining J,,, R to be the subalgebra generated
by 0Ulx; withi=1,...,N,j=0,...,m.

1.2 Arc spaces for affine schemes

Let Sch be the category of schemes over C.
Let X be an affine scheme of finite type, that is, X = Spec R for some finitely
generated unital commutative C-algebra R. Define

JeoX = Spec(JR). (1.7)
Then by Proposition 1.1,

{C-points of JoX} = Homscn (Spec C, Jo X) = Homa14(dR, C)
= Homy14(R, C[[z]]) = Homgch (D, X),

where D is the (formal) disc defined by
D = Spec C[[z]].

A morphism y: D — X is called an arc of X. The scheme J., X, whose C-points
are arcs of X, is called the arc space of X. Note that J, X is a scheme of infinite type
in general.

By Proposition 1.1, we have

Homscn (Spec A, Jo X) = Homscn (Spec A[[z]], X) (1.8)

for any commutative C-algebra A, and the arc space J.X is characterized as the
unique scheme satisfying this property (see e.g. [106, VI.1]).
We also define for m > 0

dmX = Spec(ImR). (1.9)

By the similar argument using Proposition 1.2, we find that the C-points of J,, X are
the m-jets of X, that is, the morphisms
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Spec(C[z]/(z™) — X.

The scheme d,,, X is called the m-th jet scheme of X. It is a scheme of finite type.
By Proposition 1.2, the m-th jet scheme J,,X is characterized as the unique
scheme satisfying

Homscn (Spec A, 3,,X) = Homscn (Spec A[z]/(2™), X) (1.10)

for any commutative C-algebra A.
Denote by m,,, the canonical morphism

Tm: Im(X) — Jo(X) = X
induced by the projection
Clz]/(z™") —» Clz]/(2) = C.
More generally, we have truncation morphisms:
Tt In(X) — dn(X),  m>n,
induced by the projection
Clzl/(z™") —» Clzl/("*).

Namely, 7, , is the affine scheme morphism whose comorphism is the embedding
of C-algebras J,R — JR.
By (1.6), we have

JooX = 1lim J,, X (1.11)

m

in the category of affine schemes. For m € Zo, we have the canonical truncation
morphism

Toom ' Joo(X) — dm(X) (1.12)

whose comorphism is the the embedding of C-algebras J,,R — JoR.

The canonical injection C < C[z]/(z"*") induces a morphism ¢,,, : X — J,,(X)
whose comorphism is the canonical projection of C-algebras J,,R - R. Since
Tm © Uy = 1dx, we get that ,, is surjective and ¢,, is injective.

Example 1.1 Let
X = SpecClx, y,z]/(x* + yz) € A3

The equations of the embedding of J.(X) in Jo (A?) are given by the vanishing of
the coefficients of the polynomial in the variable ¢,

(x+(6x)t+%(62x)t2+~ . )2+(y+(8y)t+%(82y)tz+- = )(z+(6y)t+%(azz)t2+- ),



1.3 Arc spaces for general schemes 23
in C[[¢]] or, equivalently, by the following equations:

X2 +yz =0
2x(0x) + y(9z) + z(dy) =0

x(0%x) + (0x)% + (9y)(9z) + %(y(@zz) +2(8%y)) =0 -

The truncation morphisSm e, : Joo(X) — Jm(X) is given by forgetting the coor-
dinates d'x, 6iy, o'z, fori > m.

In the context of vertex algebras, it will be sometimes convenient to set

1.
X(ziz1) = i—'ﬁ’x,

forx € R € JoR.

1.3 Arc spaces for general schemes

The following results are due to Greenberg ([151, 152]). We omit the proofs.

Theorem 1.2 (Greenberg) Let X be a scheme of finite type.

(i)  Forany m € Zy there exists a unique scheme J,,X such that
Homscn(Spec A, 3, X) = Homsen(Spec A[z]/(z"™*), X)
Jor any commutative C-algebra A. Equivalently,
Homsch(Z, dmX) = Homsch(Z Xspecc Clz]/(2™), X)

for any scheme Z.
(i) there exists a unique scheme JoX such that

Homgscp(Spec A, JooX) = Homscn(Spec Al[z]], X)
for any commutative C-algebra A. Equivalently,
HomSch(Z7 3ooX) = HomSch(ZSZSpecC SPCC C [[Z]] ’ X)

for any scheme Z, where ZSZSPeC@ Spec C[[z]] is the formal completion of
Z x Spec C[[z]] with respect to Z x {0}.

Thus, the C-points of J,,(X) are the C[z]/(z"*!)-points of X, and the the C-
points of J (X) are the C[[z]]-points of X. From Theorem 1.2, we have for example
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that Jo(X) =~ X and that J;(X) ~ TX, where TX denotes the total tangent bundle
of X.

We have a canonical projection 7y, »: dm(X) — J,(X) for m > n. It is defined
at the level of the functor of points using Theorem 1.2 (i): the induced map

Homsen (Spec A[z]/(z"*"), X) — Homsen(Spec A[z]/(z"*), X)

is induced from the truncation morphism A[z]/(z™*!) — A[z]/(z"*!). Similarly,
we have a canonical projection mTeo s : Joo(X) — J1n(X) for m € Zsy.

For an arbitrary scheme X of finite type, the following lemma allows to describe
the jet schemes J,, X, for m € Zs¢, and the arc scheme J., X from the affine case.

Lemma 1.3 Givenanym € ZsoU{oo} and any open subsetU of X, §,,(U) = n;,} (U).

Proof We follow the arguments of [104]. Assume firstm € Zs. Let A be a C-algebra
and
jm: Spec A — Spec A[z]/(z™)

be the morphism induced by truncation. An A-valued point of ,,,(X) is a morphism
of schemes y: Spec A[z]/(z™*!) — X. Such a morphism is an A-valued point of
7, }(U) if and only if y o j,, factors through U. Clearly, if y is an A-valued point of
dm(U), that is, the image of y lies in U, then y is an A-valued point of 7! (U).

Conversely, assume that y: Spec A[z]/(z™*!) — X is an A-valued point of
7,1 (U). Then y o j,, factors through U. Note that the set of prime ideals of
Alz]/ (2™ = A ® C[z]/(z™*") is in one-to-one correspondence with the set
of prime ideals of A since Spec C[z]/(z*!) contains a unique element. Hence, y
induces a map from Spec A[z]/(z™*!) to U (just between sets). Because U is open in
X, we have Oy = Ox|y. Hence the map induced from the morphism of schemes y is
automatically a morphism, too. So y induces a morphism Spec A[z]/(z™') — U,
that is, an A-valued point of J,,(U).

For m = oo, the statement is obtained by taking the projective limit since

w)o(U) = lim ! (U) and Joo (U) = 1im J,,(U) . o

It follows from the lemma that for an arbitrary scheme X of finite type with an
affine open covering {U;};¢y, its jet scheme J,,(X) is obtained by glueing the jet
schemes J,,,(U;) (see [104, 168]). Over an affine open subset U; C X, the space of
arcs is described by

((7e0.0)40g.x) (Ui) = Oy x (1o (U)) = lim O, x (1, (Uy)) = O3 x (3Ui),
where (710,0)«Og.,x denotes the pushforward sheaf of O5_x induced by
Teo,0+ 300 — X.

In particular, the structure sheaf (7. 0)«0j. (x) is a sheaf of differential algebras
on X.



1.4 Functorial properties 25

1.4 Functorial properties

The map from a scheme to its jet schemes, or its arc space, is functorial. If f: X — Y
is a morphism of schemes, then we naturally obtain a morphism J,, f: J,(X) —
Jdm(Y) making the following diagram commutative,

gm(X) L) 3m(Y)

TTm Ttm

X

f

In terms of arcs, it means that J,,, f(a) = f o @ for @ € J,,(X). This also holds for
m = o0,
In addition, we have the following results.

Lemma 1.4 Let m € Zyo U {co}. For every schemes X,Y, we have a canonical
isomorphism
Im(X XY) = Jn(X) X I (Y).

For X, Y affines, and m = oo, the lemma is just a reformulation of Lemma 1.2.

Proof Assume first that m € Zs(. Then for any affine scheme Z in Sch,

Hom(Z, J,u(X X Y)) = Hom(Z Xspec., C[z]/(z™*), X X ¥)

= Hom(Z XSpecc C[Z]/(Zm+l), X) x Hom(Z XSpece C[Z]/(Zm+1), Y)

= Hom(Z, J,n (X)) x Hom(Z, J,u(Y))
= Hom(Z, Jn(X) X dm(Y)),

whence the statement in this case. For m = oo, just replace C[z]/(z"*") with C[[z]]
and take the completion ZXspec ¢ Spec C[[z]] instead of Z Xspec. C[z]/(z™*'). O

Let f: X — Y be a morphism between affine schemes X,Y € Sch. Recall that
f is called formally smooth (resp. unramified, étale) if for every C-algebra A, every
nilpotent ideal J of A, and every commutative square,

$0

SpecB——— X
p A
Ve
s

Ve

‘P/ /
s
Ve
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where B = A/J, there exists one (resp. at most one, one unique) diagonal arrow ¢,
called the lifting, making the two triangles commutatives, [154].

Since f is of finite type (the schemes X,Y are of finite type), the morphism f
is formally smooth if and only if it is smooth. For the relations between formal and
standard smoothness we refer for instance to [228, Chapter 10, Section 28].

Lemma 1.5 If f: X — Y is a smooth surjective morphism between affine schemes
X,Y € Sch, then for every m € Zsq, dm [ is also smooth and surjective. Moreover,
deof s formally smooth and surjective.

Recall [271, proposition 4.8] that a morphism of schemes f: X — Y is surjective
if and only if for any field K and any y € Y (K) there is a field extension L/K and
x € X(L) whose image by X(L) — Y (L) is the image of y under Y(K) — Y (L)

Proof We follow the proof of [84, Proposition 3.7.1 and 3.7.4]. We prove at the
same time the statements for J,, f and J. f. In the latter case, set m = oo and for
every C-algebra A, read A[z]/(z™*!) as A[[z]].

Let us first prove the surjectivity. Let K be a field. Given a K-valued point
dmY (K) is the same as giving a morphism ¢ : Spec K[z]/(z™*!) — Y. Denoting
by tx : Spec K — Spec K[z]/(z™*!) the natural closed immersion, the composition
map ¥ o tg: Spec K — Y yields a K-valued point y. Since f is surjective, there is
a field extension L/K and x € X (L) whose image by X (L) — Y (L) is the image of
yunder Y(K) — Y(L). Hence we get an L-valued point ¢y: Spec L — X such that
the following diagram commutes:

Spec L il

X
L, ‘f
Y,

Spec L[z]/(z"*!) —— Spec K [2] /(")) ——

where p: Spec L[z]/(z™*") — Spec K[z]/(z™*!) is the natural morphism induced
from K < L. Assume first that m < co. Then the ideal of ker:} is generated by
(2), hence it is nilpotent in L[z]/(z™*!). The morphism f being formally smooth,
there exists a morphism ¢: Spec L[z]/(z™"') — X, making the two triangles
commutative:

%0

Spec L

X
L
/
7
e
Y,

Spec L[z]/(z™*") —>
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that is, ., f (¢) = ¢/, with ¢’ := i o u. This proves the surjectivity of J,, f.

Assume now that m = oo. Since J, X is the projective limit of the J,, X, in order
to show the surjectivity of J. f it is enough to check the compatibility of {,, f with
the truncation morphisms 7., ,,: X — J,X. The foregoing shows that for every
n, there exists a morphism ¢,,: Spec L[z]/(z"*!) — X such that ¢’ o 1, = f o @,
that is, oo n (¥) = Inf (¢n):

$0

Spec L

X
L
/
Ve
7
Y

Spec L[z]/ (") ———

Spec L[],

where 1,: Spec L[z]/(z**') — Spec L[[z]] is the canonical closed immersion.
Moreover, m,, ,(¢m) = ¢, for every m > n. Therefore, the family (¢,), defines an
L-valued point of liLnH 2(X), hence, an L-arc ¢ of X. This proves the surjectivity of

Joof -

We now show that J,,, (X) is formally smooth, for m € Z5y U {oo}. As before, we
prove together the statement for J,, f and J. f. Notice that for m < oo, J,, f is of
finite type because f is so. Hence d,,, f will be smooth if formally smooth.

Let A be a C-algebra, J a nilpotent ideal of A and set B = A/J. Let

¥: SpecAlz]/(Z™) =Y
be an A-valued point of J,,Y and
@o: SpecB[z]/(z™') — X

a B-valued point of §,,X such that f o ¢y = o j,

Spec B[z]/(z™*1) % .x

Spec A[z]/(z™) — Y,
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where j: Spec B[z]/(z™*') — Spec A[z]/(z™*!) is the canonical closed immer-
sion. The ideal of ker j* is generated by J[z]/(z™*'), hence it is nilpotent. Since f
is formally smooth, there exists a morphism ¢: Spec A[z]/(z"*!) — X making the
two triangles commutatives:

Spec B[z]/ (") ——— X

Spec A[z]/(z™") — Y.
This shows that the morphism g, f is formally smooth. Indeed, by definition, an
A-valued point of J,,Y (respectively, a B-valued point of J,,X) is an A[z]/(z"*!)-
valued point of ¥ (respectively, B[z]/(z"*!)-valued point of X). O

Remark 1.1 Similarly, one can show that if f: X — Y is a formally étale morphism
of affine schemes, then the canonical morphism J,,(X) — J,,(Y) Xy X induced
by . (f) and 7y, : 3, (Y) — Y is an isomorphism. Hence Lemma 1.3 also follows
from this fact applied to the open immersion U < X since 7, (U) = J,,(X) xx U.

1.5 Geometric properties of arc spaces

It is known that the geometry of the jet schemes J,,,(X), for m > 1, is closely linked
to that of X. More precisely, we can transport some geometrical properties from
Im(X) to X.

The following proposition gives examples of such phenomena.

Proposition 1.3 Let m € Z, and let X be an affine scheme of finite type. If J,,(X) is
smooth (respectively, irreducible, reduced, normal, locally a complete intersection)
for some m, then so is X.

For smoothness, the converse is true, even with “every m” instead of “for some m”.
In fact, for smooth varieties, we have the following more precise statement, [104,
Corollary 2.11].

Proposition 1.4 If X is a smooth variety of dimension N, then the truncation mor-
phism nty, 5, for p < m, is a Zariski locally trivial projection with fiber isomorphic
to A=PIN_In particular, 3,,(X) is a smooth variety of dimension (m + 1)N.

Proof Around every point in X we can find an open subset U and an étale morphism
U — AN . Using Remark 1.1 the assertion reduced to the case where X is the affine
space AV, in which case the statement is clear by Section 1.1 and Section 1.2. O
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For the other properties stated in Proposition 1.3, the converse is not true in
general. We refer for instance to [168, §3] for counter-examples. See also [241] for
counter-examples in the setting of nilpotent orbit closures in a simple Lie algebra.

The following lemma gives a necessary and sufficient condition for the converse
of Proposition 1.3 to hold for irreducibility. Recall that the smooth part of a variety
X is denoted by X;eg, and its complement by Xjine.

Lemma 1.6 Assume that X is an irreducible reduced affine scheme of finite type
over C, and let m € Zsq. Then the Zariski closure of n;({m(Xreg) is an irreducible

component of J,,,(X), and J,,,(X) is irreducible if and only l'fﬂ';(l,m (Xsing) is contained
in the Zariski closure of n;('m(Xreg).

Proof Since X, is smooth and irreducible, the Zariski closure n;(lm(Xreg) of

ﬂ)‘("m(Xreg) is an irreducible closed subset of J,,(X) of dimension (m + 1) dim X
by Proposition 1.4. Then the lemma easily follows from the fact that we have the
decomposition

Hm(X) = ﬂ}_(l,m(xsing) ) ﬂ;(l’m(Xreg)
of closed subsets, and that ﬂ;({m(Xsing) does not contain ﬂ)_(l’m(Xreg). |

It was suggested by Nash that the study of the geometry of J,,(X), or of
Too.m(Joe (X)), should give information about the singularities of X. For example,
we have the following result ([242, Corollary 4.2]).

Proposition 1.5 If X is an integral curve, then for any m > 1, J,,(X) is irreducible
if and only if X is smooth.

Proof 1f x € X is a singular point, then dim7,X > 2 and by [242, Lemma 4.1],
it follows that for every m > 1, dimz,! (x) > m + 1. Therefore, 7! (x) gives an
irreducible component of J,,(X) according to Lemma 1.6. O

In the same spirit, motivated by the case of the nilpotent cone of a reductive Lie
algebra (see Example 1.3), Eisenbud and Frenkel conjectured the following result,
proved by Mustata ([242]).

Theorem 1.3 Let X be an irreducible affine variety over C.

(i) If X is a complete intersection, then J,,(X) is irreducible for every m > 1 if
and only if X has rational singularities.

(ii) If X is a complete intersection and if 3,,(X) is irreducible for some m > 1,
then J,,,(X) is also reduced.

We have seen that jet schemes and arc spaces share several functorial properties.
For topological properties, they behave rather differently. The main reason is that
C[[z]] is a domain, contrary to C[z] /(z™*"). Thereby, although J., (X) is not of finite
type in general, its geometric properties are somehow simpler than those of the finite
jet schemes J,, (X).
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Let us now turn to topological properties of the arc spaces. As a rule, for X a
scheme, we shall denote by X;.q C X the reduced scheme associated with X. When
X = Spec R is affine, this is nothing but the affine scheme Xeq = Spec(R/V0), with
V0 the radical of R.

Lemma 1.7 Let X be a scheme. The natural morphism X.e.q — X induces an iso-
morphism
JooXred — JX

of topological spaces.

Proof We may assume that X = Spec R, with R a ring. An arc @ of X corresponds
to a ring homomorphism a*: R — C[[z]]. Since C[[z]] is an integral domain, it
decomposes as @*: R — R/Y0 — C[[z]]. Thus, a is an arc of Xyeq. O

Note that Lemma 1.7 is false for the schemes J,,,(X).

! Warning

If JoX is reduced, then X is reduced, but Jo.X no need to be reduced if X is
reduced.

The following example was discovered by Sebag [256]: let X be the hypersurface
of A? defined by equation x> — y?> = 0. Then X is reduced, and one can verify that
3y(dx) — 2x(dy) is a nilpotent element of C[JX].

Mustatd’s result (Theorem 1.3) furnishes a converse to the warning. in the case
where X is a locally complete intersection with rational singularities ([242]).

Theorem 1.4 If X is a locally complete intersection with rational singularities, then
Jde 1s reduced (and irreducible).

If X is a point (as topological space), then Jo,(X) is also a point (as topological
space), because Hom(D, X) = Hom(C, C[[z]]) consists of only one element. Thus,
Lemma 1.7 implies the following.

Corollary 1.2 If X is zero-dimensional, then J-(X) is also zero-dimensional.

In contrast to jet schemes, the irreducibility property is preserved for the space of
arcs.

Theorem 1.5 (Kolchin) The arc scheme Jo(X) is irreducible if and only if X is
irreducible.

Proof Since JooX = JoXreq as topological spaces, we may assume that X is reduced.
Assume first that X is smooth. In this case, the result is easy. Indeed, by Proposi-
tion 1.4, the jet schemes J,,X are smooth for any m and the canonical projections
JeoX — JmX are all surjective. Therefore Joo X = @m dmX with the projective
limit topology is irreducible, too.
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Consider now the general case. We argue by induction on d = dim X, the d = 0
case being trivial. By Hironaka’s Theorem, there is a resolution of singularities
f: X’ — X.In particular, f is a proper morphism and X’ is smooth. Suppose that
Z is a proper closed subset of X such that f is an isomorphism over U = X \ Z.

We claim that

Joo(X) =Je(Z) UIm(Joo f). (1.13)

Indeed, since f is proper, the Valuative Criterion for properness implies that an arc
v: Spec C[[z]] — X lies in the image of J (f) if and only if the induced morphism
y: Spec C((z)) — X can be lifted to X’ (moreover, if the lifting of % is unique, then
the lifting of vy is also unique). On the other hand, y does not lie in J(Z) if and
only if ¥ factors through U < X. In this case, the lifting of y exists and is unique
since f is an isomorphism over U. This proves (1.13).

The smooth case implies that o, (X’) is irreducible and so is Im(J f). Hence by
(1.13) it only remains to prove that J.,(Z) is contained in the closure of Im(Jw f).

Consider the irreducible decomposition Z = Z; U ... U Z,, inducing by
Joo(Z) = Jo(Z1) U ... U Jw(Z,). Since f is surjective and proper, for any i, there
is an irreducible component Z; of f ~1(Z;) such that the induced map Z, — Z;is
surjective. By the Generic Smoothness Theorem ([158, Corollary 10.7]), one can
find open subsets U; and U; in Z! and Z;, respectively, such that induced morphisms
gi: U] — Uj; are smooth and surjective. In particular, we get

gw(Ui) = Im(gm(gl)) c Im(gmf)

On the other hand, by induction, every J.(Z;) are irreducible. Since Jo,(U;) is a
nonempty open subset of Jo (Z;), it follows that

for every i. This completes the proof of the theorem. O

This result is classically referred to as the Kolchin irreducibility theorem, and is an
analogue for arc schemes of a theorem in differential algebra [203, IV.17, Prop. 10].

As a consequence of Kolchin’s Irreducibility Theorem, if X, . .., X, are the irre-
ducible components of X, then Joo(X1), . . ., Joo (X;) are the irreducible components
of Jeo X.

Lemma 1.8 Let Y be an irreducible affine scheme, and let f: X — Y be a morphism
that restricts to a bijection between some open subsets U C X and V C Y. Then
Joof : Joo(X) — Jo(Y) is dominant.

Proof The map J.. f restricts to the isomorphism Jo(U) — J(V), and the open
subset Jo (V) is dense in Jo, (Y) since Joo(Y) is irreducible. O

Remark 1.2 Note that all results of Section 1.4 Section 1.5 hold for any scheme of
finite type (not necessarily affine).
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1.6 Loop spaces

In the context of vertex algebras one needs also to consider the loop space £ X of an
affine scheme X. One of the reasons is that an O(J. X)-module as a vertex algebra is
the same as a smooth module over the topological ring O(.ZX) (see Section 2.13).

Proposition 1.6 Ler X be an affine scheme of finite type over C.

(i)  There exists a unique, up to isomorphism, ind-scheme £ X which is the induc-
tive limit of affine schemes £, X of infinite type such that for any commutative
C-algebra A,

Homy14(0(X), A((z))) = Homy(0(Z°X), A),

where A((2)) = h_r)nn z Al z]l.
(ii) If X is smooth, then £ X is formally smooth.

For a commutative C-algebra A, by
Homy14(0(£X), A)

we always mean the set of continuous morphisms, that is, the morphisms from
0(ZX) to A which factorize through one of the quotients of the projective limit,

Poon: (LX) — 0(LX),

where the schemes .Z;, X are defined in the proof below.

Proof The unicity of the ind-scheme .Z X follows from Yoneda’s lemma.
(i) Assume first that X = AN = Spec C[x"];=;....n. Then set

.....

ZLX = h_r}n.i”,J, L X = SpecC[xi_j_l)]i,p,n,

n

where the coordinate xé_j_l) is defined by sending a morphism y: C[x']; — C((z))

giving by y(x') = ¥ 72_ - y2’ tothe scalar y! . |. We have
oo Jj-1 (=j-1

O(ZLX) = im Clx(_;_y)Li.j>n (1.14)
n

with respect to the surjective homomorphisms
Pm,n - C[xl(_j_l)]i,j>—m —» C[xl(_j_l)]i,j>—m m 2z n.

A continuous algebra morphism from O(ZX) to a C-algebra A is the same as a
morphism from O(.ZX) to A which factorizes through one the quotient morphisms

Poo,n - 0(ZLX) — C[Xé_j_l)]i,j>—n-
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Hence we get that for every commutative C-algebra A,

Homy1(O(£X), A) = lim Homp1g(C[x(_;_p) ]i.j>-n- A)
n
= Homaig(O(X), limz " A[[z]])

n

= Homp14(O0(X), A((2)),

and .Z X satisfies the required condition.

Suppose now that X = Spec R if an affine subscheme of A"V defined by equations
fis--., fr. Any polynomial f € C[x']i=1....~ induces a morphism of ind-schemes
f: LAN — ZA via base extension. Hence one may realize the loop space .ZX as
the sub-ind-scheme of .ZAN defined by the equations fi, ..., f,. More concretely,

replacing x’ by x(z) = jzn xi_j_l)zf in the equations fi, we get, for each m, a system

of equations in (C[x’(' 1,...,N, j > —m] which defines a subscheme in

i =
ZLAN . Our desired ind-scheme .Z X is the inductive limit of these schemes as
n — oo,

(i1) Assume that X = Spec R is smooth. We need to prove that for any surjection
of C-algebras B — A whose kernel J satisfies I" = 0 for some n, the map of sets
Homy14(R, B((z))) — Homge (R, A((2))) is surjective. But the kernel of B((z)) —
A((z)) is J((z)) which is also nilpotent of order n. So the smoothness of R implies
that any morphism R — A((z)) can be lifted to a morphism R — B((z)). O

Since X is separated, the valuative criterion for separated morphisms gives an
inclusion of the arc space JoX into the loop space £ X. One could extend the
definition to any scheme, and the inclusion

JeuX Cc XX

would still hold. The valuative criterion for properness guarantees that this inclusion
is a bijection if and only if X is proper. In fact, if X is proper, let’s say projective, then
there is no difference between A [[z]]-points and A ((z))-points of X. In this book, we
only need to consider the case of affine schemes. We refer the reader to [191] for an
appropriate construction in a more general setting.

1.7 Arc spaces of group schemes

A pro-algebraic group is an inverse limit of algebraic groups. We refer to [207]
for the basic theory of pro-algebraic groups (following [255]). About the theory of
group schemes we refer to [236] (referred to as algebraic group scheme or shortly
algebraic group in Milne’s book).

As a consequence of Lemma 1.4 we get the following result.
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Lemma 1.9 Let m € Zs (respectively, m = ). If G is a group scheme over C, then
dm(G) is also a group scheme (respectively, a pro-algebraic group scheme) over C.
Moreover, if G acts on a scheme X, then J,,(G) also acts on J,,(X).

Proof According to Lemma 1.4, the multiplication morphism u: G X G — G
induces a morphism J,,u: 3,,(G XG) = J,,G XJnG — J;nG for any m. Moreover,
since the jet of a point is a point, the restrictions to {¢} XG — G and G X {e} — G
of u induces morphisms {e} X J,,G — J,,G and J,,G X {e} — J,,G and, so, the
neutral element e of G is still a neutral element for the operation J,,, . From this, it
is easy to verify that the operation J,,u gives to J,,G a group scheme (respectively,
a pro-algebraic group scheme) structure.

Suppose now that G acts on X. The above group scheme (respectively, pro-
algebraic group scheme) structure shows that J,,G acts on J,,X using the map
Im(G X X)=JuG X JmX — JnX induced from the actionmap G X X — X. O

Remark 1.3 As a consequence of Lemma 1.9, if G is a linear algebraic group (that
is, an affine algebraic group) acting on an affine variety X, the action comorphism,

0(JeX) — 0(JG) ® O(Jn X),

is a morphism of differential algebras, hence is a morphism of commutative vertex
algebras (see Section 2.10 for the notion of commutative vertex algebra).

Example 1.2 Let G be a linear algebraic group, g = Lie(G). By Lemma 1.9, Jo,G is
an affine pro-algebraic group, whose C-points are the C[[¢]]-points of G. We denote
by G[[¢]] the set of C-points of G. We have for all m € Zs,

Lie(dwG) = Jwg = gllf]l. Lie(JnG) = ma = alt]/(t™") = g ® C[]/ (™),
with Lie bracket:
[xt",yt"] = [x,y]t"™",  x,y € g, n,r € Zs, (1.15)

where xt" stands for x ® ¢". Indeed, by definition, for m € Zy U {co}, Lie(d,,G) is
the Lie algebra of the left-invariant vector fields on J,,,G, that is,

Lie(§,nG) = {D € Der(0(J,G)): AoD = (1® D) o A}

(see Appendix C, Appendix C.3), where A: 0(J,,G) — O(JnG) ® O(J,,G) is
the coproduct induced by the coproduct of O(G), see Corollary 1.1. Note that if
A(f) =X u; ®v; for f € O(G), we have

A(ficn-1)) = Z Z(ui)(k—n—l) ® (Vi)(~k-1)> (1.16)
i k=0

where f(_,-1y = 0" f/n!. This is clear for m = oo since A is a homomorphism
of differential algebras, and the coproduct of O(J,,G) is obtained by restricting
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the coproduct of O(JG) to O(J,;nG). Let m € Zs and consider the Lie algebra
homomorphism ¢: g[¢]/(t"*") — Der(O(J,,G)) defined by

¢(xrr)f(—n—l) = (fo)(r—n—l)’ (1.17)

where f(;) = 0forn > 0 and x is the left-invariant vector field on G corresponding
to x € g. We find from (1.16) that the image of ¢ is contained in Lie(J,,G), and
thus, we have the Lie algebra homomorphism

w1 glt]/ (™) — Lie(dG).

The map ¢ is injective since g = Lie(G). Therefore, ¢ must be isomorphism since
dim g[¢]/(#™*") = dim Lie(d,,G). As this is true for all m > 0, we find that g[[¢]] =
Lie(JoG), and that the action of g[[#]] on O(JG) as left-invariant vector fields is
given by the formula (1.17).

By Lemma 1.9, the adjoint action of G on its Lie algebra g induces an action of
Je(G) on Jo(g) = g[[#]], and the coadjoint action of G on g* induces an action of
Joo(G) on Joo (7).

Example 1.3 Assume that g is simple, and let N be the nilpotent cone of g which is
the set of nilpotent elements of g. The reader is referred to Appendix D.4 for more
details about the nilpotent cone.

Let py,...,pc be homogeneous generators of the polynomial algebra O(g)°.
By Theorem D.3 (i), N is the reduced scheme of g defined by the augmentation
ideal O(g)¢ := (p1,...,p¢). Hence, Joo(N) is the subscheme of g[¢]] defined by
the equations Y pi,i=1...,€and j > 0. Moreover, still by Theorem D.3 (i), the
nilpotent cone is a complete intersection, which is irreducible and reduced, and by
Theorem D.3 (ii), it has rational (hence canonical) singularities. So by Mustata’s
result (Theorem 1.4), all jet schemes J,,,(N), m > 1, are irreducible. Moreover, they
are all reduced and complete intersection ([242, Proposition 1.5]).

On the other hand, it was shown that by Rais—Tauvel [252] and, independently,
Beilinson—Drinfeld [60] (see also [105]) that:

Jso(8/G) = J8/ G,

where g/G := Spec O(9)¢ and J0g8/JeG := Spec O([Jw08)?=C. In other words,
the invariant ring O(Jg)?=C is the polynomial ring

0(J=(a/G)) =C[d'p;:i=1,....L.j > 0],
since O(g/G) =C|[py,...,pe]. In particular,
Jeo(N) = Spec 0(308) /O (308) 2=

where 0(J0g)?~C is the augmentation ideal of O(Jwg)’~C. In [105], Eisenbud
and Frenkel have used these results to extend results of Kostant in the setting of jet
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schemes: they obtained that O(J..g) is free over O(Jog)I=Y, which is an important
result in representation theory.

For G a linear algebraic group, we described the Lie algebra of J,,G for m €
Zso U {oo} in Example 1.2. It can be alternatively understood as follows.
Consider the truncation morphisms (1.12):

TTm,n - ImG — 9.G,

with m > n, and denote by K,,, ,, the kernel of the group morphism 7, ,. So we have
an exact sequence for all m € Zsy U {oo} in the category of groups:

1 — Ky — G 2% 3,G — 1. (1.18)

For n = 0, the above exact sequence splits through the C-algebra morphism C —
Cllt1l/(r™1) = C[¢] /(™) with the convention that °*! = 0. Hence we have an
isomorphism of algebraic groups for all m € Z(, and of groups for m = oo,

gmG = Km,O > G7

using JoG = G. If m is finite, then J,,G is an algebraic group and its Lie algebra is
well defined: it coincides with the Lie algebra g,,(g) = g ® C[]/(+™*") with natural
Lie bracket, see (1.15). Then one can define the Lie algebra of J.,G as the projective
limit in the category of Lie algebras of Lie(d,,G).

The advantage of the the view point adopted in Example 1.2 is that it gives
the explicit action of g[[#]] = Lie(JoG) on O(JG) as left-invariant vector fields,
see (1.17). The above view point is, nevertheless, useful to define the notion of
pro-J.G-modules and the integrability condition with respect to JoG.

Definition 1.1 Let G be a linear algebraic group. A pro-module over JG is a group
module p: JooG — GL(V) for some complex vector space V such that any v € V
is contained in a finite-dimensional J.,G-submodule W of V satisfying for m large
enough:

* the group Ko acts trivially on W,
» the induced representation p : JoG /Keo.m = 3G — GL(W) is algebraic.

Definition 1.2 Let g be any finite-dimensional Lie algebra. A pro-module over g[[t]]
is a Lie algebra module 7: g[[#]] — gl(V) for some complex vector space V such
that any v € V is contained in a finite-dimensional g[[#]]-submodule W of V on
which *!g][[¢]] acts trivially on W for m large enough.

Note that a g[[#]]-module V is a pro-module over g[[#]] if and only if it is locally
finite and smooth, that it, for all v € V there is m > 0 such that £+ g[[]]v = 0.

By differentiating, we obtain an obvious functor from the category of pro-modules
over JoG to the category pro-modules over g[[¢]] if g = Lie(G).
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Definition 1.3 Let G be a linear algebraic group, g = Lie(G). A pro-module (V, )
over g[[¢]] is JoG-integrable if there is a pro-module structure (V, p) over JoG such
that 7 = dp. In other words, (V, ) is JoG-integrable if it lies in the image of the
above functor.

The following theorem is probably standard although we have not found any
reference: see [260] for further detail.

Theorem 1.6 Assume that G is a connected reductive algebraic group, with g =
Lie(G). Let V be a smooth and locally finite module over g|[t]]. Then V is JoG-
integrable if and only if the following condition holds:

(1) the action of tg[[t]] is locally nilpotent,
(2) every finite-dimensional g-submodule W of V is G-integrable, that is, comes from
a structure of an algebraic G-modules G — GL(W).

Remark 1.4 If g is semisimple and G is simply-connected, then Condition (2) is
vacuous.






Chapter 2
Operator product expansion and vertex algebras

In this chapter, we collect the basic definitions (see Section 2.7) and standard prop-
erties of vertex algebras. We give several equivalent characterisation of the locality
axiom (cf. Section 2.3), which is the most important axiom of a vertex algebra,
and derive from this the Borcherds identities (see Section 2.3 and Section 2.8). The
easiest examples of vertex algebras are the commutatives vertex algebras which are
discussed in Section 2.10.

The first interesting examples of noncommutative vertex algebras are given in
the next chapter (Chapter 3). Other important examples of noncommutative vertex
algebras will occur further in the book.

The best general references for this chapter are [122, 179, 95].

2.1 Notation

For R a C-algebra and n € Z.(, we denote by R[[zi—', ..., zx]] the vector space of all
R-valued formal power series (or formal Laurent series) in the variables z, ..., z,,
that is, the elements of the form

Z e Z a,.., in,Z? .. .Zi{', 2.1)

€2  in€Z

where each a;, isin R. If a € R[[z},....z,;]l and b € R[[w},...,wp]l,

----- ln

m,n > 0, then the product ab is well defined in R[[z7, ..., z;, w},...,wp]. Butif
a, b are two elements of R[[z}, ..., z;]], then their product does not make sense in
general since the coefficient in a given zl’ ,fori=1,...,nand j € Z, of the product
may be an infinite sum. However, the product of a € R[[z],...,z,]] by a Laurent
polynomial, that is, a series as in (2.1) such that a;, . ;, = 0 for all but finitely many
n-tuples iy, . . ., i, is well defined.

Given a formal power series in one variable a(z) = ), a,z" € R[[z*]], we define

. nez
its residue at z = 0 as:

39
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Res,—ga(z) :==a_;.

If R = C and if a(z) is the Laurent series of a meromorphic function defined on a
punctured disc at 0, having pole only at 0, then

1
Res,—ga(z) = /a(z)dz,
‘ 2nV=1 /

where the integral is taken over any closed curve y winding once around O.

2.2 Formal delta function

Define the formal delta-function by

1 w\" + 4
5(z—w) = z g% (;) € Cl[z", w7l
We have
1 1
6(Z—W)=TZ’W (Z—_w)_TW’Z (Z—W), (22)

where the two maps 7 ,, and 7, , are the embeddings of algebras defined by:

. -1 -1 1 —_ L — l K "
Tow: Clz,w, 27w ’Z—W] C(2)(w), ZZ(Z) ’

W n>0
- - 1 1 1 zZ\"
fwz: Clow, ™, ——] — (@), ——— - (2]
v W Zn>0 w

Thus the map 7 ,, (f) is the expansion of f in |z| > |w| and 7, ;(f) is the expansion
of fin |w| > |z|.

Lemma 2.1 For any C-algebra R and any f € R[z,z7"'], where R[z,z7'] is the set
of all Laurent polynomials in the variable 7z with coefficients in R, we have

f(2)0(z—w) = fF(w)d(z —w). (2.3)

Proof Note that f(z) — f(w) is divisible by z — w. We have

(2= W)o(z - w) = (z = w) (rz,w (;) s (;))

(z-w) (z-w)
=1,w(l) =1y (1) =0,

whence the assertion. O
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Remark 2.1 In fact, for any formal series f € R[[z, z~']], the multiplication f(z)8(z—
w) makes sense and the equality (2.3) holds.

Both homomorphisms 7, , and 7, , commute with d,, and d,. Therefore, it follows
in the same way as above that

(z —w)! %axa(z -w)=0 (2.4)

forn > 0.

Lemma 2.2 For m,n > 0 we have
m l n
Res,—o [(z = w) ;6w6(z —w)| =0mon
Proof Observe that

m 1 n _ _ 1 _ —1
(Z - W) ané‘(z W) =Tzw ((Z _ w)nfm+1 ) Tw.z ((Z — W)n7m+l ) :

The meromorphic function f(z) = for fixed w € C, has poles con-

1
(z_w)nfm-%-l s
tained in {w, 0, co}. It admits the following Laurent series expansions:

1 .
Tew (W) = ez am(W)2" if [2] > [w]
f(z) = |
s (W) = Znez bn(w)2" if [w| > |z,
with ap, (w), b,y (w) € C[[w*]],
Now we have
1 dz

1
(Z _ W)n—m+l )) =da-| (W) = 271'\/_—1 Ciu (Z _ W)n—m+1 5

where C;,, is the contour described in Figure 2.1 (a circle centred at 0 with radius
r1 > |w| =r), while

Res;— (TZ’W ( (2.5)

1 )) by (w) 1 dz
T N1 =b0_1\wW) = )
(Z _ W)n—m+l 277 /_1 Com (Z _ W)n—m+l

where C,,, is the contour described in Figure 2.1 (a circle centred at 0 with radius
rp < |w|=r).

Clearly, by the residue theorem applied to the meromorphic function f(z) defined
on the domain C \ {w, 0}, we get

Res;-o (TW‘Z ( (2.6)

dz

1
(2.5) - (2.6) = = Sm,ns
22V=1 Je,, (z—w)mm!




42 2 Operator product expansion and vertex algebras

where C,, is the contour described in Figure 2.1 (a circle with center w and radius
< min(r — rp, r; —r)). This concludes the proof.

Fig. 2.1 The contour C,,

2.3 Locality and Operator product expansion (OPE)

Let V be a vector space over C. We call elements a(z) of (EndV)[[z,z"']] series
on V. For a series a(z) on V, we set

a(n) = Resz=oa(z)z”
so that the expansion of a(z) is
a(z) = Z amz " 2.7)
nez
The coeflicient a(, is called a Fourier mode of a(z). We write

a(z)b = Z a(n)bz_"_l

nez

forbeV.

Definition 2.1 A series a(z) € (EndV)[[z,z"']] is called a field on V if for any
beV,a(z)b € V((2)), thatis, for any b € V, a,)b = 0 for large enough n.

In the sequel, the space of all fields on V will be denoted by .7 (V).
For a(z),b(z) € 7 (V), the product a(z)b(z) does not make sense in general.
However, the normally ordered product
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ca(2)b(z): = a(z)+b(z) + b(z)a(z)-,

where

a(z)s = Z a(n)Z_"_l, a(z)- = Z a(n)z_n_l»

n<0 n>0

does make sense and belongs to .% (V). However, the normally ordered product
is neither commutative nor associative. By definition, ¢ a(z)b(z)c(z): stands for
ca(z):b(z)e(z)::.

Although a(z) b(w) makes sense, we also consider the following normally ordered
product in End(V)[[z*, w*]]:

ca(2)b(w): = a(z)+b(w) + b(w)a(z)-.

Note that :a(2)b(w):v € V[[z,wll [z, w™'], while a(2)b(w)v € V((2)) (w)). for
a(z),b(z) € F(V),veV.

Definition 2.2 We say two fields a(z), b(z) on V are mutually local if
(z=w)¥[a(z),b(w)] =0

in (End V)[[z*, w*]] for a sufficiently large N.

We note that a field a(z) needs not be local to itself. The following proposition is
stated in [179], see also [234].

Proposition 2.1 Fix two fields a(z), b(z) on a vector space V. The following asser-
tions are equivalent:

(i)  a(z) and b(z) are mutually local, that is, (z — w)™ [a(z), b(w)] = O for some
N € Zso in (End V) [[z=, w]];

(ii)  There exist co(w),c1(W),...,cn-1(w) € F (V) such that
N-1 |
[a(2),b(w)] = ZO en(W)—03,6(z = w).

in (End V) [[z*!, w*!]];
(iii) There exist co(w),c1(w),...,cn_1(w) € F (V) such that

N-1
G@D08) = 3 en0) e (| £alado )

_ n+l
n=0 < W)

and

N-1 1
b(w)a(z) = Y ca(w)ty . ((—) +2a()b(w):

— n+l
n=0 z W)

in (End V)[[z=", w*']).
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Proof The direction (iii) = (ii) is obvious and (ii) = (i) follows from (2.4). We
shall show that (i) = (iii). We have

a(2)b(w) — 2a(2)b(w): = [a(z)-, b(w)],
b(w)a(z) - Za(2)b(w): = [b(w),a(2)+].
By the locality assumption,
(z=w)N[a(x)-,b(w)] = (z=w)V [b(w), a(2)]. (2.8)

Observe that the left-hand-side of (2.8) does not have terms greater than N — 1
in z whereas the right does not have terms of negative degree in z. Hence, they
are polynomials of degree at most N — 1 in z. It follows that there exists c;(w) €
(EndV)[[w,w™']],j=0,...,N — 1, such that

._.

N-
(z=w)N[a(z)-,b(w)] = cj(w)(z—w)NI,
Jj=0

For v € V, the element [a(z)-,b(w)]v = (a(z)b(w) — 2a(z)b(w):)v belongs to
V((z))((w)), which is a vector space over C((z))((w)). We have

[a(2)-.b(W)]v = T2 (ﬁ) (z=w) [a()-. b(w)]v
N-1
—_w)N-J-1..
N-1
7, ( )j+1)cj(w)v.

J=0

Since v € V is an arbitrary, we have obtained the first formula of (iii). The second
formula is similarly shown. Finally, we need to show that each c;(w) is a field.

Since we have shown that [a(z), b(w)] = N ! 0 Cj (w)& g 8’ 6(z—w), it follows from

Lemma 2.2 that
¢j(w) = Rese=((z = w)’ [a(2), b(w)]). (2.9)
As both a(z) and b(w) are fields, c;(w) is a field as well. O

By abuse of notation we often just write

N-1

a(z)b(w) ~ Z

n=0 (

cn(w)

— W)n+1

(2.10)

for the relations of Proposition 2.1 (iii).
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Definition 2.3 Formula (2.10) is called the operator product expansion (OPE) of
a(z) and b(w).

Proposition 2.2 The OPE (2.10), or the relations of Proposition 2.1 (iii), is equiva-
lent to the relation,

N-—

[@(m), Dm)] = Z (’7) (cj)mn—jy (m,n€Z)

Jj=

—_

fora,b eV, m,neZ inEndV.

In the above formulas, the notation (’7) for j > 0 and m € Z means

s

(m)_m(m—l)x---x(m—j+l)
il JG - x---x1

with the convention (}g) =1.

Proof We only show that (2.10) implies that the above relation. The other direction
is easy to see. We have

[a(m)» b(n)] = Resy=0 (W" Res —0(z""[a(z), b(w)])) .
As in the same manner as in the proof of Lemma 2.2, we get

N-1

N-1 m
Res.—0(2"[a(z), b(w)]) = )" Resoeyy ((Z—) ¢(w) =

Jj=0 J=0

This completes the proof. O

Proposition 2.2 says that the right-hand-side of the OPE encodes all the brackets
between all the coefficients of mutually local fields a(z) and b(z).

2.4 Example

Let B be the unital associative algebra generated by elements b,,, for n € Z, with
relations

[bm, bn] = m6m+n,()v m,n € Z.

A B-module M is called smooth if for each m € M there exits an integer N such that
b,m =0forn > N.If M is a smooth B-module,
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b(z) = Z bpz !

nez

is a field on M. We have

[B@. b = Y (b balz™ W™ = 37 mz ™ = 6,,5(z - w).

m,nez mez

Hence, b(z) is local to itself and

1
b(z)b(w) ~ Gow?

2.5 n-th product of fields

Let a(z), b(z) be mutually local fields on V, so that (z — w)N [a(z), b(w)] = O for
some N. For n > 0, define the field a(z)n)b(z) by

a(z)(n)b(z) : = Resy=0((w — 2)"[a(w), b(2)]).
Then, the OPE of a(z) and b(z) is expressed as

a(w)jyb(w)
(z—w)i*t

a(x)b(w) ~ .

j>0

@2.11)

see (2.9). (Note that a(z)(jyb(z) = 0for j > N.)
In fact, the field a(z)(n)b(z) makes sense for all n € Z, where we undestand
Res,—o((w — 2)"[a(w), b(z)]) as

Res,y—0 (Tw.z (W — 2)")a(w)b(2)) = Resyy= (72w (W — 2)")b(2)a(w)) .
Explicitely, we have

a(z)<n>b(z)=Z(Z (’l’) (@b iksiy = (“1)"bkpa) | 757 (212)

keZ \i>0

Definition 2.4 The field a(z) ) b(2) is called the n-th product of a(z) and b(z).

Note that
a(z)(-yb(z) = 2a(2)b(2):, (2.13)
1 -1 .
—=0"a(z) ifn>0,
_pyidy ={ (=D 2.14
@(2) (- idv {0 ifn <0. 2.14)

The last formula follows from the fact that
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a(z)(-n) idy = Resy—; (%)

(recall the proof of Lemma 2.2), where

a(w) wl
Resw:z (W) = Z A(n) Resw:Z (m) .

nez

Similarly, we have
(idv ) (nya(z) = 6p,-1a(2). (2.15)
Also, we have

9:(a(2)(n)b(2)) = (9:a(2)) () b(2) + a(2)(m) (9:b(2)) - (2.16)

This is clear from the fact that Res,—¢ d,(...) = 0.

The n-th product is not associative. By definition, a(z)m)b(2) ) c(z) stands for
a(z) (m) (b(z)(nyc(z)) as in the case of the normally ordered product.

Next lemma is usually referred to as Dong’s Lemma ([212]).

Lemma 2.3 (Dong’s Lemma) If a(z), b(z), c(z) are three mutually local fields on
a vector space 'V, then the fields a(z)(»)b(2) and c(z) are also mutually local for all
nez.

Proof By assumption there exists N > 0 such that

(z=wmNa(2)b(w) = (z=w)Nb(w)a(z), (2.17)
(z-uw)Na()cw) = (z-u)Nec(uwa(z), (2.18)
(w—w)Nb(w)e(u) = (w—u)N c(u)b(w). (2.19)

We may assume that N +n > 0. We claim that

(w =)™ (70 (2= W) a(2)b(w) = 1w - ((z = w)")b(W)a(2)) c(u)
= (w=w*™Nc@) (tzw ((z = w)a(@)b(w) = 1 ((z = w)"b(w)a(2)) . (2.20)

Indeed, we have

N 3N
w=w*™ = (w=w ( s ) (z=u)(w=2)*™.
s=0
FO<s<N,(w=2N"1_,((z=w)") = (=1)*N=51_, ((z—w)3N~5*") and 3N —
s+n > N.Thus, (w=2)"N " (7, ((z=w)")a(2)b(w) =Ty - ((z=w)")b(w)a(z)) = 0
by (2.17), and so the left-hand-side of (2.20) is equal to
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3N

Z w =)™ (2 =1)* (w = 2’ (1t (2 = W) a(2)b(W) = 7w 2 ((z = w)")b(W)a(2)) ¢(u).

s=N+1
Similarly, the right-hand-side of (2.20) is equal to

3N

Z w =)™ (z=1)* (w = 2’V e () (2,0 (2 = w)")a()b(w) = Ty, ((z = w)")b(w)a(2)) .

s=N+1

But these two are equal thanks to (2.18) and (2.19).
The assertion follows by taking Res,—( of both sides of (2.20). O

The following assertion should be compared with Proposition 2.2.

Proposition 2.3 Let a(z), b(z), c(z) be three mutually local fields on a vector space
V. Then,

a(2)(m)b(2) ()¢ (2) = b(2) (mya(2) (myc(2) = Z (Zn) (a(2) ()b (2)) (min-jyc(2)

Jj>0
2.21)

form,n € Z.
Proof The left-hand-side is equal to the sum of the following two terms:

Res,y =0 Resu=0 (T, (W = 2)™) Tz ((u = 2)")a(w)b(u)c(2))

— Resyy=0 ReSu=0 (7w, 2 (W = 2)") 7w, ((u = 2)")b(w)a(w)c(z)) , (2.22)

— Resyy=0 ReSu=0 (72w (W = 2)") 72,0 ((u = 2)")c(2)a(w)b(u))

+ Res =0 Resy=o (72w (W = 2)™) 10 (( — 2)")c(2)b(u)a(w)) . (2.23)

By using the formula
m . .
w—2z)"= . —u) (u-z)",
(w-2) Z(j)w W (- 2)
Jj=0
and the fact that

T (W = u)) Ty (= 2)" ) in C(w) () (2),

oV (= 2y = , .
a0 =2 {ru,w«w—u)f)ru,z«u—z)m-f) in () (W) (),

we find that (2.22) is equal to

D (’7) Resu-o (i (1 = 2" ) () ()b (w)) ¢(2))

j>0

Similarly, we find (2.23) is equal to
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m 7
5 ( ; ) ReSuco (72.0(( = 2™ 7) (a(u) b)) €(2))
j>0
This completes the proof. O

Exercise 2.1 Show that

a(z)(-n-1b(z) = %S(aga(z))b(z)i forn > 0.

2.6 Wick formula and A-bracket notation

Wick’s formulas that we shall present below are powerful tools to compute OPE’s
between mutually local fields.

Let a(z), b(z), c¢(z) be three mutually local fields on a vector space V. Using
Proposition 2.3 for n = —1 we first obtain the noncommutative Wick formula:

a(2)(m 2 b(2)c(2) ¢ = 2 (a(Dmb(2)) c(2) ¢ + 2b(2) (a(D)myec(z)) o (2.24)
m—1
+ jZ_(:) (rJn) (a(Z)(j)b(Z))(m—l_j) (2).

We now introduce the A-bracket notation, convenient to compute OPE’s in prac-
tice. Assume that a(z), b(z) are mutually local with (z — w)™ [a(z), b(w)] = 0.
Write a in place of a(z), a(jb in place of a(z);b(z), etc. Set

N-1 ).J

[a,lb] = Z a(j)bﬁ.

7=0

For example, [bb] = A1 = A and [b1] = [1,0] = [1,1] = 0, with b(z) as in the
previous paragraph. One can develop a calculus for the A-bracket and the normally
ordered product { ¢, and prove the following formula:

[(8a)ab] = —A[aab] [aa(9b)] = (0 + ) [aab] (2.25)
[baa] = —[a-a-sb] d(zab:)=:(da)b: + :a(0b):. (2.26)

We leave the verifications as an exercise. From it we obtain a A-bracket interpretation
of (2.24):

A
laasbes] = 2 [agbles + 2 blage] + / ablucldn.  (.27)
0
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In the case where [a(z), b(w)] = 0, that is, [a,b] = 0, we get the formula:

2a(d) (2h(e@):) ¢ = ¢ (2a@b(2): ) e + :h(2) (ta(e@):) ¢ 228)
equivalently,
[a2bes] = 2 aable + 2blaxc]:. (2.29)

One can generalize the above commutative Wick formulas (2.28) and (2.29).
Recall that the normally ordered product of fields a'(z), . . ., a*(z) over a vector
space V is defined inductively from right to left:

cal(z). ..ak(z)i =°a'(2)... iak_l(z)ak(z)f, Lo
It is a sum of 2¥ terms of the form
a"(2)4a2(2)s ... a7 (2)-a*(2)- ..., (2.30)
where i; <ip---,j1 > jo > --- is a permutation of the index set {1, ..., k}.

Remark 2.2 It is clear from (2.30) that if [a’(z)+,a’(z)+] = O for all i, j, then
cal(z)...a"(z): = 2a(z)...a%(z) 2 for any permutation {i1, ..., iy }. It follows
that in this case the normally ordered products is commutative and associative.

We write (a, a’) = [a'(z)-, a’ (w)] for the contraction of a'(z) and a’(w). As
already observed in the proof of Proposition 2.1, we have

(a',a’) = d'(2)a’ (w) — 2d'(z)a! (w):
so that {(a’, a’) represents the “singular part” of a’(z)a’ (w).

Theorem 2.2 (Wick’s formula) Let a'(z),...,a™(z) and b'(2), ..., b" () be two
collections of fields such that the following properties hold:

() [(d',b’), ak(z)i] =0and [{a*, b7), bk(z)i] =0foralli,j,k;
(i) [a'(2)s, b/ (w)] =0foralliand j.

Then one has the following OPE:

cal(z)...a™(z)2 b (w)...b"(w): (2.31)
min(m,n)
= X (@ a b ta (2 @B W) B O i) )
0N

where the subscript (i1, . . ., is} j1, . . . » js) means that the fields a (z) . . . a% () b7 (w) . .. bJs (w)
are removed.
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The theorem can be deduced from (2.29), and so from (2.24), by induction but we
can also prove it directly following [179, §3.3]. Since the proof is short, we present
it.

Proof The typical term of the left-hand-side of (2.31) is
(@' (2)+a”(2)s ... a" (2)-a"(2)-...) (bk‘ (W)eb*2 (W) ... B (W) b2 (w)_. .. )

Then we have to move the a’(z)_ across the b/ (w), in order to bring this product to
the normally ordered product as in (2.30). Due to the condition (ii) of the theorem,
we have

a'(2)-b’ (w)y = b/ (w)sa' (2)- + (a', 7).

But due to condition (i), the contractions commute with all fields ¥ (w).., hence can
be moved to the left. This proves the theorem. O

Remark 2.3 There is a Mathematica package [270] which provides a computer pro-
gram for these OPE calculations.

Remark 2.4 1t is not difficult to adapt Wick’s formulas (2.31) and (2.24) in the case
where V is a superspace as in [179, Section 3.3]. In particular, (2.25), (2.26) and
(2.27) become, for homogeneous elements a, b,

[(8a)ab] = —Alaab]l  [aa(8b)] = (9 + D)[aab] (2.32)
[baal = =(-1)1WPl[a_1_9b]  8(cab:) = :(da)b: + ca(db)s.  (2.33)
A

laisbei] = 2 [aable: + (=D19P1e plasc) +/[[cub],lc]du, (2.34)
0

where |a| denotes the common parity of all a(,,) € EndV. See also Remark 2.7.

Exercise 2.3 Keep the notation of Section 2.4. For @ € C, set
1, 26
L(z) = > °b(z)° 2 +ad,b(z).

By Lemma 2.3, L(z) is local to b(z) and itself. Using Wick’s formulas, show that
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B b ~ _zw)4 ‘= _4W)2 DO+ s (@b o)
0b(3) (b)) ~ = —sb(w),

(B2 )0bw) ~ (o) + s b(0) + s B (),
0:b(2)dhyb(w) ~ —ﬁ,

() ~ -2 b(w)  Bwb(w)

(z=w)  (z-w)? (z-w)’
(1-12a%)/2 2L(w) +6WL(W)

L(z)L(w) ~ Tt T oW (2.35)
or, equivalently, that

HEFHIHE %AS +4b 1 +42(0b)b:,  [(0b)a:b* 2] = -2b2%,
[2b%2(0b)] = 2b2% +4(9b)A + 267D, [(8b)(8b)] = —A°,

[Lib] = —aA® + bA + 8b, [L,L] = %43 +2AL + L.

2.7 Definition of vertex algebras

The following definition of a vertex algebra is due to De Sole and Kac [95].

Definition 2.5 A vector space V is a vertex algebra if it is equipped with a nonzero
vector |0), an endomorphism 7: V — V and a set of mutually local fields § on V
such that the following conditions holds:

(i) T|0)=0and [T,a(z)] =d;a(z) forall a(z) € S,

(i) V is spanned by the vectors

a'l

im
()" Ym0

for a’ (z),...,a"™(z) € § written as a¥ (z) = 3 al(jn)z_"_l.
nez

If this is the case we say V is a vertex algebra generated by § .

Note that the second condition of (i) is equivalent to
[T,ai] = —nam-) (2.36)

foralln € Z.
Let V be a vertex algebra generated by a set of mutually local fields S.
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Lemma 2.4 We have a(z)|0) € V|[[z]] forall a € §, that is, a(,)|0) = 0 foralln > 0.

Proof Since a(z) is a field, there exists M € Z such that a,)|0) =0 foralln > M.
Choose such minimal M. We wish to show that M = 0. Applying both sides of (2.36)
for n = M to |0}, we obtain T'a(s)|0) = —Maps-1y|0) by the first condition of (i) in
Definition 2.5. Thus M > 0 implies that a3s-1)|0) = 0, a contradiction. O

Denote by (8)y the subspace of .% (V) spanned by the fields constructed by
successive application of the n-th products to the fields in 8 as well as the identify
field idy .

Lemma 2.5 We have [T, a(z)] = 0;a(z) for a(z) € (8)y,.

Proof By induction, it is enough to show that [T, a(z)(»)b(z)] = 9;(a(2)(n)b(2))
for all a(z), b(z) € (8)y since the identity [T, a(z)] = d,a(z) obviously holds for
the field a(z) = idy . But this can be checked by explicit computations using (2.16),
(2.12) and the above identity (2.36). m]

Lemma 2.6 We have a(z)|0) € V[[z]] for all a(z) € (S)y .

Proof V can be viewed as a vertex algebra generated by (S)y,. Hence the assertion
follows from Lemma 2.4. O

By Lemma 2.6, one can define linear map

s:8)y — V. alz) — lima(2)]0).

Lemma 2.7 For a(z),b(z) € (8)y, set a = s(a(z)), b = s(b(z)).

@) s(a(z)(mb(z)) =amb,
(i) s(dza(z)) =Ta,
(iii) Fora(z) € (8)y, a(z)|0) = e a.

Proof (i) We have a(z)(»)b(2)]0) € V[[z]] and
;ig}Jd(Z)(n)b(ZNO) =amb-1)|0) =amb,

see (2.12), which gives (i).

(i1) Note that by (2.14), d;a(z) € (8)y . By Lemma 2.5, we have d,a(z)|0) =
[T, a(z)]|0) = Ta(z)|0), whence s(d,a(z)) = Zlin}) Ta(z)|0) = Ta as expected.

(iii) A rapid induction from 0,a(z)|0) = Ta(z)|0) gives 0/'a(z)|0) = T"a(z)|0)
since (9;a(z))|0) = d;(a(z)|0)) which can be checked directly. In particular, we
have

lin}) 0'a(z)|0) =T"a.
Z—?

Therefore,

A, A
a(2)|0y =" — lim 9%a(2)|0) = > “Tha=c"a, (2.37)

n>0 n>0
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whence (iii). m]
By Lemma 2.7 and its proof, we have
(Ta)(ny = —na-1

foralla € V,n € Z, and
1
a(-n-1)|0) = ET”a, forall n>0. (2.38)

Theorem 2.4 Let V be a vertex algebra generated by a set of mutually local fields 8.
The map s: (8)y, — V is a linear isomorphism.

Proof By Lemma 2.7 (i), s is surjective because a = a(-1)|0). Let a(z) € kers.
Then a(z)|0) = 0, by Lemma 2.7 (iii). Then for b(z) € S, we have

(z=w)Na(2)b(W)|0) = (z = w)" b(w)a(2)|0) = 0

by the locality, for a sufficiently large N. We deduce evaluating at w = 0 that
a(z)s(b(z)) = 0. By the surjectivety of s, this implies that a(z) = 0 as required. O

By Theorem 2.4, we can define a linear map

Y:V— F(V), ar—Y(a,z)=a(z) = Za<n)z_"_l,

nez
by setting
Y(a,z) = s (a).

Then we have

¢ Y(|0), z) = idy . Furthermore, for alla € V,
Y(a,2)|0) € V[[z]]

and lin%) Y(a, z)|0) = a. In other words, a,)|0) = 0 forn > 0 and a(_1)|0) = a,
Z—
¢ T|0)=0and forany a € V,

[T.Y(a,2)] =0.Y(a,z), and Y(Ta,z)=0;Y(a,z2),
e forall a,b € V, the fields Y (a, z) and Y (b, 7) are mutually local, that is,
(z=w)N[Y(a,2),Y(b,w)] =0 (2.39)

for some N = Ng p € Zso.
e foralla,beV,neZ,

Y(a(n)b’ Z) = Y(Cl, Z)(U)Y(bs Z)
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forallne Z,a,beV.

Let V, W be vertex algebras. The tensor product V ® W is a vertex algebra with
the vacuum vector |0) ® |0), the translation operator T ® 1 + 1 ® T, and the vertex
operator Y (a ® b,z) =Y(a,z) ®Y(b, z).

A vertex algebra homomorphism from V to W is a linear map ¢: V — W such
that ¢(]0)) = |0), ¢(Ta) = T¢p(a), and d(amb) = ¢p(a)(n¢(b) for all a,b € V,
nev.

A collection {a’: i € I} of elements of a vertex algebra V is called a set of strong
generators of V if V is spanned by

i1 is
Uy |0
with s > 0, n, < 0 and i, € I. The structure of V is completely determined by the
OPEs among the fields a’(z) = Y(a',z),i € I.
Remark 2.5 By Exercise 2.1, the vertex operator Y(—, z) for V can be explicitly
described as

i i i
Y@@l a8 ) - 411002

1 ny i ny i ny i, °
:mo(ﬁz‘a‘(z))(c’)zzaz(z))...(az a(z)):

forn; > 1.

Exercise 2.5 (Goddard’s uniqueness theorem) LetV be a vertex algebra, and A(z)
a field on V. Suppose there exists a vector a € V such that

A(2)|0) = Y (a,2)[0)

and A(z) is local with Y (b, z) for all b € V. Show that A(z) =Y (a, z).

2.8 Skew-symmetry and Borcherds identities

Proposition 2.4 (skew-symmetry) Let V be a vertex algebra. Then for all a,b € V
the identity
Y(a,z)b=eTY(b,-2)a

holds in V((2)).
Note that e?T Y (b, —z)a stands for

Z eTagb(-z)™" " = Z Z —Tj(c;(!n)b) G

nez nez j>0
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Proof By (2.37) and the locality,

(z—w)NY(a,2)e"Tb = (z=w)VY(a,2)Y (b,w)|0) = (z — w)NY (b, w)Y (a, 2)|0)

=(z-w)VY(b,w)eTa

for a sufficiently large N. Now we have

e TY(b,w)e T = Z % ad(zT)" (Y (b,w)) = Z ;’—T@:@Y(b, w)=Y(b,z+w)

n>0 n>0

in (End V)[[z*, w*]], where by (z+w)~! we understand its expansion ., (1/(z+w))
(the formal variable version of the Taylor formula.) Hence,

(z=-w)NY(a,2)¢"Th = (z - w)Ne T Y (b,w - 2)a,

where by (w — z)~! we understand its expansion 7,,, (1/(w — z)). Since there is no
negative power of w on the left-hand-side, we can set w = 0 on both sides to get the
desired formula. O

Theorem 2.6 (Borcherds identities) Ler V be a vertex algebra, a,b € V. We have

[a(m), bmy] = Z (T) (a@yb) (men—i)» (2.40)

i>0
(amb)m) = Z(—l)] (J) (@m-j)bnj) = (=D""bman-j)ag), (2.41)
j>0
form,n € Z.
Proof By (2.11) and Lemma 2.7 (i) we have
Y(ayb,w)

(Z _ W)i+1 '

Y(a,z)Y(b,w) ~ Z

i>0

Hence, (2.40) follows from Proposition 2.1. As for (2.41), it is equivalent to the
statement of Lemma 2.7 (i) and formula (2.12). |

The relations (2.40) and (2.41) are called Borcherds identities.

Remark 2.6 The two identifies (2.40) and (2.41) are equivalent to the following single
identity, for p, q,r € Z:

i r
Z (I;) (ar+)D) (prq-i) = Z(—l) (1) (@(par-iyb(gei) = (=1) b (gar—ia(p+iy) »
i>0 i>0

(2.42)

which is equivalent to the Jacobi identity in [209], see [234]. Note that (2.42) is also
equivalent to the following identity:
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Res,—y Y(Y(a,z = w)b,w)Ty ;—wF(z,w) (2.43)
=Res; Y(a,2)Y(b,w)1; wF(z,w) —Res, Y(b,w)Y(a,z)tw F(z,w),

where F(z,w) = z2Pw9(z —w)".

Remark 2.7 1t is easy to adapt the definition of a vertex algebra to the supercase. To
be more specific, if V = V @ Vj is a superspace, then the data and axioms have to
be modified as follows: for each a(z) € 8, all endomorphisms a(,) have the same
parity, |0) is an element of Vj, T has even parity and the locality axiom is:

(z=w)Na(2)b(w) = (=1l (z = w)N b(w)a(z)

for N sufficiently large, where |a| denotes the common parity of all a(,) € EndV.
The Borcherds identities have to be understood in the supercase as follows:

m
[@m>bw] = @b = (D)1 Plbgag, = (l) (@@ b)min-ip,  (2.44)

>0

i[m
(@bl = Y (=1 (]) (@m-jybnsjy = D1 "D en-jyag ).
Jjz0

(2.45)

In particular, the formula (2.12) for the n-th product is modified accordingly and,
hence, the normally ordered product becomes:

2a(2)b(2) ¢ = a(2)+b(2) + (=1D)1P1b(2)a(z)-.

Remark 2.8 Using the identity (2.42), one can define a notion of vertex algebras,
referred to as modular vertex algebras, over a field of positive characteristic [66]: a
modular vertex algebra is a k-vector space V, with k an algebraically closed field of
positive characteristic, equipped with a vector |0) € V and a family of bilinear maps,

VeV —YV
a®b |—>a(n)b, nez,

such that

(1)  amb = 0 for n sufficiently large,

(i) [0)(ya = On,-14,

(iii) a(-|0) = a,

(iv) the identity (2.42) holds for all a,b € V.

Over the field of complex numbers C, the equivalence of the the above conditions

and Definition 2.5 is due to [233, Theorem 4.3]. In positive characteristic, one needs
to replace T by divided powers of 7.
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2.9 Modules over vertex algebras, vertex ideals and quotient
vertex algebras

Let S be a set of pairwise mutually local fields on a vector space M. Denote by (S),,
the subspace of .% (M) spanned by the fields constructed by successive application
of the n-th products to the fields in 8 as well as the identify field id,s.

Next theorem is proved in [212].

Theorem 2.7 The space (8), has the structure of a vertex algebra generated by 8
with the vacuum vector idyy, the translation operator 8, and

Y(a(2),€) = ) a@)wé™,

nez
where a(z)n) denotes the linear map b(z) — a(z)n)b(z) on V.

Proof By (2.14) for n = 2, (8),, is stable under the translation operator T = 9,. The
vaccum axiom is satisfied by (2.14) and (2.15). By (2.16), we have [d;,Y (a(z),&)] =
Y(0;a(z),&). Since Res,, - 0y, (w—2)"[a(w), b(2)]) = 0, we get that (0,a(2)) ) =
—na(z)(n-1), and hence the translation axiom (i) of Definition 2.5 holds. The locality
axiom holds by Proposition 2.3, in view of Proposition Proposition 2.1. O

Let V be a vertex algebra generated by 8. In view of Theorem 2.7, the map
V= &)y, a—Y(a,2),

is an isomorphism of vertex algebras, whose inverse is given by s(a(z)) =
lirr%) a(z)|0).
Z—

Definition 2.6 A vector space M is called a V-module, or a representation of V , if
there exists a vertex algebra homomorphism V — (8’),, for some set 8" of pairwise
mutually local fields on M.

If M is a V-module, we denote by Y™ (a,z) = aM(z) = ¥,z aj(‘;l[)z‘”‘l the
image of a € V in (8),, ¢ .F (M), or simply by Y(a,2) = a(z) = Ypez amz "

if no confusion should occur.
The following assertion is clear.

Lemma 2.8 A vector space M is a module over a vertex algebra V if and only if
there exists a linear map V. — # (M), a — YM (a, z), such that

Y™ (10, z) = idu, (2.46)

[YM(a,z),YM(b,w)] = 2) YM(a;b, w)%a{v&(z -w), (2.47)
j=

YM(ab,z) =Y (a,2) (Y™ (b, 2) (2.48)

foralla,b eV, neZ,
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A vertex algebra is clearly a module over itself, which is called the adjoint
representation.

By definition, a subspace N of a V-module M is a submodule if a,yN C N for
all a € V, n € Z. Tt is clear that the category V -Mod of V-modules is an abelian
category.

A T-stable proper submodule of the adjoint representation is called an ideal of
V.If f: V — V' is a vertex algebra homomorphism, ker f is an ideal of V. For an
ideal I of V, the quotient V/I inherits the vertex algebra structure from V. Indeed,
there are two ways to see this. One is to apply directly Definition 2.5 since V/I is
spanned by the images of a(_1)|0), a € V. The other one is to use the skew-symmetry
(Proposition 2.4), as it shows that Y (a, z)b = eTY(b,-z)aclforacl,beV.

The category V /I -Mod is a full subcategory of V -Mod consisting of objects M
such that Y™ (a,z) =Oforalla € I.

2.10 Commutative vertex algebras

A vertex algebra V is called commutative if all vertex operators Y(a,z), a € V,
commute each other (i.e., we have N, = 0 in the locality axiom (2.39)). This
condition is equivalent to that

[agmy, byl =0 forall a,beV, mnelZ

This condition is also equivalent to that a(,)b = O foralln > 0, a,b € V, that
is, Y(a,z) € EndV/[[z]] for all @ € V. Indeed, if Y(a,z) € EndV][z]] for all
a € V then V is commutative by (2.40). Conversely, if V is commutative, then
amb = a(”)b(,1)|0) = b(,l)a(,,)|0) =0forn > 0.

Suppose that V is commutative. Then, the relation (2.41) form = n = —1 simplifies
to (a(—l)b)(—l) = a(—l)b(—l), that is,

(a-nb)(-yc=acn(bipe).

for all a, b, c € V. It follows that a commutative vertex algebra has a structure of a
unital commutative algebra with the product:

a-b= a(_l)b,

where the unit is given by the vacuum vector |0). The translation operator T of V
acts on V as a derivation with respect to this product:

T(a-b)=(Ta) -b+a-(Th).

Therefore a commutative vertex algebra has the structure of a differential algebra,
see Section 1.1.
The converse holds according to the following exercice.
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Exercise 2.8 Show that a differential algebra R with a derivation 9 carries a canon-
ical commutative vertex algebra structure such that the vacuum vector is the unit,
and

Y(a,2)b = (e“’a) = %(G"a)b forall a.beR.

n=0
This correspondence gives the following result ([65]).

Theorem 2.9 The category of commutative vertex algebras is the same as that of
differential algebras.

Example 2.1 If X = Spec R is an affine scheme, then (O(JR),T) is a differential
algebra (see Section 1.1 and Section 1.2) hence a commutative vertex algebra by
Theorem 2.9, where T = 0 is the derivation defined by (1.2). More generally,
(7e0)+Og_x 18 a sheaf of commutative vertex algebras on a scheme X.

The following exercice shows that examples of noncommutative vertex algebras
need to be sophisticated.

Exercise 2.10 LetV be a vertex algebra.

(i)  Let W be a finite-dimensional subspace of .% (V) stable by d,. Show that any
series a(z) of W lies in End(V)([[z]], that is, a(,) = 0 for all n > 0.
(ii) Deduce from (i) that if V is finite-dimensional, then V is commutative.

2.11 Vertex subalgebra, commutant and center

Definition 2.7 A subspace W of a vertex algebra V is called a vertex subalgebra if
|0y e W, TW c W,and a(,)b € Wioralla,n e W,n € Z.

Let W be a vertex subalgebra of V. We set

Com(W,V) ={veV: [wu),vmw] =0forallw € W, m,n € Z},
={veV:iwyv=0forallw e W,n > 0},
={veViymmw=0forallw e W,n > 0}.

Let us explain the second equality. If w,)v = Oforallw € W, n > 0, then v €
Com(W, V) by (2.40). Conversely, if v € Com(W, V) then w(,,)v = w(yv(-1|0) =
V(-)W(m|0) = 0 for n > 0. The same line of arguments shows the third equality.
It is straightforward to see that Com(W, V) is a vertex subalgebra of V, called the
commutant of W in V, or the coset of V by W.

Vertex subalgebras Wi, W, of V are said to form a dual pair if Wi = Com(W,, V)
and W, = Com (W, V). The commutant Com(V, V) of V in V is called the center of

V, and it is denoted also by Z(V).
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2.12 Example (continued from Section 2.6)

Let
T ZC[b_1,b_2,...,].

Then 7 is a smooth B-module on which b,,, n > 0, acts as n%, and b_,,,n > 0,
acts as multiplication by b_,,. Define

0
T = an,n,] m € End .
n>0

Then [T, b(z)] = d,b(z) on x. It follows from Definition 2.5 that there is a unique
vertex algebra structure on 7 such that 1 is the vacuum vector and Y (b_y, z) = b(2).

Exercise 2.11 Let M be a smooth B-module.

(i)  Show that the following correspondence gives the vertex algebra (b(z)), a
B-module structure:

B — End((b(Z)>M) by — b(Z)(n)

(i)  Show that there is a surjective homomorphism 7 — (b(z)),, of vertex alger-
bas.

Exercise 2.12 Setw = 12 + ab_, € n,so that L(z) = Y (w, 2).
(i)  Verify that the OPE (2.35) is equivalent to the following relations:
bow=0, biw=b_y, bw=2a.

(i) Show that L_; =T on x.

Exercise 2.13 Show that the vertex algebra m is simple, that is, there is no non-
trivial ideal of 7. This implies that the vertex algebra (b(z)),, of local fields on any
non-trivial smooth B-module M is isomorphic to 7.

2.13 Loop spaces and the vertex algebra of jet algebra

Let V be a commutative vertex algebra, and let M be a V-module. Then,
Y™ (a,z),Y™(b,w)] =0

for all a,b € V by (2.47). However, Y™ (a, z) needs not be in (End M)[[z]]. This
implies that a V-module as a vertex algebra is not the same as a V-module as a
differential algebra. In fact, we have the following assertion.
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Theorem 2.14 Let X be an affine scheme. Then the category of vertex O(JeX)-
modules is the same as the category of smooth O(£ X)-modules.

Here, by smooth O(Z X)-module we mean an O(.ZX)-module M such that, in the
notation of Section 1.6, f(,).m = 0 for sufficiently large n.

Proof First, let X = AN = SpecC[x',...,x"N]. Recall that

O(.L”X):anC[xén): i=1,...,N,n<r]

r

see (1.14). Let M be a smooth O(.ZX)-module. Then

xl(Z) = inn)z—n—]
nez

is a field on M, since xin) acts as zero for a sufficiently large n because M is smooth.

Moreover, x'(z) and x/ (z) are mutually local as they commute each other. Therefore,
we have a well defined vertex algebra homomorphism

O(JeX) — (x'(2):i=1,...N),, c (End M)[[z,z ']

that sends x' € O(X) € O(JwX) to x'(z). Conversely, let M be a vertex O(JeX)-
module. Then the correspondence

O(ZX) — End(M),  x{,, — Res.-2"Y" (x', 2),

defines a smooth O(.Z X)-module structure on M. It is clear that this correspondence
is compatible with the morphisms.
Next, let X = Spec R with

R=C[x"x% xN/(fi, oo )

Then O(JeX) = O(JuAN)/I, where I = (T7f;:i = 1,...,r,j > 0). Hence,
O(JeX) -Mod is the full subcategory of O(JAN)-Mod consisting of modules M
such that

YM(f.2) =0

for all i = 1,...,r. (Here we have used the fact that Y™ (Ta,z) = 9,YM(a,z).)
But under the above identification of O(JeA™)-Mod with the category of smooth
O(ZAN)-modules, this is nothing but the category of smooth O(.#X)-modules. O

One of the advantages of vertex algebras to loop spaces is that one can avoid the use
of completions, which can be sometimes tedious.
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2.14 Conical vertex algebras

A Hamiltonian of a vertex algebra V is a semisimple operator H on V satisfying
[H, a(,,)] =—(n+ 1)a(n) + (Ha)(n) (2.49)
foralla e V,n € Z.

Definition 2.8 A vertex algebra equipped with a Hamiltonian H is called graded. In
that case, set Vo = {a € V: Ha = Aa} for A € C, so thatV = @Aec Va.Fora € Vy,
A is called the conformal weight of a and it is denoted by A,. We have

amyb € Va,+a,-n-1 (2.50)

for homogeneous elements a,b € V. A graded vertex algebra is called conical if
there exists a positive integer m such that V.= (P, .1,  Vaand Vg = C.

We set

an = A(n+Ay-1)

forn € —A, + Z, so that a,,VAo C Va_,,. Then we have

a)= Y. apz", 2.51)

ne-Ay+2Z

which is more standard notation in physics than (2.7).

Any (proper) graded ideal of a conical vertex algebra V does not contain the
vacuum vector |0), and hence, there is a unique simple graded quotient of V.

Let X be a conical affine scheme, that is, X = Spec R with a graded ring
R = Pyt 7.0 Ra such that Ry = C, where m is some positive integer. Then
the commut’:ltive vertex algebra O(JwX) = JR is conical, where the Hamiltonian
is defined by

[H, fem]l = (A+n—=1)fn), f€Ra.

In particular the scheme J, X is conical, and we have a contracting C*-action on Jo, X
corresponding to the comorphism JoR — C[1,t7']1 ® JuR, fion) — 271 ® fi_n
(f € Rp).






Chapter 3
Examples of noncommutative vertex algebras

We present in this chapter the first important examples of noncommutative vertex
algebras: the universal affine vertex algebras (cf. Section 3.1), that includes the
Heisenberg vertex algebras (see Example 3.1), the Virasoro vertex algebras (cf. Sec-
tion 3.2), and the chiral differential operators on an algebraic group (cf. Section 3.4)
These examples are all constructed from infinite-dimensional Lie algebras. We will
see Part III more sophisticated examples, based on the quantized—Drinfeld reduction,
that generalize some of these examples.

It was observed that many vertex algebras that appear in the nature carry an action
of the Virasoro algebra, and satisfy a bounded-below property with respect to an
energy, or Hamiltonian, operator. This motivates the notion of conformal vertex alge-
bras and vertex operator algebras introduced in this chapter as well (cf. Section 3.3).

By considering quotients vertex algebras of these examples, that is, quotient by
vertex ideals, we construct many other interesting families of vertex algebras.

3.1 Universal affine vertex algebras

Let a be a Lie algebra endowed with a symmetric invariant bilinear form «. Here, a
bilinear form « on a is called invariant if x([x, y], z) = «(x, [y,z]) = 0forx,y,z € a.
Let

dc=afr,r ']eC1
be the Kac-Moody affinization of a. It is a Lie algebra with commutation relations
['xrmv ytn] = ['x7 y]tm+n + m5m+n,OK(x’ y)la [19 aK] = 07

for all x,y € aand all m,n € Z, where ¢; ; is the Kronecker symbol.
An G,-module M is called smooth if for any m € M there exists N € Z>¢ such
that xt"m = 0 for all x € a, n > N or, equivalently,

65
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x(z) = Z(xt")z_"_l

nez

is a field on M for all x € a.

Lemma 3.1 For any smooth &,-module M the fields x(z), y(z), x, y € a, are mutually
local, and we have

K(x,y)

1
Z_W[x,y](w)"'m-

x(z)y(w) ~

Proof The assertion is equivalent to the fact that

[x(2), yW)] = [x, y] (W) (z = w) + k(x, y)Ow6(z = w),
which can be checked directly. O

Let M be a smooth a,-module on which the central element 1 acts as the identity.
By Lemma 3.1, (x(z): x € a),; has a structure of vertex algebras. Moreover, the
correspondence

d 5 x®1" — x(2)(n) € End({x(2): x € a)py)

gives an a,-module structure on the vertex algebra (x(z): x € a),,, see Proposi-
tion 2.3. By Proposition 2.3, we find that the a,-module (x(z): x € a),, is generated
by the vector idys, which satisfies the condition

afz]idy = 0.

Hence, by the Frobenius reciprocity, there is an a,-module homomorphism from the
a,-module

V¥(a) := U(Gx) ®u(a[r]ect) C, (3.1

where C is a one-dimensional representation of a[7] ®C1 on which a[f] acts trivially
and 1 acts as the identity, to the a,-module (x(z): x € a),,.
By the Poincaré-Birkhoff-Witt Theorem, the direct sum decomposition (as a
vector space)
de = (a7 'C[r ") @ (a[r] ® C1)

gives us the isomorphism of vector spaces
U(ay) = Ua®t™'C[r']) ® U(at] ® C1),

whence
V&(a) = U(a® 1 'C[r1])

as C-vector spaces.
The space V*(a) is naturally graded,
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Vi) = @ v<(aa, (3.2)

A€Zs

where the grading is defined by

m

deg(x1™) ... (xim=m)|0) = Z n,

i=1

where |0) = 1 ® 1. We have V¥(a)y = C|0), and we identify a with V¥(a); via the
linear isomorphism defined by x — x¢~1|0).

From the works of Frenkel and Zhu [131], the space V*(a) has naturally a vertex
algebra structure (see also [212]).

Proposition 3.1 There is a unique vertex algebra structure on V*(a) such that |0) =
1 ® 1 is the vacuum vector and 8 = {x(z): x € a} is a set of generating fields.
Moreover, there is a surjective homomorphism V¥(a) — (x(z): x € a),; of vertex
algebras for any smooth G,-module M on which 1 acts as the identity.

Proof For the first assertion we just need to show that there is a unique 7T-action
on V¥(a) such that T'|0) = 0 and [T, x(x)] = d,x(z), because the property (ii) in
Definition 2.5 holds obviously. The uniqueness is clear, so let us show the existence.

Let a, > CT be the vector space a, @ CT viewed as a Lie algebra such that the
natural map @, < @, > CT is a Lie algebra homomorphism and

[T, xt"] = —nxt"! (3.3)

for x € a, n € Z. Then (a[t] ®C1) = CT := (a[t] ®C1) ®CT is a Lie subalgebra
and

U(a, = CT) ®y ((a[r] @cty=cT) C = V¥(a) (34

as a,-modules, where on the left-hand-side C is the one-dimensional representation
of (a[t] ® C1) < CT on which a[t] & CT acts trivially and 1 acts as the idendity. It is
clear that (3.4) gives the required CT-module structure on V¥ (a).

For the second one, first recall that there is a homomorphism of a,-modules
V¥(a) — (x(z): x € a)y,. It is clearly a homomorphism of vertex algebras by
construction. Since both V¥(a) and (x(z): x € a),, are generated by |0) as §-
modules, the surjectivity follows. O

The vertex algebra V¥ (a) is called the universal affine vertex algebra associated
with a and «. It is a conical vertex algebra by the grading (3.2). The unique simple
graded quotient L, (a) of V¥(a) is called the simple affine vertex algebra associated
with a and «.

Proposition 3.2 The category V¥(a) -Mod of V¥ (a)-modules is the same as that of
smooth representations of &, on which 1 acts as the identity.
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Proof Any V*(a)-modules is a smooth G,-module by the correspondence xt" —
Res;-0(z"x(z)). Conversely, we have a vertex algebra homomorphism V*(a) —
(x(z)) s for any smooth a,-module M on which 1 acts as the identity, and hence, M is
a V*(a)-module. It is clear that this correspondence is compatible with morphisms.O

By Proposition 3.2, the category L,(a)-Mod of L,(a)-modules is a full-
subcategory of the category of smooth a,-module consisting of objects M on which
Y (v, z) = Ofor any element v in the kernel of the natural surjection V¥ (a) — L, (a).

Example 3.1 Let ) be a vector space viewed as a commutative Lie algebra, and « be
any bilinear form on §). Then V¥ (}) is the Heisenberg vertex algebra associated with
b and k. In the case that b is one-dimensional and « is a nonzero bilinear form, then
V¥(B) is isomorphic to the vertex algebra 7 in Section 2.12.

Example 3.2 Let us consider another important example. Assume that a is a simple
Lie algebra g, and that k = k(—|-), where

k
(=]-) := TR x Killing form of g, for k € C,

where h" its dual Coxeter number of g. The reader is referred to Appendix A for
main notations and standard facts about simple Lie algebras (Appendix A.l), and
the corresponding affine Kac-Moody Lie algebras (Appendix A.2).

In this case, V¥ (a) is identical to the §-module

VK (@) == U(8) ®u (g[r] o ck) Cks

where § = g[,77!] ® CK is the affine Kac-Moody algebra associated with g as in
Appendix A, and Cy is the one-dimensional representation of g[¢] @ CK on which
g[z] acts trivially and K acts as multiplication by k. We will preferably use the
notation V*(g) in this case.

The representation VX (g) is a highest weight representation of § with highest
weight k Ao, where A is the highest weight of the basic representation (it corresponds
to k£ = 1)1, and highest weight vector v, where v; denotes the image of 1 ® 1 in
Vk(g). According to the well known Schur Lemma, any central element of a Lie
algebra acts as a scalar on a simple finite dimensional representation. As the Schur
Lemma extends to a representation with countable dimension?, the result holds for
highest weight §-modules.

A representation M is said to be of level k if K acts as kId on M (see Ap-
pendix A.5.2). Then V¥(g) is by construction of level k.

The vertex algebra V*(g) is also called the universal affine vertex algebra asso-
ciated with g at level k. The simple quotient L, (g) is denoted also by L (g) and is
called the simple affine vertex algebra associated with g at level k.

Of course the case where g is a reductive Lie algebra generalizes both previous
examples.

1 that is, the dual of K in f)* with respect to a basis off) adapted to the decomposition f) =heCK.
2 i.e., it admits a countable set of generators.
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Exercise 3.1 LetV be a vertex algebra, and suppose that there exists a vertex algebra
homomorphism ¢: V¥(g) — V, so that V is a g,-module. Show that

Com(4(V*(g)), V) = velirl,

where V8l = {y e V: g[[¢]]v = 0}.

3.2 The Virasoro vertex algebra

Let Vir = P
relations

nez CLy ® CC be the Virasoro Lie algebra, with the commutation

3

n —n
[Ln, Lm] = (n - m)Ln+m + T6n+m,OC’

[C,Vir] =0.
A Vir-module M is called smooth if

L(z) =) Luz "

nez

is a field on M. For any smooth Vir-module M the fields L(z) is local to itself, and
we have
1 2 Cc/2
L(z)L(w) ~ ——0yw L(w) + ——L(w) + ———.
(L0 ~ L) + = L) + =g

A Vir-module M is said to be of central charge ¢ € C if the central element C
acts as multiplication by c.

Let M be a smooth Vir-module of central charge c. Then (L(z)),, is a smooth
Vir-module of central charge ¢ by the action L,, — L(z)n+1. It is generated by idy,
and we have L(z)(,) idp = 0 for n > 0. Similarly to the case of V*(a) we obtain
that (L(z)),, is a quotient of the induced representation

Vir€ := U(Vlr) ®U(EB)1>—1 CL,®CC) CC,

where C acts as multiplication by ¢ and L,,, n > —1, acts by 0 on the one-dimensional
module C,..
By the PBW Theorem, Vir¢ has a basis of the form

le...ij|0>, j1<"'<]'m<—2,

where |0) is the image of 1 ® 1 in Vir®. Next result is proved in [131, 212].
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Proposition 3.3 There is a unique vertex algebra structure on Vir® such that |0) =
1 ® 1 is the vacuum vector and L(z) is a generating field. Moreover, there is a
surjective homomorphism Vir® — (L(2)),, of vertex algebras for any smooth Vir-
module M of central charge c.

The vertex algebra Vir€ is called the universal Virasoro vertex algebra with central
charge c.

Note that T = L_; on Vir® since L(z))L(z) = 0;L(z) (or equivalently,
L_1L_»|0) = L_3|0)). Also, Vir¢ is conical by the Hamiltonian H = Ly:

vir = P Vir§,  Vir§ = C|0), Vir{ =0, Vir§ = Co, (3.5)

A€eZso

where w = L_,|0). The unique simple quotient of Vir® is called the simple Virasoro
vertex algebra with central charge ¢ and is denoted by Vir,.

Proposition 3.4 The category Vir® -Mod of Vir®-modules is the same as that of
smooth representations of Vir of central charge c.

3.3 Conformal vertex algebras

Definition 3.1 A vertex algebra V is called conformal if there exists a vector w,
called the stress tensor, or the conformal vector, such that the corresponding field

Y(0,2)=T(2) = ) Lpz "™

nez

satisfies the following conditions:

3_

(D [Ly, Liy] = (n —m)Lyom + %6%%0@ where ¢ is a constant called the

central charge of V,

Q) wey=L-1 =T,

(3) w(1y = Lo = H is a Hamiltonian so that V is graded by Lo: V = @, ¢ Va, with
Loly, = Aldy, forall A € C.

A Z-graded conformal vertex algebra such that dim V) < coforallA € Zand Vy =0
for sufficiently small A is also called a vertex operator algebra.

For a conformal vertex algebra of central charge ¢, we have a homomorphism
Vir® — V, w — w, of vertex algebras. Let M be a module over a conformal vertex
algebra V of central charge c. Then the Virasoro algebra acts on M via the vertex
algebra homomorphism Vir¢ — V.

Definition 3.2 Let V be a conformal vertex algebra, and M be a V-module. Set

Mdz{meM:Lg/’mzdm}.
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(i) The module M is called a positive energy representation if there is A € C such
that M = @nez” My, and M, # 0.

(i) The module M is called an ordinary representation if Ly acts semisimply on
M, any Ly-eigenspace My, for d € C, is finite-dimensional and for any d € C,
we have M,_, = 0 for sufficiently large n € Z.

For an ordinary representation M the normalized character

X (q) = trag (R0 = g7 (dim M) g (3.6)
d

is well defined.

Example 3.3 The Virasoro vertex algebra Vir¢ is clearly conformal with central
charge ¢ and conformal vector w = L_;|0).

Example 3.4 The Heisenberg vertex algebra V¥ (h) associated with a nondegenerate

bilinear form « is conformal. Indeed, 7'(z) = % > °xi(z)x'(z) ¢ is a conformal field
i=1

with central charge r, where {x;}1<;<, and {x'}<;<, are dual basis of  with respect

to k (see Exercise 2.12 for the case r = 1).

Example 3.5 The universal affine vertex algebra V*(g), with g simple of dimension
d, is conformal by Sugawara construction provided with k # —h" (here h" is the
dual Coxeter number): Set

d
1 i
S = E ;xi’(,l)x(7|)|0>,

where {x;}1<i<a and {x'}|<i<q are dual basis with respect to (—|—). Then for k #

-hV, L= T is a stress tensor of VX (g) with central charge
kdimg
k)= ——.
k) = T

We refer to [122, §3.4.8] or to [121, 3.1.1] for a proof of this nontrivial statement;
see also [179, Theorem 5.7] and its proof. We have

[Lin,X(n)] = —NX(m4n) X €8, m,n €Z. (3.7
It follows from Exercise 3.1 that Z(V¥(g)) = V¥ (g)8ll*!l, where
V()8 = {a € V¥ (g): x(mya = O forall x € g, m € Zso}.

The following exercise gives a description of the vertex center of V¥ (g) which
has a priori nothing to do the vertex algebra structure.
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Exercise 3.2 Show that we have the following isomorphism of commutative C-
algebras (the product on the commutative vertex algebra Z(V*(g)) is the normally
ordered product):

Z(V¥(g)) = Ends(V¥(g)).

Remark 3.1 1t is easily seen that Z(V¥(g)) = C|0) for k # —h" using the stress
tensor L. For k = —h", the center

Z(v" () = 3(8)

is huge, and it is usually referred as the Feigin—Frenkel center [118]: we have
2r3(§) = 0(Jw(g/G)), with g/ G = Spec O(g)®. We refer to Example 1.3 for more
details about the scheme J(g/G).

Note that there is an analogue statement in positive characteristics, at least for
a characteristic p sufficiently large. Namely, it is proved in [44] that the center of
Vk(g), with g simple, is generated by the Feigin—Frenkel center and its p-center,
analogously to Veldkamp’s theorem, provided that p is large enough.

3.4 Chiral differential operators on an algebraic group

Let G be an affine algebraic group, g = Lie(G), k an invariant bilinear form on g,
and set

Ac =U(80) ® 0(ZG),

where £ G is the loop space of G (see Section 1.6), and consider Ag as an algebra
such that the natural embeddings U(§,) — Ag, O(ZG) — Ag, are embeddings
of algebras and

[(xt™, fimy] = L) (meny forx € g, f € O(G), m,n € Z. (3.8)
We regard O(JoG) as a module over the subalgebra
Ac+=U(g[t]®C1) ® 0(ZG) c Ag

on which O(ZG) acts via the natural surjection O(ZXG) — O(JG), an element
of g[¢] c g[[z]] acts as a left invariant vector field on O(J.G) (see Example 1.2),
and 1 acts as the identity. Define

DE = AG ®ag, 0(3G) (3.9)

so that DCG]‘ . 18 a natural chiral version of the algebra of differential operators D(G)
(see Appendix C.4).
Note that
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DE . = U(8) ®u(glr] oct) O(3G) (3.10)

as g-modules.
We have the mutually local fields

X =) @M (xeq), f=) fwz™ (fe0(6)

nez nez

on D& satisfying the OPEs

K@Y ~ - lralo0 + 0 f@en <0 D
KDF ) ~ —— () G2

—w

forx,y g, f,g € O(G).
The following assertion, first observed in [147, 47], is clear from Definition 2.5.

Theorem 3.3 There is a unique vertex algebra structure on Dg‘ « Such that the
embeddings

ﬂL:VK(g)=—>DCGh’K, u—uxl,
Ji0(deG) — DE . fr18f,
are homomorphisms of vertex algebras, and

1
—w

x(2)f(w) ~ (xLf)(w) (3.13)

forx e g, f €0O(G).

The vertex algebra @CC}; . 18 called the vertex algebra of (global) chiral differential
operators (cdo) on G. It is naturally Zo-graded by the following conditions:

¢ clements of g, embedded in Dg‘ B through 77, have weight 1,
¢ elements of O(G), embedded in DCGh . through j, have weight 0.

Let Q be the subspace of (@C(l;”()l spanned by vectors fdg, with f,g € O(G),
where d = T is the translation operator on O(J«G). Recall that the embedding
g — Derc(O(G)), x — xr, induces an isomorphism of left O(G)-modules

O(G) ®c g — Derc(0(G)). (3.14)
It is easy to see that
(DG )1 = Q& Derc(0(G)) (3.15)

as vector spaces. Let Q!(G) be the space of global differential forms on G as in
Appendix C. Recall that Q! (G) is generated as a O(G)-module by the elements df,
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for f € O(G), where d is the de Rham differential (see Appendix C), and that
Q'(G) = Homc (g, 0(G))

through the map df — (x — xp f) (see Proposition C.2).

Lemma 3.2 The C-linear map sending fog € Q to the element h @ x —
(hx)(1)(fdg) of Homg(g)(Derc(O(G)), O(G)), with h € O(G) and x € g, is
an isomorphism of vector spaces. Therefore Q = Q'(G) as vector spaces.

Proof First of all, note that for x € g and f, g, h € O(G),

(hx) (1) (f9g) = hf(xLg) € O(G)

and, clearly, the map sending 27 ® x € O(G) ® g to (hx)1y(f0g) = hf(xrg) isa
morphism of O(G)-modules. Hence the map of the lemma is well defined. Let is
denote it by I".

By the Frobenius reciprocity,

Homg () (Derc(0(G)), O(G)) = Home(g, O(G)),

and through this isomorphism, the map I'(fdg) sends x € g to f(xrg). Hence it
suffices to show that the O(G)-linear map sending dg € Q to the element (x — x7 g)
of Home(g, O(G)) is an isomorphism of O(G)-modules. By Proposition C.2, this
is equivalent to showing that the O(G)-linear map sending dg € Q to dg € Q!(G)
is an isomorphism.

But dg = g(—»)|0) is by construction a regular function on J;(G) = TG, where
TG is the tangent bundle of G, and through this identification, dg is nothing but dg,
so the statement is obvious. O

We denote by (—,—): Derc(O(G)) X Q — O(G) the canonical O(G)-bilinear
pairing. The Lie algebra Derc(O(G)) acts on Q by the Lie derivative given by (C.6).

Lemma 3.3 Let x € g and w € Q. Then x(1yw = {x, w) and xgyw = (Liex).w.

Proof The identity x(jyw = {(x, w) is clear by Lemma 3.2. Let us prove the second
one using it. The Lie derivative action can be written as:

vy ((Liex).w) =x.(yyw) =[x,y (hw = xyyw = [x, y] o,

forall y € g. But
Yy (xoyw) =xymw - [x,yl(Hw

for all y € g, whence x(o)w = (Lie x).w. O
Denote by 4 the Killing form of g and define «* by:
K* = —K — Kqg. (3.16)

Theorem 3.4 Assume that k and «* are linked by (3.16).
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(i)  There is a vertex algebra embedding
ng: V¥ (g) < Com(V*(g), DF ,) ¢ DF
such that
[7R(X)(m)s fi)] = (XRS)(man)  forx € g, f € O(G), m,n € Z,

where xg denotes the right invariant vector field corresponding to x € g.
(i) There is a vertex algebra isomorphism

ch o qch
DG,K = DG,K*

that sends f € O(G) to S(f) € O(G), where S: O(G) — O(G) is the
antipode.

Proof (i) From now, we identify x € g with its image in DCGhJ( through 7y

Let {x!,...,x%} be a basis of g, and {w',...,w?} the dual O(G)-basis of
Q = Q!(G). The isomorphism (C.2) tells that {x!, ..., x4} forms an O(G)-basis of
Derc(O(G)). In particular,

i i, . _
xR=Zf PxP  j=1,....d,
p

for some invertible matrix (f?)1<;, p<a over O(G). We will repeatidily make use
of the identities of Lemma C.2 and Lemma C.3.
Weset foralli € {1,...,d},

7R (xY) :x;+ZK*(xp,xq)fi’pwq. (3.17)
q.p

We first verify that for all i, j and n > 0,
() war(x’) = 0. (3.18)

By (3.11), (3.12), the condition (3.18) is clearly satisfied for n > 2.
Fix i, j. We first verify that (x')(;)7g(x/) = 0. First, by (C.3), (3.11), (3.12) and
Borcherds identity (2.41), we have

() = YR = YR +x f67 x)
p J
= > (f PP ) = xp (] f17)) (3.19)
p

Using Lemma Lemma C.2 (i) twice, we get

XD fPP) = DA ) = = Y e = ) e el

s S,u S,u
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Using k¢ (x;,x;) = tr((adx;) o (ad x;)) and [x;, [xj,xp]] = Xy c:.'ch;{pxm for any
p, we get the well known identity

Kq(x',x7) = Zc” ¢! oij=1,....d, (3.20)

i, J,p’
p.q
From (3.20) we deduce that

DR ACT ARSI NIV (3.21)
p

u

Combining (3.19), (3.21) and (3.16), we obtain that fori, j = 1,...,d,

()l == >k (P xT)

p

On the other hand, by Lemma 3.3, we have for any p,q € {1,...,d},
(K" (2, x9) fP ) (1) = K (6P, x9) [P (@, xT) = K (xP, x0) 1P,

whence (x*) (g (x/) = 0.
We now wish to prove that (x") ()7 (x/) = 0. We have

(xi)(O)ﬂ'R(xj) = (xi)(o) (x{e + Z K*(xP,xq)fj,pwq)'
P4

One one hand, using Lemma Lemma C.2 (i),
Xop¥h = D ¥ (FP0x0) = 3wl S0 6 = 3 (G o + £ 6 x9]) = 0.
q q q

On the other hand, using Lemma C.2 (i) and Lemma 3.3, we get
x’@ (k" (xP,x9) f7-Pw?) = k* (xP, x%) ((xiij’p)a)q + [P (Liexj).a)q)
=- Z (K*(xp,xr)cfsfj’swr + K*(xp,xq)cgrfj’pwr)
N

= Z (K ([, X, X)) 75w = (P, 1, X)) fIPw) =0

due to the invariance of «*. This proves that (x*) ) mg (x/) = 0.

In conclusion, (3.18) holds forany i, j = 1,...,d and n > 0 as desired. It remains
to verify that 7 defines a vertex algebra homomorphism which is injective. Due to
the decomposition (3.15), we see that the map ng defined by (3.17) is injective since
the map g — Derc(O(G)), x — xp, is.

For the vertex algebra homomorphism part, we have to show that
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K*(x,y)

1
(mr(x)) (2) (R (¥)) (W) ~ ——ar([x, y]) (W) + 5 (3.22)
Z—w (z=w)
for all x, y € V' (g), that is,
ar(X)(yr(y) = k7 (x,y), (3.23)
R (X)) 7r(Y) = nr([x, y])- (3.24)
for all x, y € V¥ (g).
To compute mg(x)(1)7r(y) we notice that for i, j € {1,...,d},

mr(x)(ymr(x) = xfg+ZK*(x”,xq)fi’”wq) (x{q‘*zk*(xp’xq)fj’pwq
(1)

q.pP q,p

is a sum of four terms. We have
(R xg = (PP ) (F7x)

P

= SIS R x%) = FEPg (6 1) = fION (g f1F) = (] 1) (g £7)

Pos

Using (3.16) and Lemma C.2 we see that
= FUPXL (ST = =P ) = P S = (6 ) £
for all i, j, s, p, whence
(X)) = = D K" (xP, x%) fo £,
pos

Next, using Lemma 3.3, we get for all i, j, p, q,

(K*(xp’xq)fi,pwq)(l) xfe - K*(x”,x")fi”’fj"’.
Similarly,
(Rt (K () 150" ) xpp = & (el x ) f1F 4,
and evidently,
(K*(xp’xq)fi,pwq)

) (€0 ) ) =0

Adding up, we get

mR () (R () = K (P, x9) 1P 14 (3.25)

p.q
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We differentiate the above relation. By Lemma C.2, we have for i, j, p, g, s,

DY K*(xp,x")fi”’ff"f) = DK GP D) (L) 4 4 (e )

pP-q p-q

Z K*(xp,xq) (_C;’,ufi,ufj,q _ C;’Vfi’pfj’v)
pP.q,u,v
SR () (P [ ) ) =0,

pr.q,u,v

Therefore, (3.25) is constant. This constant can be computed by observing that the
matrix (f%/), considered as a function on the group G, is equal to the identity at
the neutral element of G by the identity (C.3). Hence, (3.25) is equal to «*(x’, x/),
which proves (3.23).

We now compute ng (x)oyr(y). Fori, j € {1,...,d} we have

rr (&) 0 mr() = wr(x) o) [ D) f79x0+ Y k(a1 ].
q s,u
Using (3.18) with n = 0, we have
mR(x) o) (f7Ix) = (wR(x") () f79)x7
= DTS NN =[x, xp] =[x 2Tk, (3.26)
p

by Lemma 3.3, Lemma C.2 (ii), Lemma C.3.
On the other hand,

mR(x") (o) (K" (x*, x*) f S ")

(xR) () (K" (2, X" f 5 ')
/<*()c‘y,x”)xj',e (f7Sw") (3.27)

K*(xs’xu)fj,pxi(fj,s)wu) — K*(xs’xu)ci;ij,swu)

by Lemma 3.3, Lemma C.2 (ii), and Lemma C.3. Adding up (3.26) and (3.27) we
obtain that ' ' .
mr(x)oymr(x7) = nr([x", x’])
foralli,j =1,...,d, which proves (3.24). To sum up, we have proven that 7g is an
injective vertex algebra homomorphism. We leave to the reader the verification of
the identity [7r (X)(m), f(n)] = (XRS)(man) forallx € g, f € O(G), m,n > 0.
(i1) Consider the unique vertex algebra homomorphism

. ch ch
©: D, — DG

whose restriction to O(G) is given by the antipode S, and restriction to V¥(g) is
the map ny(x) — mgr(x). It is easy to verify that @ is indeed a vertex algebra
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homomorphism by (3.22), since

1
—w

(@(x))(2)(P(f)) (W) ~

(@(x)LP(f)) (W)
for x € g, f € O(G) which holds by

xrS(f) = S(xLf)

forx € g, f € O(G).
It remains to show that @ is an isomorphism. Consider the vertex algebra ho-

momorphism from DCh’K* to ®Ccl;1,(,<*)* whose restriction to O(G) is given by the

antipode, and restriction to V¥ (g) is the map 7g(x) — 7z (x). Note that (k*)* = «.
Similarly to @, we verify that ¥ is indeed a vertex algebra homomorphism. More-

over, we have ¥ o @ = idDg and ® oY = idpe  This concludes the proof of
N G,k*

(ii). o

Theorem 3.5 Suppose that G is connected. The vertex algebras V*(g) and V¥ (g)
form a dual pair in Dg’ e

Proof We have to show that

V¥(g) = ('DCGh,K)”R(g[[t]]) and VK*(g) _ (DCGh,K)ﬂL(g[[[]])'

By Theorem 3.4, we have already established the inclusions V¥ (g) C (@CGh DR (alle11)
and V¥ (g) (@CGh K)”L(g[[’]]). To show the other inclusions, observe that

(D(él,K)ﬂR(g[[t]]) = (U(@K) ®U (a[r] ®C1) O(aooG))ﬂR(g[[t]])
= U(84) ®u (glr] oc1) O(doG)™ 0D

since the image by 7z of V¥ (g) commutes with U(§,). But since G is connected,
we get that

C = O(HWG)HW(G) — O(HWG)Q[M] - O(HooG)”R(g[[t]]).

As a result,
(D )OIl =y (g).

Using the isomorphism @‘g‘ = Dg‘ o of Theorem 3.4, we obtain that
(Dg’ )ﬂL(g[[t]]) ~ VK*(g).
LK
This concludes the proof of the theorem. O

Suppose that G is a connected reductive algebraic group, and let G the set of
isomorphism classes of finite-dimensional simple rational G-modules. The set G is
in bijection with



80 3 Examples of noncommutative vertex algebras

X (T)y = PN X*(T),

where X*(T) is the character lattice of a maximal torus T of G, P is the weight
lattice of g = Lie(G) and P, is the set of dominant weights. The algebraic Peter—
Weyl theorem (see e.g. [269, Theorem 27.3.9]) states that

O(G) = @ Vi® Vi (3.28)
1eG

as G X G-modules, where V, denotes the finite-dimensional representation corre-
sponding to A € G and A* is the element of G such that V- is the dual G-module
of V). Note that 2* = —wq(Q) if wo denotes the longest element of the Weyl group
Ng(T)/T associated with (G, T).

In order to state an algebraic Peter—Weyl theorem for DC(KI"K (see Theorem 3.7),
let us introduce some notation.

The Lie algebra g = Lie(G) is reductive, so that

S
a=30)® (P
i=1

where 3(g) is the center of g and each g; is a simple Lie subalgebra of g. Then «/g, is
a constant multiplication of the Killing form x4, of g;. We say « is irrational if and
Klg; /kg; ¢ Q for all i. Note that if « is irrational then so is «*.

Let M be any smooth §,-modules. By restriction, M is a smooth g[7]-module,
and so is a smooth g[[]]-module (see Section 1.7 for the notion of smooth g[[#]]-
module). Then one can consider the full subcategory g, -Mod® "'l of smooth G [[z]]-
integrable §,-modules (viewed as g[[#]]-modules) in the sense of Definition 1.3. If
M is an object of &, -Mod®I"l then

M = (e M: tg[t]m = 0}

is an object of the category g -Mod® of G-integrable g-modules. For V € g-Mod€,
we set

Ind¥* (V) := U(8x) ®u i1 oct) Vs (3.29)

where V is considered as a g[¢] & C1-module on which g[¢] acts by the projection
g[z] — g and 1 as the identity. For A € P,, set

Vi = Ind¥ (V).

Call V, . the Weyl module of highest weight A for the affine Kac—-Moody §.

The following theorem is probably well known by experts. Part (i) is underlying
of the works of Kazhdan—Lusztig ([194] and [195, Section 30]). Since we have not
found an explicit proof for all statements in the literature, we refer to [260] for a
complete and detailed proof for the reductive case.
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Theorem 3.6 Assume that k|[q ) is irrational and that k|;(g) is nondegenerate.

()  The functors M € &, -ModC /Il — pp79lt] gpd v € g-Mod® — Indg“ (V) €
Gx -Mod® ! gre inverse to each others.

(ii) The simple objects of §, -Mod® e gre the Weyl modules V y . for A € G =
X*(T)*. Moreover, every object of §« -Mod® is a direct sum (possibly
infinite) of the V 3 .

One are now in a position to state the algebraic Peter—Weyl theorem for cdo.

Theorem 3.7 (algebraic Peter-Weyl theorem for cdo) Let G be a connected
reductive algebraic group, g = Lie(G). Suppose that k|4 q) is irrational and that
K|3(g) is nondegenerate. Then we have, as §, ® §--modules,

h o
®CG,K = @VA,K ® V/l*,k*s
pide;

where V3« = U(8«) ®u (g[t] octy Va and Vy is considered to be a g[t] ® C1-module
on which g[t] acts by the projection g[t] — g and 1 as the identity.

Proof We follow the arguments of [47]. By the assumption on «, it follows from
Theorem 3.6 (ii) thatfor A € G,V 4 is anirreducible §,-module and V - - is an irre-
ducible §,+-module. If one can show that D"h is an object of §, @ Gx- Modg =GxIxG

which satisfies (DCh YL (tallel) > (rglle]] ) = O(G) the statement will follow from
the algebraic Peter—Weyl theorem for O(G) (3.28) and Theorem 3.6.

To show that DCh is an object of §, ® .- -Mod?=9*3=C e apply Theorem 1.6.
The conditions are easy to verify using the PBW basis and the fact that O(G) is
locally finite. The verifications are left to the reader.

Next, we have

(D& )8 = (§,) @y (g1 o1 (O(gmG)nRuQ[[t]D)
= U(8«) ®u g1 o1y O(G).
The equality O(JeG)™®8ll7ID = 9(G) holds because we have
O(gooG)ﬂR(tQ[[t]]) - o(ng)Koo,o = 0(G),

using the exact sequence (1.18) with m = co and n = 0. So by (3.28), we get

(@g]’K)”R(tg[[t]D - @ Ve ® Vae.
1eG
Taking now the invariant with respect to the left action, we get:

(DCh )nL(zq ([t )x7g (zallt]]) _ @V/l LRV )nL(tg (1D @ Vi® Ve = 0(G).
1eG 1eG
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This concludes the proof. O

Example 3.6 Let G be a torus T. Then §) = Lie(T) is an abelian Lie algebra and
O(T) = C[e*™,...,e*™] where X*(T) = B_, Zw; c b*. Let {hy,...,h,} be
the basis of b such that @;(h;) = §; ; fori, j = 1,...,r. The subalgebra V¥(h) C
@Ch is the Heisenberg vertex algebra generated by the field hp (z), h € b, satisfying
the OPE

k(h, ')
L, o) ~ EE
The OPE (3.13) reads as
r@e ) ~ M ot) (e, aex (1),

Since the Killing form of g is zero, we have k* = —«. The subalgebra 7z (VX (b)) C
@CThK is generated the fields hg(z), h € g, defined by

hi(2) = hi(2) = ) k(h, hi)e™ ™ (2)de™ (2) (3.30)
i=1
(Note that e”@i(2)0e@i(z) = 2e"®i(2)0e@i(2): = (e @ide™@i)(z) since O(JT)
is commutative.) We have
, / K" (h, ')
hL(Z)hR(W) ~ O, hR(Z)hR(W) ~ m

The stress tensor vector of chTh is given by
K

T(z)

r

= D (e @): — 5 D khi, ) (e 0 (2) (e D T)(2):
i=1

i,j=1

which has central charge 2r.
Now suppose that « is nondegenerate. Then we have the embedding of vertex
algebras

V(D) ® VX' () — DS,
and we have

T(z) =TL(z) + Tr(2),

where Ty (z) = 3 Z h; L(z)h (z)2 and Tr(z) = ——Z th(z)h (z)c are

the stress tensors of the vertex subalgebra V*(f) and V" (b) respectively. As a
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V¥(h) ® V¥ (h)-module,

DF, = EB Ve ® Voq e, (3.31)
AeX*(T)

where V, . is the highest weight representation of the Heisenberg algebra b, with
highest weight A.

In the case that « is nondegenerate it is possible to give the vertex algebra
structure using the decomposition (3.31) as explained in [130]. Note that the vector
|[4) = va®v_y € Vy, ®V_,,+, where v, is the highest weight vector of V, ,,
corresponds to the vector e* € O(T) on the left-hand-side. Observe from (3.30) that

9:Y(1),2) = 2 (AL(2) + AR(2))Y (11),2) ¢, (3.32)

where we identified X*(T) as a subspace of b via the form . Using Goddard’s
uniqueness theorem (see Exercise 2.5), the identity (3.32) together with the relation
Y (|2), 2)|0)|;=0 = |1) completely determine the field Y (|2}, z). As a result, we find
that

AL) ) + (AR) (n
Y(|4),z) = etexp ( Z Mz_") for 1 € X*(T),
nez\ {0} "

where e is the operator on Dacx ) Vax ® V_i - defined by elu) = |1+ p),

[(hL)(n)> '] = [(hR)(n)> €] = O for n # 0 and [(hL)0), '] = [(hr)(). '] =

A(h)e?. Here note that A7 (z) + Ag(z) generates a commutative vertex subalgebra

and (A7) (o) + (Ar)(0) acts as zero on the whole space (compare with (3.35) below).
It is straightforward to check that

V(0. DY () w) ~ 0, Y() )Y (1), 2) = ¥+ ). 2), (3.33)
n @Y1, w) ~ v (2., he @Y (0w ~ =2y (1), ). (334

This construction is useful to construct DCTh ~modules for a nondegenerate «. For
A e X*(T), set

M/l,K = @V/H;t,l( ®V—,u,/<*’
unebP

which is naturally a V¥ (b) ® V¥ (h)-module. The V¥ (h) ® V¥ (p)-module structure

extends to the Dg‘ ~module structure by setting

(074 + (o
Yary, (), 2) = e exp (D QL) + @R )y (ayoramier  (335)
! -n
nez\{0}
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for @ € X*(T), where e® is defined by e®(Vasry ® V_p) = Virpra ® V_psas
[(hL)(n)» €] = [(7R)(n)» €®] = 0. (Note that (@) 0+ (@R} 0 = 2&(1.0) on My )
Exercise 3.8 Show that M, . is a simple DCThK-module for all 1 € X*(T).

Remark 3.2 One can show that the modules M, ., for 4 € X*(T), are the only simple
D"Th’K-modules which are §[[¢]]-integrable with respect to the left action. Also the
construction can be generalized to the reductive case using spectral flows. We refer
to [260] for more details about this topic.

k
Example 3.7 Assume that g = Lie(G) is simple and that x = oY X kg for k € C as

in Example 3.2. Then we write DCC? . for DCC}; - 1t follows from [147, Corollary 9.3]
that for any k € C, the cdo ZD%‘ « 1s conformal with central charge 2 dim g. Note that

k di
c(k) +c(k*) =2dimgif k # —h", where c(k) = k_:—Ing is the central charge of
Vk(g) and k* is defined by «* = L X kq. The conformal vector of DCC? . 1s the sum

2hV
of the Sugawara conformal vector of V¥ (g) and V¥ (g) provided that k # —h".

Remark 3.3 Assume that G is a semisimple algebraic group, with Lie algebra g.
Keep the notation of Example 3.7. We reformulate in this remark one of the main
results of [123]. A module over DCC?’ ¢ 18 the same as a smooth g-module M at level
k equipped with an action of the commutative vertex algebra O(J~G) such that
[X(mys foy] = (XLf)(many) on M for x € g, f € O(G), m,n € Z. From this, one
obtains the equivalence of the categories

@gl,k -Mod = DG((,))’/( -Mod,

where D¢ 1),k -Mod is the category of the (properly defined) k-twisted D-modules
on G(()). In particular,

DE  -Mod?l'l = D, . -Mod,

where 'Dc(l: X -Mod® s the full subcategory of Dc(l,‘ « “Mod consisting of integrable

G [[t]]-modules (with respect to the action 7g) DCC};‘ ~modules, and Gr is the affine
Grassmannian G (1)) /G [[¢]].



Part 11

Poisson vertex algebras, Li filtration and
associated varieties



This part is about important invariants attached to vertex algebras and the con-
nections between them.

Chapter 4 gives a concise presentation of Poisson vertex algebras (a particular
class of commutative vertex algebras). It will be noticed that any vertex algebra is
naturally filtered and that the corresponding graded space has a structure of a Poisson
vertex algebra. The Zhu C,-functor V +— Ry associates with any vertex algebra V
a certain quotient that has a Poisson algebra structure and generates the Poisson
vertex algebra grV as a differential algebra. The spectrum of the Zhu C,-algebra
Ry is called the associated scheme. Its maximal spectrum is called the associated
variety. Associated schemes and associated varieties, as well as their spaces of arcs,
are introduced in this chapter. They will occupy a central place in the rest of the
book. Not surprisingly, the associated variety is usually easier to describe than the
associated scheme as it will observed in many examples in the following parts. It
already contains meaningful information. One can, for example, detect from it the
lisse condition.

Zhu’s functor V +— Zhu(V) is introduced in Chapter 5. It gives a correspondence
between the theory of modules over a vertex algebra and the representation theory
of its Zhu’s algebra. This correspondence is particularly well-understood in the case
of the universal affine vertex algebras, where Zhu’s algebras are enveloping algebras
of the corresponding finite-dimensional simple Lie algebras.

In Chapter 6, we develop the theory of Poisson vertex modules and Frenkel-Zhu’s
bimodules. These notions generalize all above constructions to the setting of modules
over a vertex algebras.

Recall that Figure 0.1 in the introduction summarizes the main objects of this
part.

We do not claim that this diagram commutes. In general, only the upper right
triangle does. We will see, however, many interesting examples where all arrows
in Figure 0.1 commute, so that gr Zhu(V) = Ry. We will also discuss relations
between the Poisson vertex algebra grV and the coordinate ring over the arc space
of the associated scheme Spec Ry .



Chapter 4
Poisson vertex algebras

Recall that a Poisson algebra structure is a combination of a commutative associative
algebra structure and a Lie algebra structure with certain compatibility conditions.
We refer the reader to Appendix B for basics on Poisson algebras and Poisson
varieties. In the same spirit, a Poisson vertex algebra structure is a combination
of a commutative vertex algebra structure (or, equivalently, a differential algebra
structure) and a Lie vertex algebra structure, that is, a conformal Lie structure in
Kac’s terminology (this notion will be not discussed in the book). with natural
compatibility conditions.

In this book, we follow the approach of [50] using the A-bracket for the definition
of a Poisson vertex algebra. That point of view is, for example, particularly suited to
the study of integrable PDEs. We also present the n-th product approach.

Just as the graded space of an almost-commutative filtered associative algebra with
unit have naturally a structure of a Poisson algebra, any vertex algebra is naturally
filtered and the corresponding graded space is naturally a Poisson vertex algebra.
The corresponding scheme, referred to as the singular support, is of great interest.
In parallel, the C,-cofiniteness condition introduced by Zhu [282] is based on a
certain quotient, the Zhu C, quotient Ry, of a vertex algebras. This condition was
interpreted geometrically by the first author in [14] using the variety Xy associated
with Ry . This variety turns out to be an extremely powerful invariant. To explore the
properties of the associated variety and the singular support is the main objective of
this part.

The chapter is structured as follows.

Section 4.1 is about the definition of Poisson vertex algebras. Section 4.2 is de-
voted to the Poisson vertex structure on arc spaces of Poisson schemes. The structure
of invariant arc spaces is discussed in Section 4.3. Section 4.4 is about the Li filtra-
tion and the corresponding graded vertex algebras. Section 4.5 contains important
properties of the associated variety, the associated scheme and the singular support.
Various examples of such geometrical invariants are computed in Section 4.6. Sec-
tion 4.7 aims to compare the Li filtration and the weight filtration. The lisse condition
is discussed in Section 4.8. Finally, the chapter concludes with Section 4.9 on the
Poisson center of the Zhu C;-algebra.

87
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Our basic references for this chapter are [122, 59, 99, 214, 14].

4.1 Definition

Recall that a vertex algebra V is a commutative vertex algebra (cf. Section 2.10), that
is, a unital commutative algebra equipped with a derivation, if and only if a(,) = 0
in End(V) for all n > 0.

Definition 4.1 A commutative vertex algebra V is called a Poisson vertex algebra if
there exists a linear map

/ll’l
VeV VA, a®b— {aﬂb}=Z;a(n)b, 4.1)

n=0

called the A-bracket, such that

{(0a) b} = —A{a b}, {a,0b} = (1 +0){a,b}, (sesquilinearity) 4.2)
{a b} = —{b_p-pa}, (skewsymmetry ) 4.3)

{ai{byc}} —{bu{aac}} = {{arb},c}, (the Jacobi identity) 4.4)
{a,(bc)} ={a b}c + b{a,c}, (left Leibniz rule). 4.5)

Here, in (4.1), a(,), for n > 0, are “new" operators. (The “old" ones given by the
field a(z) being zero for n > 0 since V is commutative.)

[[IrT3

In terms of operators a ), “sesquilinearity”, “skewsymmetry”, the “Jacobi identity”
and the “left Leibniz rule” are equivalent to the following properties, respectively:

(0a)(n) = [0, am)] = —na(,-1), (4.6)
o1 .
amb =Y (=)™ =37 (b a), @.7)
>0 J:
m
[a(m), b(n)] = Z ( ) (a(j)b)(m+n—j)s (48)
7>0 J
a(n) (b . C) = (a(n)b) -c+b- (a(,,)c) 4.9)

forall a,b,c € Vandalln,m > 0.

The equation (4.9) says that a,), for n > 0, is a derivation of the ring V. (Do not
confuse a(n) € Der(V), for n > 0, with the multiplication a(,) as a vertex algebra,
which should be zero for a commutative vertex algebra.)

It follows from the definition that we also have the “right Leibniz rule” ([180,
Exercise 4.2])

{(ab)ac} = {basoc} ~a+{aroc} b, (4.10)
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where {b .9c}_. means that d is moved to the right, that is,
S 1
{baaca= Y > ——21 (b(c)(8"a).
0= M= D!

One finds that (4.10) is equivalent to

(a-b)nc= Z(a(—i—l)b(nﬂ')c + b (_i—1)A(n+)C),

i20

forall a,b,c € V, and n € Z>( (compare with (2.41) in Section 4.4).

4.2 Poisson vertex structure on arc spaces
Arc spaces over an affine Poisson scheme naturally give rise to a Poisson vertex
algebras, as shows the following result ([14, Proposition 2.3.1]).

Theorem 4.1 Given an affine Poisson scheme X, that is, X = SpecR for some

Poisson algebra R, there is a unique Poisson vertex algebra structure on Jo(R) =
O(Jeo (X)) such that

{aab} ={a, b}

forall a,b € R, that is,

{a,b} ifn=0,

a(,,)b = X

0 ifn>0,
foralla,b € R.
Proof The bilinear map

R®R — R[], a®b+— {a,b} ={a,b}, “4.11)

clearly satisfies {ab} = —{b_i_sa}, {a{buc}} — {bu{arc}} = {{arb} c}. This
extends uniquely to the linear map

JoR ® Joo(R) = Joo(R){A},  a®b— {arb}, (4.12)

satisfying (4.2), (4.3) and (4.5). Here, the well-defindness of this map follows from
the fact that the relations in J R is spanned by the relations of the form 9" a, where
a is a relation in R, and that (4.11) is well defined.

Finally we need to show that the Jacobi identify (4.4) is satisfied. By the Leibniz
rule it is sufficient to show this for the generators 0"a, for a € R, n € Z, but this is
easily done. O
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Remark 4.1 More generally, given a Poisson scheme X, not necessarily affine, the
structure sheaf 0y_ (x) carries a unique Poisson vertex algebra structure such that

fy& = 0n,0{f.8}
forall f,g € Ox C 0y_(x), see [36, Lemma 2.1.3.1].

Example 4.1 Recall that C[g*] has naturally a Poisson structure induced from the
Kirillov—Kostant—Souriau Poisson structure on g* (see Example B.2). Namely, for
all f,g € O(g¥) and all x € g%,

{/f.8}(x) = (x, [dxf. dxgl)s

where d, f, d g are the differentials of f, g, respectively, atx € g* viewed as elements
of (g*)* = g. In particular, for f,g € g = (g*)* c O(g*),

{f.8y =1/l

Since
Jeo(g") = SpecC[x‘('_n) si=1,...,d,n>1],

where {x',...,x%} is a basis of g, it follows from Theorem 4.1 that O(Jw(g*))
inherits a Poisson vertex algebra from that of O(g*).
We may identify O(Je(g*)) with the symmetric algebra S(r~'g[¢7!]) via

X(—n) /> xt™ ", xeg, nzl.

For x € g, identify x with x(_1)|0) = (xt71)]0), where |0) stands for the unit element
in S(+~'g[#7']). Then (4.8) gives that

[x(m)?y(n)] = (x(O)y)mHt = {x, y}(m+n) =[x, y] (m+n)»

for all x,y € g and all m,n € Zsp. So the Lie algebra J.(g) = g[[¢]] acts on
0(d(g")) by:

gllz]l — End(0(J(g"))). X" = x(m), n 20,

where x(,,), for n > 0, is the endomorphism of O(J(g")) given by the Poisson vertex
structure on O(J«(g*)). This action coincides with that obtained by differentiating
the action of Jo (G) = G[[#]] on Jw(g*) induced by the coadjoint action of G (see
Example 1.2). In other words, the Poisson vertex algebra structure of O(Jw(g"))
comes from the Jo,(G)-action on Jo(g*).

Example 4.2 Consider the cotangent bundle 7*G to an affine algebraic group G,
which is a smooth affine symplectic variety. In particular, &(T*G) is a Poisson
algebra. Since T7°G = G X g, we have
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O(T*G)=0(g") ® O(G).

The Poisson algebra structure of &(T*G) is described as follows. The natural em-
beddings

0(g") — O(T*G), O(G)— O(T"G),

are homomorphisms of Poisson algebras, where &'(g*) is equipped with the Kirillov-
Kostant-Souriau Poisson structure and &'(G) is equipped with the trivial Poisson
structure. Finally, the Poisson bracket between &'(g*) and &'(G) is described by the
following formula:

{x’f}:fo’

forx e gc O(g"), f € O(G).
By Theorem 4.1, 0 (JT*G) is naturally a Poisson vertex algebra. Since JoT*G =
Jo0oG X Joo@” by Lemma 1.4, we have

O(JT*G) = O(J8") ® O(JG),
and the Poisson vertex algebra structure is given by the following formulas:

{)C,ly} = [)C,y], X, yegc ﬁ(g*) C ﬁ(goog*)’
{f/lg} = 07 fvg € ﬁ(G) - ﬁ(gooG)v
{xaft=xf xeg, fe0(G).

4.3 Arc spaces and invariants

Let A be a unital commutative algebra of finite type over C, and write Y = Spec(A).
Let G be an affine algebraic group with a left action G XY — Y. By Lemma 1.9
this induces the action Jo (G) X Jo¥ — JooY of the (ind-)group scheme J.,(G) on
Joo(Y). In other words the morphism of algebras

p:A— O(G)®A (4.13)
uniquely gives rise to a morphism of commutative vertex algebras
Poo’ Joo(A) — J(O(G)) ® Jo(A). (4.14)

Let AS c A and Jo(A)?~(%) c J.(A) be the subalgebras of G-invariant and
J(G)-invariant elements, respectively. Letting t: A — C® A — O(G)® A, we
have by definition A = ker(p — ¢) and Joo (A)I=(F) = ker(peo — o).

Since both p., and to, are morphisms of vertex algebras, Jo(A)3=(9) is a vertex
subalgebra of Jo, (A), and the morphism Jo, (A®) — Ju(A) induced by the inclusion
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AG < A factors through the following natural morphism of vertex algebras
jai 3o(A%) — (Jeh)?=9) (4.15)

In general, the morphism j4 is neither injective, nor surjective. For example,
if G is finite nontrivial and A is a G-module, then j4 is not surjective ([218,
Theorem 3.13.]). If G = SL3 and Y = (C?)®° is the direct sum of six copies of
the standard representation, then jo(y) is not injective ([218, Example 6.6]). In this
latter example, the kernel of jo(y) consists of nilpotent elements, and (Y /G) is
not reduced. See [168] for other counter-examples.

There are, however, interesting examples where j4 is an isomorphism.

Example 4.31f G = GLy and Y = (CN)®P @ ((CV)*)®4 is a sum of p copies of
the standard module and g copies of its dual, then jo(y) is an isomorphism due to
the main result of [218].

We refer to [218, 217] for other examples where the morphism (4.15) is an
isomorphism in the case where G = SLy, Gly,SOpn or Sp,p, and Y is a finite-
dimensional G-module such that Y /G is smooth or a complete intersection.

Example 4.4 Let G be a connected reductive group with Lie algebra g. The group G
acts on g and its dual by the adjoint and the coadjoint action, respectively. As noticed
in Example 1.3, we have

(30(8%))9C = J,0(g")°.

Assume from now on that A is equipped with a Poisson bracket and that G acts
by Poisson automorphisms. Note that the jet algebra Jo,(A®) is a Poisson vertex
subalgebra of Jo(A). Indeed, we compute that {0” £10°g} € Jo(AY)[A] for any
f.g € A% and r, s > 0 due to the Leibniz rules and the fact that {f,g} = {f, g}
is G-invariant. The following theorem ([70]) guarantees that (HDQA)a‘”G is also a
Poisson vertex subalgebra of Jo, (A).

Theorem 4.2 The invariant algebra (JoA)?=C is a Poisson vertex subalgebra of
JeA. Moreover, the morphism ja: Joo(A®) — (JeA)I~C is a Poisson vertex
algebra morphism.

Proof Assume first that G is connected, and let g be the Lie algebra of G. Then
de8 = g[[z]] is the Lie algebra of J.G, and connectedness implies that

(J0A)I=C = (JoA)P8,
where
(JoA)?=8 = (Jo )N = g € o A: x(ya =0 forall x € g, k € Zso},

withxgya = (xt*).a given by the infinitesimal action of xz* € g[[¢]] on J.A. Since
G acts as Poisson automorphisms on A, the Lie algebra g acts on A by derivations
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for both the commutative and the Poisson algebra structures on A. Let Y := Spec A.
The left action G X Y — Y induces an algebra morphism

Joo(A) — J(0(G)) ® Ju(A).

Therefore, the Lie algebra g[[z]] acts on JA by derivations for the commutative
algebra structure. The action of g[[#]] on JA is entirely determined by the action of
gon A as follows:
0 0¥ (x.a) ifk<l
xX.a 1 X Ly
X (@'a) =4 (1-k)! (4.16)
0 otherwise,

for k,! > 0 and a € A. In particular, x()a = x.a.
The following identity, for a € JA, x € g and k € Z5 is a direct induction from
the identity (4.6).

X (k) (661) = a(X(k)a) + kx(k,l)a. “4.17)

We are now in a position to prove Theorem 4.2 in the case where G is connected.
Assume that a € (HOOA)QH’". Then x(xya = 0 for all k > 0, and so, by (4.17), we see
that x(x)(0a) = 0 for any k > 0 as well, that is da is in (I A)SN N Next, we have
to show that a(,)b is in (JA)S1! for any n > 0 if it is the case for both a and b.
One can assume that a, b are of the form

a=0"a,...0"a, and b=08""b,...0%b;. (4.18)

The strategy is to establish the following formula for any a,b € JA as in (4.18)
(not necessarily g[[¢]]-invariant):

k
k
Xk (amb) = am) (x(x)b) + Z (5) (X(k-0)@) (n+0) b (4.19)
£=0

If moreover a, b are g[[¢]]-invariant, then so is a,,) b according to (4.19). The formula
(4.19) is shown by induction on r in [70]. We omit the details here.

Next, if G = I' is finite, then J,I" = I" and, hence, J.I" acts by Poisson vertex
algebra automorphisms on Je,A.

For the general case, since G is an affine algebraic group, the component groups
I' := G/G" is finite. Let {g,...,g¢} be a finite set of representatives of I" in G
so that any element g of G is uniquely written as g = g%;, with g% € G° and
i €{l,...,£}. Because JooG = G X g[[t]] as topological space, any element g of
JG is also uniquely written as g = g%g;, with g° € J.,G" and i € {1,...,¢}. Let
now a,b € (JoA)?=C, n € Zso. Write g = g%, as above. Then

g(amb) = g°((gia)(n) (gib)) = &°(a(myb) = amb.
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The first equality holds because g; acts as a Poisson vertex algebra automorphism;
the last because (EL-_,QA)3°°G0 is a Poisson vertex subalgebra by the connected case.
Similarly, we get

g(0a) = g% (da) = g°(9a) = da.

This concludes the proof of the theorem. O

Remark 4.2 Recall from Example 4.4 that for the algebra A = O(g*) equipped with
the induced coadjoint action of G, the morphism (4.15) is an isomorphism. The
Poisson vertex algebra structure on Jo,O(g*) can be understood in two ways: from
the Kirillov-Kostant-Souriau Poisson structure on A = O(g*), or from the Jo.(G)-
action on its Lie algebra J.(g) (see Example 4.1).

4.4 The Li filtration and the corresponding Poisson vertex
structure

Our second basic example of Poisson vertex algebras comes from the graded vertex
algebra associated with the canonical filtration, that is, the Li filtration.

Definition 4.2 Let V be a vertex algebra. A set {a’: i € I} of vectors in V is called
a set of strong generators if V is spanned by |0) and the elements of the form

i ir
Aty 2, 1yl0)
withr > 0,i; € I, n; > 0. A vertex algebra V is called finitely strongly generated if
there exist a finite set of strong generators.

Note that {a: a € V} is a set of strong generators.

The universal affine vertex algebra V¥ (a), the vertex algebra of cdo D"G}fk on an
affine algebraic group G, the Virasoro vertex algebra Vir¢ and their quotient vertex
algebra are strongly finitely generated.

Haisheng Li [215] has shown that every vertex algebra is canonically filtered. For
a vertex algebra V, choose a set {a’: i € I} of strong generators of V. Let FPV be
the subspace of V spanned by the elements

i] [2 oo ir
R A S (4.20)
withi; € I,nj > 0,n; +ny+---+n, > p. Then
V=F'VoFlvo.. ..

It is clear from the definition that TF?V c FP*V, where T is the translation operator
of V.

Definition 4.3 The decreasing filtration F*V is called the Li filtration.
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Set forn € Z,
(FPV)F1V = spang{ab ; a € FPV, b € FIV}.

Lemma 4.1 For p > 1 we have

p
FPV =" (FV) o FPIV.
j=1

In particular, the Li filtration F*V is independent of the choice of the strong gener-
ators of V.

Proof Letv € (FOV)(_j_l)Fp‘jV, for j € {1,...,p}. Since {a': i € I} is a set of
strong generators of FOV, one can write

i i ir
V= (@) Ty | 0 b

withi; € I,n; >0,b € F P=JV . Then it follows from Borcherds identity (2.41) and
induction that v is a linear combination of elements of the form

b, 4.21)

al] aiz . air
(=m=1) " (-mz-1) (=my—1)

,
with m; > O such that my +--- +m, = Zlnj + j > j. From this, it is now easy to
]:

see that v € FPV because b is in FP~/V. This shows the inclusion

P
FOV)_:_ FP7IV c FPV.
(=j-1
j=1

To show the other inclusion, set

P
F,V=> (FV)_,_FP7IV.
p (=j-1

=1

It is enough to prove that any monomial of FPV of the form (4.20) is contained in
F »V. We argue by induction on r, the length of a monomial (4.20). Let v € FPV
be a monomial as in (4.20). Then v = ai‘_nl_l)b, with b € FP7MV. . Ifny > 1, we
clearly get v € F,V since FV =vV.

Assume that n; = 0. Then b € FPV is a monomial of length r — 1. By the
induction hypothesis, it is a sum of elements of the form w_;_)c, withw € F Oy,
jed{l,...,p},ce Fr=iy. By Borcherds identity (2.40), we have

i i -1
a‘(l_l)w(_j_l)c = W(_j_l)al(l_l)c + Z ( ; ) (a(i)w)(—j—i—Z)C-

i20
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Since aill)c € FP7/V and w € FOV, we see that W(_j_l)a?fl)c € FPV. Next,
ampw € FOV and ¢ € FP7IV c FP~I=i=1y_ Therefore (a@yw)(—j-i—2)c € FPV.

This shows that v € F »V, whence the expected inclusion. O

Proposition 4.1 Let p, g € Z. We have (FPV)(,,)(F1V) C FPra=1y foralln € Z.
Moreover, if n > 0, then (FPV)(,y(F1V) c FP*9™"V. Here we have set FPV =V
for p < 0.

Proof + First case. n < —1, that is, n = —j — 1 with j > 0. Any element of
(FPV) ) (F1V) is a linear combination of elements of the form

i i iy
(@@ Engry " A o) D o0 b

withi; € I, n; > 0,n1 +---4+n, > p, b € F1V. So, arguing as in the proof of
Lemma 4.1 by using Borcherds identity (2.41) and induction, we easily obtain that
any element of (FPV)(,(F4V) is a linear combination of elements of the form
i i iy
Tty Cmt) " -1y
r
withm; > 0,mi+---+m, = X n;j+j2p+j=p-n—-1,be FIV, whence the
j=1
inclusion (FPV),)(F4V) c FpPra—n-ly.
x Second case. n > 0. Since FP*4"y c FP*4"-ly it suffices to show that
(FPV)(n (F1V) c FP*47"V. We prove the statement by induction on ¢, observing
that for ¢ < n — p, the inclusion is clear because FP*4™"V = V.
Assume g > n—p. The space (FPV),) (F4V) is generated by vectors a,)b, with
a € FPV,be F1V.By Lemma 4.1, a vector b € F7V is a sum of vectors u(_;_j)c,
withu € V, j € {1,...,q}, c € F9=/V. By Borcherds identity (2.40), we have

n
A (—jo1)€ = U a(mE+ ) (,) (agp)u) (n-i-j-ne.

i>0

By the induction hypothesis, a(, c € F PH4=j="Y gince g — j < ¢ and, hence,
Uj_1yamyc € FP47V. Next, assume for awhile that aiyu € FP~'V. Then by
the first case, (a(ju) (ni-j-1yc € FP~+a=J=(n=i=j=0=1y = pp+a-ny and, therefore,
amu—j-1c €F P41y which shows the expected conclusion.

So, it remains to show that for p € Z and n > 0, we have (FPV),,)V c FP7"V.
We prove this fact by induction on p, observing that the statement is obvious for
p < Osincethen p—n < 0and FP7"V = V. Assume p > 0. By Lemma 4.1, a vector
a € FPV is a sum of vectors u(_;j_nb, withu € V, j € {1,...,p}, b € FP7JV. By
Borcherds identity (2.41), we have for c € V,

(—i-1 .
(uj-nb)me = Z(—l)’ ( Jl- ) (U (i) D ey € = (=17 b joriniy iy ©).

i>0
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By the induction hypothesis, bu.iyc € FP~/™""'V because p — j < p. Hence
u(—j—i-1ybnsiyc € FP7"'V. On the other hand, by the first case or the induction
hypothesisif —j—1+n—i > 0, b(_j_14n—i)l@i)C € Fr-i=(mj=ln=i)=ly — pp-ntiy
FP7V because i > 0. In conclusion, we have shown the inclusion (FPV),)V C
FP~V for n > 0, as desired.

This concludes the proof of the lemma. O

Definition 4.4 A vertex algebra V is called good if the filtration F*V is separated,
thatis, (50 F7V = {0}.

In Corollary 4.2 below we show that any positively graded vertex algebra is good.
Set
e’V =P Frv/Frly.
p=0
We denote by o), : FPV — FPV/FP*V, for p > 0, the canonical quotient map.
When the filtration F is obvious, we often briefly write gr V' for the space grf'V.

We have V = grV as vector space for a good vertex algebra V. Next proposition
is due to Li ([215]).

Proposition 4.2 The space gr’'V is a Poisson vertex algebra by

op(a)-oy(b) = opig(acnb), (4.22)
dop(a) = ops1(Ta), (4.23)
Op (a)(n) O-q(b) ‘= Op+g-n (a(n) b), (4.24)

foralla € FPV\ FP*'V, b € F1V,n > 0.

Proof First of all, the space gr’"V naturally inherits a graded vertex algebra structure
from the vertex algebra structure on V. The vertex operator is given by

Y(op(a),z)b = Z T prg-n-1 (a(n)b)z_"_l,

nez

for a € FPV \ FP*'V_ b € F9V, n € Z, the vacuum is |0) = 00(|0)) and the
translation operator is the linear map sending a € FPV \ FP*1V to op(a)-2|0)y =
0p+1(Ta), since Ta = a(_)|0). The axioms are easy to check. The verifications are
left to the reader.

Furthermore, by Proposition 4.1, Y (0, (@), 2)(n)Y (04 (b),z) = 0fora € FPV \
FPYlV b e FAV, n > 0 and, hence, ng V is a commutative vertex algebra whose
product is given by (4.22), and derivation is given by (4.23).

It remains to show that (4.24) defines a Poisson vertex algebra on grf' V. It is easy
to check that the axioms (4.6), (4.7) and (4.8) are satisfied. We prove only (4.9). Let
a e FPV\ FPWWV. beFiV,ce F'V,n > 0. By Borcherds identity (2.41), we have
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n
a(m) (b(-1)€) = bname+ ) (,) (a@b)mn-1-ne
>0

n-1

m
= bename+(amb)ne+ Y ( ; ) (a@b)m-1-pc.
i=0

Fori € {0,...,n— 1}, (a)b)(n-1-ic € FPT "1V gince n — 1 —i > 0, while
a(n)(b(_l)c), b(_l)a(n)c and (a(n)b)(_Uc are in FP+*4*"~"V_ Hence,

0p (@) (n) (04 (b).0+(¢)) = 074(b).(07p (@) (m) 07 () + (07p (@) (m) 074 (D)) .07 (©),

(4.25)
whence the expected statement. O
Define
Ry =V/F'V=FV/F'v c grf'V. (4.26)
Note that
F'V = spanc{a(-2)b: a,b € V} (4.27)

by Lemma 4.1. We also write C,(V) for the space F'V by historical reason. Zhu
observed that the quotient Ry has a natural structure of a Poisson algebra ([282]).

Proposition 4.3 The quotient Ry is a Poisson algebra by

a-b=acpb, {d,E}Za(o)b
fora,b €V, where a = oy(a).

Proof First, by (4.22) with p = g = 0, the product @- b = anb,fora,b €V, gives
to Ry a ommutative associative algebra structure, with unit W

Let us prove that the bracket {a, 15} = a(b, for a,b € V, is Poisson for the
commutative algebra Ry . It verifies the skew-symmetry property by (4.7) withn =0
and a,b € FOV so that 8/(b(;ya) € F'V for j > 0, and the left Leibniz rule by
(4.25) with p = g = 0 and n = 0. Then it also verifies the right Leibniz rule by the
skew-symmetry. As for the Jacobi identity, it follows from (4.8) withm =n =0. O

Definition 4.5 The Poisson algebra Ry is called the Zhu Cy-algebra of V.
Li proved the following result ([215]).
Proposition 4.4 As a differential algebra, gr¥'V is generated by Ry .
Proof SetA=P A, = arf'v, A, = FPV FP*V_ We wish to show that the graded
p>0

differential algebra A is generated by Ag = Ry as a differential algebra.
First, note that we have
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Ay = @ A, = ADA. (4.28)
p>0

Indeed, it is clear that AOA C A,.

Conversely, let us show that A, € AGA.Letv € FPV.By Lemma4.1, v is a sum
of terms of the form a_;_1)b, with j € {1,...,p},a € FOV and b € FPIV. By
Borcherds identity (2.40) and (2.38), we have

—i-1
aj-nb = acjnbn|0) = byacnl0)+ ( ]z ) (a@b)(-j-2-110)
>0

Tia —j =1\ T7*"*(a()b)
o () S0 e
J! = j+I+1)!
Hence,

[ oo(a) —j =1\ . iager (Opji-1(a@b)
O'(a(_j_l)b)=0'pj(b).01( Oj! )+;( z )af“("(;”—ﬂ)!).

This shows that A}, is contained in A9 A for all p > 0, whence A, C AJA.
Let A’ be the differential subalgebra of A generated by Ag. We will show by
induction on p that A, c A".
p-1
Clearly, Ag € A’. Solet p > 0. By (4.28), A, = A;0A,_;_1, which is con-
i=0
tained in A’ by the induction hypothesis. O

Corollary 4.1 Let {a’: i € I} be a set of vectors of a good vertex algebra V. The
following are equivalent:

(i) {a':i eI} are strong generators of V,
(ii) the image of {a’: i € I} generates Ry .

In particular, a vertex algebra V is finitely strongly generated if and only if Ry is
finitely generated.

In this book we will always assume that a vertex algebra V is finitely strongly
generated.

Definition 4.6 Let ¢: V — W be a map between two Poisson vertex algebras. We
say that ¢ is a Poisson vertex algebra homomorphism if ¢ is a homomorphism of
differential algebras such that

¢(amyb) = ¢(a)ny¢(b),

foralla,b e V,n > 0.
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The following assertion is clear.

Lemma 4.2 If ¢: V — W is a homomorphism of vertex algebras, then ¢ respects
the canonical filtration, that is, p(FPV) C FPW. Hence it induces a homomorphism
erf' Vv — grf' W of Poisson vertex algebra homomorphism which we denote by grt ¢.
The map grf ¢ restricts to a Poisson algebra homomorphism Ry — Ry, which
we denote by ¢. If in addition ¢ is surjective, then ¢(FPV) = FPW. In particular,
gro : grf'V.— gt Wand ¢ : Ry — Rw are surjective homomorphisms of Poisson
vertex algebras and Poisson algebras, respectively.

4.5 Associated variety and singular support

We now focus on geometrical objects associated with Ry and grf'V.

Definition 4.7 Define the associated scheme Xy and the associated variety Xy of a
vertex algebra V as

Xy :=SpecRy, Xy = Specm Ry = (Xy )req.

Let X be an affine Poisson variety. A vertex algebra V is called a chiral quantization
of X if Xy = X as Poisson varieties.

By Proposition 4.4, grf’V is generated by the subring Ry as a differential algebra.
Thus, we have a surjection Jo(Ry ) — ng V of differential algebras by Lemma 1.1
since Ry generates Jo(Ry ) as a differential algebra, too.

This is in fact a homomorphism of Poisson vertex algebras ([14, Proposition
2.5.1D.

Proposition 4.5 The identity map Ry — Ry induces a surjective Poisson vertex
algebra homomorphism

Jeo(Ry) = O(Je(Xy)) —» erf'V.

Proof As noticed just above, the identity map Ry — Ry induces a surjective
homomorphism of differential algebras f: Je(Ry) — grfV. Let us show that f
is a Poisson vertex algebra homomorphism. It suffices to verify that f(a,)b) =
fla)m f(b), forall a,b € Joo(Ry) and all n > 0.

By construction, this is true for all @, b € Ry and n > 0, since the restriction of
f to Ry is the identity map, and a ()b = 6, 0{a, b} for a, b € Ry . The statement is
then a direct consequence of Lemma 4.3 below. O

Remark 4.3 Suppose that the Poisson structure of Ry is trivial. Then the Poisson
vertex algebra structure of J, (Ry ) is trivial, and so is that of gr’ V by Proposition 4.5.
This happens if and only if

(FPV)(ny (F1V) c FP*™y  forall n > 0.



4.5 Associated variety and singular support 101

If this is the case, one can give grf' V yet another Poisson vertex algebra structure by
setting

0p(a)(n)yoq(b) = Oprg—ns1(ab) forall n>0.
(We can repeat this procedure if this Poisson vertex algebra structure is again trivial.)

Lemma 4.3 Let V, W be two Poisson vertex algebras, and ¢: V — W an algebra
homomorphism such that $0 = 0¢. Suppose that

¢(amb) = p(a)my¢(b) forall a,b € Randn > 0,

where R is a generating subset of V as a differential algebra. Then ¢ is a vertex
Poisson algebra homomorphism.

Proof We follow this argument of [214, Lemma 3.3]. Let a, b € V be such that
d(amb) = ¢p(a)m¢(b) forall n > 0. (4.29)

Using (4.6) for both V and W, the assumption ¢d = d¢ and (4.29), we obtain for all
n=0:

¢(amy0b) = ¢p(da,b) +ne(a-1)b)
= 0¢(a)(n)¢(b) +ng(a)n-1)¢(b)
= ¢(a)(n) (94(b)).

By the left Leibniz rule (4.9) and induction we deduce that (4.29) holds for alla € R
and b € V.

Next, using the skew-symmetry (4.7) and ¢0 = 0¢ we get that ¢(da(,b) =
¢(0a)(m¢(b) foralla € R, b € V and n > 0. Again by the left Leibniz rule (4.9)
and induction, we deduce that (4.29) holds for all a, b € V.

This concludes the proof of the lemma. O

Definition 4.8 Define the singular support SS(V) of a vertex algebra V as
SS(V) = Spec(grf'V) c JoXv.

A vertex algebra V is called a stric chiral quantization ([23]) if SS(V) = JeXv as
schemes, that is, Jo Ry = grf'V.

Remark 4.4 Vertex algebras satisfying the condition JoRy = grf'V was called
classically free in [103].

Definition 4.9 We say that a vertex algebra V admits a PBW basis if there exists
a collection {a’: i € I} of vectors of V, with I a finite set, such that the set of
monomials

i i i . . . ep . .
a(‘_nl)a(z_nz) ...a(’_nr)|0), i1 <ip)<...<ip, ng < ngyq ifig =igy1, (4.30)
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form a basis of V. In particular, the collection {a’: i € I} is a set of strong generators
(the notion is defined before Remark 2.5).

Lemma 4.4 The following conditions are equivalent:

(i)  V admits a PBW basis,
(i) Ry is isomorphic to a polynomial ring and SS(V) = e Xy .

Vertex algebras satisfying the condition (ii), i.e., JoRy = ng V, are called
classically free in [103].

Proof (i) = (ii) In this case, Ry is generated by the images of the elements
al(‘fl)a’({l) .. .a’([l) |0Y, fori € I, and they are linearly independent by the hypothesis.
Hence, Ry is isomorphic to the polynomial algebra in the variables a*, i € I, with
a' the image of a€71)|0> in Ry and, so, JoRy = C[0"a': i€ I, n > 0].

On the other hand, it is clear that FPV is generated as a vector space by the
monomials (4.30) such that ny + -+ - +n, > p +r. As aresult, gr’' V is generated by
the monomials (4.30) such that ny + - - - + n,, = p + r. Then we get an isomorphism
erfV. "> J.Ry given by ai_p_l) — 0Pa’ for p » 0,i € I, whence SS(V) =
Hoo)?v-

(ii) = (i) Conversely, assume that Ry = V/F'V = C[x’:i € I] and that
grf'V = J Ry .Foreachi,leta’ = ai_l) |0) be a representative of x’ in V. From the
isomorphisms

JoRy = C[0"x' :iel,n>0] =gV,

we deduce that grf'V is generated as a vector space by the monomials (4.30),
whence (1). m]

The following lemma is very natural and useful in practice.

Lemma 4.5 Let V,W be two vertex algebras both admitting a PBW basis, with
underlying set of strong generators {a': i € I} and {b’: i € I}, respectively. Assume
that the OPEs between the a'’s and the b'’s are the same in the following sense:
for any m > 0, writing the field ai(z)(m)aj (z) = (a?m)aj)(z) uniquely as a linear
combination

' (@D () = ) e(,, (i jomag,, (2),

where c%n) (i,j,m) € Cand

L0 i i
Ty = Ay - D np 10N

it is required that

B (@) (2) = Y ¢t (i Jym)b, (),

Ln
finite
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with )
L g0 i ir
b(ﬂ) - b(—nl)b(—nz) "'b(—nr)|0>'
Then there is an isomorphism of vertex algebras V. — W sending each monomial
alfn) to blzn).

Proof Set8, ={a':i€I}and8, = {b':ieI}.ThenV = (8y)y and W = (S;)w.

Define an isomorphism of vector space f: V — W sending the monomial a (n) O

b%n)' Since the OPEs between the elements of §, and 8, entirely determine the vertex

algebra structure of V and W, f is clearly an isomorphism of vertex algebras. O

4.6 Examples

The following assertion is useful to compute F'V in practice.

Lemma 4.6 Let {a': i € I} be a set of strong generators of a vertex algebra V such
that for all i1,i» € [ and all n > 0, al(‘n)ai2 is a linear combination of |0) and the

al’s, i € I. Then
F'v = spanc{ai_ni_z)v: i€el, ni>0,veV}

Proof Writing v as a linear combination of elements of the form (4.20), we see that
ai_ni_z)v, i€l ,n; >0,v eV belongs to F'V, whence one inclusion.

Conversely, show by induction on the length  of monomials v of the form (4.20)
that F!'V is contained in the right-hand-side. Let v = a’(‘_n _l)al(z_ yoal, 0y e

1 ny—1) (=ny-1)

FV. At least one of the n j’s is greater than 1. If ny > 1, then the statement
is clear. In particular, the statement is clear if » = 1. Assume n; = 0. Then
v = al({nrl) . 'a’([nrfl) |0) € F'V and by the induction hypothesis, there is j € I,
m > 0, w € V such that

S . . 1N
V= a’(‘_l)af_m_z)w = a{_m_z)a’(‘_l)w + Z ( ! ) (al(]l)a’)(_m—3—l)w.
10

j i
cm-29(-1) e
the hypothesis of the lemma, (a'(‘l)a")(_m_3_l) w is a linear combination of elements

The element a w lies in the right-hand-side set of the lemma. Moreover, by

a‘(_m_3_l)w, i € I. Note that [0) _,,,_3_w = 0 because —m — 3 — [ cannot be equal
to —1. Since m, ! > 0, we get that v € spanc{az_ni_2)v: iel, n >0,veV}as
desired. O

Example 4.5 Consider the universal affine vertex algebra V*(a) as defined in Sec-
tion 3.1. Since V¥ (a) is strongly generated by x € a C V*(a), we have

F'V¥(a) = t2a[r']V¥(a)
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by Lemma 4.6. Therefore,

Ry« = V<(a)/t 2alt' V¥ (a).
By the PBW theorem we have an isomorphism linear map

ﬁ(a*) = S((I) AN RVK(a) 4.31)

that sends the monomial x'x?...x" € S(a), for x' € a, to the image of

xl_l) .. .xf_l) |0) in Ry« (q). This is in fact an homomorphism of Poisson algebras.
Therefore,

Xve( = Xve(a) = 0.
In particular, V¥(a) is a chiral quantization of a*. Moreover, the surjection
0(Jwa”) — g’ V¥ (a)
is an isomorphism since both sides have the same graded dimension with respect to
deg(xt™) =n, n € Zso.
(Here we have used the fact that V¥ (a) is good, see also Example 4.6 below.) Hence
SS(V¥(a)) = Jeot™.

For the simple quotient L, (a) of V¥(a), the surjection V¥(a) - L, (a) induces a
surjection '(a*) = Ry« (q) » Ry, (). Thus,

R (o= 0(a")/1

for some graded Poisson ideal I of &'(a*), and X; _(q) is the zero locus of I in a”,
which is a conic Poisson subvariety. Similarly, SS(L,(a)) is a C*-invariant closed
subscheme of J..a*.

Exercise 4.3 Let Vir¢ be the universal Virasoro vertex algebra of central charge ¢ € C.

(i)  Show that grf Vir® = C[L_,,L_3,...].
(ii) Deduce from (i) that Ryjc = C[x], where x is the image of L := L_,|0) in
Ryjire, with the trivial Poisson structure.
(iii) Show that one can endow grf Vir¢ with a nontrivial Poisson vertex algebra
structure such that
{L,L}y=TL+2AL.



4.7 The conformal weight filtration and comparison with the Li filtration 105

4.7 The conformal weight filtration and comparison with the Li
filtration

Suppose that V is positively graded:

V= @ Va,

Ae%Zw

where r( is some positive integer. (In most cases we assume that ro = 1 or 2.) There
is another natural filtration of V defined as follows [214].

Choose a set {a': i € I} of homogeneous strong generators of V. Let GV,
pE %Z;O, be the subspace of V spanned by the vectors

i i iy
ety 4 )10 (4.32)

withi; € I,n; > 0, A i +---+Agir < p. Then G,V defines an increasing filtration
of V:

0=G,VcGyVc..Gve..., V=G,V
p

Definition 4.10 The increasing filtration G,V is called the conformal weight filtra-
tion.

Lemma 4.7 We have

TG,V c G,V, (4.33)
(GpV))G4V C G pigV forneZ, (4.34)
(GpV))G gV C G pagiV  forn € Zsg. (4.35)

Proof Since [T,ai_n)] = na?_
easily seen.

For n < 0, we establish (4.34) exactly as for the proof of Proposition 4.1, using
Borcherds identity (2.41).

Assume n > 0. Since Gp1g-1V C Gpi4V it suffices to establish (4.35). In
addition, it suffices to prove that a(,)b C Gpig-1V foralla € G,V, b € G,V that
are homogeneous.

Recall that by (2.49), we have for n > 0,

1)’ forany i € I, n > 0, and T|0) = 0, (4.33) is

(VA)(m)Var € Varar—n—1. (4.36)

Therefore, (4.35) will be a consequence of the equality (4.37) in Lemma 4.8 below.
Indeed, setting F'Vy := FIV NVy, GiVa := G;V NV, fori > 0, we obtain by (4.37)
and Proposition 4.1,
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amyb € (FA"PVp )y FA* ™9V, € FAaTPHma7MY, oy oy

= Gp+q—1VAa+Ab—n—1 c Gp+q—1V

for homogenous elements a € G,V,b € G,V andn > 0.
Notice that the proof of Lemma 4.8 uses (4.34) for n < 0, but does not use (4.35)
or (4.34) forn > 0. |

It follows that gr;V = P » G,V /Gp-1V is naturally a Poisson vertex algebras.
Moreover, we have the following remarkable result ([14, Proposition 2.6.1]).

Lemma 4.8 We have
FPVpA = Gp_pVa, 4.37)
where FPVA = VAN FPV, G,VA = VAN G,V. Therefore
ngV = grgV

as Poisson vertex algebras.

Proof The second assertion easily deduces from the first one. Let us prove the first
assertion. Clearly, Vo C GaVj since for a € V,, one can write a = a(-1)|0) € GAV.
The other inclusion is obvious and, hence, Vo = G AV, that is,

FOVA = GAVAa.

We now show the inclusion FPVjy C Ga—_p,Va by induction on p > 0. Let p >
0. By Lemma 4.1, FPV, is generated by elements v = a_;,_b, with a € V,_,
b e F"‘iVAb, i > 1, A, +Ap +i = A. Hence it suffices to show that for such
elements, v € Ga_,Va. By the induction hypothesis, Fp‘iVAb C Gap-p+iVa,-
Because a € Vo, € Ga,V, we have by (4.34) withn =—i -1 <0,

v=aci-1nb € (Ga,Va,)(i-1)Ga,—p+iVa, C Gay+n,-p+iVa = Ga—pVa.

Hence FPVxy C Ga—pVa.
It remains to show the opposite inclusion Ga-,Va C FPV,. We prove that
any element v of the form (4.32) belongs to FPV, by induction on r > 0. For

r = 0, the statement is obvious. Assume r > 0. Then v = a’(‘_nl_l)w, with w =

i i _ i
“(Z—nz—l) . -~a(_nr_1)|0), nj > 0, %Aai‘,- < p, Ayiy + Ay +n1 = A, where each a'
is homogeneous. Because w € Gp_a i Va,,» the induction hypothesis gives that

w e FAai*w=Py,  Hence

% w e FA“i] Hhw=ptm VAui] +A+np = FA_pVA

=gl
(=n-1)
since a € FOVy , . m
a

By Lemma 4.8, it follows in particular that the conformal weight filtration is
independent of the choice of the set of strong generators.



4.8 The lisse condition 107

Corollary 4.2 A vertex algebra is good if it is positively graded.

Proof This is clear from Lemma 4.8 since FPVy = Ga_pVa = 0if p > A for
each A. m]

Example 4.6 Consider the universal affine vertex algebra V*(a). Since V¥(a) is
strongly generated by x € a ¢ V¥(a), which has conformal weight one, it follows
that

GpV* (a) = Up(alt™"1171)]0),

where U, (a[¢~']¢7") is the PBW filtration of U(a[¢~']¢~!) (see Example B.2). On
the other hand, we have the isomorphisms (cf. Example 4.1)

grU(a[r ') = S(a[r 17" 2 0(Jw(a¥)).
Hence, as a consequence of Lemma 4.8, we reconfirm the fact that
gr V¥ (a) = grg V¥ (a) = 0(Je(a"))

as Poisson vertex algebras.

Example 4.7 Consider the vertex algebra Dg"( of chiral differential operators on G
at level « (see Section 3.4). We have

GpDZ . =Up(alt 1) ® 0(JuG).
Thus
o DE = gD, = Clda(8")] ® 0JwG) = 0(3(T"G)),
which restricts to the isomorphism
RDCGI,VK = O(T*G). (4.38)
In parcticular, we have

X%hk =T'G, SS(DF,) =3T°G. (4.39)

4.8 The lisse condition

Geometrical properties of the associated variety Xy should reflect important infor-
mation about the vertex algebra V. It is natural to first consider the simplest case
where Xy has dimension 0.

Recall that we are assuming that a vertex algebra V is finitely strongly generated
so that Xy is a scheme of finite type. The following statement is mentioned in [48,
Exercise 8.3].
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Lemma 4.9 Let X = Spec R be an affine scheme of finite type over a field K. Then
the following assertion are equivalent:

(i) dimX =0,
(i) R is a finite dimensional K-algebra.

If so, then X is a finite discrete topological space.

Proof To prove the equivalence (i) <= (ii), recall that a Noetherian ring has
dimension zero if and only if it is Artinian [228, Theorem 3.2 and Example 2 in §5].
So the converse implication (ii) = (i) is clear because a finite dimensional algebra
is an Artinian ring. Indeed, if R is a finite dimensional K-vector space, then it is
Artinian as K-vector space. But every ideal of R is a K-vector space and thus they
satisfy the descending chain condition, which proves that R is Artinian as ring.

Conversely, assume that dim X = 0, that is, R is Artinian. Then R is a finite
product of Artinian local rings (cf. [48, Theorems 8.7]). So one may assume that R
is an Artinian local ring, with maximal ideal m. Then R/m if a finite extension of K
by Zariski lemma. Since R is Artinian, m is the radical of A ([228, proof of Theorem
3.2]) and thus m”" = 0 for some n. Thus we have a chain

2

Romom 2---om"=0.

Since R is Noetherian, m is finitely generated and each m‘/m*! is a finite di-
mensional R/m-vector space, hence m is a finite dimensional vector space. This

completes the proof. O

Definition 4.11 A vertex algebra V is called lisse (or Cy-cofinite) if dim Xy = 0 or,
equivalently, if Ry = V/F!(V) is finite dimensional.

As a consequence of Proposition 4.5, we have the following result.
Theorem 4.4 We have dim SS(V) = 0 if and only if dim Xy = 0.

Proof The “only if” part is obvious since 7 (SS(V)) = Xy . The “if” part follows
from Corollary 1.2 and Proposition 4.5. O

By Theorem 4.4 we get:
Lemma 4.10 The vertex algebra V is lisse if and only if dim SS(V) = 0.

The C;-cofiniteness condition, dim V/C, (V) < oo, was introduced by Zhu [282];
the same condition was studied earlier by Feigin and Fuchs [115] in the context
of the Virasoro vertex algebra. The term lisse has been borrowed from Beilinson,
Feigin, and Mazur, who considered the finiteness condition dim SS(V) = 0 in the
context of Virasoro vertex algebras. The equivalence between these two notions was
established in [14]. In this book, we will be using the term lisse instead.

Lemma 4.11 Suppose that V is conical, so that V = aso Va and Vo = C|0). The
algebras grf'V and Ry are equipped with the induced grading:
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gV = @(ngV)A, (e V)o =C,
A>0

Ry =P (Rv)a, (Rv)o=C.

A>0

Then the following conditions are equivalent:

(1) Vs lisse,

(i) Xy = {point},

(iii) the image of any vector a € Va for A > 0 in Ry is nilpotent,
(iv) the image of any vector a € Va for A > 0 in grf'V is nilpotent.

Thus, lisse vertex algebras can be regarded as a generalization of finite-dimensional
algebras. Examples of lisse vertex algebras will be given in Chapter 11.

Proof The equivalence (i) <= (ii) follows from Lemma 4.9. Let us prove the
equivalence (i) <= (iii). One can assume that Ry = C[x',...,xN]/I for some
ideal 1. If Xy = {point}, then Ry /VO = C. So VI is the argumentation ideal
of C[x',...,xN] or, equivalently, each x’ is nilpotent. Conversely, if each x' is
nilpotent, VI is the argumentation ideal of C[x!',...,xN], that is, Rv/\/ﬁ = C and
so dim Xy = 0.

To prove the equivalence (i) <= (iv), write

ngV=C[xE_j),...,x?ij>, j=10/J

for some ideal J, which is possible by Proposition 4.5. Part (i) is equivalent to
that dim SS(V) = 0 by Lemma 4.10. Hence one can argue as for the equivalence
(i) & (iii). Namely, if SS(V) = {point}, then grf V/v0 = C. So VJ is the
argumentation ideal of C[x(l_j), e ,x?ﬁ e j = 1] or, equivalently, each xi_j) is
nilpotent. Conversely, if each x!__ is nilpotent, VJ is the argumentation ideal of

(=5
Clx ,xﬁj),j > 1], that is, gr V/v0 = C and so dim SS(V) = 0. m]

I
=)
Lemma 4.12 Let V be a conical vertex algebra, {a': i € I} a set of homogenous
strong generators, so that O(£Xy) is a topological ring generated by the image
din), i € I, where @ is the the image of a' in Ry. If V is lisse, then each din) is
nilpotent in O(ZLXy).

Proof Recall that the ind-schemes .Z Xy is the direct limit of schemes .%, Xy,
with %Xy = JewXv. The canonical morphism (Xy)eq = Xy — Xy induces
morphisms %, Xy — .%,Xy for each n and, hence, a morphism of ind-schemes
LXy — ZXy. Since C((z)) is a field, similarly to Lemma 1.7 we establish that

LXy — LXy,

as topological spaces, whence .%, Xy — ., Xy as topological spaces for each n
as well.
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Moreover, if Xy is a point as topological space, then .Z Xy is also a point since
Homy (C,C((z)) = Homgen(Spec C((z), Xy) = Homgcp(SpecC, ZXy)) =
Homy;, (O(£ Xy ), C) consists of only one point. It follows that if Xy is zero-
dimensional, then each %, Xy is zero-dimensional too.

Hence, if V is lisse, then O(.%, Xy )/V0 = C, that s, C[diﬁ.il) (i€ I]j>_,,/\/— =

C. So the augmentation ideal ofC[c’zi_j_l) : 1 € I]j»_p is generated by the di_j_l) ’S.

In particular each &i—j—l)’ fori € I and j > —n, is nilpotent in O(.%, Xy ). Since this
is true for each n we get the statement. O

Lemma 4.12 will be used in the proof of Theorem 5.6.

4.9 Remarks on the Poisson center of the Zhu C,-algebra.

Let Z(Ry ) be the Poisson center of Ry defined by
Z(Ry)={ae€Ry:{a,b}y=0 forall b € V}.

If V is conformal with conformal vector w, then @ belongs to Z(Ry ). Indeed, for
any a € V,w(ya = LY,a =Ta = a(_y|0), whence {&,a} = 0in Ry.

Lemma 4.13 Let a € V such that @ € Z(Ry ). Then
D,:Ry - Ry, b~ ab,
defines a derivation of Ry .

Proof Since a € Z(Ry), we have a(,)FPV ¢ FP~™1V_ In particular, a()F'V c
F'V. Thus, the linear map D, : Ry — Ry is well defined. We have

aq)(b-nc) = laq), b-nle+bnanyc = (awb) e+ (amb)ayc+bnaqc.

Since a € Z(Rvy), ab € F'V. Hence (ayb)c € F'V, Therefore D, is a
derivation as required. O

Note that D, (a) = A,a for a homogenous element a of V of conformal weight A,.

Theorem 4.5 Let V be a conical conformal vertex algebra. The following conditions
are equivalent:

(i) @ is nilpotent in Ry,
(ii) the augmentation ideal of Z(Ry ) is contained in the radical of Ry .

Proof The direction (ii) = (i) is obvious. So let us show that (i) = (ii). Let a be
a homogenous element a of V of conformal weight A, > 0 such that @ € Z(Ry ).
Since @ € /(0), we have D, (@) € 4/(0). However,
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agyw = la), 0110} = ~[w1,am110) = = (=1 (0(;a) (- |0)
j>0
== > (=1 (0(ja) 0} = —(@nya)1)|0) = ~Asa  (mod F'V).
j>1

Therefore, a € +/(0). O

Corollary 4.3 Let V be a conical conformal vertex algebra such that Ry is Poisson
commutative. Then the following conditions are equivalent.

(1) Vs lisse.

(il) @ is nilpotent in Ry .

We will see an analogue statement for guasi-lisse affine vertex algebras in the
next part (cf. Theorem 13.2).






Chapter 5
Modules over vertex algebras and Zhu’s functor

We introduce in this chapter the Zhu functor V +— Zhu(V) assigning to a vertex
operator algebra the associative algebra Zhu (V). Zhu established that the equivalence
classes of the irreducible representations of V are in one-to-one correspondence with
the equivalence classes of the irreducible representations of Zhu(V). The associative
algebra Zhu(V) has a much simpler structure than V, for example, the one-to-one
correspondence theorem implies that if V is rational then Zhu(V) is semisimple.
The algebra Zhu(V) also plays a crucial role in the proof of the modular invariance
of characters [282, 237].

Section 5.1 is about Zhu’s functor. An alternative description of Zhu’s algebra is
given in Section 5.2. The first important theorem of the chapter (Theorem 5.2) is
proven in Section 5.3 using this alternative description. In Section 5.4, we discuss
the connexion between the Zhu algebra and the Zhu C,-algebra. The second crucial
result of the chapter (Theorem 5.6) is proved in Section 5.5. To finish, using the
technics of Section 5.4, we explicitly compute in Section 5.6 the Zhu algebra in
some examples.

We continue to assume that a vertex algebra V is finitely strongly generated.

5.1 Zhu’s algebra and Zhu’s functor

We assume in this chapter that V be a Z-graded vertex algebra (see Definition 2.8).
Definition 5.1 For homogeneous elements a, b of V, set
(z+1)2a Ag
aob:=Res, Y(a,z)b—2 = Z . |ai-2b,
N iz V!
and extend the products o linearly. The expression (z + 1), for k € Z, means

3 (';)zf We set
>0

113
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Zhu(V) :=V/VoV, (5.1)
where VoV :=span{faob: a,b € V}.
Next theorem is due to Frenkel-Zhu and Zhu ([131, 282]).

Theorem 5.1 (Frenkel-Zhu) The quotient Zhu(V) is an associative algebra, called
the Zhu algebra of V, with multiplication defined as

1)Aa A,
a b :=Res, Y(a,z)bu) = Z ( ) )(l(z‘—l)b
< is0 \ !

for homogeneous elements a,b € V. Its unit is the image of the vacuum |0) in the
quotient Zhu(V).

A vertex algebra V is called a chiralization of an algebra A if Zhu(V) = A.
Before proving the theorem, we need some lemmas.

Lemma 5.1 For a homogenous element a and n € Z, we have
n A
T"a =n! a modVoV.
n

Proof From a o |0) = a(2)|0) + Agqa = Ta + Aya, we deduce that Ta = -Aya
mod V o V. Using this relation and Ar, = A, + 1, the identities follows from an easy
induction on 7. O

Lemma 5.2 For a, b homogeneous elements,

1)Aa=l Ay —1
b % a = Res, (Y(a,z)b&) =Z( , )a(i—l)b mod VoV.
z i

i>0
Proof By skew-symmetry (Proposition 2.4) and Lemma 5.1, we have

Y(b,2)a=eY(a,~2)b = Z e agyb(-z2)™"!

nez

=22 _Tj(i(z"—)b) (=™

nez j>0

Ay —=Ap+n+1)\ . e
PN
nez j>0 J

= 3 (=) (e D g

nez

= (z+ 1)y (g, ———)b.
(24 7Y (0, )

Therefore, we get
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(z+ 1)A”) (z+ D% (z+ 1)‘A“_A").
z

b+ a = Res, (Y(b,z)a = Res, (Y(a, —L)b
z+1

Recall the formula for change of variable for residue. For g(w) = 3,527 viaw™ €
V((w)) and f(z) = X anz" € zC[[z]] with a; # 0, the power series g(f(z)) €
V((2)) is defined as

(@D = T @ = 3 Dt (")

m>M m>M j=1
where f = %72, %-z'~!. Then we have the following formula:
d
Res,, g(w) = Resz(g(f(Z)))d—Zf(Z)- (5.2)

Using the formula of change of variable (5.2) with w = —sz we deduce that

1 Ag—1
b x a = Res,, (Y(a, w)bu) s
w

whence the expected result. O

Lemma 5.3 For homogeneous elements a, b, we have

Ay -1
a*b—b*a=2( ai )a(l-)b mod VoV

i>0
In particular, the image of the conformal vector belongs to the center of Zhu(V).

Proof The first assertion is an easy consequence of Lemma 5.2. The last assertion
follows from the fact that w * @ —a * w = Y50 (Hw@pa=Ta+Ha=ao|0). O

Lemma 5.4 For every homogeneous elementa € V, and m > n > 0,

( )Aa+n

Res, (Y(a 2) — b) eVoV.

Proof Since
(z+ 1)Aa+" (z+ I)A“
2+m - Z 2+m i’
we only need to prove the lemma for the case n = 0 and m > 0. We prove the
statement by induction on m, the case m = 0 being clear from the definition of VoV.

Assume the statement is true for any m < k, and prove it for m = k + 1. By induction,

we have
(Z + 1)Aa+1

Res, (Y(Ta, 2) b) eVoV.

Z2+k
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On the other hand,

(z+ 1)Au+1 9 (z+ I)Aa+1
Res; Y(Ta,Z)Z2—+kb = Res; 8_Zy(a’z)zz—+kb

8 (z+ 1)Aatl
= —RCSZ (Y(G,Z)a—z% )

= —(As + 1) Res, (Y(a,z)wb)

Z2+k

1)Aa
+ (2 4+ k) Res, (Y(a, z)(ZZ:TLb) :

whence the statement for m = k + 1 since the first term of the right-hand-side is in
V o V by induction. O

Proof (of Theorem 5.1) First, for homogenous a,
ax|0)=acpl0)=a and [0)+*a=[0)_ja=a. (5.3)

It suffices to show that the following relations hold for homogeneous elements a, b, c:

ax(VoV)cVoV, 5.4)
(VoV)sxacVolV, (5.5)
(axb)xc—a=*(bxc)eVoV, (5.6)

since (5.3) will ensure that the image of |0) is a unit for the multiplication = on
Zhu(V).

We only detail the proof of (5.4), the other identities are proven using the same
technics. The idea is to show that for homogeneous elements a, b, ¢ of V, we have
ax(boc)—bo(axc)eVoVsothata= (boc)eVoV.Using (2.43), we get

(z+1)Aa) (w+ 1% )
oz Twr ¢

ax(boc)—bo(axc)=Res, (Y(a, 2) Res,, (Y(b, w) "

— Res,, (Y(b, w)(w-:v—zl)Ab) Res, (Y(a, 2)

(z+ D% (w+ D2 ))
. c

w2

(z+1)ha )
-
4

Res,, (Resz_w (Y(Y(a, z—=w)b,w)

A .
< Au (W + l)Aa+Ab—l
= ( . )RGSW (Y(a(,+])b,w)(—1)j—3
I wJt
i=0 j>0

Since Ag;, ;b = Aa + Ap — i — j — 1, the right hand side of the last equality belongs
to V o V in virtue of Lemma 5.4. O

For a simple positive energy representation (cf. Definition 3.2) M = €, ez Masn,
My # 0, of V, let My, be the top degree component M, of M. Using (2.50), we see
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that for any d,
M
a(n)Md C Maip,—n-1- (5.7

For a homogeneous vector a € V, let o(a) = a,-1) = “1(‘1 _1y» SO that o(a)
preserves the homogeneous components of any graded representation of V by (5.7).

Remark 5.1 There is also an alternative construction of Zhu’s algebra by van Ekeren
and Heluani that uses elliptic functions and does not use the conformal structure
[102]. As a matter of fact, Zhu’s algebra structure is independent of the conformal
structure.

The importance of Zhu’s algebra in vertex algebra theory comes from the follow-
ing fact [282].

Theorem 5.2 (Zhu) Assume that V is Z-graded. For any positive energy represen-
tation M of V, [a] — o(a) gives a well defined representation of Zhu(V) on Miqp,
where [a] is the image of a in Zhu(V). Moreover, the correspondence M — M,
gives a bijection between the set of isomorphism classes of irreducible positive energy
representations of V and that of simple Zhu(V)-modules.

The proof of this theorem will be given after Theorem 5.3.

Remark 5.2 When the vertex algebra V is a %Z-graded, one usually considers two
kinds of representations, both equally important: Neveu-Schwarz representations
and Ramond twisted representations. Neveu-Schwarz representations are usual non-
twisted representations of V, which are %Z-graded, while Ramond twisted represen-
tations are certain twisted representations of V, which are Z-graded. More precisely,
Ramond twisted representations are twisted Zs-graded V-modules for the automor-
phism of V that acts as the identity on the Z3(-graded vertex operator subalgebra
and as —1 on the (Z5o + %)—graded subspace [95], see also [13]. Accordingly, there
are two kinds of Zhu’s algebras. One is to parametrize the simple positive energy
Neveu-Schwarz representations of V, whose definition is given in [ 183]. Another one
is to to parametrize the simple positive energy Ramond twisted representations of
V, whose definition is given by the same formula as (5.1). We call the corresponding
Zhu algebra, the Ramond twisted Zhu algebra of V, and we still denote it by Zhu(V').

5.2 Current algebra and Zhu algebra

The next two lemmas are due to Borcherds [65].
Lemma 5.5 For a vertex algebra V, V/TV is a Lie algebra by

[a+TV,b+TV] =aqb+TV, a,beV
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Proof The skew symmetry property follows from the skew symmetry property of
vertex algebra, which is equivalent to (4.7). The Jacobi identity [a+TV, [b+TV,c+
TV] = [[a+TV,b+TV],c+TV]+[b+TV,[a+TV,c+TV]] follows from the
Borcherds identity (2.40) for m = n = 0. ]

Lemma 5.6 Let V be a vertex algebra, (R, d) a differential algebra. Then
Lie(V,R) =(VOR)/(T®1+1®09)(V®R)

is a Lie algebra by

1.
[a®@r,b®s] =Za(j)b® (ﬁﬁjr) s. (5.8)

j>0

Proof Since R is a commutative vertex algebra, V ® R is a vertex algebra with the
translation operator 7 ® 1 + 1 ® 9. The assertion follows by applying Lemma 5.5 to
the vertex algebra V ® R. O

The Borcherds Lie algebra associated with a vertex algebra V is by definition the
Lie algebra

Lie(V) := Lie(V,C[t,r ') =V@C[t,: /(T ®1+1®8,)(VRC[t,t7']),

where C[t,17!] is viewed as a differential algebra with the derivation 9,. We have

[a(my, D(ny] = Z (rjn) (a(jyD) imn-jy» (5.9

>0

where ay,) is the image of a ® 1" € V ® C[t, t~!] in Lie(V). By definition, we have
(Ta)ny = —nag,-1y.
The following is clear from (2.47).

Lemma 5.7 Any V-module M is a Lie(V)-module by a(,,y — an) = a(Mn) fora eV,
n ez

Note that a Lie(V)-module needs not to be a V-module since such a module needs
not to act as fields and (2.48) may not be satisfied.

Recall that (2.48) is equivalent to the identity (2.41), which contains an infinite
sum. In order to make sense of (2.41), we shall introduce a completion U (Lie(V))
of the universal enveloping algebra U(Lie(V)) of Lie(V) as follows. The reader is
referred to [229] for more details about completions in this context.

Assume that V is Z-graded by a Hamiltonian H. Then Lie(V) is a graded Lie
algebra, by defining the action ad H on Lie(V) by

adH(a{n}) = —(I’l + l)a{n} + (Ha){n}.

We have
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Lie(V) = @ Lie(V)y, Lie(V)y = {x € Lie(V): (ad H)x = dx}.
dez

Let U(Lie(V)) = @ 5 U(Lie(V))q be the induced Z-grading on U (Lie(V)), and
set for r € Z, <o,

U(Lie(V))]; = Z U(Lie(V))a_pU(Lie(V)),.

=
Then
- CU(Lie(V)), C U(Lie(V);"' € --- C U(Lie(V)) = U(Lie(V))q.
Define
U(Lie(V)) = (P U(Lie(V)),,
e
where

U(Lie(V)), = lim U(Lie(V))a/U(Lie(V)).

The space U (Lie(V)) is aZ-graded topological ring with each component U (Lie(V)) ;
being complete. Now the identity

. m m
(@a@mb)ny = Z(—l)’ (]) (@m-j3bnejy = (D" bpman—jrag;y) - (5.10)
7>0

makes sense as an element of U(Lie(V)). Let I = P gez 1a be the graded ideal of
U(Lie(V)) generated by (5.10) and (]0)) {n} = 6p,—1. Let

UWV) =D UV)a, %V)a=ULieV))4/1a,

deZ

where 1, is the closure of I; in U (Lie(V)),4. Then 7 (V) is again a Z-graded
topological ring with each component % (V), being complete, which is called the
universal enveloping algebra [131], or the current algebra [229] of V.

A 7 (V)-module M is called smooth if the action % (V) x M — M is continuous,
where M is equipped with the discrete topology. The proof of the next lemma is left
as an exercise.

Lemma 5.8 Any % (V)-module is a V-module.

Remark 5.3 The V-module that we obtain in this way are the exhaustive V-modules
in the terminology of [229].

Clearly, % (V) is a subalgebra of Z (V) and 3,0 Z (V), % (V)_, is a two-sided
ideal of % (V)o. Define the algebra A(V) by
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AW) = U Vol Y, U VYU (V).

r>0

where m denotes the closure in % (V). It was proved by Frenkel and Zhu [131] that
the Zhu algebra is isomorphic to a subquotient of the universal enveloping algebra
of V.

Theorem 5.3 (Frenkel-Zhu) We have the isomorphism of algebras
Zhu(V) = A(V).

Let % (V)<o = Do (V)a € % (V). For an A(V)-module E, define the

positive energy representation Indzl(i/v)) (E) of V by

4
IndA((VV))(E) =U (V) ®u (v, E, (.11
where % (V)<p acts on E by the projection % (V)<o — A(V).

Assume for awhile that Theorem 5.3 is proven.

Proof (of Theorem 5.2) Let M be a simple positive energy representation V. Then
Mip is a simple % (V)g-module on which % (V)_, acts trivially for » > 0. Hence
M,y is a simple module over A(V) = Zhu(V). Conversely, let E be a simple
Zhu(V)-module. Since Ind%(v)(E ) is a positive energy representation such that

A(V)
IndA%(i/V))(E)mp = E, any proper graded submodule of Ind:?(i,v))(E) intersects E

trivially. Indeed, if NV is any such proper graded submodule such that Ny, = NNE #
{0}, then for any nonzero element v in the intersection, we have E = A(V).v ¢ N
since E is a simple Zhu(V)-module. But E generates nd%") (E) as a V-module,

A(V)
because Indz?(i,v))(E) = % (V)so.E. Hence N = Indzl(i,v))(E). We conclude that
there exists a unique simple graded quotient L(E) of Indzl(i/v)) (E) suchthat L(E)p =
E. Clearly, the maps E — L(E) and M — M, are inverse to each other. O

5.3 Proof of Theorem 5.3

This section is devoted to the proof of Theorem 5.3. For homogeneous a, notice that
aa,-1y belongs to % (V)o, and write a(a,_1} for its image in the quotient A(V).
We aim to show that the linear map [a] — a(a,—_1} from Zhu(V) to A(V) is well
defined and is an isomorphism of associative algebras.

To do so, we follow the approach of [160]. We use the notation

Jn(a) == aga,~14n)
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which is defined for any homogeneous element a € V and extend linearly to V. The
advantage of this notation is that J,, (a) has always degree —n. The proof of the next
combinatorial lemma is essentially a consequence of (5.10), see [ 160, Corollary A.2].

Lemma 5.9 For all integers s,t, N satisfying N +s > 0, the following identity holds
in the universal enveloping algebra of V:

N
IREVICEDIDYCI] Wil | Il PRCS I

=0 i>0
y (N +s+j\([N+s—k

- 3 e (M) @

k>N+1 j=0 J —-J

N . o

N +s+ N+s+j+i

+ Z Z(—l)N”H v J Ji-N-s-1-i(b)IN+1+i(@).

20 130 J !

Lemma 5.10 Every element a = J,,(ay) ... Jn,, (am) in A(V) can be expressed in
the quotient A(V) as Jo(v) for some v = v(a) in V depending on a.

Proof We prove the statement by induction on the length m. If m = 1, there is
nothing to do. Let m > 2, and assume the statement true for every monomial of
length < m. Apply Lemma 5.9 to J,,, , (@m-1)Jn,, (am), where

—S=Npm-1, =Npm, a=dam_1, b=apn.

In Lemma 5.9, choose N big enough so that min{N + n,,, N} > 0. Then Jip,, (am)
and Jy 414 (am—1) are both contained in @j<0 % (V) fork > N +1, and so a is
congruent to a linear combination of the following terms with length < m:

Jnl (al) s Jnm_z(am—Z)Jnm_1+nm((am—l)(—N+nm,1—i—j—l)am)~

By induction, these terms are congruent to monomials of the form Jo(v’), v/ € V.
So a is itself congruent to some monomial Jy(v). Here, notice that for any n € Z,
a,b € V,wehave J,,(a) + J,(b) = J,(a+Db). O

We are now in a position to prove Theorem 5.3. As announced, let ¢ be the com-
position map of the linear map from V to % (V), sending a homogeneous element
a to aa,-1y with the canonical quotient map from % (V)o to A(V). Lemma 5.10
ensures that this map is surjective.

Let us show now that ¢ factors through Zhu(V), that is,

e(VoV)c ) UV, U V).

r>0

Let a, b be homogeneous elements a,b € V. We have Aa<,-,2)b =Ag+Ap—i+1.
Using the identity (5.10), we get
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A,
plaob) = Z ( ; )(a(i2)b){Aa+Abi}

>0

)
= Z(—l)l( )(a{Aa—Z—i}b{Al,H} = bia,—2-iya{A,+i})

i
>0

= Z(—l)i(_z) (Jois1(a)Jis1(b) = J-i—1(D)Jir1(a)).

i
i20

Since deg J;41(b) = degJir1(a) = —i — 1 < 0, we get that

plaob)e ) UV)UWV)-.

r>0

whence the statement. As a result, we get a well defined map, still denoted by ¢,
from Zhu(V) to A(V) which is surjective.

Next, we prove that ¢ is an algebra homomorphism. It is enough to show that
¢(a = b) = p(a)p(b) for homogeneous elements a, b € V. Again using the identity
(5.10), we get

A
plaxb)= Z ( : )(a(i—l)b){Aa+Ab—i—1}

i>0

(-1
= Z(—l)l( )(a{Aa—l—i}b{Ab—Hi} +ba,-2-1)a(a+i))

i
i>0

= 2 )@+ s i)

i>0

= Jo(@)Jo(b) mod 3 U V), % (V).

r>0

On the other hand, by letting s =t = N = 0 in Lemma 5.9, we have

Jo(@)Jo(b) = Z(—l)"(A“) o(ai-nb) mod Y %V (V)-,

i
i>0 r>0

= Z(—l)’ (Al.a)(a(—i—l)b){Aa+Ab+i—1} mod Z wU V) U (V)-r,
i>0 r>0
whence ¢(a = b) = p(a)p(b) in A(V).

It remains to construct an inverse map for ¢. By Lemma 5.10 every element of
A(V) can be expressed as Jo(a) + mod .0 % (V)% (V)-,. We want to define
a map ¥ from A(V) to Zhu(V) sending Jo(a) + mod X ,.q % (V), % (V)_, to
a +V oV. Once we can show this, it is clear that  and ¢ are inverse to each other.
The well definedness requires that whenever Jy(a) € Y,.0 % (V)% (V)—y, then
aceVoV.
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Regarding Zhu(V) as a Lie algebra, the map aa,—1} — [a] is a well defined
surjective Lie algebra from Lie(V)( onto Zhu(V). So any Zhu(V)-module is naturally
a Lie(V)o-module. We now intend to exploit the functors L0 and Qg constructed by
Dong, Li and Mason [98].

To any representation M of Lie(V) one associates a representation Qo(M) of
Lie(V)g by setting

Qo(M)={me M: Lie(V)_ym =0 for all k > 0}.

Then Q yields a functor from the category of positive energy V-modules (such
modules are naturally Lie(V)-modules by Lemma 5.7) to the category of Zhu(V)-
modules, where the action is induced by the map a +— a(,-1) for homogeneous
aeV.

About L, it is a certain functor from the category of Zhu(V)-modules to the
category of positive energy V-modules. If E is a simple Zhu(V)-module, L°(E)
coincides with the simple V-module constructed in the proof of Theorem 5.2. The
key point important for us is that Qg o L is naturally equivalent to the identity.

Since Jo(a) = aqa,-1} € Lie(V)o, it acts on Qq(M) for any representation M of
Lie(V). Assume furthermore that Jo(a) isin Y. % (V)% (V)—,. Then Jyp(a) kills
Qo (M) by definition. In particular, Jy(a) kills Qo (L°(E)) for any Zhu(V)-module E.
With E = Zhu(V) itself, we get that Jo(a) kills Qo(L°(Zhu(V))) = Zhu(V). But
Jo(a) acts on Zhu(V) by a(a,-1}v = a * v for homogeneous v € V. So a * v = 0 for
all homogeneous v. Specializing with v = |0) we get that a = a = |0) = Jy(a)|0) =0
because |0) is the unit of Zhu(V). This exactly means that a € V o V, as expected.
We have thus achieved the proof of Theorem 5.3.

5.4 Relations between Zhu’s algebra and Zhu’s C,-algebra

We define an increasing filtration of the Zhu algebra. For this, we assume that V
is Zso-graded, that is, V = @, Va. Then Vg, := @IA’:O VA gives an increasing
filtration of V. Define

Zhu, (V) :=im(V¢, — Zhu(V)).

Obviously, we have

0 =Zhu_;(V) € Zhug(V) € Zhuy (V) € -+, and  Zhu(V) = |_] Zhu, (V).
p>-1

Also, since a ()b € Va,+a,-n-1fora € Vp,, b € Va,, we have
Zhu, (V) * Zhu, (V) C Zhup,q (V). (5.12)

By Lemma 5.3, we have
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[Zhu, (V), Zhuy (V)] € Zhup.y 1 (V). (5.13)

This means that the filtered associative algebra Zhu(V) is almost-commutative (see
Appendix B.2). So, by (5.12) and (5.13) the associated graded space,

grZhu(V) = @ Zhu, (V)/Zhu,_; (V),

p>0

is naturally a graded Poisson algebra (see Appendix B.2).

Note that a o b = a(_b mod EB A<AL+A, Va for homogeneous elements a, b
in V. This serves to establish a link between Zhu’s and Zhu’s C,-algebras ([95,
Proposition 2.17(c)] and [37, Proposition 3.3]).

Lemma 5.11 The following map is a well defined surjective Poisson algebra homo-
morphism:

nv : Ry — grZhu(V)

ar—a modVoV+@VA.
A<Aqy

Proof We have a o b = }, (Al“) ai-nb = apb + %, (Al.“)a(iz)b. Since the
i>0 i>1
degree of a(;_p)bis Ay +Ap +1—i < degapbifi > 1, we get that

a(_z)b:aOb mod @ VA.
A<Aa(72)b

This shows that C»(V) is contained in V o V + (B, _ a, Va and, hence, v is well
defined. Clearly, it is surjective. It remains to show that ny is an algebra homomor-
phism. But 7y (@.b) = nv (a(—1yb) = a-iyb mod VoV +EP,_, ., Va while the
image of @ * b in grZhu(V) is a(-yb mod VoV +(P,_, ,a, Va since the degree
of ag_nbisAg+Ap —i <Ay +Apfori > 1. |

Corollary 5.1 If V is lisse then Zhu(V) is finite-dimensional. Hence the number of
isomorphic classes of simple positive energy representations of V is finite.

Proof 1fV islisse, then Ry is finite-dimensional by Lemma 4.9. Therefore Zhu(V) is
finite-dimensional as well by Lemma 5.11. But it is known that a finite-dimensional
complexe associative algebra has finitely many classes of simple modules ([9]). We
conclude using Theorem 5.2. O

The map ny is an isomorphism in several examples: the universal affine ver-
tex algebra V¥(g) (cf. Section 5.6.2), the fermion Fock space (cf. Section 5.6.3),
the universal W-algebra W * (g, f) (cf. Section 9.2.1), etc. However, it is not an
isomorphism in general.
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Example 5.1 Let g be the simple Lie algebra of type Eg and V = L;(g). Then
dim Ry > dimZhu(V) =1 1. In other words, the diagram

Vv
Zhu Cz
Zhu
Zhu(V) —5—?

is not always commutative.

Remark 5.4 It was shown in [116] that Ry = grZhu(V) for V = Li(g) for any
nonnegative k € Zs, if g is the simple Lie algebra sl,,.

By Lemma 5.11, we have Specm(gr Zhu(V)) c Xy . The following stronger fact
in conjectured in [18].

Conjecture 5.4 1f V is a simple Z3(-graded conformal vertex algebra, then

Xy = Specm(grZhu(V)).
Remark 5.5 One may also ask when the following diagram is commutative.

F
v—2 oty

Zhu(V) gr—) ?

In other words, one may ask whether Zhu(gr?'V) = gr Zhu(V).

Exercise 5.5 Verify that the example V = L;(g), with g simple of type Eg as in
Example 5.1, furnishes an example of vertex algebra V such that Zhu(grf'V)
grZhu(V).

Note that Ry is not a priori isomorphic to Zhu(grf' V) since Co(V) # V o V even
for commutative vertex algebras.

1 The equality dim Zhu(V') = 1 follows from the fact that L; (g) is holomorphic, that is, the only
simple module is itself, because it is the only integrable affine g-module of level 1. Because Zhu’s
algebra of any holomorphic vertex operator algebra is one-dimensional, we get that gr Zhu(V') = C.
On the other hand, it is easy to check that dim Ry > 1 since the unique proper maximal submodule
of V1 (g) is generated by (eg¢~"|0))?: see Section 11.1.
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? Open problem

Is there an example of a vertex algebra for which Ry % Zhu(grf'V)?

5.5 Filtration of current algebra

We continue to assume that V is Zo-graded.
Recall the increasing conformal weight filtration G,V (Section 4.7). It induces an
increasing filtration G, Lie(V) of Lie(V) such that

(G, Lie(V), G, Lie(V)] C G pygi Lie(V),

where G, Lie(V) is the image of G,V ® C[t,77'] in Lie(V). Hence, grg; Lie(V) =
b »Gp Lie(V)/Gp-1 Lie(V) is naturally a commutative Lie algebra. On the other
hand, Lie(gr;V) is also a commutative Lie algebra since gr V is commutative.

Lemma 5.12 There is a surjective Lie algebra homomorphism
Lie(gr;V) — grg Lie(V)
that sends op(a) (ny to op(a(ny).

Proof The map obtained by composing the quotient map V ® C[z,1”!] — Lie(V)
with the quotient map Lie(V) — gr; Lie(V) is clearly surjective, and it factorizes
through the composition map V®C[z,17!'] — grsV®CJt,¢7'] — Lie(grgV) since
any element 7o, (a) (4 +n0, (@) (n-1} of (T®1+1®3;)grs;V is mapped to the element
ops1(Tagy) +nop(agu-1;) of (T®1+1®0,)G,Viorae G,V\Gp(V,neZ. It
remains to verify that the resulting surjective map is a Lie algebra homomorphism,
but this is clear from (5.9). (Note that both Lie algebras are commutative.) O

The filtration G, Lie(V) induces a filtration G,U(Lie(V)) of the universal en-
veloping algebra U (Lie(V)). This in turn induces a filtration G,% (V) of the current
algebra % (V), where G, (V) is the closure of the image of G,U(Lie(V)) in
U (V). Letgrg % (V) = @p Gp% (V)]G p-1% (V) be the associated graded topo-
logical algebra.

Lemma 5.12 immediately gives the following result:

Lemma 5.13 There is a surjective algebra homomorphism
U (grgV) — grg% (V).

The surjection in Proposition 4.5 together with Lemma 4.8 induce a surjection
O(ZLXy) — % (grgV). Thus by Lemma 5.13 we have a surjection

O(LRy) — g% (V). (5.14)
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We are now able to state a stronger version of Corollary 5.1 due to [2].

Theorem 5.6 (Abe-Buhl-Dong) Let V be a strongly finitely generated conformal
lisse vertex algebra. Then any simple V-module is an ordinary positive energy
representation. Therefore the number of isomorphic classes of simple V-modules is
finite.

Proof Let M be a simple V-module, and m € M \ {0}. Then M = % (V)m since M
is simple. Define an increasing filtration G , M by setting G,M = G ,% (V)m. Then
grgM = P, G,M/G -1 M is naturally a module over gr;% (V), and hence over
O(£Xy). By construction, we have gr; M = 0(£ Xy ), where m is the image of
min groM.

Let us first now that the Lo-module spanc{Lijm: n € Zso} generated by m is
finite-dimensional. Let {a': i € I} be a finite set of strong generators of V.

Since grgM = O(ZLXy)m, there is Ay € O(ZXy) such that Lym = Afm.
By Lemma 4.12, the images of the elements a?n) in Ry are nilpotent in &(ZXy),
whence Afjm = 0 for sufficiently large n. As a result, Lim = 0 for sufficiently large
n as well, and so spanc{L{jm: n € Z5o} is finite-dimensional. This proves that the
action of Ly on M is locally finite. Therefore, M is a direct sum of generalized
eigenspaces,

M= @ ker(Lo — A1d)™ > EB ker(Lo — A1d) =: M’
AeC AeC

Using (2.49) for H = Ly, we easily verify that M’ is a vertex submodule of M which
is nonzero since the action of L is locally finite. Hence, M = M’ which proves that
M is Lg-graded.

Let us now show that M is positively graded. We may assume that m is an
Ly-eigenvector of weight 4 € C. Notice that the Ly-weight of a’(‘nl) .. .a’(’n )Mo is
A+ A+ -+ Agir =1 — - —np — 1. (5.15)

Since M is smooth and [ is finite, there is N > 0 such that for all » > N and
all i € 1, ain)m = 0. Furthermore using again Lemma 4.12, we deduce that
(cii‘nl))ll .. (di’;m)l’ .m=0ingrgMifn; > N and [, large enough for j = 1,...,7r,
whence the statement by (5.15).

It remains to prove that each graded component M., is finite-dimensional.
Since M, # 0, we may assume that m € M,. An Lo-weight space in grgM is

=i\ =l N\ : =i\ =iy \t, %

generated by §0me (a(nl)) ...(a(nr))~ m, with (a(nl)) (a(nr)) € O(ZLXy).
Since each d‘(”) is nilpotent in (£ Xy ) and [ is finite, each Ly-weight space is

finite-dimensional. O
In fact, we have the following statement ([97, 229]).

Theorem 5.7 Let V be lisse. Then the abelian category of V-modules is equivalent
to the module category of a finite-dimensional associative algebra.
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5.6 Computation of Zhu’s algebras

This section describes some technics to compute the Zhu algebra, and contains some
explicit examples.

5.6.1 PBW basis

Recall that a vertex algebra V admits a PBW basis if Ry is a polynomial algebra and
if the map C[J(Xy)] - grf'V is an isomorphism (cf. Definition 4.9).

Theorem 5.8 If V admits a PBW basis, then ny : Ry —» gr(ZhuV) is an isomor-
phism.

Proof We have grZhu(V) =V /gr(V o V), where gr(V o V) is the associated graded
space of V o V with respect to the filtration induced by the filtration V. We wish to
show that gr(VoV) = F'V.Sinceaob = a-b (mod Va4, ) for homogeneous
a,b €V, itis sufficient to show that a o b # 0 implies that a(_2)b # 0.

Suppose that a(_» b = (T'a)(-1)b = 0 for homogeneous a, b € V. Since V admits
a PBW basis, ng V has no zero divisors, whence Ta = 0. Also, from the PBW
property we find that Ta = 0 implies that a = ¢|0) for some constant ¢ € C. Thus, a
is a constant multiple of |0}, in which case a o b = 0. O

5.6.2 Universal affine vertex algebras

The universal affine vertex algebra VX (g) admits a PBW basis. Therefore
Mye(g : Ryr(g = Cla"] — grZhu(V*(g)).
On the other hand, from Lemma 5.3 one finds that

U(g) — Zhu(V*(g))

5.16
g3 x+— [x1)|0}] 610

gives a well defined algebra homomorphism. This map respects the filtration on both
sides, where the filtration in the left side is the PBW filtration. Hence it induces a
map between their associated graded algebras, which is identical to iy « (4) . Therefore
(5.16) is an isomorphism, that is to say, V¥ (g) is a chiralization of U (g).

Remark 5.6 Similar statements hold for the universal affine vertex algebra V*(a)
associated with a finite-dimensional Lie algebra a and a symmetric invariant bilinear
form « of a.

Exercise 5.9 Extend Theorem 5.8 to the case where g is a Lie superalgebra.
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The top degree component of the irreducible highest weight representation L(A1)
of § with highest weight A is irreducible highest weight representation Lq4(1) of g,
where A is the restriction of A to the Cartan subalgebra § of g.

Let N; = Ni(g) be the maximal ideal of V*(g) as in Example 3.2 so that

Li(9) = V¥(8)/Ni,

where Ly (g) is the unique graded quotient of V*(g). We have the exact sequence
Jr — U(g) — Zhu(L(g)) — 0, where J is the image of Ny in Zhu(V) = U(g)
through the compound map Ny <— V — Zhu(V), and thus

Zhu(Li(9)) = U(g)/Jk-

Hence when the homomorphism 7, (4) of Lemma 5.11 is an isomorphism, the asso-
ciated variety Xj, (4 can be viewed as an analog of associated varieties of primitive
ideals (see Appendix D.5). However, there is a substantial difference because Xz, (4)
no needs to be contained in the nilpotent cone (see Example 12.1 for more details).
In general, it is a hard problem to compute Ny and /.

5.6.3 Free fermions and charged fermion Fock space

Let n be a finite-dimensional vector space. We refer to Appendix E for basics on
superalgebras and Clifford algebras.

Consider the Clifford algebra CI associated with the vector space n @ n* and
the nondegenerate bilinear form (—|—) defined by (¢ + x| + y) = ¢(y) + ¢ (x) for
o, € n*, x,y € n. Specifically, C! is the unital C-superalgebra that is isomorphic
to An® An* as C-vector spaces, and

[x, ¢] = ¢(x), xenc An, ¢en’c An".

(Note that [x, ¢] = x¢ + ¢x since x, ¢ are odd.) Define an increasing filtration on C!
by setting CI,, := ASPn® An*. We have

0=Cl.;cClycClyc---cCly=Cl,
where N = dimn, and
Cl,.Cly C Clpig, [Cl,,Cly]l € Clpig-i.

As a consequence, the associated graded algebra,

_ cl
Cl:=grCl= L,
g;) Clp+1
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is naturally a graded Poisson superalgebra. We have CI = An® An* as acommutative
superalgebra, and its Poisson (super)bracket is given by:

{x.¢0}=0(x), {x.y}=0, {$.y}=0, x,yencAn ¢ yen’ cAn’

The Clifford affinization CI of n is the Clifford algebra associated with n[z,77'] @
n*[¢,¢7!] and its symmetric bilinear form defined by

@t f1") = Spman,of (x),  (xt™|yt") =0 = (ft"|gt")

forx,yen, f,gen,mnecZ.

Let {x;}1<i<s be a basis of n, and {x]}<;<y its dual basis. We write y; ,,, for
x;t™ € Cl and yt,, forxit™ e Cl, so that C1 is the associative superalgebra with

* odd generators: ¥; ,, wf’m, meZ,i=A{1,...,s},

¢ relations: [l,[/i,m,l,bj,n] = [l//;:m,l,ll;’n] =0, [‘//i,mal/’;’n] = 6i,j6m+n,0-

Define the charged fermion Fock space associated with 1 as

Cl
F(m) = = /\(lﬁtn) n<0 ® /\(lﬁ;,m)lm§0 s
<JSs

Y Clyim+ ¥ Cly « 1<i<s
m=>0 k>1 7
I<i<s 1<j<s

where A (a;)ie; denotes the exterior algebra with generators a;, i € I. It is an
irreducible C/-module, and as C-vector spaces we have

F) = A [ D @ A1),

There is a unique vertex (super)algebra structure on F (1) such that the image of 1 is
the vacuum |0),

Y(Wi110),2) = wi(2) = ) Winz ™ i= 1,

nez
Y(lp;"0|0),z) =yi(z) = Z it i=1s,
nez
and the (nonzero) OPEs are given by
. 0i,j ;
Yi(2)y;(z) ~ = [(Wiay;] =0i;. (5.17)
Z—w

We have F'F(n) = w* [t~ ']r7'F(n) + n[+~1]r72F(n), and it follows from this that
there is an isomorphism

a = Rg*(n),

x; — i-1]0),

x; — ¥i6l0)
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as Poisson superalgebras. Thus,
X5y = T"(Tn),

where IIn is the space n considered as a purely odd affine space. Its arc space
Joo (T* (IIn)) is also regarded as a purely odd affine space, such that

Cld(T* ()] = A" [+~']) @ A(m[e™'1e7).

The map C[Hm(fg(n))] — grF(n) is an isomorphism and, hence, F (1) admits a
PBW basis. Therefore we have the isomorphism

N5 Ryw = Cl — grZhu(F(n))
by Exercise 5.9. On the other hand the map

Cl — Zhu(F(n))
x; — ¥ _1]0),
X Yol0)

gives an algebra homomorphism that respects the filtration. Hence we have
Zhu(F(n)) = CI.

That is, F(n) is a chiralization of CI.






Chapter 6
Poisson vertex modules and their associated
variety

In this chapter we give the definition of a Poisson vertex modules over a Poisson vertex
algebra and we study some their properties. This notion will be useful to construct
new Poisson vertex algebras in Section 9.1 by applying the BRST reduction.

6.1 Poisson vertex modules

Definition 6.1 A Poisson vertex module over a Poisson vertex algebra V is a V-
module M in the usual sense of vertex V-module, equipped with a linear map

Vi (EndM)[[z7 Nz, a—YM(a,z2) = Z a?ﬁ)z_"_l,

n>0
satisfying
a(Mn)m =0 for n>0, (6.1)
(Ta)(ny = —nag, ), (6.2)
aj(‘;[l) (bv) = (aj(‘;[)b)v + b(a<Mn)v), (6.3)
M M m M
CHNIAEDY ( ; ) (@@ b) (man-iy» (6.4)
i>0
(ab)ih = > (aginbit, +binall,,) (6.5)

i=0
foralla,b e V,m,n>0,v e M.
A Poisson vertex algebra V' is naturally a Poisson vertex module over itself.

Example 6.1 Let M be a Poisson vertex module over '(J«(g*)). Then by (6.4), the
assignment

133



134 6 Poisson vertex modules and their associated variety
xt" s xll, xegC O(g) C O(3x(g7)), n >0,

defines a Jo(g) = g[[t]]-module structure on M. In fact, a Poisson vertex module
over 0(Je(g¥)) is the same as a (J(g"))-module M in the usual associative sense
equipped with an action of the Lie algebra Jo,(g) such that (xt")m = 0 for n > 0,
xeg,meM,and

(xt")(am) = (x(ya)m +a(xt")m
forxeg,n>0,a€ 0(Jo(g?)),me M.
In the ensuing lines, we often write a ;) for a(Mn )
We refer to Appendix B.5 for the definition of Poisson modules. The proof of the
following lemma is straightforward.

Lemma 6.1 Let R be a Poisson algebra, E a Poisson module over R. There is a
unique Poisson vertex Jo(R)-module structure on Jo(R) ®g E such that

amy(b®m) = (amb) @ m+36,0b ® {a,m}
forn20,a€ R CJ(R), b€ Ju(R), meE.

Lemma 6.2 Let R be a Poisson algebra, M a Poisson vertex module over Jo«(R).
Suppose that there exists a R-submodule E of M (in the usual commutative sense)
such that a)E = 0 forn > 0, a € R, and that M is generated by E (in the usual
commutative sense). Then there exists a surjective homomorphism

Jo(R)QRE — M
of Poisson vertex modules.

Proof First of all, using (6.4) and (6.5) together with the hypothesis ayE = 0
for all n > 0 and @ € R, we see that E is a Poisson R-module by the assignment
RxE — E, (a,m) — {a,m} := aym. Hence by Lemma 6.1, there is a unique
Poisson vertex Jo,(R)-module structure on J(R) ®g E such that

amy(b®m) = (aub) @®m+06,0b ®{a,m} (6.6)

forn >0,a€R,beJo(R),meE.

It remains to show that the natural map, that we denote by ¢, from Jo(R) Qg E
to M sending b @ m to bm for b € Jo(R) and m € E is a homomorphism of Poisson
vertex modules over Jo (R). Such homomorphism will be automatically surjective,
as E generates M. We must verify that ¢(a,) (b ® m)) = an)(¢(b ®m)) fora € R,
b € Ju(R), m € E. But p(an) (b ® m)) = (amb)m + 6, 0b{a, m} by (6.6) while
amy(p(b ® m)) = a,)(bm). Therefore the equality holds thanks to (6.3) and the
hypothesis a(,)E =0 foralln > 0 and a € R. O
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6.2 Canonical filtration of modules over vertex algebras

Let V be a vertex algebra graded by a Hamiltonian H. A compatible filtration of a
V-module M is a decreasing filtration

M=TM>T'M>---
such that

amT?M cTP*" M fora € FPV, Vn € Z,
amlIM cTP™"M forae FPV, n >0,
HIPM cT'PM forallp >0,

(\rPm =o.
P
For a compatible filtration I"* M, the associated graded space

oM = Prrm/retv

p=0

is naturally a graded Poison vertex module over the graded Poisson vertex algebra
ng V, and hence, it is a graded Poison vertex module over Jo (Ry ) by Theorem 4.1
and Proposition 4.5.

The Poisson vertex Jo(Ry )-module structure of gr' M restricts to a Poisson Ry -
module structure of M/T'M =T°M/T'M, and a(,)(M/T'M) = 0 fora € Ry C
Jdeo(Ry ), n > 0. It follows that there is a homomorphism

Jo(Ry) ®r, (M/T'M) — o' M, a®m s am,

of Poisson vertex modules by Lemma 6.2.
Let {a’: i € I} be a set of strong generators of V. Set

FPM = spanC{az_nl_l) ...a?_nr_l)m: aeV,meM, ni+--+n, > p}.

Proposition 6.1 Let M be a vertex V-module. The filtration F*M is a compatible
filtration of M. In fact, it is the finest compatible filtration of M, that is, FPM c TP M
for all p for any compatible filtration T'* M of M. In particular, F* M is independent
of the choice of strong generators.

The filtration F*M is called the Li filtration [215] of M.
The subspace F! M is spanned by the vectors a(—ym witha € V, m € M, which
is often denoted by C, (M) in the literature. Set

M=M/F'M(= M/Cy(M)),

which is a Poisson module over Ry = V.
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Next proposition is a direct consequence of Lemma 6.2.
Proposition 6.2 The Poisson vertex module homomorphism
Jw(Ry) ®r, M — gr' M
is surjective.

Let {a’: i € I'} be elements of V such that their images generate Ry in the usual
commutative sense, and let U be a subspace of M such that M = U + F'M. The
surjectivity of the above map is equivalent to that
al, ym: 6.7)
meU, n20,n +---+n, 2p, i1,...,ip €1}

FPM = spanc{a

i
(-m=1) " *°

Lemma 6.3 Let V be a vertex algebra, M a V-module. The Poisson vertex algebra
module structure of arf’ M restricts to the Poisson module structure of M := M |F'M
over Ry, that is, M is a Poisson Ry -module by

a-m=acym, ad(a)(m)=agqgm, ada€eRy,meM.

A V-module M is called finitely strongly generated if M is finitely generated as a
Ry -module in the usual associative sense.

Definition 6.2 For a finitely strongly generated V-module M, define its associated
variety Xps by

Xy = suppg,, (M)
={p e SpecRy : p D Anng, (M)} C Xy,
equipped with the reduced scheme structure.

A finitely strongly generated V-module M is called lisse, or C-cofinite if
dim X, = 0. Next lemma is stated in [14, Lemma 3.2.2].

Lemma 6.4 Let M be a finitely strongly generated V-module. Then the following are
equivalent:

(1) M is lisse.
(il) M is finite-dimensional.
6.3 Associated varieties of modules over affine vertex algebras

If M is a module over the affine vertex algebra V = V¥ (a) or, equivalently, a smooth
a,-module (see Proposition 3.2), then we have
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7 —19,-2
M=M/a[t " |tT°M,
and the Poisson C[a*]-module structure is given by
x-m=(xt"Ym, ad(x)m =xm, xX€a,meM.

Assume now that a is a simple Lie algebra g = Lie(G). Let KL(g,), or KL, (g)
if K = k(—|-) as in Example 3.2, be the full subcateogory of the category of §,-
modules consisting of modules on which rg[¢] acts locally nilpotently and g acts
locally finitely. Clearly, KL(§,) is an abelian category, which can be regarded as a
full subcategory of the category of V¥(g)-modules.

In line with (3.29), for a g-module E, let

Indg“ (E) := U(8«) ®u(gr] sc1) E.

where E is considered as a g[¢] @ C1-module on which g[7] acts trivially and 1
acts as the identity. Then Indg" (E) is an object of KL(g,) for a finite dimensional
representation E of g. Note that V¥(g) = Indg" (C) and its simple quotient L, (g) is
also an object of KL(§y).

Lemma 6.5 For M € KL(§,) the following conditions are equivalent:

(1) M is finitely strongly generated as a V*(g)-module,
(i) M is finitely generated as a g[t~"t~"-module,
(iii) M is finitely generated as a §,-module.

Exercise 6.1 Show that
QK ~ *
Indg“*(E) =C[g"] ® E

and that X

Indi* () = g" for a finite-dimensional representation E of g.

6.4 Frenkel-Zhu’s bimodules

Recall that for a graded vertex algebra V, its Zhu’s algebra is defined by Zhu(V) =
V/V o V. There is a similar construction for modules due to Frenkel and Zhu [131].
For a V-module M, set

Zhu(M) =MV o M,

where V o M is the subspace of M spanned by the vectors

aom= Z (Al“) agi-zm
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fora € Vp,,Aqs € Z,andm € M.
Next statement is proved in [131, Theorem 1.5.1].

Proposition 6.3 The quotient space Zhu(M) is a bimodule over Zhu(V) by the
multiplications

Ay Ay -1

a*m:Z i ag-1ym, m*QIZ i ag-1m
i>0 i>0

fora € Vp,, Ay € Z, and m € M. Moreover, the two actions commute.

Proof The statements are equivalent to proving the following relations for all ho-
mogeneous elements a,b € V,m € M:

(VoV)smcVoM, m=(VoV)cVoM,
ax(VoM)cVoM, (VoM)xacVoM,
(axb)ysm—a=+(bxm)eVoM,
(m«a)xb-—mx(axb)eVoM,
(asm)xb—a*(m=b)eVoM.

The details are omitted here. O
Thus, we have a right exact functor
V -Mod — Zhu(V) -biMod, M +— Zhu(M),

where Zhu(V) -biMod is the category of bimodules over Zhu(V).
Let M = P, +7,, Ma be a positive energy representation of a Zxo-graded
vertex algebra V. Define an increasing filtration (Zhu, (M)), on Zhu(V) by

h+p
Zhu, (M) = im (@ M, — Zhu(M)) . (6.8)
d=h

We have

Zhu, (V) - Zhu, (M) - Zhu, (V) C Zhupger (M),
[Zhu, (V), Zhuy (M)] € Zhu g (M).

Therefore gr Zhu(M) = @p Zhu, (M) /Zhu,_1 (M) is a Poisson gr Zhu(V)-module,
and hence is a Poisson Ry -module through the homomorphism

ny : Ry —» grZhu(V).
Lemma 6.6 There is a natural surjective homomorphism

nv: M(= M/F'M) — grZhu(M)
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of Poisson Ry -modules. This is an isomorphism if V admits a PBW basis and gr M
is free over gr'V.

Proof The first assertion can be proved in the same way as Lemma 5.11 (see also
[37, Proposition 3.3]).

For the second one, observe that the freeness of gr M over grV = J Ry implies
that a(_oym # 0O for any nonzero elements a € V and m € M. Hence gr(V o M) =
M c M = gr” M and the assertion follows, where gr(V o M) is the graded space
corresponding to the filtration on V o M induced from (6.8). O

Example 6.2 Let M = Indg“ (E). Since gr Indg“ (E) is free over 0(J(g¥)), we have
the isomorphism (see Exercise 6.1)

Madi (£) Indy“(E) = C[g"] ® E — grZhu(Ind* (E)).

On the other hand, there is a U(g)-bimodule homomorphism

U(g) ® E — Zhu(Ind¥ (E)),

: 6.9)
XX @y (ar ) x ek () % (1@ ) + V() o Indg (E)

which respects the filtration. Here the U(g)-bimodule structure of U(g) ® E is given
by

x(veu)=xvQu+vexu, (vOu)x=(vx)Qu,

and the filtration of U(g) ® E is given by {U;(g) ® E'}. Since the induced homomor-
phism between associated graded spaces (6.9) coincides with 7, a. (E) (6.9) is an
g
isomorphism.
Let HC = HC(g) be the category of Harish-Chandra bimodules, that is, the full
subcategory of the category of U(g)-bimodules consisting of objects M on which
the adjoint action of g is integrable, that is, locally finite.

Lemma 6.7 For M € KL(§,), we have Zhu(M) € HC. If M is finitely generated,
then so is Zhu(M).

Next exercise is important to compare the effect of shifts of conformal vector to
Frenkel-Zhu’s bimodules.

Exercise 6.2 LetV be a %Z-graded conformal vertex algebra with conformal vec-
tor w. Suppose that there exists an element ¢ € V that satisfies the conditions

Lyé = 6n,O§ é:(n)é: = kén,1|o> for n € Zyo,

with some k € C, and that £(g) acts semisimply on V with eigenvalues in Z. Show
that the shifted conformal vector

1
Wpew =W+ 55(—2)|0>
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also defines a conformal vector of V, with central charge c,ew = coiq — 3k, where
Cold 18 the central charge of V with respect to w.

Although the definition of Zhu’s algebra and Frenkel-Zhu’s bimodules depend
on the choice of a conformal vector, the above shift of a conformal vector does not
change the structure of Zhu’s algebra nor Frenkel-Zhu’s bimodules as we explain
below.

For a V-module M let Zhu,,,, (M) denote the Frenkel-Zhu’s bimodule of M
with respect to the conformal vector wy,.,, and let Zhu,;4(M) denote that one with
respect to the conformal vector w.

Proposition 6.4 Let A(z) be the Li’s A-operator [213] associated with &:
£
Az) =277 exp (Z 0 (—z)") .

—2n
n>1

(i) ThemapV — V,a— A(l)a, induces an algebra isomorphism
Zhuy1q(V) — Zhuey, (V).

(ii) Let M be a V-module on which & gy acts semisimply. Then the map M — M,
m +— A(1)m, induces a Zhu,;4(V)(= Zhuye, (V))-bimodule isomorphism

Zhuold (M) — Zhunew (M)

We refer to [18, Section 5] for a proof of Proposition 6.4.
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BRST cohomology and quantum
Drinfeld—Sokolov reduction



Kostant and Sternberg [205], inspired by Feigin [114], suggested a BRST coho-
mological interpretation of the Hamiltonian reduction.

This part studies the BRST cohomology in various contexts. Chapter 7 is within
the framework of Poisson algebras. Applying the BRST reduction in a special case,
we obtain a BRST interpretation of the Slodowy slices and equivariant Slodowy
slices that also appear in the study of singularities of nilpotent orbit closures (see
Appendix D.6 in appendix about this topic).

In Chapter 8 we consider the quantized BRST cohomology. In this setting, we
construct the finite W-algebras using BRST complexes. This follows the works of
Kostant [204], further generalized by Lynch [225] and developed by Premet [248]
and Gan—Ginzburg [138]. Chapter 8 also covers some aspects of the representation
theory of finite W-algebras, following the works of Premet and Losev.

Chapter 9 is the heart of the part and is about the chiral quantized BRST co-
homology. This allows to defines the affine W-algebras, simply often referred to
as W-algebras, and the equivariant W-algebras. Chapter 10 presents an alternative
description of the BRST reduction which allows to give the definition of W-algebras
following the Kac—Roan—Wakimoto approach [182].



Chapter 7
BRST cohomology and Slodowy slices

In this chapter we shall introduce the BRST cohomology (where BRST refers to the
physicists Becchi, Rouet, Stora and Tyutin) for later purpose.

In more details, Section 7.1 is about the general BRST cohomology. Applying this
construction to the BRST cohomology associated with nilpotent elements of a simple
Lie algebra, we obtain in Section 7.2 the BRST realization of Slodowy slices (the
Drinfeld—Sokolov reduction). Section 7.3 is about equivariant Slodowy slices. While
Slodowy slices are merely (non symplectic) Poisson varieties, equivariant Slodowy
slices are always symplectic varieties. In fact, we will see that the former are obtained
from O(g*), for simple g = Lie(G), by Hamiltonian reduction while the later are
obtained from O(T*G) = 0(G) ® 0(g*), where T*G is the cotangent bundle G
which is clearly symplectic. The Drinfeld—Sokolov reduction allows us to define in
Section 7.4 the Moore—Tachikawa operation on the set of Poisson varieties acted by
a simple Lie group with Hamiltonian actions. Lastly, we extend in Section 7.5 the
BRST reduction to the setting of Poisson modules over &'(g*) (here, g is an arbitrary
algebraic Lie algebra). Then we apply this to the special case of the Drinfeld—Sokolov
reduction.

We refer the reader to Appendix B about basics on Poissons algebras and to Ap-
pendix E for backgrounds on superspaces, superalgebras, Lie superalgebras, etc. and
Clifford algebras. About spectral sequences, we refer to Appendix F (for more details,
see [281, Chapter 5]).

7.1 BRST cohomology and BRST reduction
7.1.1 BRST cohomology

Let G be any connected affine algebraic group, g = Lie(G) (we do not assume that G
is semisimple). Let {x; }1<;<q abasis of g, and let {x } 1 <;<q be the corresponding dual

143
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TM&

basis of g*. Denote by c¥ ; the structure constants of g, that is, [x;,x;] = ck Y
\ i,

fori,j=1,...,d.

Let Cl(g) be the Clifford algebra associated with the vector space g @ g* and
the nondegenerate bilinear form (—|—) defined by {(x + f|y + g) = f(y) + g(x)
for f,g € g%, x,y € g. Namely, ClI(g) is the unital superalgebra isomorphic to
A(g® g*) = Ag® Ag* as C-vector spaces, the natural embeddings Ag <— CI(g),
Ag" — Cl(g) are homogeneous homomorphism of superalgebras, and

[x, f1=/f(x) xegc Ag feg CAg".
(Note that [x, f] =xf + fx since x, f are odd.)

Lemma 7.1 The following map gives a Lie algebra homomorphism:

p:g— Cl(g)

P — k *
X; Ci jXkX
1<jk<d

and we have
[p(x),y] = [x.y] € g C Cl(g),
for x,y € g where the first bracket is in C1(g) while the second is in g.

Proof Fori,je{l1,...,d},

o) pep] = 1) e i, ) el xaxyl = D0 el lxpxixaxy].
a.p ,

Now

* *

* % * * * *
[xpxXo,x6xy] = [XpXo, Xs]X, + x5[Xpxe, X, ] = Oa,6XpX, — 0p,yX6Xg-
Hence,

[oGer) pep)] = Y o et xpxy = > o ed pxs,

a,By a,B,6
_ Bk k
= 2 (el =t Drprs
k,a,B
k
= > eyl e = (L)),
k,a,B

where we have used the identity

Pk ok P =

l,kcj,a’

(7.1)
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which holds because of the Jacobi identity and the skew-symmetry. The last equality
[o(x),y] = [x,y] for x, y € gis easy to verify. O

Define an increasing filtration on C1(g) by setting Cl,(g) := ASPg® Ag* where
Ag = @izo Alg is the natural grading. We have

0=Cl_1(g) c Cly(g) c Cli(g)--- C Cly(g) = Cl(g),

and

Clp(g) - Cly(8) € Clpig(a),  [Clp(8),Cly(8)] € Clpig-1(9). (7.2)
Let CI(g) be its associated graded algebra:

Cly(g)

Cl(g) := grCl(g) = @ Cl—l(g)
-

p=0

By (7.2), Cl(g) is naturally a graded Poisson superalgebra, called the classical
Clifford algebra associated with g ® g*.

We have CI(g) = A\g ® A\g" as a commutative superalgebra. Its Poisson (su-
per)bracket is given by

{e.fr=,), {xy}=0, {f.g}=0,

forx,ying c Agand f,ging* C Ag".
Lemma 7.2 We have C1(g)® = A\g, where

Cl(g)® :={w e Cl(g): {x,w} =0forallx € g}.

The Lie algebra homomorphism p: ¢ — Cl;(g) c Cl(g) induces a Lie algebra
homomorphism

p=o1op:g— CI(g), (7.3)

where o is the projection Cli(g) — Cli(g)/Cly(g) c grCl(g). We have for
X,y €8,

{p(x),y} = [x,y].
Set
C(g) =C[g"] ® Cl(g).

Since it is a tensor product of Poisson superalgebras, C(g) is naturally a Poisson
superalgebra.

Lemma 7.3 For any character x of @, the following map gives a Lie algebra homo-
morphism:
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fy: 86— C(9)
x— (x—-xx)®1+1Qp(x),
that is, {8, (x), 0, ()} = 6, ([x, y]) for x,y € .
Proof Using that p is a Lie homomorphism, we have for all x, y € g,
{0, (0,0, (0} ={x—xx),y = x(M} e 1+1®{H(x), 5(»)}
=[x yl@l+1®p([x,y]) = ([x,y] = x([x,y])) ® L + 1 ® p([x, y])
=0y ([x,¥]),
because y is a character of g. O

Let C(g) = P, C"(g) be the Z-grading defined by deg ¢®1 = O for ¢ € C[g"],
degl® f=1for f € g*,anddeg 1 ® x = —1 for x € g. We have

C"(g) = (@ Nao Ng )
Jj—i=n
The following result is due to Beilinson and Drinfeld ([60, Lemma 7.13.3]).

Lemma 7.4 There exists a unique element Q € C'(g) such that
{0,1®x} =0, (x)
for x € g, and we have {Q, 0} = 0.

The element Q depends, as 6., on the character y. We omit the subscript for
conciseness.

Proof For the existence, it is straightforward to see that the element

0= Z(x,— (x)oxi-1Q - Zc,]xlxjxk

ljk

satisfies the condition.

For the uniqueness, suppose that O, Q> € C!(g) satisfy the condition. Set R =
Q1 — Q> € C'(g). Then {R,1® x} = 0, and so, R € C[g*] ® Cl(g)%. But by
Lemma 7.2, C[g*] ® CI(g)® N C'(g) = 0. Thus R = 0 as required.

To show that {Q, O} = 0, observe that

{lex.{1®y,{0.0}}} =0

for all x,y € g (note that Q is odd). Applying Lemma 7.2 twice, we get that
{0,0} =0. O
Since Q is odd, Lemma 7.4 implies that
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(0.10.a}) = 3{(0,0},a} =0
for any a € C(g). In other words, ad Q := {Q, -} satisfies that
(ad0)* =0.
Thus, (C(g), ad Q) is a differential graded Poisson superalgebra. Its cohomology
Hyrsr (6.Cla’]) = H* (C(g),ad Q) = P H' (C(g),2d 0)
i€z

inherits a graded Poisson superalgebra structure from C(g).

More generally, let R be a Poisson algebra equipped with a Poisson algebra
homomorphism x*: C[g*] — R. View Q as an element of R®CI(g) through the map
w* ®@id. Then u* ®id: C(g) — R®CI(g) is a Poisson superalgebra homomorphism,
and (R®CI(g), ad Q) is a differential graded Poisson superalgebra, where the image
of Q is also denoted by Q. Therefore, its cohomology

Hygrsr (8, R) := H*(R® Cl(g),ad Q) (7.4)

inherits a graded Poisson superalgebra structure from R ® CI(g).

7.1.2 BRST reduction

Let X be any affine Poisson scheme! equipped with a Hamiltonian G-action, y € ¢*
a one-point G-orbit, that is, y is a character of g. The above construction gives
the Poisson algebra H%RST ’X(g, C[X]) c Hypor ’X(g, C[X]). (Note that the degree
zero part is purely even.) The affine Poisson scheme

X//BRST,/\/G = SPCC(H%RST,X(Q, C[x1))

is called the BRST reduction of X. We write X | prst G for X [ grst, G if x¥ = 0.
The BRST reduction coincides with the geometric Hamiltonian reduction in
(cf. Appendix B.4) in some “nice” cases.

Theorem 7.1 Let X = Spec R be an affine Poisson scheme equipped with a Hamil-

tonian G-action, y € g* a one-point G-orbit. Suppose that

(i) the moment map u: X — g* is flat,
(ii) there exists a subscheme . of u~'(x) such that the action map gives the
isomorphism G x . — u~'(y).

Then

1 It is assumed that all Poisson schemes are of finite type unless otherwise stated.



148 7 BRST cohomology and Slodowy slices
Hygsr (8. R) = C[.7] ® Hix(G).

Here H},(G) denotes the de Rham cohomology of G equipped with the trivial
Poisson structure. In particular, Hg r(G) = Csince G is connected.

Proof Give abigradingon C := R ® Cl by setting
C=ReN7go \'g",
sothat C= P C.
i20,j<0 )
Observe that ad Q decomposes as ad Q = d,. + d_ such that
d_(C™) c CH/*1, d.(CHy c ¢ (71.5)
Explicitly, we have

d-= ) (6 = x(x) @ adox;,

1
d+=Zadxi®xf—1 ®§ cl]-"jxfx;‘-adxk+21 ® p(x;)adx;.
i i j.k i

Since (ad Q)% = 0, (7.5) implies that
d*=d?=[d_,d,] =0.
It follows that there exists a spectral sequence (see Appendix F.3)
E, = Hygsr, (0.R) = H'(C.ad 0)
such that

E}y?=HY(C,d ) =HI(R® \g,d) ® \'d",

EDY = HP(HY(C,d-),d,).
Observe that (C, d_) is identical to the Koszul complex R ® /\g associated with the
sequence x| — x(x1),x2 — x(x2),...,xq — x(x4) tensored with Ag*. The reader is

referred to Appendix F, Appendix F.4.1, for the construction of the Koszul complex.
We have

Clu (0] =CIX1/(x1 = x(x1),%2 = x(x2), - - . s Xa = X (x4))

and the flatness condition (i) implies that x; — y(x1),x2 — ¥ (x2), ..., xq — x(xq) is
a regular sequence of the C[g*]-module C[X]. Hence by Theorem F.3, we get that
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Clu™' (] ® Ag', if j=0,

H/(C.d) = L
0, if j#0.

Next, notice that (H*(C,d_), d,) is identical to the Chevalley-Eilenberg complex
(see Appendix F.4.2) for the Lie algebra cohomology H*(g,C[u~'(x)]). Since
Clu~'(x)] = C[.¥] ® C[G] as G-modules by the assumption (ii), where G acts
only on C[G] on the right-hand-side, we get that

Cl.¥] ® Hi(g,C[G]), if j=0,

H'(H/(C,d.),d,) =
(H'(C.d-). d.) {o, it j#0.

Hence the spectral sequence collapses at E; = E. Thus there is an isomorphism
H*(C.adQ) — H*(H"(C.d-).d,) = C[.#1® H*(8.C[G]), [c] + ],

of Poisson algebras. To finish, note that the cochain complex for the Chevalley—
Eilenberg cohomology with coefficients in C[G] is just the algebraic de Rham
complex (see Appendix F.4.3) because G is affine, that is, H' (g, C[G]) = H' . (G).
Moreover, if G is connected, then Hg r(G) = C (see Remark F.1). O

We write Hy, o1 (g, C[g"]) for HéRST’X(g,C[g*]) if y =0.

7.2 BRST realization of Slodowy slices

In this section, we assume that g = Lie(G) is a simple Lie algebra, and we keep
the notations of Appendix A and Appendix D. Let x: g — g* be the isomorphism

1
induced from the nondegenerate bilinear form (—|-) = -—x Killing form of g.

Fix (e, h, f) an shy-triple of g, and let y = «x(f) = (f|-) be the linear form
associated with f. Set for j € Z,

gj ={x € g: [hx] =2jx}
as in Appendix D.3. The restriction to g 1Xg1 of the antisymmetric bilinear form,

w/\/:gxgﬁc’ (X’Y)’—)(ﬂ[x’)’]),

is nondegenerate. This results from the paring between g 1 and g_ 1 and from the
injectivity of the map ad f: g I e Let ¢ be a Lagrangian subspace of g N that

is, £ is maximal isotropic which means w, (£,€) = 0 and dim ¢ = % dimg 1 Set

m=m, =0 g;. (7.6)
i>%
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Then m is an ad-nilpotent (i.e., m only consists of nilpotent elements of g) and ad /-
graded subalgebra of g. Moreover, the algebra m verifies the following properties:

M x([m,m]) = (f[m,m]) =0,
(i) mng/ ={0},
(iii) dimm=jdimG.f,

where ¢* = {y € g: [x, y] = 0} is the centralizer of an element x in g.

Notice that if f is regular, then ) = g is a Cartan subalgebra of g and m is the
nilpotent radical n, = 508 of the Borel subalgebra b = h @ n,. Let M be the
(connected) unipotent subgroup of G whose Lie algebra is m.

Definition 7.1 The Slodowy slice associated with (e, h, f) is the affine space
T =k(f+9) =x+x(g°) Cg".

The affine space . is identified with f+g¢ through (—|-). Note that k(g°) = (g’ )*
by the theory of sl,-triples. Consider the one-parameters p: C* — Gandp: C* — G
defined as in the proof of Lemma D.4 so that p(f)x = t*'x and j(t)x = t***/x for
any x € g;. In particular, (¢) f = f and the C*-action of g stabilizes .y . Moreover,
it is contracting to f on ., that is,

lim 5(5)(f +x) = f

for any x € g°, because g¢ ¢ m‘ C @g._i. The same lines of argumentation
demonstrate that the action g stabilizes f +m* and it is contracting to f on f +m*.

Theorem 7.2 The affine space /s is transversal to the coadjoint orbits of g*. More
precisely, given any ¢ € Sr, we have T¢(G.€) + Te(Sy) = ¢*. An analogue
statement holds for the affine variety y + m*.

Proof We have to show that [g, x] +g° = g forany x € f+¢° since T (G .x) = [g, x]
and 7 (f + g°) = g°. It suffices to verify that the map

n:Gx(f+g°) —g

is a submersion at any point (g, x) of G x (f +g°), that is, the differential dn g4 ) of
n at (g, x) is surjective for any point (g, x) of G X (f +g¢). The differential of 7 is the
linear map g X g° — @, (v,w) — g([v,x]) + g(w). So dnuq,r)(v,w) = [v, fl+w
and, hence, dnq, r) is surjective, since [g, f] + g° = g. Thus dnq,y) is surjective
for any x in an open neighborhood U of f in f + g°. Because the morphism 7 is G-
equivariant for the action by left multiplication, we deduce that dn, ) is surjective
for any g € G and any x € U. In particular, for any x € U, we get

g=1[g,x]+g°

We now use the contracting C*-action g on f + g° to show that n is actually a
submersion at any point of G X (f + g¢). O
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Consider the adjoint map
MX(f+m") =g (gx) —gx

Its image is contained in f+m=. Indeed, forany x € mandany y € m*, exp(adx)(f+
y) € f+m?* since [m, m] C nm and y([m, m]) = 0. This is enough to conclude
because, m being ad-nilpotent, M is generated by the elements exp(adx) for x
running through m. As a result, by restriction, we get a map

a:MXSs — f+mt.
The following result is stated in [138] (see also [143]).

Lemma 7.5 Let a: X; — X, be a C*-equivariant morphism of smooth affine C*-
varieties with contracting C*-actions which induces an isomorphism between the
tangent spaces of the C*-fixed points. Then « is an isomorphism.

Proof Let x1,x, be the (only) fixed points of X, X, respectively, and write 77, T»
for the corresponding (Zariski) tangent spaces at x1, x» of X1, X5, respectively. Since
@ induces an isomorphism 7, — T, a is an equivariant open embedding. Since
X, is irreducible, a*: C[X;] — C[X;] is injective.

To show the surjectivity, observe that C[X;] and C[X;] are Zs(-graded because
the C*-action is contracting. The same goes for 77 and 7, since x; and x, are fixed
points. Let yx € C[[¢]] be the formal characters of a C*-variety with contracting
C*-action.

We claim that

XX\ = XTy = XT> = XX, (7.7)

The second equality of (7.7) is clear because of the C*-equivariant isomorphism of
vector spaces T; — T». Consider the maximal ideal m; corresponding to the point
x;, and filter C[ X;] with respect to the powers of m;. Then

grC[X;] = @mf‘/m?“ =C[X;]/m; @m;/mi@®--- .

n>0

Because X; is affine and smooth at the point x;, the ideal m; is generated by a regular
sequence di, . . ., d,. Then by [227, Chapter 6, §15],

B mm! = (Cx)/m) [Xi L X,

n=0

In particular, gr C[X;] is a polynomial algebra. Since gr C[X;] is generated as a
(C[X;]/m;)-algebras by m,-/ml.z, we deduce that

grCLX;] = Sym* (m;/m}).

On the other hand, by definition of the Zariski tangent space, we have
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2 . 2
Ti = (m;/m;)" = Spec (Sym*® (m; /m;)),

whence
C[T;] = Sym*(m;/m}) = grC[X;].

The above isomorphism C[7;] = gr C[X;] is clearly a C*-equivariant isomorphism,
so that both sides have the same formal characters. But C[X;] and gr C[X;] have
equal formal characters, which proves the two other equalities of (7.7). Hence, we
get the surjectivity of *: C[X;] — C[X>]. O

Remark 7.1 In the case where X and X, are vector spaces, one can alternatively
use the more elementary arguments of Slodowy in [259, §8.1, Lemma 1] to prove
Lemma 7.5.

Theorem 7.3 (Gan-Ginzburg) The map a: M x.%y — f+wm" is an isomorphism
of affine varieties.

Proof We have a contracting C*-action on M x .y defined by:

t.(g,x) = (p(t Hgp(1), p(1)x),

forallt € C*, g € M, x € /. The morphism « is C*-equivariant with respect to
this contracting C*-action, and the C*-action g on f + m*. This finishes the proof
by Lemma 7.5. O

Remark 7.2 Because M is unipotent, M = Lie(M) = m as a variety, and the C*-
contracting action on M x .5 is compatible with the isomorphism M x .y =
m X %y . Hence one can prove Theorem 7.3 using Remark 7.1.

As a consequence of this result, we get the isomorphism:
C[.%] = C[f +m*]M.

Remark 7.3 More generally, if ¢ is any isotropic subspace of g 1, set my = {®
@p% gj and 1y == (+ @ @P% gj, where £+ is the orthogonal of ¢ in g1 with
respect to (x,y) — x([x,y]). Letting N, be the unipotent subgroup of G with Lie
algebra 1, we have ([138]):

foyf ;>f+mL.

We recover the previous cas when ¢ is Lagrangian.

7.2.1 Poisson structure on .

We will see in this paragraph that .5 is naturally equipped with a Poisson structure.
The arguments are adapted from [138].
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The connected Lie group M acts on the Poisson variety g* by the coadjoint action.
The action is Hamiltonian and the moment map,

w: gt — m, (7.8)

is the restriction of functions from g to m. Since x|, is a character on m, it is fixed
by the coadjoint action of M. As a consequence, the set

£ () = (€ € 6" p(€) = xlm)

is M-stable.
Lemma 7.6 The restriction x|w is a regular value for the restriction of u to each
symplectic leaf of §".
Proof Note that u~ ! (y|m) = x +m=*. Then we have to prove that for any & € y +m*,
the map

dep: Te(G.£) — Ty, (M)

is surjective. ButT¢ (G .€) = [g, £] while Ty, (m*) = m*. Since y +m™ is transversal
to the coadjoint orbits in g* (cf. Theorem 7.2), we have

g=[gél+m.
Fix y € m* and write y = x+x’, with x € [g,&] and x” € m*, according to the above
decomposition of g. Then u(x) =y. O

Since the map
MXx.s — x+m*

is an isomorphism of affine varieties (cf. Theorem 7.3),
Sy = (y+mh)/M.

Therefore, by Theorem B.2 we get a symplectic structure on .#. In fact, thanks
to Lemma 7.6, we have shown that the symplectic form on each leaf on . is
obtained by symplectic reduction from the symplectic form of the corresponding
leaf of g*. The Poisson structure on .4 is described as follows. Let : y + m* —»
(x + m*)/M =~ /5 be the natural projection map, and ¢: y + m* < g* be the
natural inclusion. Then for any f, g € C[.%f],

{f’g}Yf Oﬂ':{f,g}OL

where f, g are arbitrary extensions of f o, g o7 to g*.

Remark 7.4 On can show that the above Poisson structure on .7 is the same as the
one we would have obtained by induction from the Poisson structure on g* = g (see
Theorem B.1). Next exercise is about this.

Exercise 7.4 The aim of this exercise is to obtained the above Poisson structure on
< in other way, by applying Theorem B.1.
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(i)  Showthatforany ¢ € 7, [£, [e, 8]]NT«(f) = 0, thatis, [£, [e, g]]Ng® = 0.

(i) Deduce from question 1 that for any coadjoint orbit O in ¢g* and any ¢ €
O N s the restriction of the symplectic form on T (O) to T () NTg(0)
is nondegenerate.

(iii) Conclude by applying Theorem B.1.

Alternatively, the Poisson structure of .y can be described as follows. Let
I, =Clg"] ) (x = x(x)),
xXem

so that
Clu" (0] = Clg*1/1,-

Then C[.SF] = Clu~'(x)]M is identified with the subspace of C[g*] /1, consisting
of all cosets ¢ + I, such that {x, ¢} € I, for all x € m. In this realization, the Poisson
structure on C[.%r ] is defined by the formula

{¢ + [)(s¢, + I)(} = {¢,¢,} + I)(

for ¢, ¢’ such that {x, ¢}, {x, ¢’} € [, forall x € m.

7.2.2 BRST reduction of g*

We now apply Theorem 7.1 to X = g%, G = M, the moment map y: X = g* — m*
and y = (f|-). Observe that u~!(y) = f + m*. Clearly yu is flat, and the second
assumption is satisfied by Theorem 7.3.

Theorem 7.5 (Gan—-Ginzburg) We have H g RST ’X(m, Clg*]) =0fori # 0 and

HIORRST,X(m’ C[g*]) = C[ff]

as Poisson algebras.

Proof Since M is unipotent, it is isomorphic to an affine space, and we have
Hfi r(M) = 6;oC (see Remark F.1). Therefore the assertion follows immediately
from Theorem 7.1. O

7.3 Equivariant Slodowy slices

Let x; and xg denote the action of x on C[G] as a left invariant vector field and a
right invariant vector field respectively. Consider the cotangent bundle 7°G of G.
We have TG = G X g" and the Poisson structure of C[T*G] is given by
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{x’y}=[~x’y]’ {x,f}=XL(f), x’yEQ’fEC[G]‘

There are the following two commuting Hamiltonian G-actions g — gy and g — ggr
on T*G, where

gL((l,)C) = (ag_l’g'x)’ gR(a’x) = (ga’x)’ (79)

where g.x = Ad*g(x) denotes the coadjoint action of g on x. The moment map
corresponding to the former is just the projection

up:T°G 3 (a,x) — x €g". (7.10)
The moment map corresponding to the latter is given by
ur:T*G 3 (a,x) — a.x € g". (7.11)

The action of g on C[T*G| = C[G] ® C[g"] obtained by differentiating these actions
are

ap(x) =xp+adx , 7R(x) = xR,

where ad x denotes the action f — {x, f} on C[g*].
Now consider the composition

, projection
E—

p:T*GLg

Then y is the moment map for the M-action by restriction to g; . We have u~'(y) =
G x (y +mb). Clearly the action of M on u~!(y) is free and y is the regular value
of u. Thus,

T =0 ()M = G xp (x +m) (7.12)
is a symplectic variety. We have
57; =G XSy

and 57; is called the equivariant Slodowy slice [221].
As p is clearly flat we can apply Theorem 7.1 to obtain the following.

Proposition 7.1 We have H%RST,X("" C[T*G)) =0 fori # 0 and

H%RST,X(m’C[T*G]) = C[%}]
as Poisson algebras.

Remark 7.5 The equivariant Slodowy slice ,57; = G Xp; (xy + mt) is naturally a

vector bundle over G/M. As a bundle over G/M, 57} is called a twisted cotangent
bundle [89, §1.4.13].
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The relation between the Slodowy slice .y and the equivariant Slodowy slice
s is described as follows. There is an action of G on .y defined by

g(a,x) = (ga,x). (7.13)

Proposition 7.2 We have C[f | = C[jﬁ’?; 1€ as Poisson algebras.
The G-action (7.13) is Hamiltonian and the corresponding moment map is given
by
y:%:GxM (y +mt) 3 (g,x) — g.x €g". (7.14)

The following theorem was proved in [259, 248, 87].

Theorem 7.6 The moment map p: 57; — g given by (7.14) is smooth onto a dense
open subset of §* containing G.y. In particular, u is flat.

Proof Since the proof is short, we give the argument.
It suffices to prove that the morphism

9f2GX(f+ge)—>g, (g’x)’_)g'x

is smooth onto a dense open subset of g containing G.f. Since g = g¢° + [ f, g], 6f
is a submersion at (1, f). Then 6 is a submersion at all points of G X (f + g°)
since it is G-equivariant for the left multiplication in G and since

tlim pt)yx=f

for all x in f + g°. So, by [158, Chapter III, Proposition 10.4], 6 is a smooth
morphism onto a dense open subset of g, containing G. f. O

Theorem 7.7 The natural map C[g*]¢ — C[.%f] = H%RST X(m, Clg*]) defined

by sending p to p ® 1 induces an isomorphism from C[g*|€ to the Poisson center of

Cl#* 1
The fact that

Z(C[]) = Clg]°,

where Z(C[.# ]) is the Poisson center of C[.7 |, was claimed by Ginzburg—Premet
([249, Question 5.1]).

Before proving the theorem we state two lemmas of independent interest. They
are used also for the proof (omitted in this book) of Theorem 13.6. We refer to [146,
Theorem A.2.9] for a proof of the next result.

Lemma 7.7 Let X,Y, Z be irreducible affine varieties. Assume that f: X — Y and
h: X — Z are dominant morphisms such that h is constant on the fibers of f. There
there exists a rational map g: Y — Z making the following diagram commutative:
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Lemma 7.8 Let X and Y be two normal irreducible affine varieties, and f: X — Y
a flat morphism. Then C(Y) N C[X] = C[Y]. Here, we view C[Y] as a subalgebra
of C[X] using f*: C[Y] — C[X].

The result is likely well-known. As we haven’t found an appropriate reference,
we will include a proof.

Proof Since X is normal and the fibers of f are all of dimension dim X —dim Y, the
image of the set X’ of smooth points of X is an open subset Y’ of ¥ such that Y \ Y’
has codimension at least 2.

LetyinY’andx € f~'(y) c X’. Then we have a flat extension of the local rings
Oy,y — Ox «. Since Oy ,, and Ox , are regular local rings, they are factorial. For
a € C(Y)NC[X], write a = p/q with p, g relatively prime elements of C[Y] . Since
D, q are relatively prime, the multiplication by p induces an injective homomorphism

ﬁY,y/qﬁY,y — ﬁY,y/qﬁY,y-

Since Ox . is flat over Oy, the base change Ox . Qpy ., — yields an injective
homomorphism
ﬁX,x/qﬁX,x - ﬁX,x/qﬁX,x-

Hence p and ¢ are relatively prime in O . In addition, the image of 1 is 0 because
a = p/qisregularin X. As a result, ¢ is invertible in O .

Since the maximal ideal of Oy , is the intersection of Oy , with the maximal
ideal of O , g is invertible in Oy , and so a is in Oy . As a result, a is regular
on Y’ and then extends to a regular function on Y since Y is normal. O

Proof (of Theorem 7.7) By Theorem 7.6, the moment map wu: 57} — g induces
an embedding u*: C[g*] — C[Z] of Poisson algebras. By taking G-invariants,
we get the embedding C[g*]¢ — (C[%]G =C[.%f].

Consider the morphism ¢: .y — ¢*/G. Each of the fibers is a finite union
of symplectic leaves for .y . Remember that the symplectic leaves of .y are the
intersections .y N G.£ with & € g*. On the other hand, by [249, §§5.4 & 6.4], all
scheme-theoretic fibers of ¢ are reduced and irreducible. Hence each fiber of ¢ is
the closure of some symplectic leaf of .. Let now z be in the Poisson center of
C[#F]. Itis constant on each symplectic leaf by definition of the Hamiltonian flow:
If o is an integral curve of {H, -}, with H € C[.%f] and 0(0) = x € ./}, then

d
E(Z ooy) ={H,z} ooy =0, and so z is constant on all flows through x, that is, on
the symplectic leaf of x. As a result, z is constant on all fibers of the morphism ¢.
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If z is constant, then clearly z lies in the Poisson center of C[g*]. In addition, one
can assume that z is homogeneous for the Slodowy grading on C[.#; ] induced from
the C*-action of p on . since the Poisson center of C[.%s] is Slodowy invariant.
So for any ¢ € C*, t.z = t*z if k is the Slodowy degree of z. Hence one can assume
that z: .y — Cis a dominant (and even surjective) morphism. So by Lemma 7.7, z
induces a rational morphism on g*/ G since z is constant on the fibers of the dominant
morphism ¢. As a result, it remains to prove the following:

C(g/G) NnC[.#F] =C[g"/ G, (7.15)

since C[g*/G] = C[g*]°. But this follows from Lemma 7.8. O

7.4 Moore-Tachikawa operation and Kostant—Slodowy reduction

We continue to assume that g = Lie(G) is simple, that G is connected, and that f is
a nilpotent element of g.

7.4.1 Convolution

Let X,Y be (any) affine Poisson schemes equipped with Hamiltonian G-action,
ux: X — g%, py: Y — g* the corresponding moment maps. Then the diagonal
action of G on X X Y is Hamiltonian, with the moment map

Pxxy: X XY 3 (x,y) — px (x) + uy (y) € "
Motivated by [240], we define the affine Poisson scheme X o Y by
XoY :=(XxY)/prstG = Spec(H% s (8, C[X] ® C[Y])).
Clearly, X oY =Y 0 X.

Proposition 7.3 We have T*G o X = X for any affine Poisson scheme X equipped
with a Hamiltonian G-action.

Proof From Exercise 7.8 below we have
HYpor (8,.C[T*G] ® C[X]) = Hypor (8,C[T*G]) ® C[X].

So it is enough to show that H%RST (g,C[T*G]) = C. But this is easy to see using
Theorem 7.1. ]

Exercise 7.8 Let X be an affine Poisson schemes equipped with a Hamiltonian
G-action. There are the following four Hamiltonian G-actions on TG X X:
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ﬂl,L(g)(a7 f,X) = (ag—l’ gf,gX), n],R(g)(a’ f,X) = (ga’f’x),
ﬂZ,L(g)(a, f»-x) = (ag—19gf’x)7 7T2,R(g)(a’ fa-x) = (ga’ f,gX).

Clearly the actions 7y 1 and 7 g (resp. 72, and w2 g) mutually commute. Consider
the morphism
O:T'"GxX —-T'GxX

defined by (g, f,x) — (g, f,gx) for g € G, f € g*, x € X. Check that ® is an
isomorphism of Poisson schemes such that

Qomp=mpo® ®domgr=mprod.
Theorem 7.9 Let X be an affine Poisson scheme equipped with a Hamiltonian G-
action, and ux : X — @" the corresponding moment map. Then ./ o X is isomorphic

to the scheme theoretic intersection X Xg %y = X N /J;(l (f), where Sy — g is
given by the inclusion x — —Xx.

Proof Let
u: Z XxX=GxSrxX—g", (gsx)— gs+ux(x),

be the moment map that is the sum of the moment maps. By Theorem 7.6, u is flat.
Further, the action map gives the isomorphism

G X (s xg X) — u~(0).
Thus, Theorem 7.1 gives that

Hiypsr (8, C[X X 77 ]) = C[X x¢ L5 ] ® H3(G). (7.16)

Exercise 7.10 Show that g* o ¢* = ¢*/G, that is, C[g* o ¢*] = C[g*]°.

7.4.2 Kostant-Slodowy reduction

Let X be an affine Poisson scheme equipped with a Hamiltonian G-action. The
composition of the moment map ux with the projection g* — m* is the moment
map for the M-action on X. We define the Poisson algebra DSy (C[X]) by

DSy (C[X]) := Hypsr , (m,C[X]),
and the affine Poisson scheme DS (X) by

DSy (X) = X/ Brst yM = Spec(Hppsr (M, C[X])),
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where y = (f|-) is as before.

The letters D S stand for Drinfeld and Sokolov, although this construction is rather
due to Kostant and Slodowy. We adopt the notation DS in order to be consistent with
the analogue constructions in the quantized and the chiral quantized settings.

Note that Theorem 7.5 and Proposition 7.1 say that

DS;(g') =%, DS;(I"G)=.7;.
The following theorem is proved in [138].

Theorem 7.11 For any affine Poisson scheme X equipped with a Hamiltonian G-
action, we have

DS (X) E%OXEXXQ* S

Moreover, HERST’X(m,C[X]) =0fori#0.
Proof First, by (7.16), we have 57} oX = X Xg Sr.So the task is to prove the first
isomorphism.

Recall the isomorphism ®@: 7*G x X — T*G x X in Exercise 7.8. We will show
that the following diagram commutes:

G
TG x X —1BRsT X

DSy DSy

iXX—>DS X).
Y /BRsTG f( )

Set
C :=C[X] ® C[T*G] ® Cl(m) ® Cl(g).

Let Om,, € C(m) and Q4 € C(g) be the elements that give the differentials of
the BRST complex for Hy, ST’X(m, C[m]) and Hy,,¢r (8, C[g]), respectively. Let
O1,m € C be the image of Oy, by the embedding C(m) < C given by the moment
map with respect to the action 1 1, of M (this corresponds to the right vertical arrow).
Let Q_l,g € C be the image of Q_g, by the embedding C(g) < C given by the moment
map with respect to the action 7y g of G (this corresponds to the upper horizontal
arrow). Let Q2 m € C be the image of Oy, by the embedding C(m) < C given
by the moment map with respect to the action > ;, of M (this corresponds to the
left vertical arrow). Let Q2 4 € C be the image of Q,, by the embedding C(g) < C
given by the moment map with respect to the action m» g of G (this corresponds to
the lower horizontal arrow).
Define
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01=01m+01g 02=02m+02,

Since ad Q_i,m and ad Q_i,g obviously commute each other, (ad Qi)2 =0fori =1,2.
Moreover ® induces the isomorphism (C,ad Q1) — (C,ad Q) of differential
graded Poisson algebras. In particular

H*(C,ad Q)) — H*(C,ad 0). (7.17)

To_compute H*(C, a_d Q1) one can use the spectral sequence (E,, d,) whose dg
isad Q1,4 and d; is ad Q1 1n. We have

Ey? = H(C,ad Q1) = C[X] ® Cl(m) ® Hi 7 (8, CIT"G1)

= C[X] ® Cl(m) ® HI,(G).

It follows that the complex (E}*?, d1) is the BRST complex for Hypor (M C[X])
tensored with H . (G). Hence

EFY = Hppor (M C[X]) ® Hjp(G). (7.18)

We can therefore represent classes in E; "1 as tensor products w| ® w; of a cocyle
w in C[X] ® CI(m) representing a class in HI’;RST’X(m, C[X]) and a cocycle w, in
A4g* c C[T*G] ® CI(g) representing a class in HZR (G) = H4(g,C). Applying the
differential ad Q| to this class, we find that it is identically equal to zero. Therefore all
the classes in E; survive. Moreover, all of the elements of E; in the decomposition
(7.18) lifts canonically to the cohomology H*(C,ad Q1), and thus, we get that

H*(C.ad Q)) = Hypgr  (m.C[X]) ® H3x(G). (7.19)

Similarly, to compute H*(C, ad Q) one can use the spectral sequence (£, d;.
such that dj = ad Q2 w and d| = ad Q5 4. We have

E{™" = H9(C,ad Qs,m) = C[X] ® Cl(8) ® Hp g (m,C[T"G])
= §4,0C[X] ® Cl(g) ® C[.77]

It follows that the complex (E {"q, dy) is the BRST complex for the operation X OZ .
Hence by Theorem 7.9 and its proof

EPP? = §,0C[X 0 77] ® HY L (G).
We conclude that the spectral sequence collapses at £, = Eo,, and we get that
H*(C,ad 02) = C[X 0.7 ] ® H'(G). (7.20)

Finally (7.17), (7.19) and (7.20) give that
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H};RST’X(m,C[X]) = 0;,0C[X o S ].
This concludes the proof of the theorem. O

Let / be an ad g-invariant graded ideal of C[g*]. Then [ is a Poisson ideal, so that
C[g*]/I is a Poisson algebra. Set

“17(1) := Spec(C[g*]/I), ¥ (I) :=Specm(C[g"]/I). (7.21)

Thus, ¥/(1) is the zero locus of / in g*. The action of G on g* restricts to a Hamiltonian
action on ¥ (I).

Corollary 7.1 Let I be an ad g-invariant graded ideal of C[g*].

() DSy (¥ (D) #0ifand onlyif ¥ (I) > G.f.
(ii)  The Poisson algebra C[DS (77(1))] is finite-dimensional if ¥ (I) = G .f.

Proof By applying Theorem 7.11, we get that
DSy (V(I)) = V(1) Xg S,

which is isomorphic to ¥ (I) N .y C /¥ as topological spaces.

(i) Since it is stable under the C*-action on .y, DS (“/7 (1)) is nonzero if and
only it contains the point { f}. As ¥'(I) is G-invariant and closed, this is equivalent
tothat ¥ (1) > G.f. N

(ii) Clearly, C[DS ¢ (#/(I))] is finite-dimensional if and only if dim DS ¢ (¥ (1)) =
0, which is equivalent to that ¥ (I) N s = {f}. On the other hand we have
G.fn s = {f} by the trasversality of .7y to G-orbits. O

7.5 BRST reduction of Poisson modules

The above results can be generalized to Poisson modules (see Appendix B.5). For a
Poisson algebra R, we write R -PMod for the category of Poisson modules over R.

We assume in this section that G is any connected affine algebraic group. Let
g = Lie(G), and y a one-point orbit in g*. Recall the differential graded algebra
(C(g),ad Q) defined in Section 7.1.1.

For N € C[g*] -Pmod, N ® CI(g) is naturally a Poisson module over C(g) =
C[g*] ® CI(g). (The notation of Poisson modules naturally extends to the Poisson
superalgebras modules.) Thus, (N ® CI(g),ad Q) is a differential graded Poisson
module over the differential graded Poisson module (C(g),ad Q). Here ad Q is
defined using the Poisson module structure map,

C(g) x (N @ Cl(g)) — N ® Cl(g).

In particular its cohomology
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HI.SRST,X(ga N):=H*(N®Cl,ad Q)

is a Poisson module over H*(C(g), ad Q), and thus over H%(C(g),ad Q). So we get
a functor

Clg*] -PMod — H°(C(g),ad Q) -PMod, N +— Hyper (8, N).

More generally, let R be a Poisson algebra equipped with a Poisson algebra

homomorphism p*: C[g*] — R. Then for a Poisson R-module M, H%RST X(g, M)

is a Poisson module over H% R ST’X(g, R). Thus we get a functor

R-Pmod — H°(C(g),ad Q) -PMod, N +— Hyper (8, N).

7.5.1 Results for Poisson modules

Assume from now that g = Lie(G) is simple. Let HEC(g) be the full subcategory
of the category of Poisson C[g*]-modules on which the Lie algebra g-action is
integrable, that is, locally finite. If X is an affine Poisson scheme equipped with a
Hamiltonian G-action then C[X] is an object of HC(g) (see Example B.5).

For M, N € HC(g), define

MoN :=HYper (g, M ®N),

where g acts on M ® N diagonally. Then M ® N is a Poisson module over the trivial
Poisson algebra C[g* o g*] = C[g*]“.
The proof of the following assertion is similar to that of Proposition 7.3.

Proposition 7.4 For M € HC(g),
T"GoM =M

as a Poisson module over C[T*G o g*] = C[g*].

Keep the notation of Section 7.4.2. In particular, y is the character (f|-) of m, a
nilpotent Lie subalgebra of g associated with f. For M € HC(g), define

DSf (M) = HOBRST’X(m, M),

which is a Poisson module over C[.].
The following assertion can be proved in the same way as Theorem 7.11.

Theorem 7.12 For M € ﬁ(g), we have HE;RST X(m, M) =0 fori # 0. Therefore,
the functor

3e(g) — C[.%;]-PMod, M s DS;(M),
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is exact. We have

DSf(M) =C[.%f]oM
as a Poisson module over C[.#¢] = C[% og*].

Corollary 7.2 Let I be an ad g-invariant graded ideal of C[g*] such that ¥ (I) = G .f
Then — —
dim DSy (¥ (1)) = multW v (1),

where the integer multﬁ A (1) is defined in the below proof.
Proof There is a filtration
Clg*l/IT=My>M,D>---D>DM, =0

of C[g"]-modules such that M;/M;,; = C[g*]/p;, where p; is a prime ideal in
C[g*]. The integer multw ¥ (I) is by definition the number of indexes i such that

p; coincides with the prime ideal corresponding to G.f. As ¥ (p;) € ¥ (I) = G.f,

C if¥(p:)=G.f,
0 otherwise.

DSy (M;) ={

The assertion follows from the exactness of the functor DS s (). O



Chapter 8

Quantized BRST cohomology and finite
‘W-algebras

The goal of this chapter is to quantize the BRST constructions made in the previous
chapter. Then, we will proceed with the study of finite W-algebras. These algebras
were introduced by Premet and have attracted attention for several reasons, mostly
related to classical problems of representation theory. For our purpose, they are
important as (Ramond twisted) Zhu’s algebras of (affine) W-algebras, as we will see
in the next chapter. Finite W-algebras are certain generalizations of the enveloping
algebra of a simple Lie algebra. They can be defined through the BRST cohomol-
ogy associated with nilpotent elements. So, the definition and properties of finite
‘Wh-algebras are deeply related to the geometry of nilpotent orbits. We recall that Ap-
pendix D gathers standard facts on nilpotent elements and nilpotent orbits in simple
Lie algebras.

The chapter is structured as follows. Section 8.1, Section 8.2, Section 8.3 and
Section 8.4 concern the quantizations of the BRST constructions made in Section 7.1,
Section 7.2, Section 7.3 and Section 7.4, respectively, essentially following [205].
In particular, we start in Section 8.1 with a general setting. After that, we focus
from Section 8.2 on the special BRST reduction associated with nilpotent elements
of a simple Lie algebra. In Section 8.5, we collect various important results on the
representation theory of finite W-algebras.

8.1 Quantized BRST cohomology and quantized BRST reduction

Let G be any connected affine algebraic group with Lie algebra g, and let y: g — C
be a character, that is, a one-point G-orbit.

165



166 8 Quantized BRST cohomology and finite W-algebras

8.1.1 Quantized BRST cohomology

Let U.(g) be the PBW filtration of the universal enveloping algebra U(g) of g. The
PBW theorem gives isomorphisms of Poisson algebras (see Example B.2):

erU(s) = P Ui(9)/Ui-1(9) = Clg"].

i>0

Set

C(g) =U(g) ® Cl(g).

It is naturally a C-superalgebra, where U(g) is considered as a purely even subsu-
peralgebra. The filtrations of U(g) and CI(g) induce a PBW filtration of C(g),

Cp(8)= ). Uig) ®Cly(g), 8.1)

i+j<p
and we have
grc(g) = C(g)

as Poisson superalgebras. Therefore, C(g) is a quantization of C(g).
Define a Z-grading C(g) = 6B, .5 C"(g) by setting degu ® 1 = 0 for u € U(g),
degl® f=1for f € g",degl ® x = —1 for x € g. Then

C"(s) =U(s)® (P Ngo Ng").
Jj—i=n
Recall that that the Lie algebra homomorphism p was defined in Lemma 7.1.
Lemma 8.1 The following map defines a Lie algebra homomorphism:
9,\(: g— C(g)
x— (x=—xy(x)®1+1® p(x).
Next lemma was observed in [60, Lemma 7.13.7].

Lemma 8.2 There exists a unique element Q € C'(g) such that
[0.1®x] =60,(x) forall xce€g.

We have Q% = 0.

Like Q in the previous chapter, the element Q depends on y, but we omit the
subscript for simplicity.

Proof The proof is similar to that of Lemma 7.4. In fact the element Q is explicitly
given by the same formula as Q:
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* 1 k%%
0= Z(Xi —x(x)®x; - 1® 5 Z Ci XXXk
i i,j.k
and the verifications are left to the reader. O

Since Q is odd, Lemma 8.2 implies that
(ad0)? = 0.
Thus, (C(g),ad Q) is a differential graded algebra, and its cohomology

Hppsr (8, U(9)) == H*(C(g),ad Q)

is a graded superalgebra.

More generally, let A be a U(g)-algebra. Then A ® ClI(g) is naturally a C(g)-
algebra, and (A ® Cl(g), ad Q) is naturally a differential graded algebra, where the
image of Q is also denoted by Q. Therefore, its cohomology

HZ;RST,X(Q’ A) :=H*(A®Cl(g),adQ) (8.2)

inherits a graded Poisson superalgebra structure from A ® Cl(g). We write

Hypor (8, A) for Hy oo (g, A) if x = 0.

8.1.2 Kazhdan filtration

The operator on gr C(g) induced by ad Q does not coincide with ad 9. To remedy
this, we introduce the Kazhdan filtration K.C(g) of C(g) as follows.
We assume that there is a grading

=Py (8.3)

icl
Jj€32

of g compatible with the Lie algebra structure, that is, [g;,g;] € @i+, for all 4, j,
such that y(g;) = O unless j = 1. (If y = 0, we can choose the trivial grading.) The
grading (8.3) extends to C(g) = U(g) ® Cl(g) as follows. One can choose a basis
{xi}i of g which respect the grading (8.3), that is, each x; belongs to some g;, and
consider the dual basis {x}};. Then we set degx; = j, degx; = —j for x; € g; in
CI(g) or U(g), x; € g* C Cl(g). Here and after, we omit the tensor product sign.
Let

C(e) = P clil

el
JE€3Z

be the corresponding grading.
Recalling the filtration (8.1), put C;(g)[j] = C;(g) N C(g)[/] and define
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KpyC(e) = D Ci(a)[/]
i-j<p
for p € Z. Then K,C(g) yields an increasing, exhaustive, separated filtration of C(g)
such that

Kpc(g) : ch(g) - Kp+qC(g)’ [Kpc(g)’KqC(g)] - Kp+q—1C(g),

and grx C(g) = @p K,C(g)/Kp-1C(g) is isomorphic to C(g) as Poisson superal-
gebras. Moreover,
(ad Q)KPC(Q) - K,,C(g),

and the associated graded complex (grg C(g),ad Q) is identical to (C(g),ad Q).
Let K.U(g) and K.CI(g) be the restrictions of K.C(g) to U(g) and Cl(g),
respectively, so that gri U(g) = C[g*], grx Cl(g) = Cl[g*].

8.1.3 Quantized BRST reduction

Let X = Spec(R) be an affine, Hamiltonian Poisson G-scheme, and ux: X — g*
the moment map.
We wish to quantize the BRST reduction

X ~> X[ grst G = Spec(Hypgr , (8, C[X])).

A quantization of the Hamiltonian G-scheme X is an almost commutative filtered
U(g)-algebra (A, F,A) equipped with an action of G such that

(i) grpA = C[X] as Poisson algebra,

(i) g(a.b) = (ga).(gb)forg e G,a,b € A,

(iii) the action of g obtained by differentiating the action of G coincides with the
adjoint action of g,

(iv) if we denote by g* the the natural algebra homomorphism U(g) — A,
A (Up(g)) = F,An " (U(g)), and the induced homomorphism C[g*] =
grU(g) — grp A = C[X] coincides with p .

Let (A, F.A) be a quantization of the Hamiltonian G-scheme X, and y € g*. Let
g= @je% g; be a grading of g such that xy(g;) = O unless j = 1. A compatible
grading on A is a grading A = @je%ZA[j] such that i*(g;) € A[j] and F,A =
@je%z FpAlj], where F,A[j] = A[j] N FpA. With such a grading we can define
the Kazhdan filtration K, A on A by

KpA = Z FiA[j]
i—j<p

We have grp A = C[X].
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Note that by definition the image of the left ideal A X, (4" (x) — x(x)) of A
in grgy A = C[X] coincides with the defining ideal ¥, cq(uy (x) — x(x))C[X] of
gy (x) in X.

Consider the superalgebera H;RST’X(Q, A) = H*(A ® Cl(g),ad Q), see (8.2).
Note that the filtrations K, A, K,C! induce a filtration K,(A ® Cl(g)) on A ® CI(g)
that is compatible with the action of ad O, and (grg (A ® Cl(g)), ad Q) is identical
to the complex (C[X] ® Cl(g),ad Q).

Let K'HI.BRST,X(Q’A) be the filtration of H;?RST,X(Q’ A) induced by K.(A ®
Cl(g)), and grg HZ;RST,X(Q’ A) the associated graded.

Theorem 8.1 Assume that the conditions (1) and (2) of Theorem 7.1 are verified,
that is, there exists a subscheme . of ,u;(l (x) such that the action map gives the
isomorphism G X & —— ,u;(l (x) and ux is flat.

Under the above setting, there is an isomorphism of Poisson algebras

grg Hppsr (8, A) = Hppor (8, C[X]) = C[X/ prst, G] ® Hyr(G).
In particular, HOBRST X(g, A) is a quantization of C[X [ grst ,, G].

Proof Consider the spectral sequence E, = Hp, ST‘X(g, A) such that E; =
H*(grg (A®CI(g)),ad Q) = H;QRST’X(Q,C[X]).ByTheorem7.l,H;;RST’X(g,C[X]) =
C[] ® H}x(G). We can therefore represent classes in Ef’ "4 as tensor products
w1 ® wy of acocyle w; in C[X] ® AP (g) representing a class in H%RST’X(g, C[X])
and a cocycle wy € A9 c Cl(g) representing a class in HZR(G) = H9(g,C). Ap-
plying the differential ad Q to this class, we find that it is identically equal to zero. It
follows that the spectral sequence collapses at E; = E. O

8.2 Finite W-algebras

We will now apply the above construction to (g*, u, x), where g = Lie(G) is a simple
Lie algebra, p: g* — m* is the moment map (7.8) and y = (f|—) € m*, with f a
nilpotent element of g.

Clearly, U(g) with the PBW filtration is a quantization of the Hamiltonian G-
scheme g*. By restricting to the M-action, we may regard U(g) as a quantization of
the Hamiltonian M-scheme g*. The Dynkin grading (D.1) satisfies the condition of
Section 8.1.2, as well as its restriction to m. So we have the corresponding Kazhdan
filtrations K,U(m) and K, U(g).

By Theorem 8.1,

Hipsr (M.U() =0 for i#0, (8.4)

and
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U(g, f) = H%RST,X(m’ U(g))
is a quantization of C[.r].

Definition 8.1 The algebra U(qg, f) is is called the finite W-algebra associated with
g and f. In the case where f = 0, we recover the enveloping algebra U(g) of g.

8.2.1 Definition via Whittaker models

Let y = (f]-) € m*. It extends to a representation
x:U(m) —C

and we denote by C, the corresponding left U (1t)-module. The right multiplication
by an element of m induces a right U(m)-module on U(g). Denote by I, the left
ideal of U(g) generated by the elements x — y(x), for x € m,

L= " U(®)(x = x(x),

and set
Oy = U(g) QU (m) C)( = U(g)/l)(-

It is an U(g)-module called a generalized Gelfand-Graev module [192].
The adjoint action of m in g uniquely extends to an action of m in U(g) and the
ideal I, is m-stable. Thus Q, is endowed with an m-module structure, and we set

Q;dm ={ieQ,: [y,u] €1, forany y € m},
where it denotes the coset u + I, of u € U(g),

Remark 8.1 The algebra Qj‘(d'“ is the space of Whittaker vectors of Q,,

O™ = Wh(Q,) = {u € Oyt xu = x(x)u for any x € m}.

The next result was obtained by Kostant ([204]) for the regular case. For the
general case, see [93] or [12]. The proof of Arakawa [12] only concerns the regular
case, but can be easily adapted to the general case. We follow here his proof.

Proposition 8.1 We have

U(g, f) = Endy () (Q)® = Q3™,

where the symbol “op" means that we consider the ring Endy () (Q, ) with reversed
composition operation u.v := v o u.

We refer the algebra Qj‘(dm to as the Whittaker model realization of U(g, f).
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Proof As in the case of C(g), C(g) is also bigraded, so we can also write ad Q =
d, +d_ such that d,(C) c C*J d_(CY) c C'J*! and get a spectral sequence

E, = H*(C(g),ad Q)
such that

EY? = HP (HY(C(g),d-),dy) = 640H? (n,U(8) ®y ) Cy)
= §,,004,0H (M, U(8) ®y(m) Cy) = Endy (4)(U(8) ®(m) Cy)°P.

Thus we get the Whittaker model isomorphism

U(s. f) = H*(C(g).ad Q) = Q%™ = Endy (4 (U(8) ®v (m) Cy)"”.

whence the statement. O

Let Z(g) be the center of U(g), and Z(U (g, f)) that of U(g, f).

Theorem 8.2 We have an algebra isomorphism

Z(g) = Z(U(8, f)).

Proof The restriction to Z(g) of the representation U(g) — Endy (4)(Q, ) is injec-
tive. So we get an inclusion map,

Z(g) < U(ag, f).

Since this respects the filtrations, it induces a homomorphism of the associated
graded Poisson algebras, which is identical to the isomorphicm in Theorem 7.7.
Whence the statement. O

According to a result of Kostant [204], if f is regular then U(g, f) is isomorphic to
Z(g), which is known to be a polynomial algebra in rank of g variables. In particular,
U(g, f) is commutative in this case. The above result is a generalization of this fact.
Remark 8.2 The finite 'W-algebra Q;dm = U(g, f) a priori depends on the La-
grangian subspace £ C g 1 By [138], the algebra Q'j(dm does not depend, up to
isomorphism, on the choice of the Lagrangian subspace ¢ in g;. Furthermore, ac-
cording to the main result of [80], the algebra U(g, f) does not depend, up to
isomorphism, on the choice of the good grading adapted to f ([107]). Dynkin grad-
ings are typical examples of good gradings. More generally, for (optimal) admissible
gradings, the result is due to Sadaka ([254]).

8.2.2 Action of the reductive part of the stabilizer

Fix an sly-triple (e, i, f) of g and consider its stabilizer G% := Zg(e, h, f) in G.
The finite group G%/(G%)° is isomorphic to the component group
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C(f) =G /(GTy

of G/, the stabilizer of f in G, via G% — G/ - G¥ /(G )°; see [90, §3.7] for more
details. Here, (G%)° and (G')° stand for the connected component of the identity in
the groups G% and G/, respectively.

The adjoint action of the reductive group G® on g preserves m, and hence it acts
on U(g) ® Cl(m) as algebra automorphisms. Since the map 6, : m — U(g) ® CI(m)
in Lemma 8.1 is Gh-equivariant, it follows from Lemma 8.2 that the action
of GY preserves the differential Q € U(g) ® CI(m). Therefore G% acts on
U(g, f) = HOB RST’X(m, U(g)) as algebra automorphisms. Furthermore, the GH-
action on U(g) ® Cl(m) and U(g, f) preserves the Kazhdan filtration, hence the ac-
tion is locally finite. As it is explained in [249, Section 2], the Lie algebra g% = ¢/ Ngy
of GY embeds into U(g, f) and the adjoint action of g% c U(g, f) coincides with the
differential of the G¥-action on U(g, f).

! Warning

Because the action of g% on U(g, f) is not trivial in general, there is no action of
the component group C(f) on U(g, f) in general, but we will see in Section 8.5.3
that the component group acts on the set of isomorphic classes of irreducible finite-
dimensional U(g, f)-modules.

8.3 Equivariant finite W-algebras

We keep the notations of the previous section. In particular, g = Lie(G) is still
assumed to be simple. We can also apply the above construction to quantize the
equivariant Slodowy slices. Consider the ring D(G) of the (global) differential
operators on G (see Appendix C). We have

D(G) =U(g)  C[G]
as vector spaces, the natural maps
C[G] = D(G), jir:U(9) — D(G)

are embeddings of algebras (cf. Appendix C.4). The algebra D(G) is almost com-
mutative by the standard (or, order) filtration F,D(G) defined by F,D(G) =
U,(g) ® C[G], and we have gr-D(G) = C[T*G] by (C.1) (see also Example B.3).

The embedding /i, : U(g) — D(G) quantizes the comorphism yj : C[g"] —
C[T*G] of the moment map yup, see (7.10). This map is induced by the Lie algebra
homomorphism g — 2 (G), x — xr,, where 2 (G) is the Lie algebra of the vector

fields on G and
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(LN@ =4 faexp@lis.  xeq, feTIGlaeC.

Similarly, the Lie algebra homomorphism g — 2°(G), x — xg, where

d
(xrf)(a) = —f(exp (tx)a)|i=o,
induces the algebra homomorphism
Ar: U(g) — D(G),

which quantizes the moment map ug: TG — g*, see Appendix B.4 and Remark C.2
in Appendix. By definition, the two actions fi; (x), fr(y) commute each other.
Thus, D(G) is a quantization of the Hamiltonian G-scheme 7*G (with respect to
both actions).
The grading

D(6) = EB D[], DG)[j]=1{0 € D(G): [AL(h),d] =2jd}
je%Z

is compatible with the Dynkin grading (D.1). Thus, we have the corresponding
Kazhdan filtration K, D(G).

By Theorem 8.1, we have Hiy o (M. D(G)) =0 fori # 0, and

ﬁ(g, f) = H%RST,)((m’ D(G))

is a quantization of the equivariant Slodowy slice ., that is, the Kazhdan filtration
on D(G) induces the filtration K,U(g, f) and we have gry U(g, f) = C[%]. The
algebra U(g, f) is called the equivariant finite W-algebra ([219]).

In the definition of U(g, f), the BRST reduction is taken with respect to, say, the
action fir. So ﬁ(g, f) is a G-module with respect to the action g — gg, and fig
gives the algebra homomorphism

fr:U(g) — U(g, f), uw fig(u).

The adjoint action of g on U (g, f) is the same as the action of g obtained by
differentiating G-action. Thus, U(g, f) is a quantization of the Hamiltonian G-
scheme %% .

Exercise 8.3 Show that U(g, f) is a simple algebra.

The following proposition is proved in [219, §3.1].

Proposition 8.2 We have an algebra isomorphism

U(g, f) — U(g, /)% = U(g, f)™9.
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Proof The map /iy, induces the algebra homomorphism U (g, f) — U(g, f), and the
image is contained in U(g, f)©. Moreover this is an isomorphism since it induces
an isomorphism

grg U(g, f) = CL.7] = CLIF19 = (g U(s, 1) = grg U(8, f)°

by Proposition 7.2. In the above, the last equality is true since g is simple and G
connected. O

Remark 8.3 The algebra U (g, f) is the algebra of global twisted differential operators
(tdo) [164] (see also [24]) on G/M that quantizes the twisted contangent bundle
G Xp (x + mb). Thus, the finite W-algebra can be defined as the G-invariant
subalgebra of this tdo.

8.4 Quantized Moore-Tachikawa operation and
Drinfeld—Sokolov reduction

A Harish—Chandra U(g)-algebra is a U(g)-algebra A equipped with an action of
G such that (ga).(gb) = g(ab) for g € G, a,b € A, and the g-action on A
obtained by differentiating the action of G coincides with the adjoint action of g.
A quantization A of a Hamiltonian G-scheme X is a Harish—Chandra U (g)-algebra
such that gr A = 0'(X), where A, := Uy,,,(g).A.

Let A, B be Harish—Chandra U (g)-algebras. We define an algebra A o B by

AoB:=Hyper(3,A®B),

where A ® B is considered as a diagonal g-module.

Exercise 8.4 Show that U(g) o U(g) = U(g)® = Z(g), the center of U(g).

Proposition 8.3 We have D(G) o A = A for any Harish—Chandra U(g)-algebra A.

Proof We argue similarly to the proof of Proposition 7.3. From Exercise 8.5 below,
it is enough to show that H%RST (g, D(G)) = C. But this is easy to see. O

Exercise 8.5 Let A be a Harish-Chandra U(g)-algebra, and let p*: A — C[G]® A
be the comodule map, so that p*(a) = X, fi ® a; if ga = Y; fi(g)ai, f; € C[G],
a; € A, forallg € G.

(i)  Check that p* is an algebra homomorphism.
(i)  Define the algebra homomorphism ¢: C[G] ® A — C[G] ® A as the compo-
sition

m*®l1

ClGl® A 22 clGleC[G] ® A ™2 C[G] ® A,
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where m: G X G — G is the multiplication map. Show that ¢ is an isomor-
phism such that

(gL ®g)lop=¢o(gr®1l), (gr®)odp=¢o(gr®g),

where (g2)(f)(g1) = f(87'81). (8r)(f)(81) = f(818).

(iii) Define the algebra homomorphism
O:DG)®A— D(G)B®A

by
O((fr(u)f) ®a) = (jir(u) ® ¢~ (f ® a)

foru € U(g), f € C[G], a € A. Show that @ is an isomorphism such that

(81 ®8)oDd=Po(g.®1), (gr®1)oDP=Do(gr®g).

The above exercise shows in particular that H% (8. D(G)®A) = H%RST (g, D(G)) ® A.

RS’

8.4.1 Drinfeld—Sokolov reduction in the algebra setting

For a Harish—Chandra U(g)-algebra A, define the algebra DS (A) by
DSf(A) := Hypgr (M, A).

If A is a quantization of a Hamiltonian G-scheme X, one can define the Kazhdan
filtration K,A using the grading A = @jA[j], Alj] = {a € A: [h,a] = 2ja}.
This induces a filtration K,DS ¢ (A) of DS (A).

Next theorem is proved in the same way as Theorem 7.11 using Exercise 8.5.

Theorem 8.6 Let A be a quantization of a Hamiltonian G-scheme X. Then

HERST,X(m, A)=0fori#0, and

DS;(A) = U(g, f) o A.
Moreover, we have the Poisson algebra isomorphism
grg DSy (A) = C[DSy(X)] =C[X Xg+ S 1,

where DS ¢ (X) is defined in Section 7.4.2.
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8.4.2 Drinfeld—Sokolov reduction for modules

Let HC(g) be the category of Harish—Chandra bimodules, that is, the full subcategory
of the cagegory of U(g)-bimodules M consisting of objects M on which the adjoint
action of g is integrable, that is, locally finite.

A good filtration of M € HC(g) is an increasing, separated, exhaustive filtration
FoM of M such that Ui(g)FpMUj(g) C FpiirjM, [U;(g), FjM] C FiyjM, and
the associated graded grpM = @p FyM|F,_1M is finitely generated as a C[g"]-
module. Note that grp, M € HE(g).

A good filtration exists if M is finitely generated.

For M, N € HC(g), M ® N ® Cl(g) is naturally a module over C(g) ® Cl(g),
where U(g) acts on M ® N diagonally. So we can define

Hppsr (8, M ® N) = H*(M ® N ® Cl(g),ad Q).
Let

MoN :=Hyper (8, M ®N).

Note that if M and N are bimodules over Harish—Chandra U (g)-algebras A and B,
respectively, then M o N is naturally a bimodule over A o B. In particular it is a
module over U(g) o U(g) = Z(g).

Proposition 8.4 For any M € HC(g) we have
DG)oM =M
as a bimodule over D(G) o U(g) = U(g).

For M € HC(g), M ® Cl(m) is naturally a module over C(m) = U(m) ® Cl(m),
and so we can define the cohomology Hy, o ’X(m, M). Define
DSy (M) := Hypgr (M, M),

which is a bimodule over DS ¢ (U(g)) = U(g, f).
Let M € HC(g) be finitely generated, and let Fo M a good filtration of M. Then
we can define the corresponding Kazhdan filtration K, M by

KoM= ) FM[j,
i-j<p
where F;M[j] = F;M 0 M[j], with M[j] = {m € M: [h,m] = 2jm}. Then K.M
is also good, and grx M € HC(g). It induces a filtration K, DSy (M) of DSy (M),
and grg DSy (M) is naturally a Poisson module over grgx U(g, f) = C[#f].
Let U(g, f) -biMod be the category of U(g, f)-bimodules. The following asser-
tion follows from Theorem 8.6.
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Theorem 8.7 For M € HC(g), we have H;}RST X(m, M) = 0 fori # 0. Therefore,
the functor

He(g) — U(g, f)-biMod, M — DSy (M),
is exact. We have
DSy (M) =U(g, f) o M

as a bimodule over U(g, f)oU(g) = U(g, f). Moreover if M € HC(g) is finitely
generated and KJM is a good Kazhdan filtration then

grg DSy (M) = DSy (grg M)

as a Poisson module over C[.7r].

8.5 Representation theory of finite W-algebras

In this section, we will be concerned with representation theory of finite W-algebras.
Most results presented in this section are due to Losev [219, 221, 222, 223], see also
[220].

8.5.1 Primitive ideals and finite W-algebras

Let I be a two-sided ideal of U(g). The PBW filtration on U(g) induces a filtration
on I, so that gr/ becomes a graded Poisson ideal in C[g*]. Thus, U(g)/[ is a
quantization of the Hamiltonian G-scheme #'(grl) = Spec C[g*]/grI. Note that
the variety ¥ (grl) = SpecmC[g*]/grl = 7 (grl)q C @ is nothing but the
associated variety of I (see Appendix D.5).

Consider the exact sequence 0 — I — U(g) — U(g)/I — 0 in HC(g). By
Theorem 8.7, applying the exact functor DS (—) we obtain the exact sequence

0 — DSy (I) — U(g, f) — DSy (U(9)/I) — 0.
Following [221], we set
I == DSf (1),
which is a two-sided ideal of U(g, f), so that
DSy (U(g)/1) =U(g, f)/1+.

By Theorem 8.6 and Theorem 8.7,
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grg DSy (U(8)/1) = DSy (gryg U(a)/1) = C[V (gr 1) Xg -F].

Recall that a proper two-sided ideal I of U(g) is called primitive if it is the
annihilator of a simple left U(g)-module (see Appendix D.5). Given a nilpotent
orbit O in g, we denote by PrimgU(g) the set of all primitive ideal of U(g) such that
V(grl) =0

The following assertion, proved in [219], is a consequence of Theorem 8.7 and
Corollary 7.2.

Theorem 8.8 (Losev) Let f a nilpotent element of g, O a nilpotent orbit of g
and I € PrimgU(Q). Recall that integer multz— "//(gr I) is defined in the proof of
Corollary 7.2. We have

(i) DSy (U(g)/I)=Ul(g, f)/1; is nonzero if and only if G.f C 0.
(i) DSy (U(g)/I) is finite-dimensional if and only ifO = G.f. Moreover, if this is
the case, dim DSy (U(g)/1)) = multz— ”//(gr I).

Proof (i) We notice that DS (U(g)/I) is nonzero if and only if grie DS (U(g)/I)
is nonzero. But by Theorems Theorem 8.6 and Theorem 8.7,

grg DS; (U(8)/1) = DSy (grg (U(a)/D) = C[V (gr D) X -7 1.

Hence, DSy (U(g)/1) is nonzero if and only if the affine variety ¥ (grI) N % is
nonempty. Using the C*-contracting action p (see Lemma D.4), this condition is
equivalent to that G.f c O because ¥ (grl) =

(ii) Assume that DSy (U(g)/I) is finite- d1men510nal. Then by (i), we first have
an inclusion G.f c O. Next, by Lemma 4.9 and the proof of (i), we obtain that
W(gr I) N s has dimension zero, that is, on < = {f}. But this implies that
0=0G. G.f because otherwise, dimO N S =dim0O - dimG.f > 0. Conversely, if
O = G.f then by Lemma 4.9, C[”//(gr I) x4 ] is finite-dimensional and so is
DSy (U(9)/1) .

The last assertion immediately follows from Corollary 7.2. O

In fact, a much stronger result is known ([221]).

Theorem 8.9 (Losev) Let I € Primg_rU(g). Then DSy (U(g)/I) = U(g, f)/I+ is
a (finite-dimensional) semisimple algebra.

8.5.2 Skryabin equivalence

A g-module E is called a Whittaker module if for all x € m, x — y(x) acts on E
locally nilpotently. A Whittaker vector in a Whittaker g-module E is a vector v € E
which satisfies (x — y(x)v = 0 for any x € m, i.e., xv = y(x)v for any x € m.

Let Wh(g) be the category of finitely generated Whittaker g-modules and set for
E an object of this category,
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Wh(E) :={ve E: (x — y(x))v =0 for any x € m}.

Observe that Wh(E) = 0 implies that E = 0. Let U(g, f) -Mod be the category of
finitely generated U(g, f)-modules.

The following result is usually referred to as the Skryabin equivalence. See [248,
Appendix] and [138, Theorem 6.1] for a proof.

Theorem 8.10 (Skryabin equivalence) The functor

Oy ®u(g,r) —: U8, f)-Mod — Wh(g), V+— 0, ®yr)V

is an equivalence of categories, with
Wh(g) — U(g, f) -Mod, E +—— Wh(E),

as quasi-inverse.

Corollary 8.1 Let I be a two-sided ideal of U(g). Then Wh(g) — U(g, f) -Mod
restricts to the equivalence

Wh(g)! — U(g, f)/I+ -Mod,

where Wh(g)! is the full subcategory of Wh(g) consisting of objects M that is
annihilated by 1.

There is a ramification of the Skryabin’s equivalence. It is an equivalence between
the category O (see [81]) for a finite W-algebra and the category of generalized
Whittaker U(g)-modules. This was conjectured in [81] and proved by Losev [222].

8.5.3 Classification of finite-dimensional representation of finite
‘W-algebras and primitive ideals

By Theorem 8.9, any I € Primg_r U(g) givesrise to an irreducible finite-dimensional
representation of U(g, f). Conversely, let E be a finite-dimensional irreducible
representation of U(g, f). Then, by Theorem 8.10, O, ®y (q4,r) E is simple, and
thus, I = Anng ) (Qy ®u(q,r) E) is a primitive ideal of U(g). Moreover, I €
Primg_ s U(g) by [249]. In fact, E is a U(g, f)/I;-module ([219, 145]). In other
words, the corrrespondence

E — AnnU(g) (QX ®U(g.f) E) (8.5)

defines an well defined surjective map from the set of isomorphism classes of finite-
dimensional irreducible U (g, f)-modules to the set Primg. s U(g).

Let G be the stabilizer in G of the slo-triple (e, &, f), and C(f) = G/ /(G/)° =
G%/(GY)° the component group. As explained in Section 8.2.2, the group G acts
on U(g, f). Thus, giving any U(g, f)-module M, we can twist the module structure
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U(g, f) X M — M by an element g € G to obtain a new U(g, f)-module M,
with the same underlying space M and with the U(g, f)-module structure given by
u.m = g(u).m for all u € U(g, f). In this way, the group G% acts on the set of
isomorphic classes of U(g, f)-modules, and so on the set of isomorphism classes of
finite-dimensional irreducible U(g, f)-modules.

Lemma 8.3 Let d € Z(. The component group C(f) acts on the set of isomorphism
classes of d-dimensional irreducible U(g, f)-modules.

Proof First, by [249, Theorem 5.3 and its proof], for M, M, two finite-dimensional
irreducible U (g, f)-modules, M| = M, if and only if Anny (g, 1) M1 = Anng (g 5y M.
Therefore, we have to show that any M a finite-dimensional irreducible U(g, f)-
module and any g in the connected component of G¥,

AI‘an (a,f) M = AnnU(g’f ) M8 .

Indeed, M and M# obviously share the same dimension. Because Anng 4 )M is a
two-sided ideal of U (g, f), we have [x, I] c I for all x in the Lie algebra g% of G5. So
this ideal is fixed by (G%)° since the adjoint action of g% c U(g, f) coincides with the
differential of the locally finite rational action of G on U(g, f) (see Section 8.2.2).
Noticing that Anny (g, £yM8 = g~ (Anny 4 r) M), we get the statement. o

One can now tell more about the correspondence (8.5): any fiber of this map is a
single C(f)-orbit. This was partially proved by Losev in [222], and then completed
by Losev and Ostrik [223].

8.5.4 Multiplicity free primitive ideals and one-dimensional
representations of finite W-algebras

A primitive ideal I of U(g) is called multiplicity free if multz 7 ( grl) =1, where O

is the nilpotent orbit such that ¥ (grI) = O. A multiplicity free primitive ideal / is
completely prime, that is, U(g) /I is a domain.

By Theorem 8.8 (ii), if / is a multiplicity free primitive ideal such that ¥ (gr ) =
G_.f, then DSy (U(g)/I) = U(g, f)/I+ is one-dimensional. In particular, U(g, f)
admits a one-dimensional representation. Conversely, it is known that if E is a one-
dimensional representation of U(g, f) then Anng 4)(Q, ®u (g, ) E) is multiplicity
free.

By Lemma 8.3, the component group C( f) acts on the set of all one-dimensional
representations of U(g, f). By showing that the fixed point set is nonempty, Premet
proved the following result ([251]).

Theorem 8.11 (Premet) Any finite W-algebra admits a one-dimensional represen-
tation (equivalently, a two-sided ideal of codimension one).
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8.6 Classical Miura map

Assume that f is even (cf. Example D.3) or, equivalently, that the Dynkin grading
g =P, i is even, so that £ = gy =0.Then m = EB;'>0 g;.
Letm_ =P j<0 8 be the opposed Lie subalgebra to m. We have

g=m_@® gy ®m. (8.6)

Note that m* = go@m is a parabolic subalgebra of g (containing the Borel subalgebra
b=hon,). Setmt =m_ @ go.
Let {x;}i<i<m be a basis of m, and extend it to a basis {x;}i<;<n Of g. Let

cf.‘ . be the structure constants with respect to this basis. Consider the linear map

0p: m — C(m) of Lemma 8.1 with respect to the Lie algebra m (i.e., y = 0 and
g = m in this lemma). Extend it to a linear map 6y: g — C(g, m) := U(g) ® Cl(m)
by setting

Op(xi))=x;i®1+1® Z cff’jxkx;‘..
1<j,k<m
We already know that the restriction of 8y to m is a Lie algebra homomorphism and
[6p(x),1®y] =1® [x,y] forx,y em.

Although 6 is not a Lie algebra homomorphism, we have the following statement.

Lemma 8.4 The restriction of 6y to m* is a Lie algebra homomorphism. We have
[00(x),1®y*] = 1® (ad* x)y for x € m, y € m*, where ad”™ denote the coadjoint
action and m* is identified with (g/m=>)*.

Recall that U(g, f) = H°(C(g, m),ad Q), where C(g, m) := U(g) ® CI(m). Let
C(g, m); denote the subalgebra of C(g, m) generated by 8p(m) and Am c Cl(m),
and let C(g, m)_ denote the subalgebra generated by 8p(m*) and Am* c CI(m).

Lemma 8.5 The multiplication map gives a linear isomorphism
C(g,m)- ® C(g, M)y — C(g,m).

Lemma 8.6 The subspaces C(g, m)_ and C (g, m), are subcomplexes of (C(g, m),ad Q).
Hence C(g, m) = C(g, m)_ ® C(g, m); as complexes.

Proof The fact that C(g, m)_ is subcomplex is obvious (see Lemma 8.2). The fact
that C(g, m), is a subcomplex follows from the following formulas:

[0.00)] = D, i fopUex)-18 > cf x(x)x;

m+l1<j<n, 1<k<m 1<j,k<m

* 1 i * %
[Q,1®xi]=—1®§ Z kXX

1<j,k<sm
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Proposition 8.5 We have H*(C(g, m)_,ad Q) = H*(C(g, m),ad Q).
Proof By Lemma 8.6 and Kunneth’s Theorem ([281, §3.6]),
HP(C(g,m),ad Q) = () H'(C(g, m)-,ad Q) ® H'(C(g, m),,ad Q).
i+j=p

On the other hand, we have ad(Q) (1®x;) = 6, (x;) = 6o(x;)—x(x;) fori = 1,...,m.
Hence C(g,m)- is isomorphic to the tensor product of complexes of the form
C[0y (xi)] ® A (x;) with the differential 6, (x;) ® x;, where x] is the contraction with
x;. Each of these complexes has one-dimensional zeroth cohomology and zero first
cohomology. Therefore H(C(g, m),,ad Q) = §; ¢oC. This completes the proof. O

Note that the cohomological gradation takes only non-negative values on
C(g, m)_. Hence by Proposition 8.5 we may identify U(g, f) = H°(C(g, m), ad Q)
with the subalgebra H(C(g,m)_,adQ) = {c € C(g,m)°: (adQ)c = 0} of
C(g,m)_.

Consider the decomposition

Clam’ =P cem?;, Cam’;={ceCgm’: [6(h),c] =2jc}.
j<0

Note that C(g, m)° o 1s generated by 6(go) and is isomorphic to U(go). The projec-
tion

C(g.m)? — C(g.m)° ;= U(go)
is an algebra homomorphism, and hence, the restriction
Y:U(s.f) = H'(C(3,m)-,ad Q) — U(g0)
is also an algebra homomorphism.

Proposition 8.6 The map Y is an embedding.

Let K.C(g, m). be the filtration of C(g, m). induced by the Kazhdan filtration
of C(g, m). We have the isomorphism

Clg"] ® Cl(m) = grgx C(g,m) = grg C(g, m)- ® gry C(g, M),
as complexes. Similarly as above, we have Hi(ng C(g,m)_,adQ) = 0i,0C, and

H°(C(g,m),ad Q) = H'(grg C(g,m)_,ad Q). (8.7)

Proof (of Proposition 8.6) The filtration K,U(go) of U(go) = C(g, m)_ ¢ induced
by the Kazhdan filtration coincides with the usual PBW filtration. By (8.7) and
Theorem 7.5, the induced map
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H(gry C(g.m)-,ad Q) — grx U(g0)
can be identified with the restriction map
Y: CLSr] =C[f +m* Y — C[f + g0l (8.8)

So it is sufficient to show that Y is injective.
If ¢ € C[f + m*]M is in the kernel, ¢(g.x) =0 forall g € M and x € f + go.
Hence it is enough to show that the image of the the action map

M x (f+g0) — f+m*,  (g.x) — g.x, (8.9)

is Zariski dense in f +m™*.
The differential of this morphism at (1,x) € M X (f + gp) is given by

ng()—>ml, (y,z)»—>[y,X]+Z.

This is an isomorphism if x € f+(80)ss,reg, Where (80)ss.reg = {X € (80)ss: dimg) =
r}, with (go)ss the set of semisimple elements of go. Indeed, if x € (go)ss,reg then
g* = g, is a Cartan subalgebra of g and g* N m = {0}. Hence (8.9) is a dominant
morphism as required, see e.g. [269, Theorem 16.5.7]. |

Remark 8.4 In the case where f is regular, the fact that Y is injective is well-
known. In this case go is the Cartan subalgebra b Identifiying C[.f | = C[g]€ and
C[f+B] = C[H], the map Y is just the Chevalley restriction map C[g]¢ — C[p]",
where W is the Weyl group associated with (g, b).

It is also possible to extend to the case f is not even, for instance, using the
construction of Kac, Roan and Wakimoto [182].

The advantage of the above proof is that it applies to a general finite W-algebra
([225]), and also, it generalizes to the affine setting, see Section 9.3.

Definition 8.2 The map Y is called the classical Miura map.






Chapter 9
Chiral quantized BRST cohomology and
‘W-algebras

In this chapter, we will construct a differential graded vertex algebra, so that its
cohomology algebra is a vertex algebra and that will be our main object to study in
the next chapters.

We follow the same approach as in Chapter 7.

9.1 Chiral BRST reduction

We start with a preliminary result.

Exercise 9.1 Let V be a vertex superalgebra, and fix an odd element Q of V such
that Q(O)Q =0.
(i)  Show that Q%O) =0.

ker Q(

(ii)) Show that the quotient - ) is naturally a vertex algebra, provided it is
1m ¢/ (o)

nonzero.

9.1.1 The BRST complex

Let G be any connected affine algebraic group with Lie algebra g. We wish to define
the vertex algebra analogue of the BRST reduction.

Fix a symmetric invariant bilinear form x on g, and let V¥ (g) be the universal affine
vertex algebra associated with (g, k) (see Section 3.1). Let also F(g) be the fermion
Fock space as in Section 5.6.3. Recall that we have the following commutative
diagrams.

185
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Cldu(e")] +—2 V¥ (g) Cldn(TTIg)] +— = F(g)
R_ R_
Zhu(-) Zhu(-) Zhu(-) Zhu(-)
Clg*] Ul(g), Cl(g) Cl(g)

gr(-) gr(-)

As before, choose a basis {x; }1<i<q of g and let {x] }1<;<q be the corresponding dual
basis of g*. Denote by ¢} ; the structure constants of g, that is, [x;,x;] = o cf Xk
fori,j=1,...,d.

Lemma 9.1 Let k4 be the Killing form of g. The following map defines a vertex
algebra homomorphism.

p:Ve(g) — F(g)
xi(2) — Y ek @)
J.k

Proof In the A-bracket notation (see Section 2.6), we have by Lemma 3.1 for i, j €
{1,...,d},

d
[(xi)ax;] = [xi,x;] + Akg(xi, x) = Z Cf‘{,jxk +4 Z Cﬁlcilk’
k=1 k.l
using the identity (3.20). Therefore by Lemma 4.5, it suffices to show that
d
[pap)] = Y ek iplee) +4 ) el . ©.1)
k=1 k.l

Write p(x;) = 3 cﬁpzlpqw;z, plxj) = lz M cWmiy - and seta = YUt
p.q ,m
Use (2.34) to get

A
s umt 2] = lamlul s + 5 (o) laasl]: + / [aatml,lde.  (92)
0

(Note that a has even parity, while ¢,,,, /] have odd parity.) Next, compute [ ()1a]
using the OPE (5.17) and the identity (2.34),

A
[(Wm)aa] = [(lﬁm)ﬂ:lﬁq‘/’;Z] = [(lﬁm)/llpq]lﬁ;z - Z‘//q[(Wm)/lw;]Z +/[[(‘/’m)d¢q]ylﬁ;]d/1
0

= _6p,m¢’qs
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then use the skew-symmetry (2.33) to get [a ¥m] = 0p mifq. Similarly, we get
laay]] = =64.14,- Injecting in (9.2), we get

laxsm; s] = 0pmobqly s = 0q.0 ¥mby e +A6p mbg.1,

and therefore,
[pO)ap(ep] = D el > e laasvmy; 2]
pP.q I,m
—_ q P p q ° * o q p
= D (el el =it wguis v a )y el e
P-q,l pP.q

whence the expected equality (9.1) thanks to the identity (7.1) between constant
structures. O

The map p induces an algebra homomorphism
ZhuV*s(g) = U(9) — ZhuF(g) = CI(g)
and a Poisson algebra homomorphism
Ry« (g) = Clg'] — Ry(q) = CI(g)

that are identical to p and p, see Lemma 7.1 and (7.3), respectively.
Define

C(g) ==V (g) ® F(g).
Since it is a tensor product of two vertex algebras, C’(g) is a vertex algebra. We have
Ré(g) = Ry ® Ry(q) = Clg"] ® Cl = C(g),

and
Zhu C(g) = Zhu V™" (g) ® Zhu F(g) = U(g) ® Cl(g) = C(g).

Thus, C(g) is a chiralization of C(g), considered in Section 7.1.1. Further we have
g C(g) = gr' V7*a(g) ® gr F(g8) = C[dwo(9")] ® C[Jeo(T*TIN)].

Define a gradation

F(9) =PI (9 9.3)

PEL

by setting degy; ,, = —1, degw;k =1,foralli,j € {1,...,d}, m,k € Z, and
deg |0) = 0. This induces a Z-grading (that is different from the conformal grading)
on C¥(g):

C(o) =V (9)8F(g) = P CP(g). where CP(g) = V()T (9). (9-4)
PEZ
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Let y € g" be a character.
Lemma 9.2 The following defines a vertex algebra homomorphism.
0,:V%(g) — C(9)
xi(2) — (xi(2) — x(x;)) ® id +1id ® p(x;(2)).

The homomorphism é)( is well-defined because the strong generators of V°(g) and
of V*s (@) are the same so that p(x;(z)) makes sense.

Proof As in the proof of Lemma 9.1, we use the A-bracket notation to compare the
OPEs. On one hand, because y is a character, we have

0, ([(xi)ax;1) = 0, ([xi, x,])
= ([xi,x;] = x([xi,x;]) @ id +id ® p([xi, x;])
= [x,x;] ®@id+id ® Z ckiel suaunt.
k,p.q
On the other hand, since p is a homomorphism of vertex algebra from V*¢ while the
x; ® id’s in the target space belongs to V™% ® F(g), we get
[0y (x)afy (x))] = ((xi = x(x) @ id +id ® p(x:)); ((x; = x(x;)) ® id +id ® p(x;))
= [(x)ax;] ®@id +id ® [p(xi)ap(x;)]

= ([xi,x5] — kg(x7,x5)) ®id+id ® Z c{f’jcz’p SUqy, o +id ® kg(xi, x5)

k.p.q

= [xixl@id+id® > cf el cugwre,
k.p.q

whence the statement. O
The map & ¢ induces an algebra homomorphism
ZhuV*(g) = U(g) — ZhuC(g) = C(g)
and a Poisson algebra homomorphism
Ryo(g) =Clg"] — Ry(g) = C(g)

that are identical to 6, and H_X, respectively (see Lemma 7.3 and Lemma 8.1).
The proof of the following assertion is similar to that of Lemma 7.4.

Proposition 9.1 There exists a unique element Q € C'(g) such that
[0:(1® )] =60,(x)) foralli.

We have [010] = 0.
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Similarly to O and Q in the previous chapters, we omit the subscript y for simplicity
although Q depends, as 6 /> ON ).
The field Q(z) is given explicitly as

0(z) = Z(xi(Z) - x(x) ®yi(z) —id® % Z cf Ui W (2) .

ij.k

(Recall that we write O (2) = Y,z Q(n)z_”_l )So (C(g), Q(o)) is a cochain complex.

Lemma 9.3 If it is nonzero, the cohomology H*(C (g),Q(g)) inherits the vertex
algebra structure from C (g).

Proof This follows from Exercise 9.1. O

Remark 9.1 By Proposition 9.1, 8 ', induces a trivial action of § on the BRST coho-
mology H *(C(g), Q(O)). Soif g is simple, then the central element 1 of §, must acts
by zero.

More generally, let V be a V~"¢(g)-vertex algebra, that s, a vertex algebra equipped
with a vertex algebra homomorphism V=% (g) — V. Then V ® F(g) is a C(g)-vertex
algebra, so that (V ® F(g), Q(o)) is a differential graded vertex algebra in the above
sense, and its cohomology H*(V ® F(g), Q(O)) is naturally a vertex algebra. We set

H}.BRST,X(@’ V)= H'(V®?(9),QA(0))- 9.5)

Let M be a V-module. Then (M ® F(g), Q(o)) is a differential graded vertex
module over (V ® F(g), Q(o)). Thus,

Hygsr (8, M) := H' (M ® 5(8), 00)) (9.6)
is a module over Hyp o X(@, V). Restricting the action to the vertex subalgebra
HO (§,V), we obtain a functor

BRST ,x
V-Mod — Hjper (8,V)-Mod, M — Hyper (8, M).

In the case that g is simple (so that y = 0), it is useful to consider the relative
BRST cohomology. For a Vs (g)-module M, set

C(§,8,M):={ceM®F(g): é(xi)(g)c = 0and (¢;)c = 0 for all i}.
By Proposition 9.1, C(§, g, M) is a subcomplex of M ® F(g). We define

Hypor (8,8, M) := H*(C(3.0, M), 0 0))-
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Remark 9.2 For any V™% (g)-module M and any subalgebra a C §, one can set
C§,a,M):={ceM®TF(g): 9(x)(0)c =0and (y;)yc =0 forall i and all x € a},
to obtain, similarly, H;S, RST (§,a,M).

Then H}, o (8,8, V) is naturally a vertex algebra for a V™*s(g)-vertex algebra V,
and we have a functor

V-Mod — H%por (8,8, V)-Mod, M — HYpor (8,8, M).

Remark 9.3 The complex (M ® F(g), Q(O)) is identical to Feigin’s standard complex
for the semi-infinite §-cohomology H>**(§, M ® C,) with coefficient in the §-
module M ® C, ([114]):

Hyrsr (8, M) =H™"(§,M®C,), 9.7
where C, is the one-dimensional representation of § define by the character
§—C, xt"+—6p-1x(x), Kr—0.
Similarly, we have
Hypsr (8.8, M) = H2** (3,9, M). 9.8)

The relative semi-infinite cohomology was first considered in [127].

9.1.2 The grading and the conformal structure of BRST reductions

Suppose that a V~*s(g)-vertex algebra V is graded by a Hamiltonian Hy (resp. a
conformal vector Ly with central charge cy ).

The Fock space J(g) has a conformal vector Lg (g of central charge —2dim g
defined by

Ly (2) = ) (Lyg)nz ™" = Z s Oy (Wi(2) <.

nez

The corresponding Hamiltonian (L (g))o satisfies
[(LF(g))0s Wi)m] =mWi)m),  [(Lgg)o, Wi) ] = (m+ 1)) omy,
and (Lg(g))0l0) = 0. Thus, F(g) = @ .o F(a)a. It follows that

H=Hy +(Lg)o (resp. L(z) =Ly (z)+ Lgg(z)) 9.9
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defines a Hamiltonian (resp. a conformal vector with central charge ¢ = cy —2 dim g)
onV ® F(g).

If y =0, [Q(O), H] = 0 (resp. [Q(o), L(z)] = 0), and H (resp. L) defines
a Hamiltonian (resp. a conformal vector) on Hy ¢ (8, V). In particular, if V' is
positively graded, then so are H} p,- (8, V) and Hy 5o (8,8, V).

This construction has to be modified when y # 0. We assume that there is a
grading g = @ie%z g; such that y(g;) = O unless j = 1. In addition, we assume
that this grading is inner, that is, there exists & € V such that

hyx; = dix;,
(Lv)nh =6p0h, hmh=k"6,110) n>0

for some k’ € C, and £ g acts semisimply on V with eigenvalues in %Z, where {x;}
is a homogeneous basis of g with x; € g4,. Set

h(z) = h(2) + hg(g) (2),  hg(g(2) = Z 2d; i ()W)

Using Exercise 6.2, we prove the following statement.

Lemma 9.4 We have

[(hg(g))ahs(g)] = Z 4d;a,
i

[(Ly@)ahs @] = My +ha@d+ Y 2did%,

and Lg(g) new = Lg(g) + %T/’l;}"(g) is a conformal vector of F(g) of central charge
“2dimg - 12 df +12 ) d; = > (12d7 - 12d; +2).
i i i
Define
1. 1. .
Hnew =H- zh(O) (reSP- Lnew (Z) = L(Z) + zazh(z))

Then Hpey, (resp. Lpew (z)) commutes with Q(o) and defines a Hamiltonian (resp. a
conformal vector) of Hy o X(@, V). The central charge of L., is given by

cV—3k'—Z(1zd$—12di+2). (9.10)
i

Note that, as the Hamiltonian is modified, the grading on H3j, ST X(@, V) is not a
priori bounded under below even if V is so with respect to H.
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9.1.3 BRST reduction in the Poisson vertex setting and chiral
quantization

Recall that grf V¥ (g) = C[Jwg*]. Thus, gr €(g) can be identified with C[Jeg*] ®
grf F(g). One find that (C[Jeg*] ® gr’" F(8), O o)) is a differential graded Poisson
vertex algebra, where we denote by the same symbol Q(O) the derivation induced by
Q(O). Thus, H*(C[Jwg*] ® grf F(g), Q(O)) is naturally a Poisson vertex algebra.
More generally, let V be a C[J.g*]-Poisson vertex algebra, that is, a Poisson vertex
algebra equipped with a Poisson vertex algebra homomorphism C[J.g*] — V. Then
in the same way as above (V ® grf F(g), Q<0)) is a differential graded Poisson vertex
algebra, and H*(V ® gr’ F(g), Q(o)) is naturally a Poisson vertex algebra. We set

Hypor (8, V) = H* (V@ &r" F(g),0 ).

Similarly, for a Poisson vertex V-module M, we define a Poisson vertex Hy, , STy (@,V)-
module by

Hypsr (8, M) :=H* (M ® 2" F(g), 0 (0))-
If g is simple and y = 0, we define the relative BRST cohomology

H;QRST (8.9, M)

in the same way.

Let X be an affine Poisson scheme equipped with a Hamiltonian G-action,
u: X — g the moment map, and y € g* a character. The morphism Jeopt: Joo X —
Jg" gives a Poisson vertex algebra homomorphism

(Joop)™: Clde0g’] — CldeaX].

Thus, the Poisson vertex algebra Hy o X(@, C[dxX]) is well defined. We set

gooX//BRST,XHOOG = SPBC(H%RST,X(@, CldwX])).

Theorem 9.2 Let X be an affine Poisson scheme equipped with a Hamiltonian G-
action, u: X — §* the moment map, xy € § a character. Suppose that the assump-
tions of Theorem 7.1 are satisfied, that is,

(i)  the moment map u: X — g* is flat,
(ii) there exists a subscheme .7 of u~'(x) such that the action map gives the
isomorphism G X . — u~'(y).

Assume furthermore that the chiral moment map Joopt: JooX — JooQ” is flat. Then

Hyrst,y (8, CldwX]) = Clde”] ® Hygr(G),
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where HY,(G) is equipped with the trivial Poisson vertex algebra structure. In
particular,

oo X | BRST ,x 000G = Joo(X | BRST xG)-

Proof Using the flatness of Joopt: JooX — Jwg”, the assertion can be shown as in
same way as Theorem 7.1. O

Actually, the relative BRST cohomology behaves better if G is simple (and so
x =0).

Theorem 9.3 In the setting of Theorem 9.2, suppose that G is simple and y = 0.
Then

Hiypsr (8,8, C[de0X]) = 6:,0C[de”].

Definition 9.1 Let X be an affine Poisson scheme. A strict chiral quantization of X
is a vertex algebra V such that grV = C[JX] as Poisson vertex algebras. So this is
equivalent to that Xy = X.

In fact, a vertex algebra V is classically free (the notion is introduced after
Lemma 4.4), if and only if V is a strict chiral quantization of Xy . In particular,
by Lemma 4.4, if V admits a PBW basis, then V is a strict chiral quantization of Xy .
For instance, V¥(g) is a strict chiral quantization of g*.

Suppose that X is equipped with a Hamiltonian G-action, and let u: X — g* be
the moment map. A chiral quantized moment map for the G-action on X is a pair
(V, @) of a strict chiral quantization V of X and a vertex algebra homomorphism
[*: Vk(g) — V for some k such that

* the g[t]-action on V integrates to the action of J.G = G|[¢]],
« the G|[[t]]-equivariant morphism grf V*(g) = C[Jwg’] — C[dewX] = grf'V
induced by * coincides with (Joopt)*,

The first condition is satisfied if if V belongs to KL, (g) as a §-module, where
KL, (g) = KL(§,), with k = k(—|-), is defined in Section 6.3.

In this setting, the associated graded Poisson vertex algebra (gr(V ® F(g)), Q(o))
is isomorphic to (C[X] ® grf F(g), Q(0>). Thus, we have a spectral sequence for

HI‘SRSR’X (8§, V) such that

.’q _ q A
E] _HBRSR,X(Q’C[BmX])-
Similarly, there is a spectral sequence for Hy ¢ (8, 8, V) such that
E}9 = HY o (8,8, Cl3.X]).

The following assertion follows immediately from Theorem 9.2.

Proposition 9.2 Let X be an affine Poisson scheme is equipped with a Hamiltonian
G-action, u: X — @* the moment map, y € §* a character. Let V be a strict chiral
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quantization of X, i*: V™*s(g) — V a chiral quantized moment map. Suppose that
the assumptions of Theorem 7.1 are satisfied. Assume further the above spectral
sequence converges to Hypcp . (§,V). Then
ng;%RSR,)((g’ V) = HEBRSR,)((Q’ Cld«X]) = C[Hoo(x//BRST,)(G)] ® H;R(G)'

In particular, H%RSRX(@’ V) is a strict chiral quantization of X [ prst . G. The

same is true for Hy p (8,8, V) if G is simple and x = 0.

The convergency of the spectral sequence can be an issue in the vertex algebra
setting, especially when y # O because then the complex need not be a direct sum
of finite-dimensional subcomplexes.

Theorem 9.4 In the setting of Proposition 9.2, suppose that G is simple, y = 0 and
that V is a direct sum of objects in KL_, (8) = KL_2,v(g) as a §-module. Then
Hypor(8,8,V) =0 fori# 0and

g HY ooy (8,8, V) = HO oy (8, 6, 267 V) = C[deo(X [ BRST G)].

Therefore, H 0

srst (8,9, V) is a strict chiral quantization of X | prst G.

Proof One needs to show that the spectral sequence converges. We may assume that
V is finitely generated as a §-module, since the cohomology functor commutes with
injective limites. For M € KL_,, (), the complex for HERST (8,9, M) is a direct
sum of the eigenspaces of the grading operator —D + (L (q) )o, Which commutes with
the action of the differential. Moreover these eigenspaces are finite-dimensional if
M is finitely generated. So the complex for H% rst (8,8, V) is a direct sum of finite-
dimensional subcomplexes, and the filtration is regular in the sense of [82] or [281]

(see also Appendix F) on each of these subcomplexes. O

9.1.4 Chiral differential operators

Assume in this paragraph that g = Lie(G) is simple. Recall from (3.10) and Exam-
ple 3.7 that the vertex algebra of chiral differential operators on G is defined, for
k € C, by:

DY =U(B) ®u(gi1] eck) 9(3=G),

where K acts on O(JG) as the multiplication by k and g[¢] c g[[¢]] = Lie(G[[¢]])
acts as left invariant vector fields, with JG = G [[¢]]. Recall from Example 4.7 that
the following isomorphisms hold:

F h * _ v _
g’ DR, = 0(3T'G) and  Xpa = Kpa =TG.

Furthermore, according to [24] (see also [23]), we have
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h ~
Zhu(DZ ) = Dg.

Thus, @CC};‘ « 18 a chiral quantization of 7*G. Moreover, the vertex algebra embed-

dings g7 == nmp: Vk(g) — @Cé"k and iy = 7R VK (g) — ch;"k, with

k+k" =-2h".

defined by Theorem 3.3 and Theorem 3.4, respectively, are chiral quantized moment
maps of the moment maps up,ur: T°G = G X g* — ¢ given by (g,x) — x
and (g,x) — —g.x = —(Ad"g).x, respectively, since (Jooptr)* = griiy, (Jooptr)" =
grfip.

Exercise 9.5 Show that ZDCGI" « is simple for all k € C using the associated scheme of
@g" « (compare with Exercise 3.8).

9.2 W-algebras

In this section, it is required that g = Lie(G) is simple with G connected. Let f be
a nilpotent element of g, and m as in (7.6). We now apply the above construction to
the moment map

p:g—m' 3y =(f|-)

As ky = 0, we write Lm for m, and V(m) for V~*n (m). A natural chiral quan-
tization of g* is V¥ (g), k € C, and the chiral quantized moment map of u is the
natural embedding V (m) < VX (g). So we have the corresponding BRST reduction

) k
Hypsr, (L VE(g)).

9.2.1 Universal W-algebras

Definition 9.2 The universal (affine) W-algebra W* (g, f) associated with (g, f, k)
is defined to be the vertex algebra

Wk(g’ f) = H%RST’X(LTYI, Vk(g))-

In the case that f is regular, we briefly denote by W¥* (g) the W-algebra W* (g, f).

This definition of W¥(g) = Wk (g, Jreg) is due to Feigin and Frenkel [117] in
the case that fie, is regular, and to Kac, Roan and Wakimoto [182] in the case that
g1/2 = 0 (that is, f is an even nilpotent element).

Exercise 9.6 Assume that g = s, let
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01 10 00
=loo) #=lo5) 7=l
and set n := Ce.

The aim of this exercise is to define the W-algebra W* (slo) = WX (sl,, f) associated
with sly and f at level k € C in a very explicit and quite elementary way.

(i)  Let CI be the Clifford algebra associated with n[z,7~'] @ n*[r,77!] and the
symmetric bilinear form (—|-) given by:

(et™]et") = (e"t"|e"t") =0, (et™|e*t") = Smin.0-

We write i, for er™ € CI and Y, for e*t™ € Cl, m € Z, so that Cl is the
associative superalgebra with odd generators ¢, ¥, m € Z, and relations:

[lﬁm, lIbl’l] = [lﬂjru lﬁ:;] 0’ [lﬁm, lﬁ;’;] = 5m+n,0-

Define the charged fermion Fock space as

Cl
Ii= A A = n)n<0 ® Z n<0>
Z:m>0 Ch//m + Zn)l Cll//:fl /\(w ) 0 /\(lﬁ ) 0

where A (a;);er denotes the exterior algebra with generators a;, i € I.
Show that there is a unique vertex (super)algebra structure on J such that the
image of 1 is the vacuum |0), and

(@) =Y (Wal0),2) = D e w2 =Y (l0),2) = Y "

nez nez

Let V¥ (sl») be the universal affine vertex algebra associated with sl, at level k,
and set
Ck(sly) == Vk(sh) ® F.

Define a gradation & = @pez JFP by setting degy,,, = —1, degy;, =1 for

all m,n € Z and deg |0) = 0. Then set CXP(sl,) := VX (sl,) ® F7. Define a
vector O of degree 1 in €1 (sl,) by:

0(2) = (e(2) = ) @Y (2).

(i)  Verify that Q(n)Q = 0 for all n > 0, and deduce from Exercice 9.1 that the
cohomology H*(C*(sl,), Q(O)) inherits a vertex algebra structure from that
of CK(sl,), provided that it is nonzero.

The W-algebra WX (sl,, f) associated with (slp, f) at level k € C is then
defined by:
WH(sly, f) := H(€*(s12), Qo))

(iii) Set



9.2 'W-algebras 197

L) = Lug (@) 4 5h(2) + Ly (D) = 3 Lz

nez

where

s @@+ Qe 4 %h(zy),

Ly(z) = :09(y*(2):.

Lgug (2) =

(a) Verify that Q(O)L =0, with L := L_,|0), so that L defines an element of
Wk (sly, £).

(b) Check that L_; =T is the translation operator, that Ly acts semisimply
on W (sl,, f) by

Lo|0) =0, [Lo, h(n)] = —nhw),
[Lo,emy] = (1 =n)e, [Lo, fim)] = (=1 = 1) f(n),
[(Los¥ (]l = (=1=myi,,  [Lo¥m]=(1=-n)Ywm,

and that the L,,’s verify the Virasoro relations.

(iv) Assume that k # —2. Show that there exists a unique vertex algebra homo-
morphism

6(k +1)2
Vir'® — WK (sly, £),  where (k) :=1- u
k+2
Remark 9.4 The above homomorphism is actually an isomorphism but this is harder
to prove.

One can show that Definition 9.2 is equivalent to that of [182] in general, using
[80] and the following vanishing result (cf. [36]), see also Chapter 10. This argument
also shows that the definition is independent of the choice of a Lagrangian subspace

tC g1/2-

Theorem 9.7 Assume that g = Lie(G) is simple and let y = (f|—) be as before. We
have HERST v (Lm, V¥(g)) = 0fori # 0, and W* (g, f) is a strict chiral quantization
of the Slodowy slice /¢, that s,

g" Wr(g, f) = Cl3-7F 1.

In particular, ka(g’f) = S and SS(Wk(g, f)) = JeoTs

The rest of this paragraph is devoted to the proof of Theorem 9.7.

LetC = C(Lm,V¥(g)) = VK(g)®@F(m),and let C_ = C(Lm, "' m[r'], V¥ (g))
be the quotient of C by the subspace spanned by 9)( (%) (=n—1yc and (i) (—n-1)C
with 1 < i < dimm, n > 0, ¢ € C. As [Q(O),(lﬂi)(_n_l)] = 9X(x[)(_n_1) by
Proposition 9.1, C_ is a quotient complex of C. Set
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Hypsr (L, 7' m[17'],V¥(9)) = H(C_, Qo)) ©9.11)

(This is a relative semi-infinite cohomology, cf. [127].)
Note that C_ is a direct sum of finite-dimensional subcomplexes while C is not.
Indeed, we have

¢ =P (Ca. dim(C)a < o forall A, 9.12)
A>0

where (C_)a = {c € C_: Hpewc = Ac}, and each dim(C_), is a subcomplex since
the differential commutes with H,,,, .

Proposition 9.3 The natural surjection C — C_ induces the linear isomorphism
HZBRST,X(Lm’ vk (9)) — HéRST,X(Lm’ t_lm[t_] 1, Vk(g))~

Proof Consider the the grading C = DBaso CA‘A,old with respect to the (old) grading
H.SetG_,C =@,.,Ca - Then...G,C > Gpyi€ > G1€ 2 GoC > GiC =0,
¢c=U »G »C, and ()G ,C c G,C. Thus there is a corresponding converging
spectral sequence E; = H*(C) = Hypor X(Lm, V¥(g)). We have

E, = HERST,O(Lm’ Vk(g)),

that is, the BRST reduction for y = 0. Similarly, the filtration G,C induces a filtration
G.C_ on the quotient complex C_. Let E; = H*(C_) be the corresponding spectral
sequence. We have

E{ = Hyggr o(Lm, "' m[1™'], VE(g)),

the relative BRST cohomology for y = 0.
Claim The natural surjection C — C_ induces the isomorphism E; — E/. i

Proof (of the claim) Note that the complex for E; is a direct sum of finite-
dimensional subcomplexes, consisting of weight spaces with respect to the diagonal
action of the extended Cartan subalgebra of §. In particular, we have the converg-

ing Hochschild-Serre spectral sequence E; = E; = HfBRST’O(Lm, vk(g)) for

the subalgebra t~'m[t™'] ¢ Lm ([274, Theorem 2.3]"). By definition, (E{')*9 =
HEe('m[r'], VE(g) ® A*(m*[171]) = 84.0C- by the freeness of VX (g) over
r~'m[r7'], and we find that the complex (E|’,d;) is isomorphic to that for E]. It
follows that the spectral sequence collapses at the second page E}’ = E|. Hence we

have E| = E| as required. O

It follows that E, — E]. for any r, and therefore E., — E/, and this completes
the proof. O

! The convergency of the spectral sequence is guaranteed by the fact that E is a direct sum of
finite-dimensional subcomplexes.
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Although Hyp o (Lm, ~'m[r '], Vk(g)) = H*(C-,0(p) does not have a
structure of vertex algebras, H*(gr” C_, Q(O)) inherits Poisson vertex algebra struc-
ture from H*(grf C, Q(O)).

Proposition 9.4 The following statements holds;

() erfC =Clleop™ (V).

(i) Hi(gr"C.) = 0 fori # 0 and H'(grf C) = HO(grf C.) = Cldes] as
Poisson vertex algebras,

(iii) the natural surjection gr¥ C — grf C_ induces the isomorphism H*(grf C) =
H*(grF C_) of Poisson vertex algebras.

Part (ii) of the proposition is due to Suh ([265]).

Proposition 9.5 We have gr' Hi, , ... L(Lm, t'm[7'], VE(a)) = 6:.0C[deopt™ (x)].

Proof Since C_ is a direct sum of finite-dimensional subcomplexes, we have the
converging spectral sequence

E” = Hygper ,(Lm,m[r™' )7, V¥(g)) = Hypor (LM, V¥(g))

such that the E,-term is H* (gr’ C_). By Proposition 9.4, it collapses at E"=EJ.O

Proof (of Theorem 9.7) We have the commutative diagram
gfH(C) —— H*(g"0)

l l

g HY(C.) —— H*(arF C)),

where the horizontal arrows are natural maps, the left vertical arrow is the map
induced by the isomorphism in Proposition 9.3, and the right vertical arrow is
the isomorphism is Proposition 9.4. Since we have shown all the other maps are
isomorphisms, the upper horizontal arrow is an isomorphism as well. We have shown
that the natural map ngHngST,X(Lm, Vk(g)) — H (gr" €) = 0;,0C[J00Lr] is an
isomorphism as required. O

By Theorem 9.7, it follows that WX (g, f) is positively graded:

Wi, )= @D Wi Har dimWH(g, f)a < .

A€3Z0

If k # —h", from (9.10) one deduces that W¥ (g, f) is conformal with central charge

2
1 Ny
dimgo - 5 dimgy 2 — 12 \/ki—hv_ ; h (9.13)
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More generally, for any V (m)-vertex algebra V we set
DSy (V) = Hypr (LM, V).
(So Wk(g, f) = DS (V*(g))). Also, for a V-module M, we set
DSy (M) := Hyper  (Lm, M),
which is a DS ¢ (V)-module. So we have a functor

V-Mod — DSy (V)-Mod, M +— DSy (M).

9.2.2 Zhu’s algebra of W-algebras

In this paragraph, we show that the restriction to KL (§) (see Section 6.3) of the
functor DSy (—) commutes with the functor Zhu(-).

Write C the complex C(Lm, V¥(g)) = V¥(g) ® F(m) as in the previous para-
graph. Let Zhu,,,, (C) be the Zhu algebra of C with respect to the Hamiltonian
H,.,, (see Section 9.1.2), Zhu(,ld(é ) Zhu algebra of C with respect to the standard
Hamiltonian H. By Proposition 6.4, we have

Zhue (C) = Zhuya(C) = C(U(g)),

where C(U(g)) := U(g) ® CI(m). Then it is legitimate to write Zhu(C) for
Zhunew (C) or Zhuold(c)~
By the commutation formula, we have

Q(o)(éoé) C éoé.

Here the circle o is defined as in the definition of the Zhu algebra (with respect to
the grading Hy.,, ), see Section 5.1. So (Zhu,y, (), Q(O)) is a differential graded
algebra, which is identical to (U(g) ® Cl(m),ad Q).

More generally, for a yk (g)-module M, let

C(M) =M ® F(m)
and consider the Zhu(C)-bimodule Zhu(C(M)). Since we have
Q) (Col(M)) cCol(M),

(Zhu(@(M)),Q(o)) is a quotient complex, which is isomorphic to the complex
(Zhu(M) ® Cl(m), ad Q) studied in Section 8.4.2. Here the circle o is defined as in
Section 6.4. Set

DSy (M) = Hyper (LM, M),
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as in the previous paragraph, and consider the map

Ty Zhu(DSy(M)) — DSy (Zhu(M))
[c] +DS;(V¥(g)) o DSy (M) — [c +V¥(g) o M],

where [x] is the class of x € C(M) in DSy (M), or of x € Zhu(M) ® CI(m) in
DSy (Zhu(M)) = Hz.aRST,X(m’ Zhu(M)).

Theorem 9.8 Ler KL (8) be the full subcateogory of the category of §-modules
consisting of modules on which tg[t] acts locally nilpotently and g acts semisimply.

i) ForM =Vk(g), Ty k(g 8ives the algebra isomorphism

Zhu(WX(g, £)) = U(g, f),

so that ntyy is a homomorphism of U (g, f)-modules.
(ii)  For any object M in KL (§), we have

Zhu(DSy (M)) = DSy (Zhu(M)).
Theorem 9.8 (i) is proved in [12] in the case where f is regular?, and in full
generality in [95] .

Proof (i) Since my« (4 is an algebra homomorphism, it suffices to show that the
graded morphism (with respect to the Kazhdan filtration) is an isomorphism.
By Theorem 9.7, it follows that WX (g) admits a PBW basis. Hence

Nwk(g): & Zhu Wk(g) — Rk (g)

is an isomorphism by Theorem 5.8. Here the associated graded space of the left-
hand side is with respect to filtration on Zhu W*(g) induced from H,e,,. On the
other hand, we have a natural algebra homomorphism 7y« (4 : Zhu Wk(g) —

Hypor ,X(m, U(g)) which makes the following diagram commutes.
Tk (g) &
ka () = nghuW (g)
Theorem 9.7 | ~
Clr] - grg U(g, f)-

In the above diagram, note the isomorphisms H;RST X(m, U(g)) =6i0U(g, f) and
grg U(g, f) = C[#F], see Section 8.2. The three isomorphisms give the desired
isomorphism for the right vertical arrows.

2 The proof in [12] naturally generalizes to general cases.



202 9 Chiral quantized BRST cohomology and W-algebras

(ii)) We follow the proof of [18, Theorem 8.1]. Since the cohomology functor
commutes the injective limits, one can assume that M is finitely generated.
On one hand, since Zhu(M) € HEC(g), by Theorem 8.7, we have

gryg DSy (Zhu(M)) = DS (gry Zhu(M))

as Poisson modules over C[.%r]. Here grx DSy (Zhu(M)) is the associated graded
space with respect to the induced filtration

K,DS(Zhu(M)) = im (DS (K,Zhu(M)) — DSy (Zhu(M))),

where K.Zhu(M) is the good Kazhdan filtration induced from H,;¢,,,.
On the other hand, because 7y (K,Zhu(DSy(M)) € K,DSy(Zhu(M)), nm
induces a homomorrphism

grap: grg Zhu(DSy (M)) — grg DSy (Zhu(M)).
We have also by Lemma 6.6 that the homomorphism
nu s M= M/Cy(M) — gry Zhu(M)

is surjective. Since both M and gry Zhu(M) are objects of HEC(g), this induces a
surjective homomorphism

DS¢(nm): DSy (M) — DSy (grg Zhu(M)) = grg DSy (Zhu(M)).
Note that we have an obvious map
M DSf(M) — DSf(M), DSf (M) = DSf(M)/Cz(DSf(M)).

Indeed, we have Q(o) Co(C(M)) c C2(C(M)) sothat C(M)/C>(C(M)) is a quotient
complex, isomorphic to (C(M/Cy(M)), ad Q) studied in Section 7.5. Moreover, by
[17, Theorem 4.17] (see also [18, Theorem 7.1]), ps is an isomorphism because
M € KL,(§).

In sum, we have the following commutative diagram:

IDS ¢ (M)

DSy (M) grg Zhu(DS (M) (9.14)
anm |~ &r Tpm
DSy (M) D5 o &k DSy (Zhu(M)

By [17, Theorem 4.17] (see also [18, Theorem 7.1]), 5 is an isomorphism. There-
fore gr myy is surjective and so is 7wy, .
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Let KLQ(@) the full subcategory of KL (§) consisting of modules M that admits
a finite filtration 0 = My ¢ M, C --- C M, = M such that M;/M;,; = Indj(E;) for
some finite-dimensional representation E; for each i. Note that V¥ (g) is an object of
KLﬁ(@), and that M € KL@(@) if and only if M is a free grV*(g) = U(t'g[t™'])-
module of finite rank. Hence by Lemma 6.6, for any M in KL%(@), Ny 1S an
isomorphism, and 50 is DS ¢ (1757). The commutativity of the diagram (9.14) implies
that 7ps, (m) and grmy are also isomorphisms for any object M of KLQ(@).

Return to the general case of M an object of KL (§). Then there exists an exact
sequence

0—-N—-V-M-—=0

in the category KLy (g) with V € KL@(@). Using the right exactness of the functor
Zhu(-) (see Section 6.4) and the exactness of the functor DSy (-): HC(g) —
U(g, f) -biMod (Theorem 8.7), we get the following diagram

Zhu(DS s (N)) — Zhu(DSf (V)) — Zhu(DS s (M)) — 0

an l ,,Ml

DS (Zhu(N)) — DS (Zhu(V)) —— DSz (Zhu(M)) — 0

By the first step, 7 and mp, are surjective and 7y is an isomorphism. Because the
horizontal sequences are exact, it follows that 7, is an isomorphism. This completes
the proof. O

Remark 9.5 According to Theorem 8.2, in the case where f is regular, Theorem 9.8
gives
Zhu(W (g, /) = Z(g).

We conclude that we have the following commutative diagram:

Clde ] = Wk (g)
R

Zhu Zhu

L] — U, f)-

9.2.3 Equivariant W-algebras

We now apply the previous constructions to the moment map
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u:T°G — m" 3 xy = (f|-).
Keeping the notation of Section 9.1.4, the composition of the embeddings V (m) «——
Vk(g) & Dc(?’ . 18 @ chiral quantization of . Define the equivariant 'W-algebra
WE(G. f) by
WH(G, f) = DSy (@Ccl;,k) = H%RST,)((Lm’ Dgl,k)-

Theorem 9.9 We have HERST,X(Lm, Dg"k) =0fori +0and

gl WK (G, f) = C[dw 7],

that is, Wk (G, f) is a strict chiral quantization of the equivariant Slodowy slice z
defined by (7.12). In particular, W*(G, f) is simple. Moreover we have

Zhu(WX(G. /) = U(s. f).
The fact that Wk (G, f) is simple follows from Corollary 13.1 that will be proved
in Chapter 13.

Proof The first part is a consequence of Proposition 9.2. The second part is a
consequence of Theorem 9.8 (ii). ]

By (9.10), Wk (G, f) is conformal with central charge
1
dim g +dim go — > dim g /> - 3(k+hY)|h)* +12(p|h).

The vertex algebra homomorphism 7 : Vk(g) — DCGh’ & induces the vertex alge-

bra embedding W* (g, f) < WX(G, f) which we denote also by A . On the other
hand, the vertex algebra homomorphism /i, : VK (g) — Dgl , induces the vertex

algebra homomorphism V¥ (g) — Wk (G, f), which is also denoted by fi},. The in-
duced actions of W¥ (g, f) and V" obviously commute, and we have the following
result.

Theorem 9.10 The map [1; gives the isomorphism of vertex algebras

Wk(g, f) = Com(ﬁ;(vk*(g))’Wk(G’f)) ~ Wk(G’f)g[[t]].

9.2.4 Convolution

Let V, W be chiral quantizations of Hamiltonian G-schemes X, Y, equipped with
chiral quantized moment maps /25 : V¥(g) — V, 25 : VK" (g) — W, for some k € C.
We define the vertex algebra V o W by
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VoW :=Hyper (8,0,VeW).

(Note that k = k¥ if k = —h".) More generally, if M is a V-module and N is a
W-module, we set M o N

MoN :=Hyper (8,8 M ®N),
which is a module over V o W.

Proposition 9.6 Let V be a V¥ (g)-vertex algebra on which g[[t]] acts locally finitely.
Let § acts on DCGh « by g (soitis a level kY-action).

(1) DCGh oV = Vasvertex algebras.
(i) More generally, for any V-module M on which g§[[t]] acts locally finitely,
@CC};k oM = Masmodulesover@ccl;k oV=V.

9.2.5 Associated varieties of BRST reductions

Theorem 9.11 Let V be a V*(g)-vertex algebra on which g[[t]] acts locally finitely.
()  Hiper (8.9 WKG, f)® V) =0fori#0and
DSy (V) = WX(G, f)oV.
Moreover, gt DS ¢ (V) = C[Jw-%f] ®c[gug TV, s0 that
SS(DSf(V))) = JeoLs Xg.gr SS(V), XDs_f(v) = s Xg Xy

(ii) More generally, for any V-module M on which g[[t]] acts locally finitely,
H por (8.6, WH(G, f) ® M) = 0 for i # 0 and

DSy (M) = WK(G, f)oM
Moreover, ngDSf (M) = ClJer] ®clgog] ST M.

Theorem 9.11 is proven similarly to Theorem 8.6 and Theorem 8.7.
From the above theorem, one can compute the associated variety of DSy (V)
where V is any quotient of V*(g).

Corollary 9.1 Let V be a V¥ (g)-vertex algebra on which g[[t]] acts locally finitely.
The functor
V-Mod — DSf(V)-Mod, M +— DS¢(M)

is exact.

In particular, the surjection V*(g) —» Ly (g) induces the surjection
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WE(s. f) = DS7 (V¥(8)) — DSy (Li(9))- 9.15)

Let Wy (g, f) be the simple quotient of WX (g, f). By (9.15), Wi(g, f) is a
quotient of DS ¢ (Lx(g)) provided that DS (L (g)) # 0. The following conjecture
is formulated in [182, 187].

Conjecture 9.12 The vertex algebra DSy (L (g)) is either zero or isomorphic to
Wi (g, f)-

Conjecture 9.12 has been verified in in many cases [11, 12, 13], but not in general.

9.3 Miura Map

We construct in this section a chiral version of the classical Miura map defined in
Section 8.6.

Such a map was defined in [182] for the W-algebra W¥ (g, f) associated with an
arbitrary nilpotent element f of g. For simplicity, we assume as in Section 8.6 that
f is even. We keep the notation of this section, and fix k € C.

Analogously to Section 8.6, we define C(g, m), (resp. C(g, m)_) to be the vertex
subalgebras of C (g, m) = V¥ (g) ®.% (m) generated by 0y(V(m)) and Am c .Z (m)
(resp. Bo(V(m)) and Am_ c .Z (m)), where 6 is obtained by extending the map of
Lemma 9.2 (defined here on V%(m) = V(m)) by:

bo: VO (g) — V¥(g) ® F(m)
xi(2) — x(z) @id+ide Y o yn(ui():.

1<j,k<m
Then C (g, m), and C (g, m)_ are subcomplexes of (C(g, m), Q(o)) and
C(g,m)-® C(g,m), = C(g,m)
as complexes. Moreover, we have
H*(C(g.m)_,Q(0)) = H*(C(g.m)_, (o))

Hence we may identify WX(g, f) = H(C(g, m),Q(o)) with the subalgebra

H°(C(8,m)-, 0(0)) = {c € C(g,m)°: Q(g)c =0} of C(g, m)_.
Consider the decomposition

Clam’=EPHCam’ . Cam°; ={cellam’: [fo(h)c] =2jc}.

J<0

Note that C(g, m)° o 18 generated by fo(go) and is isomorphic to V*(gg) where
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1
ko = k(—|-) + E(Kg — Kgo)s (9.16)

with kg, the Killing form of gp.
The projection C(g,m)? — C(g,m)° o is a vertex algebra homomorphism.
Therefore, the restriction

T: Wr(a. f) — V*(g0) (9.17)
is also a vertex algebra homomorphism that is called the Miura map.
Theorem 9.13 The Miura map is injective for all k € C.

Proof The induced Poisson vertex algebra homomorphism
gV g WHg, f) = Cldwss] — grV*(go) = Cdeo(85)] = Cldw(f +80)]

coincides with Y, where Y is defined in (8.8). Clearly, it is sufficient to show that

Y is injective. First, note that
Cldo ] = Clde(f +m*)]P= M)

since C[.7f] = C[f + m*]M.
Denote by M the connected Lie subgroup of G with Lie algebra m. Recall that
the action map gives an isomorphism

MX(f+g0) — Uc f+m",

where U is some open subset of f +m*, see the proof of Proposition 8.6. Therefore,
by Lemma 1.8, the action map Jeo (M) X Joo (f + 80) — Joo(f + m*) is dominant.
Thus, the induced map C[Jw(f +mt)] — C[Je(M) X Joo(f +80)] is injective, and
so is

Yeo: ClAwo(f +mH))?=M) — C[Jeo(M) X Jos (f +80)17 = C[Feo (f + 80)]-
So the Miura map Y is injective as well. O

If f is regular, recall that we briefly denote the W-algebra WX (g, f) by W¥(g).
In this case, the Miura map is given by

T Wk(g) — v (p),

where ko = (k + h")(=|-) by (9.16) since ky, = 0.

In the case that k = —h", then it follows from Theorem 9.13 that W' (g)
is commutative since V*0(§*) is commutative. In fact the following fact is known
([118]). Recall that Z(V*(g)) := {z € V¥(g): [z(n)»am)] =0foralln € Zand a €
V} is the center of V¥(g).

Let 3(3) := Z(V™""(g)) be the Feigin—Frenkel center (see Remark 3.1).
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Theorem 9.14 (Feigin—Frenkel) We have the isomorphism
38 — W (9, z— [zl

This is a chiralization of Kostant’s Theorem [204] in the sense that we recover that
Z(g) = U(g, f), where U(g, f) is the (commutative) finite W-algebra associated
with g and f, from Theorem 8.2 by considering the induced map between Zhu’s
algebras of both sides.

There is a generalization of this result for the W-algebra W' (g, f) associated
with an arbitrary nilpotent element f, see Section 13.3.3 (Theorem 13.7).

Remark 9.6 For a general simple Lie algebra g, the image of W¥(g) by the Miura
map for a generic k is described in terms of screening operators, see [122, §15.4]. An
important application of this realization is the Feigin—Frenkel duality which states

WH(g) = Wk(Lg),

where ©g is the Langlands dual Lie algebra of g, and © k is defined by rV (k+h") (“k+
LpV) = 1. Here rV is the lacety of g (cf. Proposition A.3) and “4" is the dual Coxeter
number of Lg. In [118, 122] this isomorphism was stated only for a generic k, but it
is not too difficult to see the isomorphism remains valid for an arbitrary k using the
injectivity of the Miura map.

More recently, Naoki Genra [141] has obtained the description of the image by the
Miura map in terms of screening operators for the W-algebra W (g, f) associated
with an arbitrary nilpotent element f.



Chapter 10

Kac-Roan-Wakimoto construction of
‘W-algebras

We give in this section an alternative description of the Poisson structure on Slodowy
slices. This slightly different view point gives a better understanding of the definition
of W-algebras of [182]. Since the arguments and the constructions are similar to the
previous chapter, some details and most of the proofs are omitted.

We assume that g = Lie(G) is a simple Lie algebra, and we fix as before a nilpotent
element f € g embedded into a sl,-triple (e, A, f). Then we have the corresponding
Dynkin decomposition (D.1). Let k: g — g* as in Chapter 10 be the isomorphism

1
induced from the nondegenerate bilinear form (—|-) = Wx Killing form of g.

10.1 Poisson structure on Slodowy slices

Let g, := €P g; and G the unipotent subgroup whose Lie algebra is the nilpotent
j>0
Lie algebra g .

Lemma 10.1 Let y be the linear form of .. defined by y = —k(f).
(i)  The stabilizer of x in G is the connected subgroup whose Lie algebra is g>1.

(ii) The G.-coadjoint orbit O, of x is equal to x + ¢ = k(—f + g_%).
3

Proof 1t is enough to show that the stabilizer of y in g is g1, and this is easy to
check.

O

The orbit O, is symplectic and the Poisson bracket on C[O, ] is given by {x, y} =
x([x,y]) forx,y € g Note that g1 is contained in its symmetric algebra C[O, ] =
S(g 1 ), the symmetric algebra of g 1.

The action of G, on g* is Hamiltionian with moment map y;: g = ¢* — g*
given by the restriction, while the action of G, on O, is Hamiltionian with moment
map uy: O, < g} given by the natural embedding. Consider the diagonal action of
G, on g* X O, with moment map

209
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u:g"x0p =gl (A1, 42) = pi(A1) + pa(A2).

Then the zero fiber is
£ 0) = {(A1,42) € " X Oyt 1 (A1) = —A2}

So u71(0) = pN(0-y) = k(f + 9._1) as G.-varieties and it follows from [138]
(see Remark 7.3) that .7y = 1~'(0)/G, inherits a Poisson structure from that of
g* x0,.

The moment map y induces a map

Joot: Joo(@" X 0y) = Jeo8” X J00y — Joo.

Moreover C[(Jeop) ' (0)]9=C+ inherits a Poisson vertex algebra from that of
Cldw(g" x O,)] (see Theorem 4.2) which coincides with that of C[.*] under
the isomorphism

JooTs = (Joopt) 1 (0)/T G

Similarly to the previous sections, one can consider the classical Clifford algebra
Cl(gy) = \°(g%) ® A®(g+). There exists a unique Poisson superalgebra structure
on CI(g+) such that A*(g}) — CI(g+), xi — ¥; = x] ® 1, A®(8+) — Cl(84+),
x; — ¥; = 1 ® x; are Poisson superalgebra embeddings, and {v;, a,//.’/‘.} = 0;,j, where
A*(a3), A°*(g4+) are equipped with the trivial Poisson structure. Here, {x;}; and
{x}}:; denote dual basis of g, and g}, respectively. Then

C:=Clg"] ®C[0,] ® Cl(s,) = P C"
i€Z

is a Poisson superalgebra, where

C":=Clg"l o C[O ] ® (P A (a}) ® A'(ay)),
j—i=n
with degy7 = 1 = —deg ;. Similarly to Lemma 7.4, setting
deg g, degg

_ . 1 - =
Q::Z(xi®1+1®y2(xi))®l//i—1®1®§ cf ik e C',
i=1 i k=1

¥

we get that {Q,0} = 0 because Q is odd. Therefore H*(C,ad Q) is a Poisson
superalgebra.

The following theorem is proven similarly to Theorem 7.1 and Theorem 7.5, so
we omit the proof.

Theorem 10.1 We have H (C,ad Q) = 0 for i # 0 and

H°(C,ad Q) = C[.%F]
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as Poisson algebras.

10.2 Chiralization of the Hamiltonian reduction

Recall that V¥(g) is strict chiral quantization of g* (see Definition 9.1). Consider
the vertex subalgebra V°(g,) of V¥(g) generated by the fields x(z) for x € g,. It is
a strict chiral quantization of g}. The natural embedding {7 : VO(gs) — VK(g) is
a chiral quantized moment map of the moment map u;: g — g;. Next, consider
the By-system vertex algebra (or Weyl vertex algebra) of rank % dim O, associated
with the symplectic variety O, . This is the vertex algebra F, generated by the fields
D;(z),i=1,.. .,dimg%, with OPE’s

[(D:)a®;] = x([xisx;]),

where {x;}; is a basis of g 1 (one can order the basis of g, so that the first terms form
a basis of g 1 ). This is a strict chiralization of O, . Moreover, the following vertex
algebra morphism

f5: VO(g,) — Fy
03 if-xl € g>la
xi 4 x (), ifx; € gy,
(I)i, ifx[ € g%,

is a chiral quantized moment map of the moment u,: O, — g3. Finally, consider the

semi-infinite fermions (or free fermions) \Z (g*), which is the vertex superalgebra
generated by the (odd) fields ¥;(z), ¥;(z) (i = 1,...,dimg,) with A-bracket:

[(¥)a¥}] = 6:, [(P)a¥;]=0=[(¥)1¥]].
It is a chiralization of Cl(g,). Set

C(V¥(g)) =V¥(a) ® T, ® A2 (g),

and
deg g, degg.
Ak * 1 ko grag* °
0= > (iel+lem)e¥ -lele cf TV
i=1 i,j k=1
Then [Q,0] = 0 and so Q%O) = 0, where Q(z) = Q(,,)z‘”_l, and hence

nez
H*(C(Vk(g)), Qo)) is a vertex superalgebra.
We refer to [117, 64, 182, 122] to the following theorem.

Theorem 10.2 We have H' (C(V*(g)), Q(0)) = 0 ifi # 0, and
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W¥(g, f) = H(C(V¥(9)), Q(0))
is the W-algebra associated with g and f.

Theorem 10.2 can be proved using the ideas of [36, 3.2.5]; see also [18, Proposi-
tion 3.3].

We have Re (v« (q)) = C[8"]®C[0,]®CI(g,) since (R¢(y k(4> ad Q) is identical
to the BRST complex that appeared in Theorem 10.1.

The following result was proved in [95]. This is a particular case of Theo-
rem 9.11 (i).

Theorem 10.3 (De Sole—Kac) We have RHO(C(Vk(g))) = HO(RC(Vk(g)),ad Q) =
C[Fs 1. In particular, we recover that ka(g’f) =Y.

Next, gr C(V¥(g)) is a Poisson vertex algebra and (C (V¥ (g)), Qo) is adifferential
graded Poisson vertex algebra, and we have the following statement ([17]).

Theorem 10.4 We have gr H'(C(V*(g))) = H'(grC(V*(g)), Q) = 0 ifi # 0.
Moreover,

g WX(g, f) = er H(C(V¥(9))) = H(gr C(V¥(9)), Q(0)) = Cld-7F 1.
In particular, we recover Theorem 9.7.

Consider now the differential algebra (Zhu C(V*(g)),ad Q). We now recover
Theorem 9.8 (i) (see [95]).

Theorem 10.5 We have Zhu(H'(C(V*(g))) = H'(Zhu C(V*(g))) = 0 for i # 0.

Moreover,

ZhuW¥ (g, f) = Zhu(H°(C(V*(9))) = H*(Zhu C(V¥(g))) = U(s, f).



Part IV
Quasi-lisse vertex algebras and W-algebras



As a Poisson variety, the associated variety of a vertex algebra is a finite disjoint
union of smooth analytic Poisson manifolds, and it is stratified by its symplectic
leaves. The vertex algebras whose associated variety has finitely many symplectic
leaves are particularly matter of interest and were first considered by the authors in
[42]. They were then referred to as quasi-lisse vertex algebras in [32].

Definition 10.1 A finitely strongly generated Zo-graded vertex algebra V is called
quasi-lisse if Xy has only finitely many symplectic leaves.

This part is devoted to the study of quasi-lisse vertex algebras. Lisse vertex
algebras appear as special cases quasi-lisse vertex algebras: they are the vertex al-
gebras whose associated variety is just a point (remember that all vertex algebras
are assumed to be strongly generated and Zs(-graded). By a result of Etingof—
Schedler [109], the quasi-lisse condition implies that the zeroth Poisson homology
Ry /{Rv, Ry} is finite-dimensional. This weaker condition is crucial in many ap-
plications.

We give various examples of quasi-lisse vertex algebras, and present remarkable
properties of lisse and quasi-lisse vertex algebras. Our first examples are particular
cases of simple affine vertex algebras. Using the results of Part III one can construct
plenty of other examples in the context of W-algebras by taking the quantized
Drinfeld-Sokolov reduction of quasi-lisse affine vertex algebras. There are also other
expected examples coming from four dimensional N = 2 superconformal field
theories.

As a first motivation, let us comment the quasi-lisse condition in the setting of
affine vertex algebras.

We have seen that V*(g) plays a role similar to that of the enveloping algebra
of g for the representation theory of the affine Kac-Moody algebra §. It would be
nice to have analogues of the associated varieties of primitive ideals in this context
(see Appendix D.5). Unfortunately, one cannot expect exactly the same theory. One
of the main reasons is that the center of U(g§) is trivial (unless for the critical level
k = —h"), and so we do not have analogue of the nilpotent cone (for the critical level,
the analogue is played by the arc space of the nilpotent cone, see Example 1.3 and
Exercice 3.2). So we need some replacements. In this context, the associated variety
of the highest weight irreducible representation L(kAg) = Ly (g) of §, k € C, viewed
as a vertex algebra, is a right object. More generally, one can consider the associated
variety of any irreducible highest representation L(A) of §, by exploiting the notion
of associated variety for any module over a vertex algebra; see Section 6.3. We will
see next chapters some analogies between the associated variety of Lg(g) and the
associated variety of primitive ideals. However, there are substantial differences. For
example, since Ly (g) = VX (g) for k ¢ Q (cf. [181]), we see that X1, (g) 1s not always
contained in the nilpotent cone N of g. We observe that X;, (4) is contained in the
nilpotent cone N if and only if L (g) is quasi-lisse (see Proposition 12.1). Thus, in
this context, the quasi-lisse condition looks very natural.

The part is structured as follows. It starts with Chapter 11 on lisse and rational
vertex algebras. Chapter 12 contains various examples of quasi-lisse (simple) vertex
algebras, mostly n the context of affine vertex algebras and W-algebras Remarkable
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properties of quasi-lisses vertex algebras are described in Chapter 13. In fact, the
vertex algebras constructed from 4D N = 2 SCFTs are expected to be quasi-lisse,
since their associated varieties conjecturally coincide with the Higgs branches of the
corresponding four dimensional theories ([253]).






Chapter 11
Lisse and rational vertex algebras

Before discussing the case of quasi-lisse vertex algebras, we focus in this chapter
on lisse and rational vertex algebras. Recall that a vertex algebra V is called lisse
if dim Xy = 0, or equivalently, if Ry is finite-dimensional or, still equivalently, if
dim SS(V) = 0 (see Section 4.8). Close to the lisse condition, we have the rationality
condition:

Definition 11.1 A conformal vertex algebra V is called rational if every Zso-graded
V-modules is completely reducible (that is, isomorphic to a direct sum of simple
V-modules).

Examples of lisse vertex algebras are given in Section 11.1 and Section 11.2.
These examples of lisse vertex algebras are actually also examples of rational vertex
algebras. In Section 11.3, we gather together remarkable properties that enjoy lisse
and rational vertex algebras.

11.1 Integrable representations of affine Kac-Moody algebras

Let g be a complex simple Lie algebra. The irreducible g-representation Lg(A), with
highest weight 4 € b, is finite-dimensional if and only if its associated variety
¥ (Anng (g (Lg(A))) is zero (Example D.6). Contrary to irreducible highest weight
representations of g, the irreducible g-representation L(1), where A € f)*, is finite-
dimensional if and only if A = 0, that is, L() is the trivial representation.

The notion of finite-dimensional representations has to be replaced by the no-
tion of integrable representations in the category &. (See Appendix A.4 and Ap-
pendix A.5 for the category & and the definition of integrable representations for
affine Kac-Moody algebras.)

Let k € C. Recall that the simple affine vertex algebra Ly (g) is isomorphic to the
irreducible highest weight representation L(kAg) as a §-module.

Theorem 11.1 (Frenkel-Zhu, Kac—Wang, Dong-Mason) The following are
equivalent:
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(1) Lg(g) is rational,
(ii) Li(g) is lisse, that is, Xr, () = {0},
(iii) Ly (g) is integrable as a §-module (which happens if and only if k € Zs).

It should be noted a clear analogy between the equivalence (ii) <= (iii) and the
equivalence mentioned in Example D.6.

The equivalence (i) <= (iii) is due to Dong and Mason [100], as well as the
last equivalence in parenthesis of Part (iii). We explain below only the implication
(iii) = (ii) following [131, 189, 17].

Lemma 11.1 Let (R, 0) be a differential algebra over Q, and let I be a differential
ideal of R, i.e., I is an ideal of R such that 81 C I. Then VI c VI.

Proof Leta € V1, so that a™ € I for some m € Zso. Since I is d-invariant, we have
0™ma™ € I. But
g™ = m!(da)™  (mod VI).

Hence (da)™ € VI, and therefore, da € VI. O

Recall that a singular vector of a g-representation M is a vector v € M such that
fiv=0,ifg=fi_ehdfisa trianglar decomposition of § (see Appendix A.4.3).
In particular, regarding V¥ (g) as a g-representation, a vector v € V¥(g) is singular
if and only if fi.v = 0.

In the case where k is a nonnegative integer, the maximal submodule Nj of
Vk(g) is generated by the singular vector (egt~1)**1|0) ([178]), where 6 is the
highest positive root and eg € g \ {0}.

Proof (of the implication (iii) = (ii) in Theorem 11.1) Suppose that L (g) is inte-
grable. This condition is equivalent to that k € Z( and, if so, the maximal submodule
Ny (g) of V¥ (g) is generated by the singular vector (egf~1)%*1]0). The exact sequence
0 — Ni(g) — V¥(g) — Li(g) — 0 induces the exact sequence

0— I — Rykg) — Riig) — 0,

where I is the image of Ny in Ry« = C[g"], and so, Ry, (g = C[g"]/Ix. The
image of the singular vector in I; is given by e’;“. Therefore, eg € VI. On the
other hand, by Lemma 11.1, vI; is preserved by the adjoint action of g. Since g is
simple, g C V1. This proves that X, 4 = {0} as required. a

The proof of the “only if” part follows from [100]. It can also be proven using
W-algebras.

In view of Theorem 11.1, one may regard the lisse condition as a generalization
of the integrability condition to an arbitrary vertex algebra.
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11.2 Minimal series representations of the Virasoro algebra

Let ¢ € C. Denote by N, the unique maximal submodule of the Virasoro vertex
algebra Vir¢, and let Vir, := Vir®/N, be the simple quotient.

Theorem 11.2 The following are equivalent:

(i)  Vire is rational,
(i)  Vire is lisse,

6 2

(i) c=1- Mfor some p,q € Zsy suchthat (p, q) = 1. (These are precisely
pPq

the central charge of the minimal series representations of the Virasoro algebra

Vir.)

The equivalence (i) & (iii) is well-known [275].
We explain below the equivalence (ii) <= (iii) (see [14, Proposition 3.4.1]).

Proof (of the equivalence (ii)) < (iii) in Theorem 11.2) It is known that the im-
age of N, in Ry is nonzero if N, # 0 (see e.g., [275, Lemmas 4.2 and 4.3] or [ 150,
Proposition 4.3.2]). Therefore Xvi,. = {0} if and only if Vir¢ is not irreducible. This
happens if and only if the central charge is of the form in (iii) ([176, 119, 150]). O

11.3 On the lisse and the rational conditions

Itis known ([97]) that the rationality condition implies that V has finitely many simple
Zsp-graded modules and that the graded components of each of these Z(-graded
modules are finite dimensional. In fact lisse vertex algebras also verify this property
(cf. Theorem 5.6). Moreover, the normalized characters of the finitely simple Zs-
graded modules over a lisse vertex algebra enjoy remarkable modular invariance
properties ([282, 237]). All this is summarized in the below theorem.

Theorem 11.3 (Abe-Buhl-Dong, Miyamoto, Zhu) Let V be a Z-y-graded confor-
mal lisse vertex algebra.

(i)  Any simple V-module is a positive energy representation, that is, a positively
graded V-module. Therefore the number of isomorphic classes of simple V-
modules is finite.

(ii) Let My,...,Ms be representatives of the isomorphic classes of simple V-
modules, and let fori =1,...,s,

X (7) = Trag, (¢575) = " dim(Mi)ag"™ %, g =",

n>0

be the normalized character of M;. Then y, (T) converges in the upper half-
plane {t € C | Im(71) > 0}, and the vector space generated by SL;(Z).xm, (T)
is finite-dimensional.
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(ili) Assume furthermore that V is rational. Then the linear space spanned by the
XM, ’s are invariant under the action of SLy(Z) (where we consider x g, as a
holomorphic function on the upper half plane by the transformation g = ¢*77).

If Vis as in Theorem 11.3, (iii), it is known by a result of Huang [167] that under
some mild assumptions (V must be rational, lisse, simple, self-dual conformal'), the
category of finitely generated V-modules forms a modular tensor category which for
instance yields an invariant of 3-manifolds, see [49].

It is actually conjectured by Zhu in [282] that rational vertex algebras must be
lisse (this conjecture is still open):

Conjecture 11.4 1f V is rational (which imply that Zhu(V) is semisimple), then V
must be lisse.

The converse is not true. It is known that a lisse vertex algebra is not necessarily
rational. There are examples in the context of Z,-orbibolds ([1]). It is conjectured is
[25] that for g of type Dy, Eg, E7, Eg, the minimal W-algebra Wy (g, fmin) associated
with a minimal nilpotent element fpi, is lisse and non-rational for a nonnegative
integer k.

There are significant vertex algebras that do not satisfy the lisse condition. For
instance, an admissible affine vertex algebra Ly (g) (see Section 12.2) has a complete
reducibility property ([18]), and the modular invariance property ([185]) in the
category O still holds, although it is not lisse unless it is integrable.

So it is natural to try to relax the lisse condition. This is the purpose of the next
chapters.

1 We refer to Section 13.1.2 for the notion of self-dual vertex algebra.



Chapter 12
Examples of quasi-lisse vertex algebras

This chapter contains various examples of quasi-lisse vertex algebras. Section 12.1
is about general facts on the associated variety of affine vertex algebras. Then we
focus on two interesting families of quasi-lisse simple affine vertex algebras: those
coming from admissible levels (Section 12.2) and those coming from the Deligne
exceptional series (Section 12.3). We refer to Remark 12.2 for other known family of
examples; they are certainly much more examples. By taking the Drinfeld—Sokolov
reduction of all previous examples, we produce in Section 12.4 many other examples
of quasi-lisse vertex algebras in the context of W-algebras. A few of other examples
are discussed in Section 12.5.

In what follows, g is a complex simple Lie algebra with adjoint group G, and N
is the nilpotent cone of g, that is, the set of nilpotent elements of g. We identify g

1
with its dual g* using the non-degenerate bilinear form (—|-) = h—vx Killing form

of g. We shall use the notations of Appendix D, particularly for the nilpotent orbits
in sl, in correspondence with the partitions of n.

12.1 General facts on associated varieties of affine vertex algebras

Let V¥ (g) be the universal affine vertex algebra associated with g at the level k € C.
Recall first that the associated variety of V¥ (g) is g* = g (cf. Example 4.5).

Let us now focus on the associated variety of the simple quotient Li(g) =
V¥(g)/Nx, where Ny is the maximal proper submodule of VX (g). Contrary to the
associated varieties of primitive ideals of U(g), the associated variety of L (g) is not
always contained in the nilpotent cone N. Indeed, if V*(g) is simple, for example if
k ¢ Q, then Li(g) = V¥(g) and so X1, (q) =8 ¢ N. The main result of [34] ensures
that the converse is true as well.

Theorem 12.1 (Arakawa-Jiang-Moreau) Let k € C. Then X, (o) = ¢ if and only
if Li(g) = VX(g), that is, V¥ (g) is simple.

221
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On the other hand, we have a simple criterion to check whether L (g) is quasi-
lisse:

Proposition 12.1 The simple affine vertex algebra L (Q) is quasi-lisse if and only if
X1.(0) C N. In particular, V*(g) is never quasi-lisse.

Proof Recall that the symplectic leaves of g are the adjoint G-orbits of g. Since the
works of Kostant, we know that the nilpotent cone N of the simple Lie algebra is a
finite union of adjoint orbits (see Appendix D.1). Hence, if Xj, (4) is contained in N
then Ly (g) is quasi-lisse.

Conversely, assume that X, () contains a non-nilpotent element x, with Jordan

decomposition x = xs + x,. If x, = 0, then Xy, () contains GC*x = GC*x,, using

the fact that X;, (4) is a closed G-invariant cone of g. But GC*x, contains infinitely
many symplectic leaves because x; is semisimple. So X, (4) is not quasi-lisse. If
x,, # 0, choose an sl-triple (x,, h, y,) in ¢*5; one can assume that /& and x, lie in a
same Cartan subalgebra (because x; lies in the center of g*+) so that they commute.
Consider the one-parameter subgroup p: C* — G generated by ad 4. We have for
allt € C*,

p(D)x = x5 + 1*xp.

Taking the limit when 7 goes to 0, we deduce that x; € Xy, () and, hence, by the first
case, Xz, () is not quasi-lisse. a

The proof of the following proposition uses the infinitesimal character of a highest
representation.

Proposition 12.2 If X;, () C N, then L (g) has only finitely many simple objects
in the category O.

Proof Write Zhu(Ly(V)) as a quotient U(g)/I (see Section 5.6.2). By Zhu’s cor-
respondence (Theorem 5.2), it suffices to show that there are finitely many simple
highest weight g-modules L4(1) annihilated by / since L(i)top = L4(4), where A is
the restriction to f of A € §*. Indeed, simple objects in the category & are precisely
the simple highest weight modules L(1), [176, Proposition 9.3].

Let us denote by y,: Z(g) — C the infinitesimal character associated to Lg(1)
(see Appendix A.1.4). Recall that for A, u € h*, y1 = x, if and only if A and u are
in the same W-orbit with respect to the twisted action of W, where W is the Weyl
group of (g, §). Hence, identifying the maximal spectrum of Z(g) with the set of all
homomorphisms Z(g) — C, it is enough to show that Specm (Z(g)/Z(g) N 1) is
finite or, equivalently, that Z(g)/Z(g) N I is finite-dimensional. This will show that
the set of possible infinite characters of simple U(g)//-modules is finite and so is
the set of possible simple U(g)//-modules.

Using the surjective Poisson algebra homomorphism (cf. Lemma 5.11),

Ry, (9 — grZhu(Li(g)) =grU(g)/grl,

we get that (SpecgrU(g)/grl).q € Xr,(q) € N, whence the augmentation ideal
(grZ(g))+ of grZ(g) is contained in +/gr/ because (grZ(g)); = C[g]+ is the



12.1 General facts on associated varieties of affine vertex algebras 223

defining ideal of N. As a result, gr Z(g)/gr(Z(g) N I) is finite-dimensional and so is
Z(9)/Z(g)N 1. o

In view of the above results, it is natural to ask whether there exist pairs (g, k)
such that X7, (4 is neither g nor contained in the nilpotent cone N.

Definition 12.1 The sheets of g* are by definition the irreducible components of the
locally closed subsets g™ = {¢ € g*: dimG.£ = 2m}, m € Zsg. A sheet of g is
called Dixmier if it contains semisimple elements of g. We refer to [269, Section 39]
for more about this topic.

Example 12.1 In the following examples, the associated variety of Lj(g) is the
closure of some Dixmier sheet. In particular, X7, (4) is neither g nor contained in the
nilpotent cone N ([41]).

(i) Forn > 3 (the case n = 3 isdone in [171]),
XL-[(E»I,,) = Gc*iﬁ'l ¢ N,

where @7 is the fundamental co-weight associated with @ if a1, ..., @,-) are
the simple roots of sl,,. Note that GC*wr; = S|, where S; is the unique sheet
of sl,, containing the minimal nilpotent orbit Oy, in its closure.

(ii)) Form > 2,

X1 (slom) = GC*a,,, ¢ N,

where @,, is the fundamental co-weight associated with «,,. Note that

GC*wy,, = Sp, where Sy is the unique sheet of sly,, containing the nilpo-
tent orbit O(om) associated with the partition (2™) in its closure.

Other examples where X7, (4) is neither g nor contained in the nilpotent cone
N have been found since. In [111], Fasquel found the first example of Jordan class
closure which is not a sheet closure as associated variety of L_s/>(sl4); see also
[171] for other such examples. Also, note that case (i) has been recently generalized
in [31].

Next, in the light of Theorem 12.1, one can ask whether there is a pair (g, k) such
that X7, () is a maximal proper G-invariant closed subcone of g.

For g = slp, the nilpotent cone N is the unique maximal proper G-invariant
closed subcone of g. In fact the only G-invariant closed subcones of sl are: {0}, N,
g. All these subsets can be realized as the associated variety of some Ly (sly) (see
Section 12.2 and more specifically Exercice 12.3).

For g = sl3, one can construct a maximal proper G-invariant closed subcone of
g as follows. Let (e, h, f) be a principal sly-triple, that is, f is regular nilpotent
element of g. Let 2~ = GC*h be the G-invariant closed cone generated by 4. This
set is referred to as the principal cone in [85]. It contains the nilpotent cone N and
has dimension dim N + 1. So, for g = sl3, it is maximal for dimension reasons (it has
dimension 7 while g has dimension 8). More generally, for any regular semisimple
element x € g, the set GC*x is a G-invariant closed subcone of g containing N (see
[86, Th. 2.9]). The principal cone 2" is somehow more canonical: it is precisely the
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closure of the set of principal semisimple elements (that is, the semisimple elements
which are central elements of principal sl,-triples).

? Problem

Assume that g = sl3. Is there a level k such that X;, (q) = 2, where 2" = GC*h is
the principal cone of sl3?

Jiang and Song show in [171] that there is no such a level. In fact, they have
described all possible G-invariants closed subsets of sl3 that appear as associated
varieties of some L (g), and 2~ do not appear.

In the next two sections, we provide pairs (g, k) for which the associated variety
X (g) is contained in the nilpotent cone N.

12.2 Admissible representations

Recall that the irreducible highest weight representation L(A) of § with highest
weight A € b* is called admissible if A is admissible in the sense of Definition A.6.
For example, an irreducible integrable representation of § is admissible. More gen-
erally, the simple affine vertex algebra L (g) is called admissible if it is admissible
as a §-module, and the level k is called admissible if L;(g) is admissible (see
Definition A.7). This happens if and only if (Proposition A.3):

hY if (q,F) =1,
k =—hv+£withp,q €Zs1, (pgq)=1,p> 1 (g.7) (12.1)
q h if(q,7) =T,

where 7 is the lacing number of g, that is, the maximal number of edges in the Dynkin
diagram of g.

The fist statement of the following theorem was conjectured by Feigin and Frenkel
and proved for the case that g = sl, by Feigin and Malikov [120]. The general proof is
achieved in [17]. Refer to Definition 4.8 for the singular support of a vertex algebra.

Theorem 12.2 Assume that k is an admissible level for g.

(i)  The singular support SS(Ly(g)) is contained in Jo(N) or, equivalently, the
associated variety Xy, (q) is contained in N.
(i) A stronger result holds: we have

X, (9) = Ok,

where Oy is a nilpotent orbit which only depends on the denominator q, with
k written as in (12.1).

Remark 12.1 More explicitly, we have



12.2 Admissible representations 225

: (adx)* =0 if (¢,7) = 1,
XLi(g) ={{xeg (ado oD (12.2)

{x€g:mp ()27 =0} if (¢, %) # 1,

where 7, is the irreducible finite-dimensional representation of g with highest
weight 6, the highest short root of g.

The irreducibility of the varieties of the right-hand side of (12.2) was checked
in [17] so that the nilpotent orbit Oy is indeed well-defined. Prior to [17], the
irreducibility of variety O had been proved in [142] in most cases and the orbits Oy
were studied in [108] as exceptional nilpotent orbits for those of principal Levi type
and (¢,7) = 1.

Example 12.2 Let us describe explicitly the nilpotent orbit Oy of Theorem 12.2 in
the case where g = sl,,. Recall that the nilpotent orbits of sl,, are parameterized by

the partitions of n. Let k be an admissible level for sl,, that is, k = —n + E, with

p €Z,p > n,and (p,q) = 1. Then Oy is the nilpotent orbit corresponding to the
partition (n) is ¢ > n, and to the partition (g, ¢, ..., q,s) = (¢, s), where m and
s are the quotient and the rest of the Euclidean division of n by g, respectively, if
q < n.

Next exercise gives a proof of Theorem 12.2 for g = sl,. It is based on Feigin and
Malikov approach (see also [17, Theorem 5.6]).

Exercise 12.3 Let N be the proper maximal ideal of VX (sl,) so that Ly (sl,)
Vk(slp)/Ny. Let I be the image of Ny in Ry ks, = C[sk] whence Ry, (s;) =
C[slp]/Ix. It is known that either Ny is trivial, that is, V¥ (sl,) is simple, or Ny is
generated by a singular vector v whose image v in I is nonzero ([184, 231]).

We assume in this exercise that Ny is non trivial. Thus, Ny = U (glz)v.

(i)  Using Kostant’s Separation Theorem, show that, up to a nonzero scalar,
v=Q"e",

for some m,n € Z-o, where Q = 2ef + %hz is the Casimir element of the
symmetric algebra of sl,.
(ii)  Deduce from this that X, (4, is contained in the nilpotent cone of sl.

if and only if k = —2 or k is admissible and k ¢ Z.

It is known that Ny is nontrivial if and only if k is an admissible level for sl,, or
k = =2 is critical. Thus we have shown that X7, (s1,) is contained in the nilpotent
cone of sl if and only if kK = -2 or k is admissible, i.e., k = -2+ %, with (p,q) =1
and p > 2.

On the other hand, since Xi, (s1,) = {0} if and only if k € Z5( by Theorem 11.1,
we get that X;, (si,) = N

The following exercise explains how to compute the associated variety in a con-
crete example exploiting a singular vector (see Appendix A.4.3). This example is
covered by both Theorem 12.2 and Theorem 12.5.
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Exercise 12.4 The aim of this exercise is to compute Xy, , ,(s1)- It was shown by

Perse [247] that the proper maximal ideal of V3/2(sl3) is generated by the singular
vector v given by:

vi= 5 () ens™)10) = (har™) (o510 Jater o™ en st I0) - 3e1,517710),

where hy := ey — ez, hy := ex5 — e33 and ¢; ; is the elementary matrix of the
coeflicient (i, j) in sl3 identified with the set of traceless 3-size square matrices.

(i)  Verify that v is indeed a singular vector for gﬂ, that is, e; ;v =0fori =1,2
and (63,1t)v =0.

(ii))  Leth := Chy+Ch; be the usual Cartan subalgebra of sl3. Show that X7, (st) N
h = {0}, and deduce from this that X;_, 12(sls) is contained in the nilpotent cone
of SI3.

(iii) ~ Show that the nilpotent cone is not contained in X7, , , (sly)-

(iv) Denoting by Op, the minimal nilpotent orbit of sl3, conclude that

XL-3/2 (sl3) = Omin-

12.3 Exceptional Deligne series

There was actually a “strong Feigin—Frenkel conjecture” stating that k is admissible
if and only if X;, () € N. Such a statement would be interesting because it would
give a geometrical description of the admissible representations L (g). As seen in
Exercise 12.3, the equivalence holds for g = sl,.

12.3.1 Non-admissible quasi-lisse affine vertex algebras

The stronger conjecture is wrong in general, as shown the following result ([40]).
Theorem 12.5 Assume that g belongs to the Deligne exceptional series ,

Al cAycGycDyCcFyCEqgCEyCEsg,

h\/
and that k = i 1 + n, where n € Zyg is such that k ¢ Z>o. Then

X1, () = Omins

where Oy is the minimal nilpotent orbit of g.
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\%

Note that the level k = —% — 1 is not admissible for the types D4, E¢, E7,
Eg (it equals -2, -3, —4, —6, respectively). Theorem 12.5 provides the first known
examples of associated varieties contained in the nilpotent cone corresponding to
non-admissible levels. Theorem 12.5 also allows to produce “new” examples of lisse
simple W-algebras (see Example 12.4).

By Proposition 12.2, if (g, k) is as in Theorem 12.5, then Lg (g) has finitely many
simple objects in the category &'. One can describe them thanks to Joseph’s classi-
fication [174] of irreducible highest weights representation L4(A) whose associated
variety is Omin (see Theorem 12.8).

We give in the next section a broad sketch of a proof of Theorem 12.5.

Remark 12.2 There are other examples of simple quasi-lisse affine vertex algebras
L (g) at non-admissible level k. For (g, k) as below, the simple affine vertex algebras
L (g) is quasi-lisse:

« first of all, for any g, if k = —h" is critical then X, gy = N ([118, 124]),

«if g of type D,, 7 > 5and k = =2, —1, then Xz, (4) = Omin ([40]),

« if g of type D,, with r an even integer > 4, and k = 2 — r ([40, 41]), then
XL () = Or219),

e ifgoftype B,,r > 3and k = -2, then Xy, () = m ([42]), where Qgpoy¢ i the
nilpotent orbit associated with the sl,-triple (eq,, hg,, fg,), With 85 the highest
positive root (hg, = 2a@)'). Notice that Oghore = O3 j2-2).

« if g if of type G and k = -2, then X7, () = Ogupreg ([27]), where Qgypreg is the
subregular nilpotent orbit of dimension 10.

Observe that the cases L_(G») and L_»(B3) are parts of the family L (g) for g
running through the series

AicAycGycBscDyCFyCEgCE7CEg,

h
and k = —— — 1, where h is the Coxeter number. Simple affine vertex algebras of the

family appear in the Argyres—Douglas theory (see Section 15.3) and are all expected
to be quasi-lisse (it is now known for all of them except for L_3(Fy)).

Except for g = s, the classification problem of quasi-lisse affine vertex algebras
is wide open.

12.3.2 Joseph ideal and proof of Theorem 12.5

We refer the reader to Appendix D.5 for standard facts on primitive ideals and their
associated varieties.

If g is not of type A, it is known [172, 139] that there exists a unique completely
prime ideal, that is, the corresponding graded ideal is prime, in U(g) whose associ-
ated variety is the minimal nilpotent orbit Oy,;,, which is the unique nilpotent orbit
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of g of minimal dimension 21" — 2, with 2 the dual Coxeter number of g (see
Appendix D.1). See [250] for a more recent review on this topic.

Definition 12.2 If g is not of type A, the unique completely prime ideal whose
associated variety is Op,;, is denoted by Jo, and is referred to as the Joseph ideal of

U(g).

For g of type A, the completely prime primitive ideals I of U(g) with # (I) = Opin
form a single family parametrized by the elements of C ([172, 250]). In [172],
Joseph has also computed the infinitesimal character of Jo, that is, the algebra
homomorphism Z(g) — C through which the centre Z(g) acts on the primitive
quotient U(g)/do. In fact, Joseph has described the set of 1 € h* such that such that
Jo = Anng (g) (Lg(1)) (see Table 12.1).

Outside the type A the nilpotent orbit Op;y is rigid!, hence forms a single sheet
(cf. Definition 12.1) in g* = g. Indeed, a nilpotent orbit forms a single sheet if and
only if it is rigid. So, Jo cannot be obtained by parabolic induction from a primitive
ideal of a proper Levi subalgebra of g. Different realizations of J, can be found in
the literature for various types of g. Joseph’s original proof of the uniqueness of Jo
was incomplete. This led Gan and Savin [139] to give another description of the
Joseph ideal Jy. Their argument relies on some invariant theory and earlier results
of Garfinkle.

Let us outline their description. Suppose that g is not of type A. According to
Kostant, Jo is generated by the g-submodule Ly(0) ®@ W in 52(g), where W is such
that, as g-modules,

52(g) = Lg(20) ® Lg(0) @ W.

Note that the above decomposition of S%(g) still holds in type A ([140, Chap. IV,
Prop. 2]). Also, observe that Lq(0) = CQ where Q = ¥, x;x" is the Casimir element
in §(g), with {x;}; is a basis of g, and {x'}; its dual basis with respect to ( | ).

Let Jw be the two-sided ideal of U(g) generated by W.

Proposition 12.3 We have the algebra isomorphism
U(g)/dw = CxU(g)/do.

Proof By the proof of [139, Th. 3.1], Jw contains (2 — ¢p)g. Hence it contains
(Q — co)Q. Since c¢g # 0, we have the isomorphism of algebras

U(8)/dIw — U(8)/{w, Q) x U(8)/{Iw ., — co).

As we have explained above, (Jw, Q —co) = Jo. Also, since Jw contains (Q —cg)g,
(Jw , Q) contains g. Therefore U(g)/{Jw, Q) = C as required. O

! Rigid nilpotent orbits are those nilpotent orbits which cannot be properly induced from another
nilpotent orbit in the sense of Lusztig-Spaltenstein [69, 67].



12.3 Exceptional Deligne series 229

Lemma 12.1 Suppose that g is not of type A. The ideal Jyw in S(g) generated by W
contains Q2, and hence, \[Tw = Jo, where Jy is the prime ideal of S(g) corresponding
to the minimal nilpotent orbit closure Qp;y.

Proof By the proof of [139, Th. 3.1], the ideal Jw of U(g) generated by W contains
g - Q, and so the assertion follows. |

The structure of W was determined by Garfinkle [140]. Consider the sl,-triple
(eg, hg, fo) of g where fy = e_g is a 6-root vector (6 denotes the highest positive
root) so that it lies in Op,. Set

g; = {x € g: [he,x] = 2jx}.
Then (cf. Remark D.1)

3=6-198-12®809 812941,
8-1=Cfs, g1=Ceqs, 80=Cho®g® o= {xeg: (holx)=0}

The subalgebra gf is a reductive subalgebra of g whose simple roots are the simple
roots of g perpendicular to 6. Write

(" 'l =Pai
i>1
as a direct sum of simple summands, and let 8; be the highest root of g;.
« If g is neither of type A, nor C,,
W =P Ly(0 +6)). (12.3)
i>1

« If g is of type C,, then g" is simple of type C,_, so that there is a unique 6,
and we have

W=Lg(0+6)8Ls((0+61)/2).

By [140, 139], Jo is generated by W and Q — ¢(, where W is identified with a
g-submodule of U(g) by the g-module isomorphism S(g) = U(g) given by the
symmetrization map, and ¢ is the eigenvalue of Q for the infinitesimal character
that Joseph obtained. We have

grdo=Jo=+vJw

and this shows that Jj is indeed completely prime.

We now outline the proof of Theorem 12.5 following [40]. The proof is closely
related to the Joseph ideal and its description by Gan and Savin. The key point is
that this description was successful in constructing singular vectors of V*(g) with
g, k as in Theorem 12.5.
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Let S(g) = @, S9(g) be the usual grading of S4(g) and V*(g) = P V*(8)a
d€Z>0

that one of V¥ (g), see (3.2).

Lemma 12.2 Let d € Z.y. We have a g-module embedding

1 - -
0ur $U(9) = Vi@ x1xa o D et et HI0):

’ TGy

Notice that if v is a singular vector for g in S%(g), then o (v) is a singular vector of
Vk(g) if and only if (fgt)oy(v) = 0.

For g of type A1, Az, G2, Fy, the number n — h¥ /6 — 1 is admissible for n € Z,
and Theorem 12.5 is a special case of Theorem 12.2. So there is no loss of generality
in assuming that g is of type D4, E¢, E7, or Eg.

Recall that the Joseph ideal Jy is generated by the g-submodule Ly4(0) @ W in
Sz(g), where W is such that, as g-modules,

S2(g) = Lg(20) ® Ly (0) @ W.

Let W = B, W; be the decomposition of W into irreducible submodules, and let w;
be a highest weight vector of W;. Recall also that by (12.3), we have W; = Lg(6+6;).
Note that for g of type E¢, E7, Eg, W = W is simple. Moreover, according to [140,
Chapter IV, Proposition 11] if g is not of type Eg, we have?

L,V

+1

o

Wi =¢€g€g, — @/3].4.()!.35]4,9{,
J

1l
—_

where (8}, ¢ ;) runs through the pairs of positive roots such that
Bj + 6j =6 - 91'.

The number of such pairs turns out to be equal to 4" /6+ 1. Choose a Chevalley basis
{hi}i U{eq, fa}ae of g so that the following conditions are fulfilled: for all j,

[€6j, [eﬁj’eﬂl]] 289’ [eﬁ_,’aeﬁl] =eﬁj+91s [86_,'7691] =e&,—+91~
Exercise 12.6 Assume that gis of type D4, Eg or E7, and let n € Z3. Show that for
each i, o (w;)"*! is a singular vector of V¥(g) if and only if

hV
k=n———-1.
"%

(The statement holds for g of type Eg but one needs to consider a slightly different
description of wy.)

2 The construction is slightly different if g is of type Eg due to the fact that Eg is not of depth one
(cf. [140, Chapter IV, Definition 1]), and that (6 — 6;)/2 is not a root.
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We are now in a position to prove Theorem 12.5.
Proof (of Theorem 12.5) Assume that g is of type D4, E¢, E7, or Eg and that

v
k:n—?—l with n € Zyy.

Let Ny be the submodule of V¥ (g) generated by o (w;)"™*! for all i, and set
Li(9) = V*(8)/Ni. (12.4)
The exact sequence 0 — N — V*(g) — Li(g) — 0 induces an exact sequence
Ne/ale™' 162Nk — VE(@) /gl 1172V  (9) — Li(9)/glr™ 1172 Li(g) — 0.

Under the isomorphism V¥ (g) /g[t~']r2V*(g) = S(g), theimage of Ny /g[t~ ']t 72Ny
in VK(g)/g[t~']t72V*(g) is identified with the ideal J; of S(g) generated by w; for
all i. Hence Ji C Jw C VJ¢. Therefore by Lemma 12.1,

\/E=W=JO,

where Jj is the defining ideal of Op,;,. Hence X fale) = Omin by Lemma 12.1.
Next, since Ly (g) is a quotient of Ly (g), we get that

XLk () c Xik(g) = @mm = ©min U {0}

Therefore X;, (g is either {0} and Op,;n. The theorem follows since Xj, (q) = {0} if
and only if k € Z5¢ (cf. Theorem 11.1). O

Conjecture 12.7 Assume that gis of type Dy, Eg, E7, or Eg and thatk = n—h" /6-1.
Then the quotient L (g) defined by (12.4) is equal to L (g), that is, Ly (g) is simple,
if £ <0.

Conjecture 12.7 was proven in [40, Proof of Theorem 3.1] for n = 0. Note that if
k > 0, Li(g) is obviously not simple as, if so, the maximal submodule of V*(g) is
generated by (egr™")**1|0).

As a consequence of Lemma 12.1, Lemma 12.2 and the proof of Conjecture 12.7
for n = 0, we obtain the following result.

Theorem 12.8 Assume that g belongs to the Deligne exceptional series outside the
\

h
type A and that k = e 1. Let Jw be the two-sided ideal of U(g) generated by
W as in Proposition 12.3. Then Ly (@) is a chiralization of U(g)/Jdw, that is,

Zhu(Lk(9)) = U(g)/dw = Cx U(g)/do.

In particular since J is maximal, the irreducible highest weight representation L(A)
of § is a Ly (g)-module if and only if
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A=0 or Annyg Lg(d) = Jo.
where A is the restriction of A to the Cartan subalgebra of g.

According to [174, 4.3], The weights u such that Anng () Lg() = do are of the
form:

p=wo (uo—p):=w(no) —p, weW,

where 1y and W), a subset of the Weyl group W of g, are described in Table 12.1.
Here we adopt the standard Bourbaki numbering for the simple roots {a1, ..., as}
of g, and we denote by @y, ..., @, and sy, ..., s, the corresponding fundamental
weights and simple reflections of W.

g Mo Wo

Gy @+ L@ {1, 5}

Dy @+ W3+ Wy {1, s1, 53,84}

Fy %(W1+W2)+W3+w4 {1, s1,82}

Eg @\ + @y + @3 + W5 + We {1, 52, 53, 5153, S5, 5655 }

E;| @)+ @+ @3 + @5 + @e + @7 {1, 52, 53, 5153, S5, S655, 575655 }

Eg w)| + W) + W3 + W5 + W + W7 + Wy {1, 52,83, 5153, S5, S655, $75655, SgS7SGS5}

Table 12.1 The weight po and the subset Wy ¢ W such that for g = w(up) — p, we have
AnnU(g)Lg (/1) = Ho.

12.4 Lisse and quasi-lisse W-algebras

Let g = Lie(G) be a simple Lie algebra, f a nilpotent element of g and k a complex
number. Recall from Theorem 9.7 that

Xwk(g,r) =

where . is the Slodowy slice ¥y = f+g¢ associated with an slp-triple (e, f, h). We
write Wy (g, ), as in Section 9.2.5, the simple quotient of W¥ (g, f). The associated
variety X, (g,r) of Wi(g, f) is a C*-invariant Poisson subvariety of .. Since it
is C*-invariant, Wy (g, f) is lisse if and only if Xy, (4, r) = {f}.

Recall from Theorem 9.11 (i) that for any quotient V of the universal affine vertex
algebra V¥ (g), the associated scheme Xpg + (v) 1s isomorphic to the scheme theoretic
intersection Xy Xq- <. In particular,

XDS_f(V) =Xy NnSf.
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Therefore, using Proposition 12.1, we get the following result.

Theorem 12.9 Let V be a quotient of the universal affine vertex algebra V*(g).

(i) DSy (V) is nonzero if and only ifG.f C Xy,

(ii) DSy (V) is lisse, and so is Wi (g, f), ifG.f =Xy,

(iii)y DSy (V) is quasi-lisse, and so is Wi (g, f), if Xy is contained in N and
feXy.

The fact that Xy N . is nonempty if and only if f € Xy, that is, G.f C Xy is
seen using the C*-contracting action on .y (see Lemma D.4) because Xy is closed
and G-invariant. Indeed, if f € Xy, clearly Xy N . is nonempty. Conversely, if
x € XyNSy,then f = }iilg)ﬁ(t)x belongs to Xy N.%r, where p is the one-parameter

subgroup defined as in (D.4).
As a consequence of Theorem 12.1 and Theorem 12.9, we get the following
analogous result for the Drinfeld—Sokolov reduction of V*(g).

Theorem 12.10 The equality DSy (Lx(g)) = DSy (VK(9)) holds if and only if
Xpsy (Li(e) =77

Proof For the critical level k = —h", itis known that Xps, (1, (q)) = NN S5 # Sf.
Hence, there is no loss of generality in assuming that k + &Y # 0. Suppose
Xps; (Li(g)) = r- We wish to show DSy (Vk(g)) = DSy (Li(g)). By Theo-
rem 12.1, it is enough to show that X;, (5 = g. Assume the contrary. Then Xj, (4
is contained in a proper G-invariant closed subset of g. On the other hand, by
Theorem 12.9 (i) and our hypothesis, we have

L = XDs; (Li(9)) = XiLi(9) N T -

Hence, .#’s must be contained in a proper G-invariant closed subset of g. But this
contradicts Theorem 7.6. The proof of the theorem is completed. O

The simple W-algebra Wy (g, f) is a quotient vertex algebra of DSy (L (g)),
provided it is nonzero.

Theorem 12.9 (iii) implies that if L;(g) is quasi-lisse and if f € X, (), then
the W-algebra DS (L (@)) is quasi-lisse as well (and nonzero), and so is its simple
quotient Wy (g, f). In this way we obtain a huge number of quasi-lisse W-algebras.
Furthermore, if X7, 4 = G.f, then Xps; (Li(g)) = {S} so that Wi (g, f) is in fact
lisse.

Example 12.3 Tf k is an admissible level, then one knows that Xy, (4) = Oy for some
nilpotent orbit O (cf. Theorem 12.2). Picking f € O, we obtain that Wi (g, f) is
lisse. Moreover, for any f € Oy, we obtain that Wy (g, f) is quasi-lisse.

Example 12.4 By Theorem 12.5, there exist other lisse simple W-algebras, not
coming from admissible levels. Namely, fix g, k as in Theorem 12.5, and choose
Smin € Omin. Then Wi (g, fimin) is lisse. In [40], we actually obtained a stronger
result.
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Theorem 12.11 Assume that g is of type Dy, Eg, E7 or Eg and that k = —h" /6—1+n,
where n € Zs, then Wi (@, fmin) IS lisse.

In fact, for n = 0, we have that W (g, fmin) = C and so Wy (g, fmin) is also rational.

The first example of lisse simple affine W-algebra not coming from an admissi-
ble level was discovered by Kawasetsu [193]. Specifically, Kawasetsu showed that
Wi (@, fiin) is lisse for g of type Dy, Eg, E7 or Eg and k = —h" /6. Furthermore, for
such g, k, Wi (g, fmin) is rational.

Conjecture 12.12 Assume that g belongs to the Deligne exceptional series and that
k = —hY/6 — 1 +n, where n € Zsg. Then Wy (g, fmin) is rational if and only if
k & Z>p.

Sun [266] recently gave an affirmative answer to Conjecture 12.12 for n = 2 and
g = E¢, E7, E3 by making use of Hecke operators.

Conjecture 12.12 for admissible k, that is, for g of type A, A, G, or Fy is known
by Kac—Wakimoto [187]. We refer to Conjecture 14.2 and Conjecture 14.5 for other
conjectures on the same theme.

12.5 Other examples

Let us mention in this paragraph examples of non-affine quasi-lisse vertex algebras.

Given a smooth affine variety X, the global section of the chiral differential
operators Q)C(h ([226, 148, 59]) if exists?, is quasi-lisse because its associated scheme
is canonically isomorphic to the cotangent bundle 7*X which is symplectic. In
particular, the vertex algebra of chiral differential operators @g” , associated with a
reductive group G at level k (see Section 3.4 and Section 9.1.4) is quasi-lisse.

Assume now that g = Lie(G) is simple. The equivariant W-algebra WX (G, f)
associated with the simple Lie algebra g and the nilpotent element f € g at level
k € Cis quasi-lisse. Indeed, by Theorem 9.9, its associated scheme is the equivariant
Slodowy slice . defined by (7.12).

Obviously, if X is any affine Poisson variety with finitely many symplectic leaves,
then J. X is a quasi-lisse vertex algebra, with associated scheme X.

3 If X is a smooth scheme, there is a non-trivial obstruction of cohomological nature to the
construction of @)C(h which can be expressed in terms of a certain homotopy Lie algebra.



Chapter 13
Properties of quasi-lisse vertex algebras

In this chapter, it is assumed that V is a strongly generated Zs(-graded vertex algebra
such that Vy = C|0). Such vertex algebras are sometimes said of CFT-type. Recall
that Xy is called quasi-lisse is Xy has only finitely many symplectic leaves. We have
already noticed that lisse vertex algebras are very special (see e.g., Lemma 4.10 and
Theorem 11.3). This chapter explores interesting properties of the larger class of
quasi-lisse vertex algebras.

It is known that Poisson varieties with only finitely many symplectic leaves
enjoy remarkable properties. For example, Brown and Gordon have proved [76]
that a finite number of symplectic leaves in a Poisson variety X implies that the
symplectic leaf .2 at x € X coincides with the regular locus of the zero variety of
the maximal Poisson ideal contained in the maximal ideal m, corresponding to x (see
Section 13.3 for more details about this). Thus, each symplectic leaf % is a smooth
connected locally-closed algebraic subvariety in X. In particular, every irreducible
component of X is the closure of a symplectic leaf [ 145, Corollary 3.3]. On the other
hand, it has been established by Etingof and Schedler [109] that if R is a finitely
generated Poisson algebra such that X = Specm(R) has finitely many symplectic
leaves, then the O-th Poisson cohomology R/{R, R} is finite-dimensional. As one
can expect, these important facts play an important role in the study of quasi-lisse
vertex algebras. This is what we shall see in this chapter.

Section 13.1 is about the modular invariance properties of quasi-lisse vertex
algebras. In Section 13.3, we introduce the notion of chiral symplectic core and
exploit them to show that any quasi-lisse vertex algebra V is a quantization of the
reduced arc space of its associated variety, in the sense that its reduced singular
support Spec(grf' V) coincides with Jo, (Xy ) as topological spaces (Theorem 13.5).
Finally, Section 13.2 concerns the irreducibility conjecture for the associated variety
of quasi-lisse vertex algebras (Conjecture 13.3) and its connection with the Higgs
branch conjecture in four-dimensional N = 2 super-conformal theories.

235
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13.1 Modular invariance property of quasi-lisse vertex algebras

Let V be a conformal vertex algebra and M a V-module M. As usual, we set
My = {m € M: Lom = dm}. The Ly-eigenvalue of a nonzero Lg-eigenvector
m € M is called its conformal weight. For an element a € V of conformal weight A
we write a(z) = 3,z anz "

Recall that a finitely generated V-module M is called ordinary (Definition 3.2)
if Lo acts semisimply, dim My < oo for all d, and the conformal weights of M
are bounded from below. The minimum conformal weight of a simple ordinary V-
module M is called the conformal dimension of M. The normalized character of an
ordinary representation M is defined by

XM (7) = trppghoev /2 = gmev /24 Z(dim Ma)q?, q=e*™" with teC.
deC

13.1.1 Analogues to Theorem 5.6 and Theorem 11.3

If V is quasi-lisse, the finiteness of the symplectic leaves of Xy implies that the O-th
Poisson cohomology Ry /{Ry, Ry} of the Zhu C;-algebra Ry is finite-dimensional
([109]). Zhu’s proof of modular invariance property for lisse and rational vertex
algebras [282] can be adapted for the vertex algebras V such that the following
condition holds:

dimRy /{Ry, Ry} < +co. (13.1)
Starting out from this observation, the following result was established in [32].

Theorem 13.1 Let V be a quasi-lisse conformal vertex algebra. Then V admits only
finitely many simple ordinary representations. Moreover, the normalized character
of any ordinary module has satisfies a modular linear differential equation.

Remark 13.1 Hao Li has recently showed that Theorem 13.1 holds by replacing
characters by super-characters.

The proof of [32] only uses the condition (13.1). So the condition “quasi-lisse”
can be replaced by the weaker condition (13.1) in the above theorem.

Remark 13.2 In general, the condition dim R/{R, R} < +co does not imply that
X = Spec R has finitely many symplectic leaves.

Using a modular linear differential equation, the explicit character formulas of
the simple quasi-lisse affine vertex algebras associated with the Deligne exceptional
series at level k = —hY /6 — 1 (cf. Theorem 12.5) are obtained in [32].

It is known that the admissible representations Ly (g) have only finitely many
simple objects in the category & and that their normalized characters satisfy a
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modular invariance property. Note that the above result has a different meaning
(simple objects in the category & does not coincide with simple ordinary modules),
and was new, even for an admissible affine vertex algebras.

A key point in the proof of the above result is the following fact (compare with
Corollary 4.3).

Theorem 13.2 Let w be a conformal vector a simple affine vertex algebra Li(g),
and & its image in the quotient Ry, (). The following two conditions are equivalent.

(i)  Lx(g) is quasi-lisse.
(ii) @ is nilpotent in Ry, (g).

Proof The direction (i) = (ii) is true in general [32]. Let us show (ii) = (i). Recall
that the Poisson center of C[g*] is the ring C[g*]¢ of G-invariant polynomials.
By Theorem 4.5, the image of C[g*]f in Ry, (g) is contained in the nilradical, and
this implies that X7, (4) is contained in the nilpotent cone of g*. Thus the assertion
follows from Proposition 12.1. O

Remark 13.3 The same statement as Theorem 13.2 holds for simple affine W-
algebras.

13.1.2 Asymptotic behavior of the normalized characters

The phenomenon of modular invariance of characters for quasi-lisse vertex algebras
yields to the notion of asymptotic datum.

Let V be a vertex algebra of CFT-type, that is, a Zyp-graded conical vertex
algebra. Then V is called self-dual if V = V' as V-modules, where M’ denotes the
contragredient dual [128] of the V-module M. Equivalently V is self-dual if and only
if it admits a nondegenerate symmetric invariant bilinear form.

The following definition goes back to [184, Conjecture 1]!.

Definition 13.1 A conformal vertex algebra V is said to admit an asymptotic datum
if there exist Ay € R, wy € R, gy € R such that

v (1) ~ Ay (—it) T B8 ast | 0,

where 7 | 0 means 7 tends to 0 along the positive imaginary axis. The numbers Ay,
wy and gy are called the asymprotic dimension of V, the asymptotic weight, and the
asymptotic growth, respectively. Similarly, an ordinary V-module M is said to admit
an asymptotic datum if there exist Ay; € C, wps, gas € R such that

xm () ~ AM(—iT)wTMe%gM ast | 0.

1 In [184] the triple (Ay, Wy, gy ) was called the asymptotic dimension.
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Proposition 13.1 Let V be a finitely strongly generated, rational, lisse self-dual
simple vertex operator algebra of CFT-type. Then any simple V-module M admits
an asymptotic datum with wyy = 0.

Proof By Theorem 11.3 (i) any simple V-module is ordinary, and there exist finitely

many simple V-modules, say, {L;: i =0,...,r}. Let h; be the conformal dimension
of L;. Then
xr, (1) = g (dim(Lo)ngsa) g
d>0
By Theorem 11.3 (iii) the vector space spanned by xr,(7),i=0,...,r, is invariant

under the natural action of the modular group SL,(Z). Hence,
XL (1) = Sejxe, (-1/7)
j=1

for some S; ; € C, j =0,...,r. The assertion follows. O
The following result is proved in [30].

Proposition 13.2 Let V be a finitely strongly generated, quasi-lisse vertex operator
algebra of CFT-type. Then any simple ordinary V-module L admits an asymptotic
datum.

Proof By Theorem 13.1, the set {L; } of simple ordinary V-modules is finite, and the
characters yr,(7) are solutions of a modular linear differential equation. Since the
space spanned by the solutions of a modular linear differential equation is invariant
under the natural action of SL;(Z), the assertion follows in a similar manner as
Proposition 13.1, except that a solution of a modular linear differential equation may
have logarithmic terms, that is, it has the form

4" )" fi(g)(logq)*™,  fi(q) € Cllqll.
i=1

This concludes the proof. O

Similarly to Theorem 13.1, the condition “quasi-lisse” can be replaced by the weaker
condition (13.1).

The asymptotic datum can be explicitly computed for some classes of quasi-lisse
vertex algebras.

Example 13.1 A quotient of a universal Virasoro vertex algebra admits an asymptotic
datum. Indeed, it is well-known that Vir¢ has length two if ¢ = 1 — 6(p — ¢)?/pq
for some p,q € Z>3, (p,q) = 1, and otherwise Vir® = Vir.. Hence, a quotient V of
Vir€ is either Vir¢ or Vir,.

¢ [f V = Vir°, then
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(1=q)g!'~v)/>

xv(t) = 7@

where 17(¢) = q'/**[1;51(1 - ¢7). Hence (indicating by +- - - terms of lower
growth)
Xv(eznir) = (1- eZni‘r)eZHiT(l—cv)/24(_iT)% (62ni(—$)(—§) ... )
~ (=27it) (-it) Pe e,
where we have used 1’Hopital’s rule. So V admits an asymptotic datum with
AV :27T,Wv =3,gv =1.

«If V = Vir. with ¢ = 1 = 6(p — ¢)*/pq, p.q € Zs2, (p.q) = 1, then as it is
well-known [119, 184], V admits an saymptotic datum with wy =0,

12
Ay = (i) Sin(ﬂa(p—q))sm(ﬂb(p—q)),
pq q p

where (a, b) is the unique solution of pa — gb = 1 in integers 1 < a < ¢ and
1<b<p,and

6
gy =1-—.
pPq
Example 13.2 Let k = —h" + p/q be an admissible number for the simple Lie algebra
g of the form (12.1), defined by a root system A. Then the simple affine vertex algebra
Ly (@) admits an asymptotic datum ([ 185, ?]).

o If (F,q) = 1, then
\%

8L, (g) = (1 - ﬁ) dimg, W, (g =0,

1 . n(pla
A = l_l 2 sin (ol ),

1
q"“IP/(pg)Q"]? aea. p

where p is a half-sum of the positive root, P is the weight lattice and Q" is the
dual root lattice.

o If (¥, q) = F, then

FhY,
8roo) = |1~ Py dimg, wg, (g =0,
leihortl ( | v)
r . T a
A = I_l 2 sin p ,

. m(pla)
g™PV/(pq)0I? aen, p
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where A$™ is the set of positive short roots, th is the dual Coxeter number of

simple Lie algebra Ig defined by the dual root system A = {¢&: & € A}, PV is
the dual weight lattice and Q is the root lattice.

Moreover, the Drinfeld—Sokolov reduction DSy (L (g)) also admits an asymptotic
data, where f is a nonzero nilpotent element of g.

o If (7,q) = 1, then

L= hY dimg
gD5; (Li(9) = 8Ly (g) —dIMG. f = dim o - T
1 . 7(pla) . n(hla)
ADs; (Li(g) = N 1 2 sin —— 1_[ 2sin ———=,
277 |A+||P/(pq)QV|i aeh, p (lEA+\A9_ q

where £ is the neutral element of an sl,-triple (e, &, f) in g, that we assume to be
in the Cartan associated with the choice of A, and A’ := {@ € A: [h,e4] = ieq},
with e, a nonzero element in the a-root space.

o If (7, q) =F, then

__ l’th dimg
£D5; (Li(0) = 8Li(9) —dimG.f = dimg/ — —
« |AshorLﬁA0 | ( . .
r . n(pld) . n(h|@)
ADS_f (Lr(9)) = NE . 1 l_l 2 sin T l—l 2 sin 7 .
27 g IPY/(pg) Q)2 i aer\al

13.2 Irreducibility conjecture

Taking all examples of quasi-lisse vertex algebras as in Chapter 12 into consideration
we formulate in [41] a conjecture.

Conjecture 13.3 Let V= @450V, be a simple, finitely strongly generated, positively
graded conformal vertex operator algebra such that Vy = C|0). Assume that Xy has
finitely many symplectic leaves, that is, V is quasi-lisse. Then Xy is irreducible.

In particular, if the associated variety Xy, (q) of the simple affine vertex algebra
Ly (g) at level k is contained in the nilpotent cone .4, the conjecture stipulates that
X1, () must be the closure of some nilpotent orbit in g.

Thus, Conjecture 13.3 in particular says that any quasi-lisse simple affine vertex
algebra produces exactly one lisse simple W-algebra. Indeed, assume that X;, (q) = 0
for some nilpotent orbit O = G. f in g. Then the W-algebra DS (L (g)) is lisse by
Theorem 12.9 (ii), and so is the simple W-algebra Wy (g, f).
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13.2.1 On the irreducibility of nilpotent Slodowy slices

Conjecture 13.3 has been verified for the known cases of quasi-lisse vertex algebras
in [42] as described in Chapter 12. This is a subtle problem for the associated
varieties of the Drinfeld—Sokolov reduction of examples of known simple quasi-lisse
affine vertex algebras (see Section 12.4) for which deep results on the geometry of
nilpotent orbits are needed for the verifications. We refer the reader to Appendix D.6
in appendix for more details about the geometry of nilpotent Slodowy slices, in
particular the unibranchness.

To be more specific, by Theorem 12.9 (iii), the W-algebra DS s (L (g)) is quasi-
lisse if X7, (4) is contained in the nilpotent cone N. Assuming Conjecture 13.3 true,
the associated variety of DSy (L (g)) is in fact the nilpotent Slodowy slice on., F
for some nilpotent orbit O. This variety is known to be irreducible for all f € 0 if
and only if O is unibranch at all f € O.

It is verified in [42] that all nilpotent orbit closures appearing as associated
varieties of known quasi-lisse simple affine vertex algebras, that is, the simple affine
vertex algebras at admissible levels (for which the associated varieties are described
in Tables 2—10 of [17, Table 4]) plus those listed in Section 12.3.1, are unibranch.
They are all normal (and so unibranch) in the simple Lie algebras of classical types,
and all unibranch in the simple Lie algebras of exceptional types. Note that the
nilpotent orbit Al of G, of dimension 8 is not normal [200], but unibranch, and
appears as associated variety of L (G>) for some k& with denominator 2 ([17, Table
4]).

Many other simple affine vertex algebras (at non-admissible levels) are expected
to be quasi-lisse. So the above discussion is a sort of verification that Conjecture 13.3
is highly plausible.

13.2.2 Ginzburg’s irreducibility theorem

In another direction, Conjecture 13.3 is a natural affine analog of the irreducibility
theorem (cf. Theorem D.5) for the associated variety of primitive ideals of U(g),
which has been generalized to a larger class of Noetherian algebras in [144]:

Theorem 13.4 (Ginzburg) Let A be a filtered unital C-algebra. Assume furthermore
that gr A = C[X] is the coordinate ring of a reduced irreducible affine algebraic
variety X, and assume that the Poisson variety Spec(gr A) has only finitely many
symplectic leaves. Then for any primitive ideal I C A, the zero locus V(I) of gr I in
X is the closure of a single symplectic leaf. In particular, it is irreducible.

Ginzburg’s proof of Theorem 13.4 is an adaptation of a more direct proof of
Theorem D.5 discovered subsequently by Vogan [273], combined with the results
by Brown and Gordon [76] on symplectic cores. Motivated by Ginzburg’s theorem
and Conjecture 13.3, we introduced in [43] the notion of chiral symplectic cores (see
Definition 13.3). This is the topic of the next section.
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13.3 Chiral symplectic cores and applications

Let X = Spec R be a reduced Poisson scheme. For I an ideal of R, we denote by
Pr (1) the biggest Poisson ideal of R contained in /. The symplectic core €r(x) of
apoint x € X is the equivalence class of x for ~, with

X~y & Pr(my) = Pr(my).

Here, m, stands for the maximal ideal of R corresponding to x. The notion of
symplectic cores, introduced in [76], are expected to be the finest possible algebraic
stratification in which the Hamiltonian vector fields are tangent. Brown and Gordon
showed that the symplectic cores coincide with the symplectic leaves, if there is only
finitely many numbers of symplectic leaves.

13.3.1 Chiral symplectic cores

It is natural to try to adapt this notion to the context of Poisson vertex algebras.
Assume for awhile that V is a Poisson vertex algebra. Let I be an ideal of V in the
associative sense.

Definition 13.2 We say that [ is a chiral Poisson ideal of V if a(,yI C I foralla € V,
n e Zsg.

Thus a Poisson vertex ideal of V is a chiral Poisson ideal that is stable under the
action of the translation operator 7. The quotient space V/I inherits a Poisson vertex
algebra structure from V if I is a Poisson vertex ideal. Note that if [ is a vertex
(resp. chiral) Poisson ideal of V, then so is its radical VI ([96, §3.3.2]).

Denote by Py (I) the biggest chiral Poisson ideal of V contained in /. It exists
since the sum of two chiral Poisson ideals is chiral Poisson. Set

L := Specm(V),
and define a relation ~ on £ by
x~y &= Py(my) = Py (my),

where m, denotes the maximal ideal corresponding to x € L. Clearly ~ is an
equivalence relation. We will write % (x) for the equivalence class in £ of x, so that

L= U%(x).

Definition 13.3 Call the set 6 (x) the chiral symplectic core of x in L.

Chiral symplectic cores are expected to be the finest possible algebraic stratification
in which the chiral Hamiltonian vector fields are tangent.
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Let us return to the case where V is arbitrary (not necessarily a vertex Poison
algebra). Recall that SS(V) stands for the singular support of V, that is, the spectrum
of grf'V (cf. Definition 4.8). By Lemma 4.10, the vertex algebra V is lisse if and only
if dimSS(V) =0 (< dim Xy = 0). For the quasi-lisse vertex algebras, we have
the following result.

Theorem 13.5 Assume that V is a quasi-lisse vertex algebra. Then SS(V) = Joo Xy
as topological spaces, that is,

SS(V)red = (Joo XV red-

Moreover, the reduced singular support SS(V)weq have finitely many irreducible
components, and each of them is the closure of some chiral symplectic leaf.

Proof Set
£ :=Specm(grf V) = SS(V)rea,

and let X1, . .., X, be the irreducible components of Xy . By the quasi-lisse hypothe-
sis, the symplectic leaves in Xy are algebraic and coincide with the symplectic cores
([76]). Moreover, each component irreducible component X; is the Zariski closure
of some symplectic core X; = Gx,, (x;) with x; € X;. By [43, Theorem 9.1], we have

(Joo XV )red = €3, (xv) (X1,00) U ... UGy (xv) (Xr,00)s (13.2)

where x, stands for the image of x € Xy by the canonical embedding ¢, : Xy —
(3o XV )red- By Proposition 4.5, grf' V is a Poisson vertex algebra quotient of g Ry,
that is, gr’' V = J Ry /I with I a Poisson vertex ideal of Jo, (Ry ). Furthermore, the
surjective morphisms,

JRy — gifV — Ry,

induce the embeddings of varieties,
Xy «— L = (Joo XV )reds

and the composition map is nothing but t.,. Hence for any x € Xy, the maximal
ideal of Jo Ry corresponding to xo, contains VI. So x. is a point of £.

Since £ is a reduced closed vertex Poisson subscheme of Jo, (Xy ), we know that
€3 (Xv) (Xijeo) = € (Xi,00) forany i = 1,...,r ([43, Lemma 6.5]). Then use (13.2)
and Proposition 4.5 to obtain that

L C(JooXv)red =61 (xl,oo) U...U%s (xr,oo) c/L,

since £ is closed. This proves all statements. O

Denote, as usual, by Xy = Spec Ry the associated scheme of V' (cf. Defini-
tion 4.7).

Corollary 13.1 Suppose that Xy is smooth, reduced and symplectic. Then grf'V =
JdeoRy, that is, SS(V) = Jeo Xy as schemes and ngV is simple as a Poisson vertex
algebra. In particular, V is simple.
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Proof 1f Xy is a smooth symplectic variety then J., Xy consists of a single chiral
symplectic leaf. So JoXv = €y _x, (x) for any x € JXy. It follows that there
is no nonzero proper chiral Poisson subscheme in Jo, Xy . From Theorem 13.5, we
conclude that there is no nonzero proper chiral Poisson subscheme in Spec grf V, too.
Therefore grf’'V is simple as a Poisson vertex algebra. This shows that V' is simple,
because any vertex ideal I C V yields a Poisson vertex (and so chiral Poisson) ideal
grf I'in grf'v. O

Example 13.3 If X is a smooth affine variety X, the global section of the chiral
differential operators .@)C(h is a simple vertex algebra, and gr’ .@)C(h is a simple Poisson
vertex algebra because the associated scheme of @}C(h is canonically isomorphic to
the cotangent bundle 7* X which is symplectic (see Section 12.5). In the case where
G is a reductive group, the simplicity of Qé’fk, for k£ € Cn can be shown by other
methods (see Exercise 3.8 or, for instance, [260]).

Example 13.4 The equivariant W-algebra Wk(g, f) associated with a simple Lie
algebra g, a nilpotent element f and a level k£ € C is simple, and g_gF Wk (g, f) is
a simple Poisson vertex algebra, because the associated scheme of Wk(g, f) is the
equivariant Slodowy slice .y which is symplectic (see Section 12.5).

13.3.2 Poisson vertex center of the arc spaces of Slodowy slices

Assume that g is a simple Lie algebra with adjoint group G, and identify g with its
dual g* using the nondegenerate bilinear form (—|—). Recall that the Slodowy slice
Sy = [+ g° associated with an sh-triple (e, i, f) of g has a Poisson structure
obtained from that of g* by Hamiltonian reduction (see Section 7.2). Consider the
adjoint quotient morphism

yr: S5 —g'/G. (13.3)

Itis known [248] that any fiber l//;l (&) of this morphism is the closure of a symplectic
leaf, which is irreducible and reduced. An analogue statement is true for the arc space
of the Slodowy slices ([43]).

Theorem 13.6 Let g be a simple Lie algebra, f a nilpotent element of § and Y ¢ the
quotient morphism (13.3).

(i)  Any fiber of the induced Poisson vertex algebra morphism
gool//f : Hooyf - 300(9*//G)

is an irreducible and reduced chiral Poisson subscheme of Joo-"s .

(ii)  The comorphism (Joo\y ¢ )* induces an isomorphism of Poisson vertex algebras
between C[Jwg*19=C and the Poisson vertex center of Cl[deTs ).

(iii) The Poisson vertex algebra C[Je-"] is free over its Poisson vertex center.
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From the above theorem we recover the Poisson algebra isomorphism
Z(C[#f]) = Clg] = C[g]® (13.4)

(see Theorem 7.7) using C[J8]?~9 N C[g] = C[g]® and Z(C[Jw-7¢ )N C[F}) =
Z(C[ZF D).

Parts (i) and (ii) of the theorem are proved similarly to Theorem 7.7, thanks
to the properties of chiral symplectic cores (see [43, Section 11]). Let us explain
Part (iii). The intersection .y N N enjoys the same geometrical properties as N.
In particular .#s N N is reduced, irreducible and is a complete intersection with
rational singularities (see Theorem D.3), the arguments of [105, Theorem A.4] can
be applied in order to get that C[J...7r] is free over its Poisson vertex center (see
also [87, Proposition 2.5 (ii)]).

13.3.3 Center of W-algebras

Let g be a simple Lie algebra with adjoint group G, f a nilpotent element of g and
k a complex number. It is known from [15] that the embedding Z(V*(g)) < V*(g)
induces an obvious vertex algebra homomorphism

Z(V¥(g)) — Z(WX(s, 1)),

where Z(V) denotes the vertex center of a vertex algebra V (see Section 2.11). As
mentioned in Remark 3.1, Z(VX(g)) and Z(W*(g, f)) are trivial unless k = —h",
and 3(8) := Z(V"'(g)) is the Feigin—Frenkel center [118].

Theorem 13.7 Let g be a simple Lie algebra and f a nilpotent element of g. The
embedding 3(8) < V"' (g) induces an isomorphism

3(8) — Z(W" (8.1)),
and we have ngZ(W‘hv(g, ) =2 Z(ClJeTr]).
Proof Since there is a vertex algebra homomorphism 3(§) — Z (W7 (g, f)), itis
sufficient to show that the induced homomorphism grf’'3(§) — grf’ Z(W=""(g, 1))
is an isomorphism.

First, by Remark 3.1,
2r'3(8) = C[J-g]%.

On the other hand, by Theorem 9.7, we have
g W (g, ) = ClIu 7],

and so .
Z(gt" W (g, ) = Z(C[37F ).
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By Theorem 13.6 (i), Z(C[dw-7f]) = C[Jg]?~C, which forces the compound
map

Z(C[dTr]) = eF 3(8) —gr Z(W™ (g, 1))
—— Z(a" W (g, ) = Z(C[dTs 1)

to be an isomorphism. This completes the proof. O

Theorem 13.7 was stated in [15], but the proof of the surjectivity was incomplete.

Similar arguments as above using the isomorphism (13.4) recovers Premet’s result
[249] stating that the center of the finite W-algebra U(g, f) (see Definition 8.1)
associated with (g, f) is isomorphic to the center of the enveloping algebra U(g)
of g.



Chapter 14
Representation theory of W-algebras

Since the Drinfeld—Sokolov reduction applies to any V-module for V a V¥ (g)-vertex
algebra, with k € C, it allows us to consider the associated variety of any V-module
(see Theorem 9.11). In particular, from the knowledge of the associated variety of
the simple affine vertex algebra L (g), one can compute the associated variety of
the Drinfeld—Sokolov reduction DS ¢ (L (g)). This chapter develops several appli-
cations to the representation theory of W-algebras.

Section 14.1 is about the rationality question for W-algebras at admissible levels.
Section 14.2 gathers together a few remarks about the non-admissible levels. Sec-
tion 14.3 covers technics to study the collapsing levels, that is, the level for which
a simple W-algebra is isomorphic to its affine vertex algebra. We mainly focus on
the admissible case while there are at the present time some progresses outside the
admissible case, see for instance [0, 112, 26].

Throughout this chapter, g will be a simple Lie algebra, with nilpotent cone N.
The universal W-algebra associated with g and f € N at the level k € C is denoted
by WX (g, ). Unless otherwise specified, we keep the related notation of Chapter 9.

14.1 Rationality of W-algebras

Recall from Theorem 12.2 (ii) that if k is an admissible level for g, then there is a
nilpotent orbit O of g such that X;, (q) = Ox. Then by Theorem 12.9 (ii), the simple
W-algebra Wy (g, f) is lisse if f € O.

Let us detail the sl, case. Assume that f = ((1) 8) Combining Theorem 11.1 and
Exercise 12.3, we get
{0}, ifk eZs,

X1 (s) =1G.f, if kis admissible and k ¢ Z,
sl,,  if k if not admissible.

247
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When k is admissible and not an integer, we know that DS ¢ (Lx (sl2)) = Wi (shy, f) =
6(k +1)?

Vire(ky, where c(k) =1 - u (cf. Exercise 9.6). These simple Virasoro ver-
tex algebras are precisely the minimal series Virasoro vertex algebra appearing in
Theorem 11.2, which are known to be rational by this theorem. In other words, in
this situation, the converse of Zhu’s Conjecture 11.4 holds.

There was a long-standing conjecture generalizing this observation ([126, 187,
19]). This conjecture is now proved in full generality by McRae ([230]), and, hence,
one can state the following remarkable result.

Theorem 14.1 (McRae) Assume that k is an admissible level for the simple Lie
algebra g, and choose f € Oy so that the simple affine W-algebra Wy (g, f) is lisse.
Then Wi (g, f) is also rational.

In [126, 187], the geometrical condition f € Oy for admissible k was stated in a
combinatorial way. Before the general proof of McRae, many important steps was
done toward to Theorem 14.1 by several authors.

* for g arbitrary and f* = fi, a regular nilpotent element ([18]),

e for ¢ = sl3 and f = fnin @ minimal nilpotent element, in which case the
corresponding W-algebra is the Bershadsky—Polyakov vertex algebra ([16]),

* for g = sl,, and arbitrary f, or g of type A, D, E and f = fopree a subregular
nilpotent element ([28]),

* for g = sly and f = foubreg @ subregular nilpotent element ([92]),

* forg = spsand f = foubreg @ subregular nilpotent element ([110]), in which case
the component group nontrivially acts.

14.2 Lisse, rational and quasi-lisse W-algebras outside the
admissible levels

As already indicated, there are lisse and quasi-lisse W-algebras outside the admissi-
ble levels (see Section 12.4).

Conjecture 14.2 Let k € C and assume that Xy, (q) = O for some nilpotent orbit
O of g. Choose f € O so that the simple affine W-algebra Wy (g, f) is lisse. Then
Wy (g, f) is also rational.

Conjecture 14.2 is known for g belonging to the Deligne exceptional series with
k = —hY /6 — 1 according to the remark following Theorem 12.11. Conjecture 14.2
is in fact a generalization of Conjecture 12.12.

? Open problems

How to classify all lisse/quasi-lisse W-algebras? How to find, and classify, lisse but
not rational W-algebras?



14.3 Collapsing levels for W-algebras 249

Example 14.1 Fasquel’s computations of the OPE’s in rank two ([112]) show that
the simple W-algebra associated with g = G, at level —2 and a subregular nilpotent
element f = fiupreg i8 trivial: W_(G2, fiubreg) = C. S0 W_2(G2, fsubreg) is obviously
lisse and rational.

Example 14.1 led Fasquel to conjecture in [111] that

XL,Z(GZ) = (O)subreg’ (14.1)

and this is now established in [27] (see Remark 12.2).

Equality (14.1) is deeply related to the computation of the associated variety of
the simple affine vertex algebra L_,(D4) (cf. Theorem 12.5). The Dynkin diagram
automorphism of D4 identified with the symmetric group ;. Its action on Dy
induces an action on V¥(Dy) for any k which passes through the simple quotient
L_»(Dy). Furthermore, we have the following statement ([7, Theorem 5]).

Proposition 14.1 The simple affine vertex algebra L_»(G3) is isomorphic to the
fixed point vertex subalgebra L_>(D4)®3.

Combining Proposition 14.1 and (14.1) we can write

X1 (py® = XL,/ 3.

By a result of Miyamoto ([238]), if G is a finite solvable automorphism group
of acting on a lisse vertex operator algebra V, then the fixed point vertex operator
subalgebra V¥ is lisse as well. The following generalization is expected to be true!.

Conjecture 14.3 Let V be a quasi-lisse vertex operator algebra, and G a finite solv-
able automorphism group of acting on V. Then the fixed point vertex operator
subalgebra VC is quasi-lisse.

Remark 14.1 The representation theory of quasi-lisse W-algebras is wide open. It
appears in the 4D/2D duality (see Chapter 15) and is expected to have interesting
connections with affine Springer fibers ([257]).

14.3 Collapsing levels for W-algebras

Let G be a complex connected, simple algebraic group of adjoint type with Lie
algebra g, and let k € C be a complex number. Let also (e, &, f) be an sl,-triple in
g, and g” its centralizer in g. It is known that WX (g, f) contains an embedded copy

of the affine vertex algebra yko (gt‘), where kY is defined as follows. In more details,

the reductive Lie algebra gh decomposes as gh = EB;:o g?, where gg is the center of

1 This was suggested to the second author by Adamovié in a priviate communication.
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gf and g?, R gE are the simple factors of [a%, g%]. Recall that the neutral element /

induces a grading on g, see (D.1):

o= g;={xeg: [hx]=2jx}.

el
J€3Z

Note that we have g% c go. Define an invariant bilinear form on g?, fori=0,...,s,
by (cf. [186]):

(x|)’)? = k(xlx)g + (Kg(-x7x) - Kgo(-x,x) - K% (x,x))/2, X,y € gllq»

where kg, denotes the Killing form of go, and K1 (x,y) =tr (adgl/2 (x) adgl/z(y)) ,
forx, y € go, with ady, , (x) the endomorphism of g; > sending z to (ad x)z. Fori # 0

there exists a polynomial k? in k of degree one such that
(—1f =kj(=12)  i=Los,

where (—|—); is the normalized inner product of g?.
Set

N
VE (o) = VO (6f) @ (R VH (a). (14.2)
i=1
By [186, Theorem 2.1], there exists an embedding
e VE (o) e Wh(g, f) (14.3)

of vertex algebras.

We denote by V¥(g¥) the image in WX (g, f) of the embedding ¢, and by V (g%)
the image of V¥(g4) by the canonical projection 7: W¥ (g, f) - Wy (g, f). Next
definition appears in [4] for f a minimal nilpotent element.

Definition 14.1 If Wy (g, f) = Vi (a%), we say that the level k is collapsing.

Lemma 14.1 The level k is collapsing if and only if

Wi (g, f) = Lys(g), (14.4)

A
where Lkh(gu) stands for L(_l_)h(gg) ® ® Lkh(g?). Equivalently, k is collapsing
0 i
i=0
for Wk(g, f) if and only if there exists a surjective vertex algebra homomorphism

WE(g, f) = Lia(8%).

For example, if Wy (g, f) = C, then k is collapsing.
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Proof Tt Wy (g, f) = Vi (g¥), then Wy (g, f) is isomorphic to the quotient of VK (9)
by the kernel of the composition 7 o «. Since Wi (g, f) is simple we deduce that
this quotient is isomorphic to L4 (g). Conversely, if Wi (g, f) = Lis(g), then o
factorises through L4 (g), and so Wy (g, f) is isomorphic to the image of this induced
map, so W (g, ) = Vi(g"). O

In [5] it was shown that collapsing levels have remarkable applications to the
representation theory of affine vertex algebras. They are also useful in elucidating
the structure of modular tensor categories of representations of simple W-algebras at
admissible, not necessarily collapsing, levels [28]. Furthermore it has recently been
observed [278] that many collapsing levels for quasi-lisse W-algebras should come
from non-trivial isomorphisms of 4D N = 2 SUSY field theories, via the 4D/2D
duality [57] (see Section 15.3).

There is a full classification of collapsing levels for the case that f is a minimal
nilpotent element fi,;,, including the case in which g is a simple Lie superalgebra
([3, 4]). It can be summarized as follows: for f = fnin, k is collapsing if and only
if k # —h" and p(k) = 0, where p is a polynomial of degree two with coeflicients

in Q.

Example 14.2 If g is the Lie superalgebra sl(m|n), n # m, then k is collapsing if and
only if (k+1)(k+(m—n)/2) = 0. (Here, our standard reference for Lie superalgebras
is [177].) If g is of type Eg, then k is collapsing if and only if (k +3)(k +4) = 0, etc.

Furthermore, there is a full classification of pairs (g, k) such that Wy (g, fmin) = C.
It was obtained by the authors in [40], and then extended to the super case in [5].
For the non super case, the statement is the following.

Theorem 14.4 We have Wy (@, fmin) = C if and only if either g belongs to the
Deligne exceptional series and k = —hV /6 — 1, or g = $py,, r = 2, k = —1/2, or
g=shandk+2=2/3 0r3/2.

In particular, for g = Dy, Eg, E7, Eg and k = —hY /6 — 1, Wi (g, fmin)gh [l ~ ¢
is lisse. Kawasetsu’s description of the vertex algebra W_jv 6(g, fmin) implies that

Wes (g, fmin)gu [l is lisse (and rational). See Example 12.4 and Conjecture 12.12
for related topics.

Conjecture 14.5 If W, (g, fmm)gh [l is lisse for some k, then Wy (g, fmm)gh ILg)
is lisse for all n € Zs.

For more general nilpotent elements f, since the commutation relations in
Wk (g, f) are unknown, the strategy is more complicated. To discover new collaps-
ing levels, more indirect methods were used in [30], and two important invariants of
vertex algebras have been exploited: associated varieties and asymptotic data (see
Definition 13.1).
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14.3.1 Asymptotic data

Plainly the isomorphism (14.4) entailed by a collapsing level induces an equality of
asymptotic data. Recall that the asymptotic data for Ly (g) and its Drinfeld—Sokolov
reduction associated with any nilpotent element f are given in Example 13.2. Next
theorem ([30, Theorem 3.10 and Proposition 6.6]) is a sort of converse for the
admissible levels.

Theorem 14.6 Assume that k and kb are admissible levels for g and b, respectively,
that f € Ok and that Xps (L, (a)) (T) ~ XLkh(gh)(T)’ ast ] 0, ie,

N
DSy (Li(g) = ngh (ah) = Z 8Ly, (si)>

i=1

s
ADSy (Li(e) = AL, (g8) = [ TAL, w0

i=1
Then k is a collapsing level, that is, W (g, f) = Lkh(gh).

Remark 14.2 In Theorem 14.6 suppose further that f € Oy so that Wy (g, f) is lisse.
Then we get that

Wi(g. f) = DSy (Li(9)).
Indeed, f € Oy implies that DSy (L(g)) is lisse. Hence Lkh(gh) must be in-
tegrable and the homomorphism V¥ — DS (L (g)) must factors through the
embedding Lkh(gh) < DSy (Li(g)) ([100]). In particular, DS (Lx(g)) is a di-
rect sum of integrable representations of the affine Kac-Moody algebra associated
with g, It follows that the proof of [30, Theorem 3.10] goes through to obtain that

DSy (Li(g)) = Lyz(g%).

The following proposition is useful to obtain explicit decompositions of finite
extensions of admissible simple affine vertex algebras (see [30]).

Proposition 14.2 Let k and k% be admissible, f € Ok. Suppose that the associ-
ated varieties of DSy (Li(g)) and Lku(gh) have the same dimension and are not
isomorphic. Then k is not collapsing.

Proof The assumption ensures that DSy (Lx(g)) is nonzero. Hence, Wi (g, f) is
a quotient of DS (Lx(g)) and its associated variety is a Zariski closed subvariety
of that of DS s (Lk(g)). On the other hand, since k is admissible, the associated
variety of DS (L (g)) is irreducible, Oy, being unibranch (see Appendix D.6.4). If
k were collapsing, then the associated variety of Wy (g, f) would be isomorphic to the
(irreducible) variety X Ly (g8 and so, would have the same dimension as Xps (L, (a))
by the hypothesis. Then it would be isomorphic to the variety Xps, (1, (q)), since
XDs; (L (g)) 1s irreducible. This contradicts the non-isomorphism hypothesis. O
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14.3.2 Associated varieties

The nature of the formulas for asymptotic data are such that it is not feasible to find
collapsing levels by a naive search for coincidences between respective asymptotic
data. For this reason we turn to the more refined invariant given by the associated
variety.

Lemma 14.2 Suppose that Wy (g, f) is quasi-lisse. If k is collapsing then (—|—)g is
b
o
be collapsing if(—l—)g =0.

identically zero on @,. In particular, if k is admissible and f € O, then k can only

Our convention is that (—|—)g = 0 when gg = {0}.

Proof The associated variety XLkn(Q“) is a subvariety of (gg)* X (gT)* X+ X (gE)*
and the symplectic leaves of (gg)* X (g?)* X oo X (gE)* are the coadjoint orbits
of Gg X X GE, where G? is the adjoint group of g?. Recall that V(_l_)g(gg) is
a Heisenberg vertex algebra of rank dim gg. The associated variety of its simple
quotient is Crk -1 , provided that (—|—)g # 0. Hence, X L, (g% has finitely many
symplectic leaves if and only if it is contained in Ny, X - -- X N, where Ny, is the

nilpotent cone of g?. In particular, we must have X = {0}. This happens if

)l
and only if (=|-)§ = 0. o

(o9

We are thus led to consider levels k for which (—|—)g = 0. Next, the levels k? can
then be expressed as functions of the level k. Tables can be found in [30, Tables
2-3-4, 11-17].

Recall that whenever k£ is an admissible_level for g, the associated variety
XDs; (L (g)) 18 the nilpotent Slodowy slice Ox N .. It is conjectured in gen-
eral (and confirmed in many cases) that DS (L (g)) is simple, so that Wy (g, f) =
DSy (Li(g)) in fact (see Conjecture 9.12). A collapsing level thus induces, in these
cases, an isomorphism

Ok N Ff = O (14.5)

In particular, the singularity of the nilpotent Slodowy slice in g on the left-hand-
side should be of the same type as that of the nilpotent orbit closure in g% on the
right-hand-side. We may therefore apply known results on the geometry of nilpotent
Slodowy slices (see Appendix D.6) to find candidates for collapsing levels. Using
the row/column removal rule (see Appendix D.6.3), it is possible to identify classes
of nilpotent orbits for which an isomorphism of the type (14.5) holds.

Definition 14.2 We say that a nilpotent Slodowy slice .#p, s is collapsing if Ao s
is isomorphic to a product of nilpotent orbits closures in g".
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Conjecture 14.7 Tf k is admissible and if f € Oy is such that .7, . £ is collapsing,
then kY is admissible, provided that k(h) =0.

Conjecture 14.7 has been case-by-case proved if g is simple of exceptional type,
and has been verified in the classical cases in the cases where /g, ¢ is collapsing
and the isomorphism between %, s and a product of nilpotent orbit closures in gf
is obtained from the row/column removal rule of Kraft-Procesi (Lemma D.5 and
Lemma D.6), see [30, Section 6].

? Open problem

Do the cases from the row/column removal rule of Kraft—Procesi exhaust all possible
cases of collapsing nilpotent Slodowy slices?

14.3.3 Main results

Using Theorem 14.6, many new infinite families of (admissible) collapsing levels
for g of classical type, and a huge number of (admissible) collapsing levels for g
of exceptional type have been detected. Roughly speaking, a collapsing nilpotent
Slodowy slice will yield a collapsing level if the asymptotic data of the vertex
algebras corresponding to the two sides of (14.5) can be shown to coincide. In fact
asymptotic data is rather difficult to compute, so the strategy in many examples is to
first compare the central charges.

Assume that the simple Lie algebra g is of classical types sl,, sp,, or so,,. We
detect collapsing nilpotent Slodowy slices using the row/column removal rule of
Kraft—Procesi as follows. Let k be an admissible level for g, and let 4 the partition
of n such that o

X1, () = Ok = Oy.

We consider all partitions g such that O, C (Q)_A0 and, if A and p’ denote the
partitions obtained from A9 and u, respectively, by erasing the common rows and
columns, g’ corresponds to a zero nilpotent orbit in the corresponding classical Lie
algebra. In particular the nilpotent Slodowy slice %), is collapsing in the notation
(D.5).

The work in the exceptional types is more exhaustive in a sense, since one can
directly exploit the description of the k? and the central charge to detect all possible
collapsing levels. In this way, many nontrivial isomorphisms between a Slodowy
slice /0, and a product of nilpotent orbit closures in g? are obtained. Many of
these were observed in [133] already, though others seem to be new. On the other
hand, of course, many of isomorphisms between Slodowy slices obtained in [133]
do not correspond to collapsing levels.
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Following this strategy, the results for the classical and exceptional types can be
summarized as follows. We refer to [30] for more statements, including the finite
exetensions.

Theorem 14.8 Assume that k = —n + p/q is admissible for ¢ = sl,,, and write
Ao = (g™, 50).

(i)  Pick a nilpotent element f € Oy, so that Wy (g, f) is rational.
(@ Ifn==x1 (mod q), then

an+n/q(5lns f) =C.
() Ifn=0 (mod g),
W—n+(n+l)/q(SIn’ ) = Li(8ly,).

(i) Pick a nilpotent element f € Ok corresponding to the partition (¢g™, 1°), with
m > 0and s > 0. Then

W—n+n/q(51m f) = L—s+s/q(51s)'

(iii) Assume that s) = q — 2 and pick a nilpotent element f € Oy corresponding to
the partition (g™, (q — 1)%), withm = mqg — 1. Then

W—n+n/q(51n, f) = L—2+2/q(512)-

Theorem 14.9 Assume that k = — (5 + 1) + p/q is an admissible level for § = sp,,.
(i)  Pick a nilpotent element f € Oy so that Wy (g, f) is rational.

(a) Assume that q is odd. If n = 0,—1 mod g, then
We(g)e(g1)/q (5P /) = €.
(b) Assume that q is even. If n = 0,1 mod q/2 with odd q/2, then
W—(g+1)+(n+1)/q(5pmf) =C,
andifn =0,1 mod a/2 with even q/2, then
W_ (1)t (ns1)/q (5Pns f) = L1(50m).

(il) Assume that q is odd.

(a) Pick a nilpotent element f € O corresponding to the partition (¢™, 1%),
withm, s even. If p = % + 1, then

Wo(g)e(341)/a (5P /) = Lo (gan)a(51) 1 (5P)-
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(iii)) Assume that q is even.

(1)  Pick a nilpotent element f € Ok corresponding to the partition (% +
1, (%)’", 1%), with odd q /2, even m, even s. If s = 2, then

W_(n41)s(ne1) g (5P [) = Loasajqr) (sh).

Theorem 14.10 Assume that k = —(n — 2) + p/q is admissible for g = so,,.
(i)  Pick a nilpotent element f € Oy so that Wy (g, f) is rational.

(a) Assume that q is odd. Ifn = 0,1 mod g, then
W_(n-2)+(n-2)/¢(0n, f) = C.

(b) Assume that n and q are even. If n = 0,2 mod g, then
W_(n=2)+(n-1)/q ($0n, f) = C.

(c) Assume that n is odd and that q is even. If n = —1,1 mod q, then

C.

R

W—(n—2)+n/q(50m f)

(il) Assume that q is odd so that k is principal.
(a) Pick a nilpotent element f € Oy corresponding to the partition (g™, 1°)
with s > 3. Then

W_(n-2)+(n=2)/q (500, f) = L_(5-2)+(s-2)/q (5Ds).

(b) Pick a nilpotent element f € O corresponding to the partition (g™, (q —
1)). Then,
W_(1-2)+(n=2)/q (80, f) = L_242/4(5l2),
(iii)) Assume that q and n are even so that k is principal.
(a) Pick a nilpotent element f € Ox corresponding to the partition (q +

1,¢™, 1%), with even m, odd s. Then,

W—(n—2)+(n—1)/q(50n, f) = L—(s—2)+s/q(sos)‘

(iv) Assume that n is odd and q is even.
(a) Pick a nilpotent element f € Ok corresponding to the partition (¢g™, 1%),
with even m and odd s. Then,

W—(n—2)+n/q(50n’ f) = L—(s—2)+s/q(sos)~

For the exceptional types, the following isomorphisms hold. Here, in place of f
we write the label of G. f in the Bala—Carter classification, and g and g% are denoted
by their types.
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(i)  The following isomorphisms hold, providing collapsing levels for g = Ej.

W _12412/13(Es, Eg) = C, W _12413/12(Es, Eg) = C,

W _12413/9(Es, E¢(ay)) = C, W _12413/6 (E6, E¢(a3)) = C,

W _12413/6(E6> As) = Loya3(A1),  We_ia412/7(Eg, D4) = L_3,3/7(A2),
W _12413/6 (E6> Ds) = L_244/3(A2),  W_i2112/5(Eg, As) = L_py0/5(A1),
W _12413/3(Es, 2A2 + A1) = C, W _12413/3(Es, 2A2) = L_447/3(G2),
W_12413/2(Es, 3A1) = L1 (A2).

(i)  The following isomorphisms hold, providing collapsing levels for g = E7.

W_is+18/19(E7, E7) = C, W_1s+19/18 (E7, E7) = C,

W_18+19/14(E7, E7(a1)) = C, W_1s+18/13(E7, Eg) = L_242/13(A1),
W_18+19/12(E7, Eg) = L_243/4(A1), W_18+19/10(E7, D6) = L_2425(A1),
W_15+18/7(E7, Ag) = C, W_18+19/7(E7, Ag) = L1 (A1),
W_18418/7(E7, (As5)”) = L_444/7(G2), W_18+18/7(E7, D) = L_444/7(C3),
W_18+19/6 (E7, E7(as)) = C, W_18+19/6 (E7, Es(a3)) = L_243/2(A1),
W_18+19/6 (E7, D¢(a2)) = L_242/3(A1), W_18419/6 (E7, (As)") = L_y2/3(A1) ® L_gy3p2(Ay),
W_18+19/6 (E7, (As)") = L_447/6(G2), W_18+19/6 (E7, D) = L_447/6(C3),
W_ig+19/5(E7, Ay + Ag) = L3(Ay), W_1s418/5(E7, As) = L_343/5(A2),
W_i8419/4(E7, A3+ Ay + Ay) = Lr(Ay), W_is+19/4(E7, Da(ar)) = Loz (A1),
W_ig+19/3(E7,2A2+ A1) = L1 (Ay), W_is+19/3(E7, Ay +3A1) = L_4,3/3(Ga),
W_18+19/3(E7,2A2) = L1 (A1) ® L_447/3(G2), W_1g419/2(E7,4A,) = C,

W_18+19/2(E7, (3A1)") = L_447/2(C3), W_18+19/2(E7, (3A1)") = L_gy13/2(Fy).

(iii) The following isomorphisms hold, providing collapsing levels for g = Es.

W _30+30/31 (Es, Es) = C, W_30431/30 (Es, Es) = C,

W _30430/24 (Es, Eg(a1)) = C, W _30431/20 (Es, Eg(a2)) = C,

W_30431/18 (Es» E7) = L_242/9(A1), W _30431/15(Es, Eg(aq)) = C,

W_30431/12(Es, D7) = L_osp3(A1), W_30431/12 (Es, Eg(as)) = C,

W _30430/13 (Es, E6) = L_444/13(G2), W_30431/12(Es, Eg) = L_447/12(G2),

W _30431/10 (Es, Eg(ag)) = C, W _30431/10(Es> Dg) = L_343/5(B2),

W _30431/9 (Es, Es(a1)) = L_344/9(A2), W_30431/8(A7, A7) = C,

W _30430/7 (Es, Ag) = L_as2/7(A1), W _304316 (Es, Eg(a7)) = C,

W _304316 (Es, Eg(a7)) = C, W _30431/6 (Eg, D6 (a2)) = L_342/3(A1) ® L_242/3(A1),
W _30431/6 (Es, E6(a3)) = L_447/6(G2), W _30431/6 (Es, D) = L_g413/6(F4),

W _30430/7 (Eg, D4) = L_9,9/7(F4), W _30431/5 (Es, Ay + A3) = C,

W _30432/5 (Eg, A + A3) = Lr(Ay), W _30431/4 (Es, 2A3) = C,

W _30431/4 (Es, Da(ar) + Az) = L 3,32(A2), Wo_30431/3(Eg, 242 +2A;) =C,

W_30432/3 (Eg, 2A2 + 2A1) = Li(B2), W _30431/3 (Eg, 2A2) = L_447/3(G2) ® L_447/3(G2),
W_30431/2(Es,4A;) = C, W_30431/2(Eg, 3A1) = L_ogy13/2(Fy).

(iv) The following isomorphisms hold, providing collapsing levels for g = Fj.
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W_g,13/18 (Fa, Fy) = C, W_g40/13(F4, Fy) = C
W_gs13/12(F4, F4(ay)) = C, W _949/7(F4, C3) = L_242/7(A1)

W _949/7(Fs, B3) = L_242/7(A1), W_9.13/8(Fs, B3) = Li(A))
W_g413/6 (F4, F4(a3)) = C, W _9413/6(F4, C3(ar1)) = L_p42/3(A1)
W _o413/6(F4, B3) = L_g2/3(A1) ® Las2j3(A1),  W_o413/6(Fs, A2)) = L_447/6(G2)
W_gs13/4(Fs, Ax+ Ay) = C, W _g413/4(F4, A2)) = L_3,3/2(A2),

W_g,13/2(Fs, Ay)) = C.

(v)  The following isomorphisms hold, providing collapsing levels for G,.

W_447/12(G2, G2) = C, W_414/7(G2,G2) =C
W_447/6(G2, G2(ay)) = C, W_447/6(Ga, A1) = Logas3(A1),
W_447/3(G2, A1) =C, W_48/3(G2, A1) = Li(Ay).

It is conjectured in [30] that all the above results give the exhaustive list of
admissible collapsing levels.

14.3.4 Related problems and further works

Aside from determination of collapsing levels, the methods exploiting asymptotic
data can be used to prove other results of a similar flavour. For instance, if g = sp,,
and k = —h" + p/q where g is twice an odd integer and p = h+ 1, with /1 the Coxeter
number, then for f € Oy = Oy, where 49 = (£ +1,($)",2),

Wi (g, f) = DSy (Li(g)) = Viry 42

We propose the following conjectural extension of Theorem Theorem 14.8.

Conjecture 14.11 Let f € sl, be a nilpotent element associated with a partition
(g™, v), where 1 < m < my in the notation of Theorem 14.8, and v = (vy,...,v;)
is a partition of s := n — gm such that v| < ¢g. Then

W—n+n/q(51n’f) = W—S+S/q(SIS7 f,)7

where f” is a nilpotent element in sl associated with the partition v.

Note that Conjecture 14.11 has been proven in the special case where n = 7,
g = 3 and s = 4 by Francesco Allegra [8]. This case is in fact a particular case of
Theorem 14.8 used with f corresponding to the partitions (32, 1), (3,2%) and (3, 1*).
It seems that this conjecture has been stated in [278].

The associated variety of W_,,1,,/4 (I, f) i8S (gm0 5y), (¢ ,v) While the associated
variety of W_g.¢/4(sls, f7) is F(gmo-m ) ». These two nilpotent Slodowy slices are
isomorphic by Lemma D.5.
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In another direction, the above methods allow to obtain many cases where
Wi (g, f) is merely a finite extension of its simple affine vertex algebra L, (g%).
Here, by finite extension we mean here a vertex algebra W which decomposes as
a finite direct sum of irreducible modules over its conformal vertex subalgebra V.
For instance, if g = sp,,, and if f € Oy is a nilpotent element corresponding to the
partition (g™, g — 1, 1%), with odd ¢ and even s, then the following inclusion is a
finite extension:

L—(%+1)+(s+l)/(2q) (5ps) — W—(%+l)+(g+l)/q(5pm f) (14.6)
Another example is the following for g = E¢:
L 31473(A2) ® L_344/3(A2) = W_12413/3(Eg, A2). (14.7)

We refer to [30] for more examples in both classical types and exceptional types.

In the isomorphism (14.6), note that the associated varieties of both sides are iso-

morphic, while it is not the case for the isomorphism (14.7). Indeed, the asso-

ciated variety of W_;5,13/2(Eg, A1) is the nilpotent Slodowy slice? 754,144,

which is not isomorphic to the the product N4, X Ny4,, the associated variety of

L_344/3(A2) ® L_3.4/3(A2). However, these varieties share the same dimension 12.
The following conjecture is formulated in [30]:

Conjecture 14.12 If W is a finite extension of the vertex algebra V then the cor-
responding morphism of Poisson algebraic varieties 7: Xy — Xy, is a dominant
morphism.

The validity of Conjecture 14.12 would imply the widely-believed fact that if a
finite extension of a vertex algebra is lisse then so is the vertex algebra.

Note that (14.1) is a particular case of the above conjecture. Indeed, as proved in
[71, the simple affine vertex algebra L_,(Dy) is a finite extension of L_,(G>), and
we know that X7 _,(p,) = Opjn by Theorem 12.5. On the other hand, the inclusion

G, = Df‘ < Dy induces a projection morphism 7: D4 - G», identifying (D4)*
and (G,)* with D4 and G, using the Killing form of D4 and G, respectively. By
[200], the image of Opi, (of dimension 10) is the the closure of the subregular
nilpotent orbit in G so that the restriction to Op;, of 7 is dominant onto Ogypreg.
To conclude this section, let us mention that there are further developments on
collapsing levels and conformal embeddings (i.e., morphisms of vertex algebras that
preserve the conformal vector outside admissible levels: see in particular [26].

2 A, being an even nilpotent orbit, Conjecture 9.12 holds.






Chapter 15
4D/2D duality

The vertex algebras (or vertex operator algebras) appear in string theory in physics.
They give the rigorous mathematical definition of the chiral part of two-dimensional
quantum field theories, that were intensively studied since the pioner works of Be-
liakov, Polyakov and Zamolodchikov [62]. By a recent discovery, which goes back
to Nakajima [243] the vertex operator algebras also appear in higher dimensional
quantum field theories as well in several ways. This gives a new insights for the rep-
resentation theory of vertex operator algebras. We explore in this chapter interesting
problems that are motivated by results and conjectures in the higher dimensional
quantum field theory.

15.1 The Higgs branch conjecture

In the study of four-dimensional N' = 2 superconformal field theories (SCFTs) in
physics, Beem, Lemos, Liendo, Peelaers, Rastelli, and van Rees [57] have constructed
a remarkable map

V: {4D N =2 SCFTs} — {vertex operator algebras} (15.1)

that canonically associates to any four-dimensional N = 2 superconformal field
theory 7T a (two-dimensional) vertex operator algebra V(7) that encodes the spectrum
and the OPE coefficients of the Schur operators. This correspondence between
four-dimensional superconformal field theories and two-dimensional vertex operator
algebras, that we refer to as the 4D/2D duality, illuminates both sides.

This map must verify, among other properties, that the character of the vertex
algebra V(7) coincides with the Schur index Jschur(7), Which is a formal g-series,
of the corresponding four-dimensional N = 2 superconformal field theory T

Ischur () (@) = xv(7)(q). (15.2)

According to [57], we have
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c2p(V(7)) = =12¢c4p(7),

where c4p (7T) and ¢p (V(T)) are the central charges of the four-dimensional N = 2
superconformal field theory T and the corresponding vertex algebra V(7), respec-
tively. Since the central charge is positive for a unitary theory, this implies that
the vertex algebras obtained by V are never unitary. In particular, integrable affine
vertex algebras never appear by this correspondence. The main examples of vertex
algebras considered in [57] are the simple affine vertex algebras Ly (g) of types
Dy, Eg, E7, Eg at level k = —h—g — 1 that appear in Theorem 12.5, which are non-
rational, non-admissible affine vertex algebras studied for different motivations (see
Section 12.3.2). One can find more examples in this book (cf. e.g., Section 9.2.3
and Section 9.1.4), see also [58, 78, 91, 79, 279, 264, 77].

There is another important invariant (or, observable) of a four-dimensional
N = 2 superconformal field theory T, called the Higgs branch, which we denote
by Higgs(T). The Higgs branch Higgs(7) is an affine algebraic variety that has the
hyperKihler structure in its smooth part. In particular, Higgs(7T) is a (possibly singu-
lar) symplectic variety. Let T be one of the four-dimensional N = 2 superconformal
field theorys studied in [57] such that V(T) = Ly (g) with k = —% — 1 for types D4,
Es, E7, Eg as above. It is known that Higgs(7) equals Oy, the minimal nilpotent
orbit of the corresponding simple Lie algebra, and this is equal (cf. Theorem 12.5)
to the associated variety Xv (7). It is expected that this is not just a coincidence [55].

Conjecture 15.1 For all four-dimensional N = 2 superconformal field theory T, we
have

Higgs(T) = Xy (q).

15.2 Class 8

There is a distinguished class of four-dimensional N = 2 superconformal field
theories, called the theory of class S [136, 137]. Class S theories are those that arise
from compactification of any of the N = (2,0) six-dimensional superconformal
theories on a Riemann surface. They are labeled by a complex semisimple group G
and a punctured Riemann surface.

The vertex algebras associated to the theory of class 8 by the above 4D/2D duality
are called the chiral algebras of class 8 [58]. In [23], the first author constructed
the chiral algebra Vg’ ,, Of class 8 corresponding to the group G and a b-punctured
Riemann surface of genus zero. Chiral algebras of class 8§ associated with higher
genus Riemann surfaces are obtained by glueing such vertex algebras; see [58], or
[267, 268] for mathematical expositions.

According to Moore and Tachikawa [240], the Higgs branches of the theory of
class 8§ associated with such G and b are exactly the Moore—Tachikawa symplectic
varieties W 5, that have been mathematically constructed by Braverman, Finkelberg
and Nakajima [72] in terms of two-dimensional topological quantum field theories.
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Moreover, by [23] the associated variety of the chiral algebra Vf;’ , Of class 8 is pre-
cisely the Moore-Tachikawa symplectic variety W ;. This proves Conjecture 15.1
for the genus zero class 8 theories.

Although it is very difficult to describe the vertex algebra Véb explicitly in

general, conjectural descriptions of Vg ,, have been given in several cases in [57].
For instance, V%:SLL p—a 18 isomorphic to the simple affine vertex algebra L_>(D4),

and V%:SLg, p3 18 isomorphic to the simple affine vertex algebra L_3(Es). In fact,
the constructions of [23] allow to recover that Higgs(7T) = Oy, for the theories T
from the class 8 that correspond to V(7T) = Ly (g) with k = —% — 1 for g of types
Du, Eg, E7, Eg.

The simply-laced simple Lie algebras of the Deligne series appear in Kodaira’s
classification of isotrivial elliptic fibrations. Moreover, the integers % +1=2,3,4,6
for the labels Dy, E¢, E7, Eg are precisely the multiplicities of the fibers correspond-
ing to the node of the affine Dynkin diagrams (that is, the fibers with the highest
multiplicity). The corresponding four-dimensional N = 2 superconformal field the-
ories are obtained by applying the F'-theory to these isotrivial elliptic fibrations [57].
In other words, they come from four-dimensional superconformal field theories

Remark 15.1 The vertex algebra ngSL b3 18 called a chiral algebra for the trinion
theory, and is denoted by y (7},) in the literature. A conjectural description of the list
of strong generators has been given in [58, 210].

More examples of Vg ,, are computed in the appendix of [23].

Remark 15.2 There is a close relationship between the Higgs branches of four-
dimensional N = 2 superconformal field theories and the Coulomb branches
[72] of three-dimensional N = 4 SUSY gauge theories. Indeed, it is known [72,
Theorem 5.1] that in type A the Moore-Tachikawa variety W, is isomorphic
to the Coulomb branch of a star shaped quiver gauge theory. In fact, we have
Higgs(T) = Higgs(T3p) = Coulomb(T3p) by the three-dimensional mirror sym-
metry, where T3p is the three-dimensional theory obtained from T by the S!-
compactification.

15.3 Argyres—Douglas theory

We observe that many of our examples of collapsing levels (see Section 14.3.3) are
of the form
hV
-hY + —,
q
with (hY, q) = (¥,q) = 1, or of the form

h+1
—hY+—
q
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with (h+1, q) = 1, (¥, q) = ¥, where h is the Coxeter number, 4" is the dual Coxeter
number, 7 is the lacing number of g, respectively. A level of the first form is called a
boundary principal admissible level [182] (see also [ 188]). The vertex algebras Ly (g)
and Wy (g, f) at boundary principal admissible level k appear as vertex algebras
associated with Argyres—Douglas theories via the 4D/2D duality ([264, 279, 280]).
Collapsing levels which are boundary principal admissible have been studied by Xie
and Yan [278] in this connection, and some results from Section 14.3.3 confirm their
conjectures [278, Section 3.4]. For example, the isomorphism of Theorem 14.8 (ii)
was conjectured.

In fact, as observed in [264], a given Argyres—Douglas theory can sometimes be
realized in several ways. Since the map V is well-defined, whenever this happens,
it means that we have an isomorphisms between W-algebras. Such a phenomenon
essentially reflects that the level is collapsing, provided that one of the W-algebras
in an affine vertex algebra.

15.4 Other conjectures and open problems

It immediately from [72] and [23] that the Poisson structure of the associated variety
of Vg’ ,, 18 symplectic on its smooth locus. The Higgs branch of a four-dimensional
N = 2 superconformal field theory is expected have a finitely many symplectic leaves
([55]). Hence, it is natural to expect the following.

Conjecture 15.2 The vertex algebra V(7) is quasi-lisse for any four-dimensional
N = 2 superconformal field theory 7.

Conjecture 15.2 is consistent with Conjecture 13.3 because the Higgs branch
of a four-dimensional N' = 2 superconformal field theory is also expected to be
irreducible. Also, Conjecture 15.2 is consistent with Theorem 13.1. Indeed, in view
of Conjecture 15.1 and (15.2), Theorem 13.1 implies that the Schur index Jschur(7) (¢)
of a four-dimensional N = 2 superconformal field theory satisfies a modular linear
differential equation, which is something that has been conjectured in physics ([55]).

Many four-dimensional N = 2 superconformal field theories have trivial Higgs
branch. So we cannot expect that the associated variety Xv(g) is a complete in-
variant of a four-dimensional N = 2 superconformal field theory even assuming
Conjecture 15.1 true.

More recently, Beem and Rastelli conjectured the following [56]:

Conjecture 15.3 Zhu’s C;-algebra Ry (), or equivalently Xy (g, is a complete in-
variant of any four-dimensional N = 2 superconformal field theory.

Conjecture 15.3 suggests that the vertex operator algebras coming from the 4D/2D
duality are very special. It means that for such vertex algebras V, it is expected that
many invariants (e.g., the normalized character) must be recovered from Ry . In
particular, we expect that for such vertex operator algebras, the natural surjective
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Poisson vertex algebra morphism Jo, Ry — grfV is an isomorphism, that is,
JoRy = grf V. (15.3)

By Corollary 13.1, the isomorphism (15.3) holds for vertex algebras whose associated
variety is smooth, reduced and symplectic. In general, for an arbitrary quasi-lisse
vertex algebra, the isomorphism (15.3) does not hold. Using the chiral homology
of elliptic curves with coefficients in a conformal vertex algebra V, Van Ekeren and
Heluani have proved the following surprising result [103].

Theorem 15.4 Let V = Vir, , be the Virasoro minimal model with central charge
— )2

cP-9”
pq

If (p,q) = (2,2k + 1) where k > 1, then the isomorphism (15.3) holds. If p,q > 3
then (15.3) does not hold.

c(p.q) =1~

In all cases, in the setting of the above theorem, the reduced schemes of SS(V) and
JdeXy are isomorphic, both consisting of a single closed point. This is consistent
with Theorem 13.5.

Note that the Virasoro minimal models do not appear as vertex algebras from the
4D/2D duality.

Further, Beem and Rastelli states that vertex operator algebras coming from the
4D/2D duality should carry a filtration, called the R-filtration, induced from the
R-charge of the 4D theory. In general that filtration has not been understood from a
mathematical point of view (see [263] for some partial progress in this direction).

? Open problem

Let V = V(7) be a vertex operator algebra coming from a four-dimensional N = 2
superconformal field theory J. How to define the R-filtration on V in a purely
mathematical way?
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Appendix A

Simple Lie algebras and affine Kac-Moody
algebras

The ground field is the field C of complex numbers. Recall that a Lie algebra is a
vector space g equipped with a bilinear form [, ]: gxg — C satisfying the following
conditions:

e (skew-symmetry) [x,y] = [y,x], forallx,y € g,
e (Jacobi identity) [x, [y, z]] + [y, [z,x]] + [z, [x,y]] =0, forall x, y, z € g.

It is assumed that the reader is familiar with the basics on Lie algebras. We review in
this appendix some of the standard facts on the structure of semisimple Lie algebras,
and corresponding affine Kac-Moody algebras. This appendix is also used to fix the
main notations relative to these structures.

Recall that the enveloping algebra of a Lie algebra g over C is the quotient

U(g) :==T(8)/ 7 (9),
where

(@) =(PTr'@. T'@=98 e
i=0 _—
1 times
is the tensor algebra of g and _# (g) is the two-sided ideal of Tg generated by
elements x ® y — y ® —[x, y], for x, y € g. It is a unital associative C-algebra. The
enveloping algebra U(g) is naturally filtered by the PBW filtration U.(g), where
U;(g) is the subspace of U(g) spanned by the products of at most i elements of g,
fori > 0, and Uy(g) = C1. By the PBW theorem, we have

grU(g) = S(a), (A1)

as graded commutative algebras, where S(g) = C[g*] is the symmetric algebra of g,
that is, the quotient 7' (g)/J(g), where J(g) is the two-sided ideal of 7'(g) generated
by elements x ® y —y ® x, forx,y € g.

Our main references for this chapter are [83, 165, 166, 269, 239, 176, 181]. See
also [159] for a survey.
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A.1 Quick review on semisimple Lie algebras

Let g be a complex finite dimensional semisimple Lie algebra, i.e., {0} is the only
abelian ideal of g. Its adjoint group G is the smallest algebraic subgroup of G L(g)
whose Lie algebra contains ad g. Since g is semisimple, G = Aut,(g), where Aut,.(g)
is the subgroup of GL(g) generated by the elements exp(ad x) with x a nilpotent
element of g (i.e., (adx)" = 0 for n large enough). Hence

Lie(G) =adg=g

since the adjoint representation ad: g — End(g), x — (adx)(y) = [x, y] is faithful,
g being semisimple.

A.1.1 Main notations

For a a subalgebra of g and x € g, we shall denote by a* the centralizer of x in a,
that is,
a* ={yea:[x,y] =0},

which is also the intersection of a with the kernel of the map
adx: g —g9, y— [x].
Let k4 be the Killing form of g,
kg: gxg—C, (x,y)—tr(adx ady).
It is a nondegenerate symmetric bilinear form of g which is G-invariant, that is,
Kg(g.x,8.y) = kg(x,y) forall x,yeg and g €G,

or else,
Kg([X,y]’Z)z’(g(X, [y’z]) forall -x7y7Z€g'

Since g is semisimple, any other such bilinear form is a nonzero multiple of the
Killing form.

Example A.1 Let g be the Lie algebra sl,, for n > 2, which is the set of traceless
complex n-size square matrices, with bracket [A, B] = AB — BA. The Lie algebra
sl,, is known to be simple , that is, {0} and g are the only ideals of g and dim g > 3.
Its Killing form is given by

(A, B) — 2ntr(AB).

The bilinear form (A, B) — tr(AB) is more naturally used.
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In fact, mathematicians usually consider a certain normalization ( | ) of the Killing
form which will coincide with this bilinear form for sl,, (see Appendix A.2).

A.1.2 Cartan matrix and Chevalley generators

Let b be a Cartan subalgebra of g, and let

g=b®@ga, 8o :={y €g: [x,y] = a(x)y forall x € b},

be the corresponding root decomposition of (g, ), where A is the root system of
(8.h). LetIT = {a1,...,a,} be abasis of A, with  the rank of g, and leta’, . . ., @,
be the coroots of a1, ..., @,, respectively. The element al.v, fori=1,...,r, viewed
as an element of (h*)* = b, will be often denoted by 4;.

Recall that the Cartan matrix of A is the matrix C = (C; ;) 1<, j<r» Where C; ; =
@ (h;). The Cartan matrix C does not depend on the choice of the basis II. It verifies
the following properties:

C;j€Zforalli,j, (A2)
C;; =2foralli, (A.3)
Ci;<0ifi#j, (A4)
Ci; =0ifand only if C;; = 0. (A.5)

Moreover, all principal minors of C are strictly positive,
det ((Ci,j)1<i,j<s) >0 for 1<s<r.

The semisimple Lie algebra g has a presentation in term of Chevalley generators.
Namely, consider the generators (e;)1<i<r» (fi)1<i<r> (hi)1<i<r With relations

[hishi] =0, (A.6)
[ei, fi]1 = 6i jhi, (A7)
[hi,e;] = Ci jej, (A.8)
[hi, fi1 =—=Ci i fis (A.9)
(ade;)"Ciie; = 0fori # j, (A.10)
(ad f;)!7C1i f; = 0 for i # j, (A.11)

where 0; ; is the Kronecker symbol. The last two relations are called the Serre
relations. By (A.8) and (A.9), e; € gq, and f; € g, for all i.

It is well-known that dim g, = 1 for any @ € A. One can choose nonzero elements
€q € Gq, for all @, such that {h;: i =1,...,r} U{eqy: @ € A} forms a Chevalley
basis of g. This means, apart from the above relations, that:
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[lep,ey] = =(p + Depay, (A.12)

for all B,y € A, where p is the greatest positive integer such that y — pg is a root.
Here we consider that eg,, = 0if 8+7 isnotaroot, and that e, = ¢;, e_o, = f; for
i=1,...,r.

Let A, be the positive root system corresponding to II, and let

g=n_eheon, (A.13)

be the corresponding triangular decomposition. Thus 1, = P, A, 8o and m_ =
P s 8a are both nilpotent Lie subalgebras of g.

A.1.3 Verma modules

We refer, for instance, to [83, Section 10] for the main results of this paragraph. Let
A € bh* and set

Kg(1) = U@, + > U(8)(x = A(x)).

x€h

Since K4(A) is a left U(g)-module,
Mg() :=U(9)/Kg(2)

is naturally a left U(g)-module, called a Verma module .

Theorem A.1 (i)  Each element of My(Q) is uniquely written in the form um, for
some u € U(g) where my =1+ Kg(Q).
(ii) The elements f'gll .. .f'g?’m,b forall n; > 0, form a basis of Mq(Q).

Note that My(2) can also be described as follows (up to isomorphism of U(g)-
modules):
My(2) = U(8) ®y ) Ca =: Indg(Cy),

where b := ) @ n,. and C, is a one-dimensional b-module whose b-action is given
by: (x +n).z = A(x)z forx € h, n € n, and z € C,. Then, up to scalars, m, =1 @ 1.
For each u € b, set
My(A), = {m € Mg(2): xm = p(x)m for all x € h}.

For A, 4 € h* we write u < A if A — y belongs to the root lattice

Q = 2 Z(Ii.
i=1

This defines a partial order on b*.

Theorem A.2 (i) My(A) = D, cp Mg(D-
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(i) Mg(A), # 0 ifand only if u < A, and dim My(Q),, is the number of ways of
expressing A — u as a sum of positive roots. In particular, dim Mg(1), = 1.

If Mg(A), # 0O, then u called a weight of My(1), and My(4), is called the weight
space of My(A) with weight p.

Theorem A.2 says that the weights of My(2) are precisely the elements u € h*
such that u < A. Thus A is the highest weight of Mq(A) with respect to the partial
order <. We say that Mg (1) is the Verma module with highest weight A.

One of the important fact about My(A) is that it has a unique maximal submodule
Ny (). Itis constructed as follows: since My(1), = Cm, and that My(2) is generated
by m,, any proper submodule N of My () satisfy N = 0. In particular the sum Npax
of all proper submodules of M satisfies (Npax)a = 0. This proves the existence and
the unicity of the maximal proper submodule of My (A): just set Ng(A) := Npmax.

Since Ng(A4) is a maximal submodule of Mg(1),

Lg(2) := Mg(2)/Ng(1)

is a simple U(g)-module, that is, an irreducible representation of g. There is v, €
Lg4(2) \ {0} such that

e hiv=A(hj)vforalli=1,...,r,

e ¢e;v=0foralli=1,...,r, thatis, n,v =0,
. Ly() = U v,

* Ais the highest weight of Lg(4).

Let

P:={1ebh: A(h;) e Zforalli=1,...,r},
PY={1ebh:A(h) €Zsgforali=1,...,r},

be the weight lattice of h)* and the set of dominant integral weights , respectively.
The elements @w; € h*,i = 1,...,r, satisfying @w;(h;) = 6;,; for all j are called the
fundamental weights. We denote by @/, ..., @, the fundamental coweights. They
are the elements of § such that {@', ..., @,’} is the dual basis of {a1,...,a,}.

We conclude this section by the following crucial result.

Theorem A.3 The simple U(g)-module Ly(R) is finite dimensional if and only if
A € P*. Moreover, all simple finite dimensional U(g)-modules are of the form Lq(1)
for some A € P*. These modules are pairwise non-isomorphic.

The highest weight modules My(1) and Lq(A) are both elements of the category
O of g. To avoid repetitions, we will define the category & only for affine Kac-Moody
algebras (see Appendix A.4); the definition and properties are very similar.

For more about semisimple Lie algebras and their representations, possible ref-
erences are [83, 165, 269]; see [166] about the category .

For the category & in the affine Kac-Moody algebras setting, we refer to Moody-
Pianzola’s book [239].
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A.1.4 Infinitesimal characters

In this paragraph, we recall how to deduce the infinitesimal character of Lg(A) from
the knowledge of 1 € h*.

Identify Specm Z(g) with the set of all homomorphisms Z(g) — C. Such mor-
phisms are called infinitesimal characters. Consider the projection map from U(g)
to U(h) = S(h) with respect to the decomposition

U(g) =S(h) & (n_U(g) +U(g)ny).

It is not a morphism of algebras in general, but its restriction to U(g)? = {u €
U(g): (adx)u =0 for all x € h} is. In particular, we get a morphism

p:Z(g) — C[b7]

using S(h) = C[h*], usually called the Harish-Chandra morphism. Its comorphism
gives a map

X" — Speem (Z(g)), A+ (xaZ(g) — C) (A.14)

where y1(z) = p(z)(A + p) for z € Z(g) with p the half-sum of positive roots.
Let W be the Weyl group of (g, ) which acts on h* with respect to the twisted
action of W:
wod=w.(1+p) - p, weW,1ebh",

where - stands for the usual action of W on §*.
An important consequence of the Harish-Chandra Theorem is that the map y
induces a bijection
b"/W — Spec(Z(g)).

In particular, y; = x, if and only if A and y are in the same W-orbit with respect to
the twisted action of W, and the infinitesimal character associated with the irreducible
representation Lg(A) is just y,.

A.2 Affine Kac-Moody algebras

Our basic reference about affine Kac-Moody algebras is [176]. We assume from now
on that g is simple, that is, the only ideals of g are {0} or g and dim g > 3.

A.2.1 The loop algebra

Consider the loop algebra of g which is the Lie algebra
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Lg:=g[t,r"'=g®C[1,17],
with commutation relations
[x£™, yt"] = [x, y]£™", X,y €g, mne€Z,

where xt" stands for x ® .

Remark A.1 The Lie algebra Lg is the Lie algebra of polynomial functions from the
unit circle to g. This is the reason why it is called the loop algebra.

A.2.2 Definition of affine Kac-Moody algebras

Define the bilinear form (—|—) on g by:

1
(-1) = 7w ka

where h" is the dual Coxeter number (see Appendix A.3.3 for the definition). For
example, if g = sl,, then 7Y = n. Thus, with respect to the induced bilinear form on
b*, (0]10) = 2, where 6 is the highest positive root of g, that is, the unique (positive)
root 0 € Asuchthat 6 +a; ¢ AU{O}fori=1,...,r.

Definition A.1 We define a bilinear map v on Lg by setting:

d
Ve £y ®8) = (Res-o(Sg)

for x,y € g and f,g € C[t,t7'], where the linear map Res;—o: C[t,#7!] — C is
defined by Res;—o(t"") = §,,,—1 form € Z.

The bilinear v is a 2-cocycle on Lg, that is, for any a, b, ¢ € Lg,

v(a,b) = -v(b,a), (A.15)
v(la,b],c)+v([b,c],a) +v([c,a],b) =0. (A.16)

Definition A.2 We define the affine Kac-Moody algebra § as the vector space § :=
Lg & CK, with the commutation relations [K, §] = 0 (so K is a central element), and

[x®fy®gl=[xyl®fe+v(x®f.y®gK, xyeg, f,gecClti].
In other words the commutation relations are given by:

xt", yt"
y

1= [x Y1 + m a0 (x[y)K,
[K.8] =0,

forx,y e gand m,n € Z.
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A.2.3 Chevalley generators

The following result shows that affine Kac-Moody algebras are natural generaliza-
tions of finite dimensional semisimple Lie algebras.

Theorem A.4 The Lie algebra § can be presented by generators (E;)o<i<r» (Fi)o<i<rs
(H;)o<i<r» and relations

[H;, Hj] =0, (A.17)
[E;, Fj] = 6 Hi, (A.18)
[H;, E;] = Ci jEj, (A.19)
[H;, F;] = -Ci ;Fj, (A.20)
(ad E;)'"CHE; =0 fori # j, (A.21)
(ad F;)'"CiiFj = 0 fori # j, (A.22)

where C = (Ci,j)o<i<r is an affine Cartan matrix, that is, C satisfies the relations
(A.2)—(A.5) of a Cartan matrix, all proper principal minors are strictly positive,

det ((Ci,j)Osi,jss) >0 for 0<s<r-1,
and det(C) = 0.

Moreover, we can choose the labelling {0, . . ., r} so that the subalgebra generated by
(Ei)i<i<r> (Fi)1<i<r» (H;)1<i<r 18 isomorphic to g, that is, (C; j)1<i<r is the Cartan
matrix C of g.

Let us give the general idea of the construction of the Chevalley generators of §
(see [159]). Setfori=1,...,r,

Ei=e;=e;®1, Fi=fi=fi®l, Hi:=h=hol.

The point is to define Eq, Fyy, Hy. Recall that 6 is the highest root of A. Consider
the Chevalley involution w which is the linear involution map of g defined by
w(e;) =—fi, w(f;) = —e; and w(h;) = —h; fori = 1,...,r. Then pick fy € gg such
that B B

(folw(fo)) = RC R

Then we set eg := —w( fy) € g_¢ and,
Eyg:=ept=e9®t, Fy:= f()t_1 =f0®l‘_l, Hy := [Ey, Fp].

Example A.2 Assume that g = sl,. Then the Cartan matrix C is C = (2). Let us
check that the affine Cartan matrix of s:Iz isC = (_22 _22) We have

sh=e®C[t,i '@ feC[r,r''|oheC[1,r'] ® CK,
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o R (A

We follow the above construction. We set E| := e, Fy := f and H; := h. We have
hY =2 and A = {a, —a} with a(h) = 2. The highest root is § = @ and (sl,) = Ce.
So fy is of the form fy = de, A € C* and verifies:

where

-1 = (fo,w(fo)) = -2%,
whence A2 = +1. Let us fix 4 = 1. So we have
Ey=ft and Fy= et .

Then
Hy = [Eo, Fo]l = [f,e] + (fle)K =K - H;.

We can verify the relations of Chevalley generators. In particular, [Hy, Eg] = —2E
and [Hy, E|] = —2E, whence the expected affine Cartan matrix C.

A.3 Root systems and triangular decomposition
In order to construct analogs of highest weight representations, we need a triangular
decomposition for § and the corresponding combinatoric, that is, a system of roots.

A.3.1 Triangular decomposition

Recall the triangular decomposition (A.13) of g, and consider the following subspaces
of §:

fi, ;= (n_®bh) @ tC[t] &, ® C[t] = ny +1g[1],
1

fii=(meher'ClrllenoCr ! =n_+r'g[r ],
h:=(h®1)®CK =h+CK.
They are Lie subalgebras of § and we have
§=f_ebhef.. (A.23)

In fact, fi, (resp., fi_, b is generated by the E; (resp., F;, H;), fori = 0,...,r. The
verifications are left to the reader.
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A.3.2 Extended affine Kac-Moody algebras

We now intend to define a corresponding root system, and simple roots. The simple
roots @; € b* are defined by aj(H;) = C;jfor0 <i,j <r.As det(C) = 0, the
simple roots ay, . . ., @, are not linearly independent. For example, for sl,, we have
ag+a; =0.

For the following constructions, we need linearly independent simple roots. This
is the reason why we consider the extended affine Lie algebra :

g:=3geCD,
with commutation relations (apart from those of §),

af

[D,x®f]=x®tE, [D,K]=0, xeg, feC[tt],

that is,
[D,xt™] = mxt™, [D,K] =0, x€egqg, meZ.

We have the new Cartan subalgebra
h:=hecCD.

It is a commutative Lie subalgebra of § of dimension r + 2, and we have the corre-
sponding triangular decomposition :

d=fi_ebhon,.

Let us define the new simple roots ; € f)*, fori =0,...,r. The action of @; on f) has
already been defined, and so we only have to specify «;(D), fori =0,...,r. From
the relations

a;(D)E; = [D,E;] = [D,e;] =0, i=1,...,r,
we deduce that o; (D) =0 fori =1,...,r. From the relation
ao(D)Eg = [D, Eo] = [D, eot] = E,

we deduce that ag(D) = 1.

A.3.3 Root system

The bilinear form ( | ) extends from g to a symmetric bilinear form on g by setting
forx,y e g,m,n € Z:
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(xt™|y1") = Smn,0(x]y), (Lg|CK @ CD) =0,
(KIK)=(DID)=0,  (K|D)=1.

Since the restriction of the bilinear form ( | ) to b is nondegenerate, we can identify
b* with b using this form. Through this identification, ag = K — 6. For a € h* such

2a .
that (a|a@) # 0, we set ¥ = @) Note that @ obviously corresponds to @ = h;
ala
fora=a;,i=1,...,r.
The set of roots A of g with basis II := {ag, @1,...,a,}is

A=Aeyim,
where the set of real roots is
A®:={a+nK:a €A, nel},
and the set of imaginary roots is
A™ = {nK:neZ n+0}.
Then we set AY := AV U AV-im | with
AV = {aV: a € AT, AV = (¥ @ € AM},
The positive integers
hi=(pY|0)+1 and K" =(pl|8")+1

are called the Coxeter number and the dual Coxeter number of g, respectively,
where p (resp., pV) is the half sum of positive roots (resp., coroots), that is defined
by (ple)) =1 (resp., (p'|e;) = 1), fori = 1,...,r. Defining p := hVD + p € h and
PV := hD + p" € b we have the following formulas: (p|e)) = 1 and (p"|a;) = 1,
fori=0,...,r.

A.4 Representations of affine Kac-Moody algebras, category &

We extend some notations and definitions of Appendix A.1 to §. For example, for M
a g-module and A € §*, we set

My :={m e M: xm = A(x)m for all x € h}.

The space M is called the weight space of weight A of M. The set of weights of M
is
wt(M) := {1 € h*: My # 0}.
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The partial order < is extended to b* as follows: we write p < AifA-p = YoM
withm; € Z,m; > 0.For A € h*, weset D(Q) := {u e h*: u < A}.

A.4.1 The category &

Let U(g) -Mod be the category of left U(g)-modules.

Definition A.3 The category O is defined to be the full subcategory of U(g) -Mod
whose objects are the modules M satisfying the following conditions:

(O1) M is f)-diagonalizable, thatis, M = @ 1ei Mas
(02) all weight spaces of M are finite dimensional,
(03) there exists a finite number of Ay, ..., A, € h* such that

wt(M) U D).
I<i<s

The category O is stable by submodules and quotients. For M/, M, two representa-
tions of g we can define a structure of §-module on M| ® M, by using the coproduct
g — 8, x—x®1l+1®x forx € §. Then if M| and M, are objects of &, then so are
M| & M, and M| ® M.

A.4.2 Verma modules

We now give important examples of modules in the category €. For 1 € §*, set:
K() = U@, + > U@ - A(x)).
xeb*
As it is a left ideal of U(g),
M(2) :=U(§)/K(1)
has a natural structure of a left U(g)-module. It is called a Verma module.

Proposition A.1 The U(§)-module M(Q) is in the category O and has a unique
proper submodule N ().

We construct N(A) in the same way as Ny (1) for g (see Appendix A.1.3).
As a consequence of the proposition, M (1) has a unique simple quotient

L(A) := M(A)/N(Q).

Proposition A.2 The simple module L(A) is in the category € and all simple mod-
ules of the category O are of the form L(Q) for some A € h*.
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The character of a module M in the category & is by definition

ch(M) = Z (dim My)e (),

Aeh*

where the e(A) are formal elements.

In general a representation M in ¢ does not have a finite composition series.
However, the multiplicity [M : L(1)] of L(1) in M makes sense ([181]). As a
consequence, we have

chM = Z[M :L(A)]chL(d), [M:L)] € Zso,
A

A.4.3 Singular vectors

A singular vector of a g-representation M is a vector v € M such that n;.v = 0, that

is, e;.v =0 fori =1,...,r. A singular vector of a §-representation M is a vector
v € M such that fi,.v = 0, thatis, e;.v =0 fori = 1,...,r, and (fgt).v = 0, with
fo €8-0\{0}.

A.5 Integrable and admissible representations
A.5.1 Integrable representations

The representation L(1), for A € f)*, is finite dimensional if and only if A = 0, that is,
L(A) is the trivial representation. The notion of finite dimensional representations
has to be replaced by the notion of integrability in the category &.

Definition A.4 A representation M of g is said to be integrable if

(1) M is h-diagonalizable,

(2) for A € b*, M, is finite dimensional,

3) for all A € wt(M), for all i = 0,...,r, there is N > O such that for m > N,
A+ma; ¢ wt(M) and A — ma; ¢ wt(M).

Remark A.2 As an a;-module, i = 0, ..., r, an integrable representation M decom-
poses into a direct sum of finite dimensional irreducible 6—invariant modules, where
a; = sl is the Lie algebra generated by the Chevalley generators E;, F;, H;. Hence
the action of a; on M can be “integrated” to the action of the group SL,(C).

The character of the simple integrable representations in the category & satisfy
remarkable combinatorial identities (related to Macdonald identities).
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A.5.2 Level of a representation

According to the well-known Schur Lemma, any central element of a Lie algebra
acts as a scalar on a simple finite dimensional representation L. As the Schur Lemma
extends to a representation with countable dimension, the result holds for highest
weight g-modules. In particular, K € § acts as a scalar k € C on the simple
representations of the category &.

Definition A.5 A representation M is said to be level k if K acts as kId on M.

All simple representations of the category & have a level. Namely, L (1) has level
k =A(K) € C,and so k = u(K) for all u € wt(L(1)). Note that

r

k=A(K) = ) aid(a})

i=0
where the a; are defined by K = }\7_ a;a;’.

Lemma A.1 The simple representation L(A) is integrable if and only if A is dominant
and integrable, that is, A(H;) € Zso for alli =0, ..., r. It has level 0 if and only if
dimL(1) = 1.

Recall that b* is identified with f through ( | ), and that through this identification
the dual of K is D. Then, as a particular case of Lemma A.1, L(kD) is integrable if
and only if k € Z5.

The category of modules of the category & of level k will be denoted by &y
([1761). o

The level k = —h" is particular since the center of U(8)/U(§)(K — k) is large
and the representation theory changes drastically at this level. Here, U(§) is the
completion of the enveloping algebra U(§). This level is called the critical level.

Although the category O is stable by tensor product, the category O is not stable
by tensor product (except for k = 0). Indeed from the coproduct, we get that for
M, M, representations in Oy, , Oy, respectively, the module M; ® M, is in O, 4x,.
This is one motivation to study the fusion product; see [49], [159, Section 5] for
more details on this topic.

A.5.3 Admissible representations

We now introduce a class of representations, called admissible representations,
which includes the class of integrable representations. The definition goes back to
Kac and Wakimoto [185]. While the notion of integrable representations has a geo-
metrical meaning, the notion of admissible representations is purely combinatorial.
However, conjecturally, admissible representations are precisely the representations
which satisfy a certain modular invariant property (see below).
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Retain the notations of Appendix A.3.3, and recall the definition of the affine and
extended affine Weyl groups (see e.g., [187]). Let W be the Weyl group of (g, ) and
extend it to by setting w(K) = K, w(D) = D forall w € W. Let Q¥ = Y Za)
be the coroot lattice of g. For a € 1), define the translation ([178]),

1 A
te(v) =v+ (v|K)a - §|a|2(v|K)+(v|a) K, v eDb,
and for a subset L C b, let
tr :={tq: @ € L}.
The affine Weyl groups W and the extended affine Weyl group W are then defined by:
W:=WI><IQV, W:=Wl><tPV,

so that W ¢ W. Here P¥ = {1 € h: (1,@) € Zforall @ € Q}, with Q = ¥I_ Zo;
the root lattice.

The group W, := {w € W: w(I1") = 1V} acts transitively on orbits of AutIT"
and simply transitively acts on the orbit of ag . Moreover W = W, = W. Here,
Y :={a": « e11}.

The following definition is due to Kac and Wakimoto [185, 187].

Definition A.6 A weight A € b* is called admissible if
(1) A is regular dominant, that is,

A+p,a"y ¢ —Zsy forall acA®,

(2) the Q-span of A, contains A, where A, := {@ € A™: (1]a") € Z}.

The irreducible highest weight representation L (1) of § with highest weight 1 € §* is
called admissible if A is admissible. Note that an irreducible integrable representation
of g is admissible.

Proposition A.3 For k € C, the weight A = kD is admissible if and only if k satisfies
one of the following conditions:

@) k=-h"+ g where p,q € Zsq, (p,q) =1, and p > h",
(i) k=-h"+ % where p,q € Zso, (p,q) =1, (p,r¥)=1land p > h.

Here rV is the lacety of g (i.e., ¥V = 1 for the types A, D, E, rV = 2 for the types
B,C,F and r¥ = 3 for the type G»), h and h" are the Coxeter and dual Coxeter
numbers.

Definition A.7 If k satisfies one of the conditions of Proposition A.3, we say that k
is an admissible level.
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For an admissible representation L(1) we have [184]

ch(L(Q)) = Z (=1D)AM) ch(M(w o 1)) (A.24)
weW (1)

since A is regular dominant, where W (1) is the integral Weyl group ([202, 239]) of
A, that is, the subgroup of W generated by the reflections s, associated with & € A,
wod=w(d+p)—p,and £, is the length function of the Coxeter group W(A).
Further, Condition (ii) of Proposition A.3 implies that ch(L(1)) is written in terms
of certain theta functions [178, Chap. 13]. Kac and Wakimoto [185] showed that
admissible representations are modular invariant, that is, the characters of admissible
representations form an SL;(Z) invariant subspace.

Let A, u be distinct admissible weights. Then Condition (i) of Proposition A.3
implies that

Exté(L(/l), L(p)) =0.
Further, the following fact is known by Gorelik and Kac [149].
Theorem A.5 Let A be admissible. Then

Ext; (L(4), L(2)) = 0.

Therefore admissible representations form a semisimple full subcategory of the
category of §-modules.
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Poisson algebras, Poisson varieties and
Hamiltonian reduction

We have compiled in this appendix some basic facts on Poisson algebras and Poisson
varieties.

B.1 Poisson algebras and Poisson varieties

Let A be a commutative associative C-algebra with unit.

Definition B.1 Suppose that A is endowed with an additional C-bilinear bracket
{-,-}: AX A — A.Then A is called a Poisson algebra if the following conditions
holds:

(i) Ais aLie algebra with respect to {—, -},
(ii) (Leibniz rule) {a,b-c} ={a,b}-c+b-{a,c}, foralla,b,c € A.

The Lie bracket { , } is called a Poisson bracket on A.
Similarly, one can define the notion of Poisson superalgebra: see Appendix E.

Example B.1 Let (X, w) be a symplectic variety. Then the algebra (& (X),{, }) of
regular functions, with pointwise multiplication, is a Poisson algebra.

As an example, let ¢ = Lie(G) be a complex algebraic finite-dimensional Lie
algebra. and pick a coadjoint orbit O = G.£ of g*. Then O has a natural structure of
symplectic structure, see e.g. [89, Proposition 1.1.5]; for & € g*, we have

T¢(0) =T¢(G/G¥) = g/g*

and the bilinear form wg: (x,y) — &([x,y]) descends to g/g¢. This gives the
symplectic structure. Hence, together with a coadjoint orbit in g*, we have a natural
Poisson algebra.

285
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B.2 Almost commutative algebras

In another direction, we have examples of Poisson algebras coming from some
noncommutative algebras. Let B be an associative filtered (noncommutative) algebra
with unit,

0=BycBycBic-,| B =8,

i=0

such that B;.B; C B;,; forany i, j > 0. Let
A:=grB= @Bi/Bi_1
i

be its graded algebra (the multiplication in B gives rise a well-defined product
B;/Bi_1 xB;/Bj_1 — Bi,;/Bi+j-1, making A an associative algebra). Say that B is
almost commutative if A is commutative: this means that a;b; — bja; € Bjyj_ for
a; € B,’,bj € B]

Assume that B is almost commutative. Then gr B has a natural structure of Poisson
algebra. We define the Poisson bracket

{==}:Bi/Bi-1 XB;/Bj_1 — Biyj_1/Bi+j2

as follows: for a1 € B;/B;_1 and a; € B;/Bj_1, let by (resp. by) be a representative
of a in B; (resp. Bj) and set

{a,a2} == b1by —bob; mod By .
Then we can check the required properties.

Example B.2 Let g be any complex finite-dimensional Lie algebra. Let U,.g be the
PBW filtration of the universal enveloping algebra U(g) of g, that is, U;(g) is the
subspace of U (g) spanned by the products of at most i elements of g, and U(g)y = C1
(see Appendix A). Then

0=U-1(g) c Up(a) c Ui(@) € ..., U(g) =|_JUi(g),

Ui(g) - Uj(8) C Uirj(8), [Ui(a),U;(8)] C Uirj-1(9).

The associated graded space grU(g) = @i>0 U;(g)/U;-1(g) is naturally a Poisson
algebra, and the PBW Theorem states that

grU(g) = S(g) = Clg"]

as Poisson algebras, where S(g) is the symmetric algebra of g.
Let us describe explicitly the Poisson bracket on C[g*] (see [89, Proposition
1.3.18]). Let {x1,...,x,} be a basis of g, with structure constants cf,j, that is,

[xi,x;] =2 cf.‘jxk. Through the canonical isomorphism (g*)* = g, any element of
o
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g is regarded as a linear functions on g*, and thus as an element of C[g*]. We get for
/.8 €Clg"],
of og

* *°
ox; 6xj

{f.8y =, ckx

i,j.k

In a more concise way, we have:

{f.gt: 8" —C, &ér— (& [def,degl)

where d¢ f,dsg € (g")* = g denote the differentials of f and g at &. In particular,
ifx,y € g = (g*)" c C[g*], then

{x, v} =[x y].

Moreover, if O is a coadjoint orbit of g*,

{f.g}o={flo, gl@}symplectic-

The above Poisson structure on C[g*] is referred to as the Kirillov—Kostant—Souriau
Poisson structure.

Example B.3 Let G be an affine algebraic group, g = Lie(G), and D(G) the algebra
of (global) differential operators on G. It is filtered by the order filtration F,D(G),
see Appendix C.2. According to Proposition C.1 (i), the filtered algebra D(G) is
almost commutative. It fact, by (C.1), one knows that

gI‘D(G) = ﬂ'*ﬁT*G,

where TG is the cotangent bundle of G. Thus 7« inherits a Poisson algebra
structure from that of gr D(G).

One the other hand, 7*G is a symplectic variety and therefore 07« has a Poisson
algebra structure arising from its symplectic structure. It turns out that these two
Poisson structures coincide (see, for instance, [89, Theorem 1.3.10]).

A affine Poisson scheme (resp., affine Poisson variety) is an affine scheme X =
Spec A (resp. X = Specm A) such that A is a Poisson algebra. A Poisson scheme
(resp. Poisson variety) is a scheme (resp. reduced scheme) such that the structure
sheaf O is a sheaf of Poisson algebras.

For example, let B be as above and continue to assume that B is almost com-
mutative, that is, A = gr B is commutative. Assume furthermore that A is a finitely
generated commutative algebra without zero-divisors. In other words, A = C[X]
is the coordinate ring of a (reduced) irreducible affine algebraic variety X. So the
Poisson structure on A makes X a Poisson variety.
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B.3 Symplectic leaves

If X is smooth, then one may view X as a complex-analytic manifold equipped with
a holomorphic Poisson structure. For each point x € X one defines the symplectic
leaf £ through x to be the set of points that could be reached from x by going along
Hamiltonian flows!.

If X is not necessarily smooth, let Sing(X) be the singular locus of X, and for any
k > 1 define inductively Sing* (X) := Sing(Sing“~!'(X)). We get a finite partition
X = |, X*, where the strata X* := Sing"~!(X) \ Sing(X) are smooth analytic
varieties (by definition we put X = X \ Sing(X)). It is known (cf. e.g., [76]) that
each X* inherits a Poisson structure. So for any point x € X there is a well defined
symplectic leaf ., ¢ X*. In this way one defines symplectic leaves on an arbitrary
Poisson variety. In general, each symplectic leaf is a connected smooth analytic (but
not necessarily algebraic) subset in X. However, if the algebraic variety X consists
of finitely many symplectic leaves only, then it was shown in [76] that each leaf is
a smooth irreducible locally-closed algebraic subvariety in X, and the partition into
symplectic leaves gives an algebraic stratification of X.

Example B.4 1f g = Lie(G) is an algebraic Lie algebra, the space g* is a (smooth)
Poisson variety and the symplectic leaves of g* are the coadjoint orbits of g*, cf.
[272, Proposition 3.1].

If g is simple, the nilpotent cone N of g, which is the (reduced) subscheme of g*
associated with the augmentation ideal C[g*]¥ of the ring of invariants C[g*], is an
example of Poisson variety with finitely many symplectic leaves. These are precisely
the nilpotent orbits of g* = g.

B.4 Induced Poisson structures and Hamiltonian reduction

There are roughly two ways to construct a new Poisson variety from a Poisson
manifold X: the induction and the Hamiltonian reduction. First recall a result of
Weinstein about the induction; see [272, Proposition 3.10]:

Theorem B.1 (Weinstein) Let Y be a submanifold of a Poisson manifold X such
that:

(i) Y is transversal to the symplectic leaves, i.e., for any symplectic leaf S and any
xeYNS T.Y + TS =T, X,

(i) foranyx €Y, T,Y NT\S is a symplectic subspace of TyS, where S is the leaf
of X containing x.

1 A Hamiltonian flow in X from x to x’ is a curve y defined on an open neighborhood of [0, 1] in
C, with y(0) = x and y(1) = x’, which is an integral curve of a Hamiltonian vector field &, for
some f € 0(X), defined on an open neighborhood of y ([0, 1]). We refer to [208, Chapter 1] for
more details.
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Then, there is a natural induced Poisson structure on Y, and the symplectic leaf of Y
throughx € Y is Y N S if S is the symplectic leaf through x in X.

We now follow [208, §5.2,5.4] for the algebraic treatment of Hamiltonian reduc-
tion. Fix (A, {—,—}) a Poisson algebra. Set X = Spec(A) and let G be an affine
algebraic group with a left action G X X — X. Assume that the corresponding left
action of G on A is by Poisson automorphisms. We obtain an action by derivations
on A of the Lie algebra g of G, which is denoted by y.f for y € g and f € A. Note
that y.(A%) = 0.

Definition B.2 The action of G in X is said to be Hamiltonian if there is a Lie algebra
homomorphism
H:g— Ox(X)=A, x+—— H,

such that the following diagram is commutative:
g 2(X)
H> < T
~
1% X (X ) = A

where 2 (X) is the Lie algebra of vector fields on X and the vertical map is the
natural map from A to 2 (X) given by f — {f,—}. As for the horizontal map, it
comes from the G-action on X. Namely, it is the map

d
g Z(X), ¥ (v S (exp(rady) D)z € TeX).
The map H: g — A is called the Hamiltonian. Define the moment map
u:X —g

by assigning to x € X the linear function u(x): ¢ — C, a — H,(x). The moment
map induces a Poisson algebra homomorphism, called the comoment map

u': Clg'] — Ox(X) = A.

Moroever, if the group G is connected, then u is G-equivariant with respect to the
coadjoint action on g*.
The restriction to g of the comoment map is the morphism of Lie algebras

f:g— A
which is equivariant (for the adjoint action on g) and satisfies

x.f={ax).f}, xeg feA

We refer to [272, Theorem 7.31] or [208, Proposition 5.39 and Definition 5.9] for
the following result.
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Theorem B.2 (Marsden—Weinstein) Assume that G is connected and that the
action of G in X is Hamiltonian. Let y € . Assume that 7y is a regular value? of
u, that 1~ (y) is G-stable and that 1~'(y)/G is a variety. Let t: u'(y) — X and
n: u ' (y) » ' (y)/G be the natural maps: v is the inclusion and r is the quotient
map. Then the triple

X, 1 (), 1 () /G)

is Poisson-reducible, i.e., there exists a Poisson structure {—,—}" on u='(y)/G such
that for all open subset U ¢ X and for all f,g € Ox(n(U N u~'(y)), one has

{f.8Y om(u) = {f.8} o u(w)

at any point u € U 0 p~'(y), where f,§ € Ox(U) are arbitrary extensions of
f © ﬂlUﬁ,u_l('y)’g o n'Uﬁ[l_l(’y) to U

B.5 Poisson modules

Let R be a Poisson algebra. A Poisson R-module is a R-module M in the usual
associative sense equipped with a bilinear map

RxM — M, (r,m)w— adr(m)={r,m},
which makes M a Lie algebra module over R satisfying

{ri,rom} ={ri,ra}m+ro{ri,m}, A{rirp,m}=ri{ry,m}+ro{r;,m}
forr;,rp e R,me M.

Lemma B.1 For any Lie algebra g, a Poisson module over C[g*] is the same as a
C[g*]-module N in the usual associative sense equipped with a Lie algebra module
structure § — End M, x — ad(x), such that

ad(x)(fm) = {x, f}.m+ f.ad(x)(m)
forxeg, feClg], me M.

Example B.5 If g = Lie(G) is a simple Lie algebra, let CH_(?(g) be the full subcategory
of the category of Poisson C[g*]-modules on which the Lie algebra g-action is
integrable, that is, locally finite. If X is an affine Poisson scheme equipped with a
Hamiltonian G-action, then C[X] is an object of H{C(g). Note that the action of
Clg*] on C[X] is given by {f, g} = {u"(f), g}, for f € C[g*] and g € C[X], where
u*: Clg"] — C[X] is the comorphism of the moment map u: X — g*.

21If f: X — Y is a smooth map between varieties, we say that a point y is a regular value of
f ifforall x € f£~'(y), the map d f : Tx(X) — T, (Y) is surjective. If so, then fl(y)isa
subvariety of X and the codimension of this variety in X is equal to the dimension of Y.



Appendix C
Differential operators

In this chapter, X = Spec A is an affine algebraic variety over the complex number
field of dimension n. We are particularly interested in the case where X is an affine
algebraic group G.

Our main references are [164, 228].

C.1 Tangent sheaf and cotangent sheaf

Let Ox be the sheaf of rings of regular functions, that is, the structure sheaf on X.
We denote briefly the algebra &’y (X) of global sections by & (X).

We say that a section 6§ € (Endc Ox)(X) is a vector field on X if for each open
subset U C X, 8(U) := 0|y € (Endc Ox)(U) satisfies the condition

0(U)(fg) =0(U)(f)g + fO(U)(g).  f.g€ Ox(U).

For an open subset U of X, denote the set of vector fields 6 on U by ®(U). Then
O(U) is an Ox (U)-module, and the presheaf U — ©(U) turns out to be a sheaf of
Ox-modules. We denote this sheaf by ®x and call it the fangent sheaf of X. Thus

@x = Der@(ﬁx).

It is a coherent sheaf of Ox-modules. Indeed, if X = SpecA, with A =
Clxt,...,x,]/1, with I an ideal of C[x1,...,x,], then

n
DerC(C[xl,...,x,,]):@C[xl,...,xn]&-, where  §; ::ai,
i=1

i
is a free C[xy, . . ., x,]-module of rank n, and

Derc(A) = {6 € Derc(Clxy,...,x,]): 6(1) C I}.

291
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Hence Derc(A) is finitely generated over A.
We define the cotangent sheaf of X by Qi( =671(3/9%), where 6: X — X x X
is the diagonal embeddings, J is the ideal sheaf of §(X) in X X X defined by

IV) ={f € Oxxx(V): f(VN (X)) =0}

for any open subset V of X x X, and 6~! stands for the sheaf-theoretical inverse
image functor. (We usually keep the notation Qx for the sheaf /\”Q;( of differential
forms of top degree.)

Sections of the sheaf Q;( are called differential forms. By the canonical morphism
Ox — 6~ Oxxx of sheaf of C-algebras, Q;( is naturally an &x-module.

We have a morphism d: Ox — Q}( of Ox-modules defined by

df =f®1-1® f mod 6 '7%.

It satisfies d(fg) = d(f)g + f(dg) forany f,g € Ox.

We denote briefly the &'(X)-modules @x (X) = Derc(£(X)) and Q§( (X) by
O(X) and Q' (X), respectively.

Thus Q' (X) = J(X)/I(X)?, and J(X) is the kernel of the morphism

e: 0X)®c O(X) — 0O(X), fogr— fg.

The 0(X) ®c (X)-modules J(X), J(X)? and Q!(X) are viewed as O(X)-
modules via the homomorphism &(X) — O(X) ®c O(X), f — f® 1.

In 0(X) ®: O(X) we have

feg=feel+f(leg-g®l)=s(f®g)+f(dg modI(X)*).

Therefore, if 3; f; ® g; € I(X) = ker g, then

D fi®gi= ) fidgi mod I(X)?,
i i
and so any element of Q' (X) = J(X)/J(X)? has the form 3, fidg;, for f;, g; € O(X).
In conclusion, we obtain the following fact.
Lemma C.1 As 0(X)-module, Q;( is generated by df, for f € O(X).

For @ € Homg (x) (Q;(, Ox) we have a o d € Oy, which gives an isomorphism
Hom g (x)(Qy. Ox) = Ox
as Ox-modules.

Theorem C.1 Assume that X is smooth. For each point x € X, there exist an
affine open neighbourhood V of x, regular functions x; € Ox (V), and vector fields
0; € Ox(V), fori € {1,...,n}, satisfying the conditions:
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[0;,0;1 =0, 8i(x;)=0:;, 1<ij<n,
oy =P ova.
i=1

Moreover, one can choose the functions x1,x»,...,X, so that they generate the
maximal ideal my of the local ring Ox  at x.

Proof Since the local ring Ox , is regular, there exist n = dim X functions
X1,...,X, € my generating the ideal m,. Then dxy,...,dx, is a basis of the
free Ox_ x-module Q;( .- Hence we can take an affine open neighbourhood V' of

x such that Q}((V) is a free module with basis dxi,...,dx, over Ox (V). Tak-
ing the dual basis d),...,8, € Ox(V) = Homgy(v)(Q%(V),Ox(V)) we get

8;(x;) = 6. Write [8;,0;] as [8;,0;] = El gf.’ja, € Ox (V). Then we have
gf,j = [81-,6]-])@ = 6i6]»x1 - ajai)(l = 0. Hence [6i,8j] =0. m}

The set {x;, d;: 1 < i < n} defined over an affine open neighborhood of x
satisfying the conditions of Theorem C.1 is called a local coordinate system at x.

C.2 Sheaf of differential operators

We define the sheaf Dx as the sheaf of C-subalgebras of Endc(x ) generated by Ox
and Oy . Here we identify Ox with a subsheaf of Endc () by identifying f € Ox
with the element g — fg of Endc(0x).

We call the sheaf Dy the sheaf of differential operators on X. For any point
of X we can take an affine open neighborhood U and a local coordinate system
{xi, 0;: 1 <i < n}. Hence we have

Dy =Dy (U) = P ovor. o =a o0,

n
(1/6220

We define the order filtration F.Dy of Dy by

FiDy = Z Oy dy, l € Zso, |a| = Z%ﬂ
7

la|<l

More generally, for an arbitrary open subset V of X we define the order filtration
F.Dx over V by

(FiDx)(V)
={P e Dx(V): resg P € (F;Dx)(U) for any affine open subset U of V},

where resg : Dx (V) — Dx(U) is the restriction map.
For convenience we set F, Dx = 0 for p < 0.
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Proposition C.1

(i)  F.Dx is an increasing filtration of Dx such that Dx = ;5o F1Dx and each
F;Dx is a locally free module over Ox.

(i) FoDx := Ox and (F|Dx)(FDx) = Fi4mDx.

(i) [F1Dx,FnDx] C Fram-1Dx.

Remark C.1 One can alternatively define F.Dx by the recursive formula:
FDx = {P € Endc(ﬁx)l [P, f] € F;_1Dx for all fe ﬁx}, le Zso.

Let us consider the sheaf of graded rings

ar Dy = gr' Dy = P er, Dx,
>0

where gr; Dx = F;Dx/F;-1Dx, F.1Dx = 0. By Proposition C.1 (iii), gr Dx is a
sheaf of commutative algebras finitely generated over 0. Take an affine chart U
with a coordinate system {x;, d;} and set

fi = (6, mod F()@U = ﬁU) € gry 'DU.
Then we have

g, Dy = P ové”,

lar=l

gr'DU = ﬁU[‘fl""’fn]'

We can globalize this notion as follows. Let 7 X be the cotangent bundle of X and let
m: T*X — X bethe projection. We may regard &1, . . . , &, as the coordinate system of
the cotangent space €P'_, Cdx; and hence Oy [£1, . . ., &,] is canonically identified
with the sheaf 7, 0r-x of algebras. Thus we obtain a canonical identification

gI’@X Eﬂ*ﬁT*X. (Cl)

The algebra D(X) := Dx (X) is called the algebra of differential operators on X.

C.3 Derivations and differential forms on a group

Let G be an affine algebraic group. By definition, the Lie algebra of G is the Lie
algebra of left invariant vector fields on G, that is,

Lie(G) = {0 € Derc(0(G)): Ao =(1Q6) oA},
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(see e.g. [236, Proposition 10.29]), where A: 0(G) — O(G) ® O(G) is the coprod-
uct induced by the multiplication G. Thus, 8 € Derc(£(G)) is in Lie(G) if and only
ifforall g € G, 1,0 = 64,4, where (1, f)(y) = f(gly) for f € O0(G)and y € G.

The Lie algebra of G is canonically isomorphic, as a Lie algebra, to the Lie
algebra Lie, (G) of right invariant vector fields 6, that is, the Lie algebra consisted of
6 € Derc(0(G)) such that p,6 = 6pg, where (pg f)(y) = f(yg) for f € O(G) and
y € G. It is also canonically isomorphic to 7, (G), the tangent space at the identity
to G, via the isomorphism,

Lie(G) — T.(G),

sending 6 € Lie(G) to ev, o6, where ev, is the evaluation map at the neutral element
e, in which we have identified ®(G) = Derc(0(G)) with the tangent bundle 7G.
We denote by g this Lie algebra.
Thus, we have
TG=Gxqg and T'G=Gxg".

For x € g, we write x;, (resp., xg) the corresponding left (resp., right) invariant
vector field on G. Note that (xz f)(a) = x(A,-1f) for f € 6(G) and a € G.

Remark C.2 Concretely, viewing G as a complex analytic space, we have for x € g
and f € 0(G),

(@)= 2| flaepr),  acG,

t=0

xf) @) = L

7 f(exp(tx)a), acgG,

t=0

where exp: g — G is the exponential map.

The embedding g — Derc(&(G)), x — xr, induces an isomorphism of left
0 (G)-modules

0(G) ®c g — Derc(0(G)). (C2)

Indeed, both sides are free &'(G)-modules of rank the dimension of g since G is
smooth.

We denote by (—, —): Derc(0(G)) x Q(G) — O(G) the canonical € (G)-
bilinear pairing.

Let us collect some useful identities. Let {xl, - ,xd} be a basis of g, and
{w',...,w?} the dual O(G)-basis of Q! (G). Write

[x',x/] = Zcp.x”, for i,j=1,...,d,

i,]
P

with (¢? ) € C. The isomorphism (C.2) tells that {x', ..., x} forms an &(G)-basis
of Derc (, 0(G)). In particular,
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xh= S, i= 1, (€3)
p

for some invertible matrix (f"?)1<;, p<a Over O(G).
Lemma C.2 The following identities hold:
i) foralli,j,se{l,...,d},

X fIS ¢ Z C?’pfj’p =0
P

(i) foralli,j,se{l,...,d},

DGR = Yl .
p

q

Proof The identities of (i) hold because they are equivalent to the commutation
relations

[xiL,x{e] =0 (C4)

for all i, j, s.
To prove (ii), we write down the relations

[, xh] =[x, x7 1R, (C.5)

fori,j =1,...,d, in coordinates. We have

[Xs Xh] = D ¥ 725" Z(x Pt = 3 o st
s,p

by (C.4) and (C.3). Plugging this into (C.5), we get the identities of (ii). |
The Lie algebra Derc(€(G)) acts on Q' (G) by the Lie derivative as follows:
((Lie 0).w)(61) = ({01, w)) — ([0, 01], w), (C.6)

for w € QIG and 6, 01 € Derc(0(G)). (In fact, the Lie algebra Derc((G)) acts on
Q(G) = A?Q!(G) by the Lie derivative; see [164, §1.2].)
Sofori,j=1,...,d, we have

Liexi .wj = Cli’ja)p,
s
s

for some ai’j e C.
Lemma C.3 The following identities hold:
i) foralli,je{l,...,d},
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(Liex").w’ = Z cﬁ:’iws,

A

(i) foralli,je{l,...,d}, ‘ _
(Liexg).w’ =0.

Proof Fori,j,s € {l,...,d}, we have
ay? = (¢, (Liex').w') = (Liex").(x*, /) + ([x*,x"], /) = ¢ .

whence (1).
Similarly, for i, j,s € {1,...,d}, we have

(ks (Liex}-e).a)j) = (Liex}).(xfe,wj) + ([x%, xR, /)

= DI GLS )+ Y el 7 =0
p p

by (C.3) and Lemma C.2, whence (ii). ]
By the Frobenius reciprocity, we have
Homg ) (Derc(6(G)), €(G)) = Home(g, 0(G))
since Derc(0(G)) = 0(G) ®c g. Hence, as a C-vector spaces,
Q!(G) = Home(g, O(G)).

The above isomorphism has to be understand as follows. Write w € Q'(G) as

w =Y, f;dg; by Lemma C.1. To such an w we attach the element of Home (g, 0 (G))
i

which maps an element x € g to Z filxrgi) € O(G).

12
As a consequence we obtain the following proposition.

Proposition C.2 The linear map from Q}; to Home (g, O(G)) sending dg to the
element x — x1.g of Home (g, O(G)) is an isomorphism of O(G)-modules.

C.4 The algebra of differential operators on a group

We keep the notation of the previous section.
Let D(G) be the algebra of differential operators on G. We have a natural em-
bedding
O(G) — D(G).

Moreover, from the embedding g «— ©(G), x — x, given by the left invariant
vector fields, we get an embedding

U(g) — D(G),
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where U(g) is the enveloping algebra of g (see Appendix A). This induces a map
t: U(g) ® 0(G) — D(G) (C.7)

of /(G)-modules. We have a structure of G-equivariant sheaf on both sides, with
respect to the left translation action of G on itself. The G-equivariant structure on
the left-hand-side comes from the G-action on £'(G) induces by the left translation
action of G on itself, that is, the G-action on U(g) is trivial; the G-action on the
right-hand-side is described as follows: for g € G, f € 0(G) and § € g C O(G)
then g.(f0) = (g.f)6.

Let D;(G) be the algebra of left invariant differential operators on G, that is,
the algebra of elements @ € D(G) such that for all g € G and all f € 0(G),

/lg (af) = a(/lgf)-

Proposition C.3 The algebra D(G) is characterized as the algebra such that
D(G) = O(G)®U(Q) as vector spaces, the natural embeddins 0(G) — D(G) and
U(g) — D(G) are algebra homomorphisms, and [x, f| = xp f for x € ¢ C U(g),
f € O(G). Moreover,

U(g) = Di(G) = D(G)°.

where (D(G))C stands for the algebra of left invariant differential operators on G.

Proof For the first statement it is enough to show that ¢ is an isomorphism. The
algebra D(G) is filtered by the order filtration FeD(G). On the other hand, the PBW
filtration F,U(g) on U(g) induces a filtration F,(0(G) ® U(g)) on O0(G) ® U(g)
by setting

Fi(0(G)eU(g) :=0(G) @ FiU(9), [ € Zso.

The map ¢ sends F;(O(G) ® U(g)) to F;D(G), and both filtrations are exhaustive.
So it suffices to check that the map on associated graded space is an isomorphism.
The associated graded of the right-hand-side is

Or+G = Ogxg = 0(G) ® 0(8"),
by (C.1), while by the PBW theorem the associated graded of the left-hand-side is
0(G) ® S(9),

whence the statement since 0(g*) = S(g).
Next, since the map ¢ is G-equivariant,

(D(G)? = (0(G) @ U(9))° = 6(G)° @ U(g) = U(g) — Di(G).
To show the other inclusion, observe that grU(g) = S(g) = 0(g*) while
gr Dy(G) = (6(G) ® 6(9"))° = 0(G)° & O(g") = 6(g"),

where G acts on on 0(G) by A,, g € G, and trivially on &(g*). Hence, D;(G) =
(D(G))C = U(g) as desired.
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Nilpotent orbits of a simple Lie algebra

Let G be a complex connected, simple algebraic group of adjoint type with Lie
algebra g, We keep all the related notations used in Appendix A.

D.1 Nilpotent cone

Our main references for the results of this section are [170, 90, 269].
Let N = N(g) be the nilpotent cone of g , that is, the set of all nilpotent elements
of g:
N ={x€g: (adx)™ = 0 for some m}.

If g is a simple Lie algebra of matrices, the nilpotent cone N coincides with the
set of nilpotent matrices of g. For ¢ € g, we denote by G.e = {(Adg)(e): g € G}
its adjoint G-orbit. The nilpotent cone is a finite union of nilpotent G-orbits and it
is itself the closure of the regular nilpotent orbit, denoted by Oye,. It is the unique
nilpotent orbit of codimension the rank r of g. An element x € g is regular if its
centralizer g* has the minimal dimension, that is, the rank £ of g. Thus, Oy is the
set of all regular nilpotent elements of g. Regular nilpotent elements are sometimes
called principal and the regular nilpotent orbit the principal nilpotent orbit.

Example D.1 1If g = sl,,, then the rank of g is n — 1 and Oy is the conjugacy class
of the n-size Jordan block J,,, i.e., Oy = {ang‘l : g € SL,} with

o1 0\ ,,

N

J, =

= €ii+l>

1
0 0
where e; ; is the elementary matrix whose entries are all zero, except the one in
position (Z, j) which equals 1.

299
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Next, there is a unique dense open orbit in N \ Oy, which is called the subregular
nilpotent orbit of g, and denoted by Ogypreg. Its codimension in g is the rank of
g plus two. At the extreme opposite, there is a unique nilpotent orbit of smallest
positive dimension called the minimal nilpotent orbit of g, and denoted by Opy. Its
dimension is 2(hY — 1) ([276]), where h" is the dual Coxeter number.

D.2 Chevalley order

The set of nilpotent orbits in g is naturally a poset & with partial order <, called the
Chevalley order, or closure order, defined as follows: O’ < O if and only if O’ C O.
IfO’ ¢ Owe say that Q' is a degeneration of O. The degeneration is called minimal
if 0" is openin O \ O.

The regular nilpotent orbit Oy, is maximal and the zero orbit is minimal with
respect to this order. Moreover, Qgypreg is maximal in the poset &2 \ Oreg and Opyiy is
minimal in the poset & \ {0}.

The Chevalley order on & corresponds to a partial order on the set &?(n) of
partitions of n, forn > 1, for g = sl,,, first described by Gerstenhaber. More generally,
the Chevalley order corresponds to a partial order on some subset of &?(n) when g
is of classical type as we explain below.

The notions of degeneration and minimal degeneration can be expressed in term
of partitions.

Definition D.1 Let 1 € & (n). A degeneration of A is an element u € & (n) such
that O, < Oy, thatis, u < A. A degeneration u of A is said to be minimal if O is

open in 0, \ O,.

Let n € Z.¢. As a rule, unless otherwise specified, we write an element A of
P (n) as a decreasing sequence A = (A1, ..., dy) omitting the zeroes. Thus,

Ay z--2A,21 and A1 +---+4;,=n.

We shall denote the dual partition of a partition A € 2 (n) by A7 .
Let us denote by > the partial order on Z(n) relative to the dominance. More
precisely, given A = (A1, -+ ,A5), 0 = (41, ..., 1) € P(n), wehave 1 > g if

k
Z/li>z;z,- for 1<k <min(s,?).

k
i=1 i=1

D.2.1 Case sl,,

Every nilpotent matrix in sl,, is conjugate to a Jordan block diagonal matrix. There-
fore, the nilpotent orbits in g are parameterized by &?(n). We shall denote by O,
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the corresponding nilpotent orbit of sl,,. Then O, is represented by the standard
Jordan form diag(Jy,,...,Ja,), where Ji is the k-size Jordan block. If we write
AT = (di, . ..,d;) the transpose matrix, then

t
dim0, =n? - " d?.

i=1

If A, € 2 (n), then O, c O, if and only if < A.

The regular, subregular, minimal and zero nilpotent orbits of sl,, correspond to
the partitions (n), (n —1,1), (2,1"72) and (1") of n, respectively.

We give in Figure D.1 the description of the poset &2 (n) for n = 6. The column
on the right indicates the dimension of the orbits appearing in the same row. Such
diagram is called a Hasse diagram.

Oreg = O(¢) 30
Osubreg = O(5,1) 28
Ogubreg = O(4,2) 26
O12) 032) 2%
. /
0@3,2,1) 22
/ \
[0} [0}
C@23) C3.13) 18
022 12y 16
|
U‘min:o(zvﬂ) 10
0 0

Fig. D.1 Hasse diagram for slg

D.2.2 Cases o, and s»,,

For n € N*, set
P (n) := {1 € Z(n): number of parts of each even number is even}.

The nilpotent orbits of so,, are parametrized by &) (n), with the exception that each
very even partition 4 € Z(n) (i.e., A has only even parts) corresponds to two
nilpotent orbits. For A € &7 (n), not very even, we shall denote by Oy,,, or simply
by O, when there is no possible confusion, the corresponding nilpotent orbit of so,,.
For very even A € (), we shall denote by Of , and Of’, the two corresponding
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nilpotent orbits of so,,. In fact, their union forms a single O (n)-orbit. Thus nilpotent
orbits of o, are parametrized by & (n).
Letd=(Ay,...,45) € 2 (n) and AT = (d,,...,d,), then

. e _nn-1) 1 S .
dimOf ) = —5— "3 (i_zldi —#{i: A; odd}],
where O3 , is either Oy 4, O | or O!/, according to whether A is very even or not.
Using the same notations, If ,n € &;(n), then (O)I’” ¢ 07 ;ifand only if < 4,
where OF | is either Oy 4, O{ 2 0r (O){ ! ) according to whether 4 is very even or not.
Given 1 € Z(n), there exists a unique A* € 22 (n) such that ¥ < A, and if
n € P (n) verifies g < A, thenn < A*. More precisely, let A = (14, ..., 4,) (adding
zeroes if necessary). If 1 € 2| (n), then At = A. Otherwise if 1 ¢ P, (n), set

/l, = (/119'-'7/1S’/15+1 - 17/1‘Y+27-~-’/1t*15/ll + 1’/1t+l’~"’/1n)a
where s is maximum such that (1;,...,45) € £1(4; +--- + Ay), and ¢ is the index
of the first even part in (542, ..., 4,). Note that s = 0 if such a maximum does not

exist, while 7 is always defined. If A" is not in &) (n), then we repeat the process
until we obtain an element of &2 (n) which will be our A*.

D.2.3 Case sp,

For n € N*, set

P_1(n) :={A € L (n): number of parts of each odd number is even}.

The nilpotent orbits of sp,, are parametrized by &2_;(n). For A = (1y,...,4,) €
Z_1(n), we shall denote by O_;_,, or simply by O, when there is no possible con-
fusion, the corresponding nilpotent orbit of sp,,, and if we write AT = (di,...,dy),
then

nn+1 1S
dimO_; 4 = ( 5 ) _ 5 (Z;‘ >+ #{i: A; odd}) .
As in the case of sl,,, if 4,7 € &Z_;(n), then O_; ; C ©—_1,1 if and only if p < A.

Given A1 € Z(n), there exists a unique A~ € Z_;(n) such that A~ < A, and if
n € Z_;(n) verifies n < A, then 7 < A~. The construction of A™ is the same as in
the orthogonal case except that 7 is the index of the first odd part in (A4, ..., 4,).

Similarly to Definition D.1, we have the following definition for g = o,,, so,, or
SPy.
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Definition D.2 Let e € {+1},and A € Z(n). An e-degeneration of A is an element
pn e Pg(n)suchthat O, < O 4. An e-degeneration p of A is said to be minimal

if O, is open in @5,,1 \ Og.a.

D.3 Jacobson—-Morosov Theorem and Dynkin grading

A %Z-gmdl’ng of the Lie algebra g is a decomposition I': g = P jelz8j which
verifies [g;, ;] C g+ forall i, j. The following result is proved for instance in [269,
Proposition 20.1.5].

LemmaD.1 IfT isa %Z—grading of @, then for some semisimple element hr of g,
g; = {x € g: [Ar,x] = 2jx}.

1
Let (—|-) = WKQ, where kg is the Killing form of g. This is the nondegenerate

symmetric bilinear form on g as in Appendix A. Since the bilinear form (—|-) of g
is (ad Ar)-invariant and nondegenerate, we get

(8i,9;) =0 = i+j#0.
Hence g; and g_; are in pairing. In particular, they have the same dimension.

Theorem D.1 (Jacobson—-Morosov) Fix a nonzero nilpotent element e € g. There
exists h, f € g such that the triple (e, h, f) verifies the sl-triple relations:

[h’e]:267 [e’f] :h’ [h7f]:_2f

In particular, h is semisimple and the eigenvalues of ad h are integers. Moreover, e
and f belong to the same nilpotent G-orbit.

Example D.2 Let g = sl,,, and set,

n n-1
e :=Jy, h = Z(n +1-2i)e; ;, f = Z i(n—1i)ej,.
i=1 i=1
Then (e, h, f) is an sl,-triple. From this observation, we readily construct sl-triples
for any standard Jordan form diag(J,,,...,Ja,) with (1y,...,4,) € Z(n).

The group G acts on the collection of sl,-triples in g by simultaneous conjugation.
This defines a natural map:

Q: {slp-triples}/G — {nonzero nilpotent orbits}, (e, i, f) — G.e.

Theorem D.2 The map Q is bijective.
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The map Q is surjective according to Jacobson—Morosov Theorem D.1. The
injectivity is a result of Kostant ([90, Theorem 3.4.10]). We refer to [277, §2.6] for
a sketch of proof of Theorem D.2.

Since A is semisimple and the eigenvalues of ad / are integers, we geta %Z- grading
on g defined by A, called the Dynkin grading associated with h:

gz@gj, g; ={xeg: [hx] =2jx}. (D.1)

ol
JE€FZ

We have e € g;. Moreover, it follows from the representation theory of sl, that

g° C (D509, and that
dim g° = dim gg + dimg%.

One can draw a picture to visualize the above properties. Decompose g into simple
slp-modules g = V1 @ - - ®V; and denote by dj the dimensionof Vi fork =1,...,s.
We can assume that dy > --- > ds > 1. We have dimV;y Ng; < 1 forany j € %Z.
We represent the module Vi on the k-th row with dj boxes, each box corresponding
to a nonzero element of Vi N g; for j such that V, N g; # {0}. We organize the
rows so that the 2j-th column corresponds to a generator of Vi N g;. Then the boxes
appearing on the right position of each row lie in g°.

Example D.3 Consider the element e = diag(J3,J;) of sly corresponding to the
partition (3, 1). Here, we get dimgy = 5, dim g1 = 0, dimg; = 4 and dimg, = 1.
The corresponding picture is given in Figure D.2.

ade ade ade
N NN

Fig. D.2 Decomposition into sly-modules for (3, 1)

In Figure D.2, the with boxes correspond to nonzero elements lying in [ f, g]. The
coloured boxes correspond to nonzero elements lying in g°.

This is an example of even nilpotent element, which means that g; = {0} for all
half-integers i. The nilpotent orbit of an even nilpotent element is called an even
nilpotent orbit. Note that the regular nilpotent orbit is always even.

Example D.4 Consider the element e = diag(J>, J;, J1) of sly corresponding to the
partition (2, 1, 1). It lies in the minimal nilpotent orbit of sl4. Here, we getdim gy = 5,
dimg 1= 4, dim g; = 1. The corresponding picture is given in Figure D.3.

We observe that @i>1 g; equals g; and has dimension 1.
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ade ade
NN

Fig. D.3 Decomposition into sl,-modules for (2, 12)

Remark D.1 This is a general fact: if e is a minimal nilpotent element of g, then
®i>10i = 91 = Ce, and

9=9—1€Bg_%€990€99%®91~

One can assume that the Cartan subalgebra b of g is also a Cartan subalgebra of
the reductive Lie algebra gp.

Lemma D.2 Fix an sly-triple (e, h, f) with corresponding Dynking grading as in
(D.1), and let §) be a Cartan subalgebra of g contained in gy.

(1)  Forany a € A, the root space g, is contained in §; for some j € %Z.
(ii)  Fix a root system Ag of (80, D), and set Ao+ = Ay N Ag. Then
Ay =Ao+U{a: go C g0}
Denoting by II the set of simple roots of A, we get
n= U II; with II;:={aell: g, Cg;}.
jeiz
Lemma D.3 We have I1 =TIy U H% U IT,.

Proof Assume that there exists 8 € I1 for s > 1. A contradiction is expected. Since
e € g and since @; is contained in the subalgebra generated by the root spaces g,
with @ € Ty U H% U II, we get [e,g-g] = {0}. In other words, g_g C g¢°. This
contradicts the fact that g° C g-. |

From Lemma D.3 we define the weighted Dynkin diagram, or characteristic, of

the nilpotent orbit G.e when g is simple as follows. Consider the Dynkin diagram
of the simple Lie algebra g. Each node of this diagram corresponds to a simple
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root @ € II. Then the weighted Dynkin diagram is obtained by labeling the node
corresponding to @ with the value a(h) € {0, 1,2}.

By convention, the zero orbit has a weighted Dynkin diagram with every node
labeled with 0.

Example D.5 In type Ejg, the characteristics of the regular, subregular and minimal
nilpotent orbits are respectively:

2 2 2 2 2 2 2 0 2 2 0 0 0 0 0
2 2 1

An important consequence of Lemma D.3 is that there are only finitely many
nilpotent orbits, namely at most 37", Also, the weighted Dynkin diagram is a
complete invariant, i.e., two such diagrams are equal if and only if the corresponding
nilpotent orbits are equal, [90, Theorem 3.5.4].

The regular nilpotent orbit always corresponds to the weighted Dynkin diagram
with only 2’s (this result is not obvious, cf. e.g., [90, Theorem 4.1.6] for a proof).
More generally, a nilpotent orbit is even if and only if the weighted Dynkin diagram
have only 2’s or 0’s.

D.4 The nilpotent cone

The nilpotent cone enjoys remarkable properties. We collect some of them in this
section, omitting the proofs.

Let b be a Cartan subalgebra of g, and denote by W the Weyl group of (g, §). The
restriction map C[g] — C[b] induces an algebra isomorphism C[g]¢ = C[p]W,
referred to as the Chevalley isomorphism. As a consequence, the algebra C[g] is a
is a polynomial algebra of dimension ¢, the rank of g (which is the dimension of ),
since W is a finite group.

The cone nilpotent turns out to be the zero locus of the augmentation ideal C[g]¢
of C[g]€, that is, the zero locus of homogeneous generators p1, ..., p, of C[g]“:

N={xeg:p(x)=0forall p € C[g]{} = SpecC[g]/(p1,....pe). (D.2)
Theorem D.3 Let N be the nilpotent cone of g.

(i)  The scheme N is reduced, irreductible and it is a complete intersection.

(ii) The scheme N has rational singularities. Namely, there exists a proper bira-
tional morphism t: Y — N such that Y is smooth over C, 1.(0Oy) = O and
RP1,(Oy)=0forallp > 1.

Part (i) of the theorem is due to Kostant [206], Part (ii) is due to Hesselink [162].
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D.5 Associated varieties of primitive ideals

Let I be a two-sided ideal of the enveloping algebra U(g). The PBW filtration on
U(g) induces a filtration on I, so that gr I becomes a graded Poisson ideal in C[g*]
(see Example B.2). Denote by V() the zero locus of gr/ in g,

V() :={1eg": p(1) =0forall p € grI} = Specm (C[g*]/gr ).

The set V(I) is usually referred to as the associated variety of I. Identifying g*
with g through a nondegenerate bilinear symmetric form on g, we shall often view
associated varieties of two-sided ideals of U(g) as subsets of g.

A proper two-sided ideal I of U(g) is called primitive if it is the annihilator in U (g)
of a simple left U(g)-module. There are two fundamental results ([101, 68,201, 173])
on primitive ideals of U(g).

Theorem D.4 (Duflo) Any primitive ideal in U(g) is the annihilator Anng (g Lg(2)
in U(g) of some irreducible highest weight representation Lq() of g, where 1 € b*.

Theorem D.5 (Joseph) Let I be a primitive ideal of U(g).

(i)  The associated variety V(1) is contained in the nilpotent cone N of §.
(i) The associated variety V(1) is irreducible and, hence, it is the closure O of
some nilpotent orbit O in g.

Part (i) of the theorem is not hard to prove. By Theorem D.4, there is 1 € §* such
that / = Anny () L¢(4). Consider the central character y,: Z(g) — C, where Z(g)
is the center of U(g), associated to A defined by (A.14). Its kernel is a maximal ideal
of Z(g) contained in Anny (4)Lg(1). We deduce that gr I contains the symbols of all
elements in ker y,. Since gr Z(g) = S(g)9, we easily see that these elements generate
the augmentation ideal S(g)3. As a consequence, gr/ > S(g)$, whence V(I) ¢ N
by (D.2).

Part (ii) is much harder to establish. Theorem D.5 (ii) was first partially proved (by
a case-by-case argument) in [68], and in a more conceptual way in [201] and [173]
(independently), using many earlier deep results due to Joseph, Gabber, Lusztig,
Vogan and others.

Different primitive ideals may share the same associated variety. At the same
time, not all nilpotent orbit closures appear as associated variety of some primitive
ideal of U(g).

Let A € h*, and set

Jy= AnnU(g) (Lg(/l)).

The associated variety of the irreducible highest weight representation Lg(1) of g is
V(J,). By Theorem D.5, e
V(Ja) =0,

for some nilpotent orbit O,. Naturally, the geometry of O, is expected to reflect
some properties of the representation Lg(A). The nilpotent orbits O, for which A is
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integral, that is, (1, @") € Z are called special ([224]). For a special nilpotent orbit
O, one can describe the weights A for which V(J,) = O ([51, 52]).

Example D.6 Theirreducible highest weight representation L (1) is finite-dimensional
if and only if its associated variety V(J,) is reduced to {0}. It is well-known that this
happens if and only if the weight A is integral and dominant.

D.6 Nilpotent Slodowy slices

We collect in this section geometrical properties of nilpotent Slodowy slices.

D.6.1 Smoothly equivalent singularities

Consider two varieties X, Y and two points x € X, y € Y. We refer to [161] for the
following definition.

Definition D.3 The singularity of X at x is called smoothly equivalent to the sin-
gularity of Y at y if there is a variety Z, a point z € Z and two maps ¢: Z — X,
W:Z — Y, such that ¢(z) = x, ¥(z) = y, and ¢ and ¢ are smooth in z. This
clearly defines an equivalence relation between pointed varieties (X, x). We denote
the equivalence class of (X, x) by Sing(X, x).

Various geometric properties of X at x only depends on the equivalence class
Sing(X, x), for example: the smoothness, the normality, the unibranchness (cf. Ap-
pendix D.6.4), the Cohen—Macaulay or rational singularities, etc.

Assume that an algebraic group G acts regularly on the variety X. Then
Sing(X,x) = Sing(X,x’) if x and x” belongs to the same G-orbit Q. In this case, we
denote the equivalence class also by Sing(X, Q).

A transverse slice at the point x € X is defined to be a locally closed subvariety
S C X such that x € S and the map

GxS— X, (g5 r— g.s,

is smooth at the point (1, x). We have Sing(S, x) = Sing(X, x).

D.6.2 Transverse slices for nilpotent orbit closures

Let G be a complex connected, simple algebraic group of adjoint type with Lie
algebra g and f a nilpotent element of g. By the Jacobson—-Morosov Theorem, we
can embed f into an sly-triple (e, h, f) of g. The affine space
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Fri=f+4°

is a transverse slice of g at f, called the Slodowy slice associated with (e, A, f).
The variety

o5 =00, (D.3)

where O is a nilpotent orbit of g, is referred to as a nilpotent Slodowy slice.
Lemma D.4 The variety o ¢ is nonempty if and only if f € O, that is, G.f < O.

Proof If f € 0, clearly f € o, . To show the converse implication, consider the
one-parameter subgroup defined as follows. The embedding spanc{e, &, f} = sl —
g exponentiates to a homomorphism SL, — G. By restriction to the one-dimensional
torus consisting of diagonal matrices, we obtain a one-parameter subgroup p: C* —
G. Thus p(t)x = t*x for any homogeneous x € g i with respect to the Dynkin
grading (D.1). For t € C* and x € g, set

p(t)x = p(1)(x). (D.4)

So, for any x € g;, p(t)x = t>*27x. In particular, 5(1) f = f and the C*-action of j
stabilizes .#r . Moreover, it is contracting to f on .7, that is,

limg(t)x = f
t—0

for any x € ., because g° C g¢. Therefore, if x € S r, then f = lim,_o p(#)x
belongs to ./, s using that O is G-invariant and closed. O

If f € O, the variety S0,r is a transverse slice of O at f. It is equidimensional,
and

dim S = codimﬁ(G_.f).

Since any two sl-triples containing f are conjugate by an element of the isotropy
group of f in G, the isomorphism type of g is independent of the choice of such
slp-triples. Moreover, the isomorphism type of .*p  is independent of the choice
of f in its nilpotent orbit O’ = G. f. By focussing on .%p_, we reduce the study of
Sing(0, Q’) to the study of the singularity of Jo,r at f.

Recall that nilpotent orbits in simple Lie algebras of classical type are parametrized
by certain classes of partitions (see Appendix D.2). We set

5”,1,,, = Y@A,f for f (S @ﬂ, (DS)

where A and p are partitions of nilpotent orbits in the corresponding simple classical
Lie algebra.

Normalizations of nilpotent Slodowy slices are symplectic singularities in the
sense of Beauville [54] and, like nilpotent orbit closures, these varieties are studied
for their role in representation theory and in the theory of symplectic singularities.
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D.6.3 Minimal degenerations

The nilpotent Slodowy slices are best understood in the case of minimal degeneration
(cf. Definition D.1) in which case G.f is an open subvariety of the boundary! of
O in O. In the context of this class of examples, one has the celebrated result of
Brieskorn and Slodowy ([73, 259]) confirming a conjecture of Grothendieck, that
the nilpotent Slodowy slice associated with the principal (or, regular) nilpotent orbit
O = Oreg and a subregular nilpotent element fgypreg has a simple singularity of the
same type as G, for G of type A, D, E.

Kraft and Procesi studied nilpotent Slodowy slices for minimal degenerations
in the classical types [198, 199], motivated by the normality problem for nilpotent
orbit closures (see Appendix D.6.5). They described the smooth equivalences of
singularities between two Slodowy slices .7 , and .y s, where .% , is obtained
from % ,, by the row/column removal rule that we briefly describe below. It turns
out that these smooth equivalences actually yield isomorphisms of varieties, see
[216, Proposition 7.3.2]2.

The following lemma is a refinement of [198, Propositions 4.4 and 5.4]. We refer
to [216, Propositions 7.3.1 and 7.3.2] for a proof.

Lemma D.5 Let A € & (n) and p a degeneration (cf. Definition D.1) of A. Assume
that the first | rows and the first m columns of A and u coincide. Denote by A’ and
[’ the partitions obtained by erasing these | common rows and m common columns.
Then

S =Ly s
as algebraic varieties. In particular, if p’ = 0, then £y , = Oy

We illustrate in Figure D.4 the row removal rule in the case where A = (32, 1),
n=(3,2%.

C sly

1R
D

sl; D N

Fig. D.4 Row removal rule for 2 = (32, 1) and u = (3,2?)

Remark D.2 Thibault Juillard recently gave a BSRT interpretation of the row removal
rule in type A ([175]) . This proves that the isomorphism in Lemma D.5 is Poisson,

! The boundary of O in O is precisely the singular locus of O as was shown by Namikawa [244]
using results of Kaledin and Panyushev [190, 246]; this can also be deduced from [198, 199, 133].

2 This is also mentioned without detail in [133, §1.8.1].
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where the Poisson structure on nilpotent Slodowy slices is the BRST structures (see
Section 7.2).

The following lemma is a refinement of [199, Theorem 12.3]. We refer to [216,
Propositions 8.5.1 and 8.5.2] for a proof.

Lemma D.6 Let A € P, (n), for ¢ € {£1}, and u an e-degeneration (cf. Defini-
tion D.2) of A. Assume that the first | rows and the first m columns of A and p coincide
and denote by A" and y’ the partitions obtained by erasing these | common rows and
common m columns. Then

y/l’” = y/l/’ ’,
as algebraic varieties. In particular, if p’ = 0, then /) , = Oyp.

Fu, Juteau, Levy and Sommers [133] have complemented the work of Kraft_and
Procesi by determining the generic singularities of nilpotent orbit closures O in
exceptional types, which they did through a study of the nilpotent Slodowy slices
o, at minimal degenerations G. f.

D.6.4 Branching

Let X be an irreducible algebraic variety, and x € X. We say that X is unibranch
at x if the normalization : (X,x) — (X, x) of (X,x) is locally a homeomorphism
at x ([153, Chapter III, §4.3]; see also [133, §2.4]). Otherwise, we say that X has
branches at x and the number of branches of X at x is the number of connected
components of 77! (x) [63, §5,(E)].

As it is explained in [133, §2.4], the number of irreducible components of /g ¢
is equal to the number of branches of 0 at f. If an irreducible algebraic variety X is
normal, then it is obviously unibranch at any point x € X. The converse is not true.
For instance, there is no branching in type G, but one knows that the nilpotent orbit
A of G, of dimension 8 is not normal [200].

The number of branches of O at f, and so the number of irreducible components
of o, , can be determined from the tables of Green functions in [258], as discussed
in [63, Section 5,(E)-(F)]. We indicate in Table D.1 the nilpotent orbits O which
have branchings in types Fu, E¢, E7 and Ejy (there is no branching in type G»). The
nilpotent orbits are labelled using the Bala—Carter classification.

We indicate in Table D.2 the (conjectural) list of non-normal nilpotent orbit
closures in the exceptional types. These results are extracted from [200, 196, 74,
75, 261]. The list is known to be exhaustive for the types G», F4 and E. It is only
conjecturally exhaustive for the types E7 and Eg.
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Type F4|C3, C3(a1).

Type E6 A4, 2A2, A2 + Al.

Type E7|Des(a1), (As)”, As, A3+ Az, Ds(a)) + Aj.

Type Es|E7(ai1), Es, E¢(ai1), E7(a4), As, De(a1), Ds + Ay, E7(as), As, Az + Az, Dy,
Dy(ay), Az + Ay, 2A2 + Ay

Table D.1 Branchings for nilpotent orbit closures in the simple Lie algebras of exceptional types

Type G2|A;.

Type Fy |C3, C3(a1), A+ Ay, As, By,

Type E6 A4, A3 + A], A3, 2A2, Az + A].

Type E7 |Dg(a1), De(az), (As)”, Az, A3+ Ay, Dy(ar) + Ay, Az +2A,,
(As+ A1), (A3 +A))", As.

Type Eg |E7(a1), E7(az), D7(a1), E7(a3), Es, Ds, E¢(a1), E7(as), De(ar),
Ag, Ds + Ay, E7(as), E¢(a3) + Ay, D¢(az), Ds(ay) + A, As + Ay,
Ds, Eg(a3), D4+ Aa, Ds(ay) + Ay, As, Ds(a1), Da+ Ay, Ay,

A3 +A2, A3 +2A1, Dy, D4(a1) A3 +A1, 2A1 +A1, A3.

Table D.2 Non-normal nilpotent orbit closures in the simple Lie algebras of exceptional types

D.6.5 Normality of nilpotent orbit closures in the classical types

The normality question of nilpotent orbit closures in the classical types is completely
answered ([161, 197, 199, 262]). First of all, if g = sl,,, then all nilpotent orbit closures
are normal ([197]). To explain the results in the other types, we now focus on the
orthogonal and symplectic Lie algebras. We assume in the rest of the section that g
is either the Lie algebra o,, of the orthogonal group O(n), or the Lie algebra so,, of
the special orthogonal group SO (n), or the Lie algebra sp,, of the symplectic group
SP(n).
The following result is due to Kraft and Procesi ([199, Theorem 1]).

Theorem D.6 Let O be a nilpotent orbit in v, or sp,,.

@) @ is normal if and only if it is unibranch.
(i) O is normal if and only if it is normal in codimension 2.

In particular, O is normal if it does not contain a nilpotent orbit O’ < O of codi-
mension 2. Theorem D.6 does not hold if g = soy, and if O = Oy ,, with A very
even.

By Theorem D.6, for the normality question, it is enough to consider minimal
g-degeneration of codimension 2 (except for the very even nilpotent orbits in s0y,).
In the setting of Lemma D.6 we say that the e-degeneration 5 < A is obtained from
the &’'-degeneration n’ < A’ by adding rows and columns. An g-degeneration < A
is called irreducible if it cannot be obtained by adding rows and columns in a non
trivial way.

When we obtain an irreducible pair (17, A"), such a pair is called the type of
((O)s,m ©£,/l)~
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So for the classification of the minimal e-degenerations, one needs to describe
the minimal irreducible e-degenerations. They are given in [199, Table 3.4]. We
reproduce it in Table D.3. In the last column, X, refers to the type of a simple
surface singularity of type X,, which corresponds to the type of the isolated surface
singularity of a nilpotent Slodowy slice . £, in a simple (simply-laced) Lie
algebra of type X, associated with a subregular nilpotent element fypreg in N = Weg.
The singularity A, U A, refers to a non-normal union of two surface singularities
of type A, meeting transversally in a singular point. The singularity x, refers to
a minimal singularity, that is, the type of singularity at O of Op;, in a simple Lie
algebra of type X.

Note that, except for the type A, U Ay, all types of singularities appearing in the
last column are normal.

Lie algebra | & P n codimm(@)y,n/) Sing(m, Osn)
Py -1 (2) (1,1) 2 Ay

Py, n > 1 |-1 (2n) (2n-1,2) 2 Dy

$0on+1, 1 > 0f 1 (2n+1) 2n-1,1,1) 2 Aot

SPansas > 0|-1|2n+1,2n+ 1) (2n,2n,2) 2 Aopoi

S04, >0 |1 (2n,2n) 2n-1,2n-1,1,1) 2 Agn-1 U Aoy

s, > 1 1] (2,2, 12771 (1211 4n -4 by,

spy,n > 1 |-1| (2, 17772) (17m) 2n Cn

s00,,n>2 [ 1] (2,2,1277%) (17%) 4n -6 dy

Table D.3 Irreducible minimal &-degenerations

The main result is the following ([199, Theorem 12.3]).

Theorem D.7 Let n < A be the e-degeneration obtained from the &’-degeneration
n’ < A’ by adding rows and columns. Then

Sing(0¢ 4,0 y) = Sing(Op 4, Opr ).






Appendix E
Superalgebras and Clifford algebras

A superspace is a C-vector space E equipped with a Z,-grading, E = E° @ E'.
Elements in EY are called even, elements of E! are called odd. We denote by
[v| € {0, 1} the parity of homogeneous elements v € E. A morphism of superspaces
is a linear map preserving Z,-gradings. It is itself a superspace by:

Hom(E, F)G = Hom(E(_), F(_)) ® Hom(Ei, FI),
Hom(E, F)' = Hom(E?, F') ® Hom(E!, F0).

The category of superspaces is a tensor category. Then one may define superalgebras,
Lie superalgebras, Poisson superalgebras, etc. as the algebra objects, Lie algebra
objects, Poisson algebra objects etc. in this tensor category.

E.1 Lie superalgebras, Poisson superalgebras and tensor product

For example, a Lie superalgebra is a superspace A together with a bracket [—, —]: AX
A — A such that for all homogeneous elements a, b € A,

la,b] = ~(=D)“"[b,al,
[[a7b]’c] = [a’ [b,C]] - (_l)la‘lbl[b’ [a,c]].

Note that any superalgebra A is naturally a Lie superalgebra by setting for all
homogeneous elements a, b € A,

[a,b] = ab — (=1)!11Ipq.

It is supercommutative if [A, A] = 0.

A superspace A is a Poisson superalgebra if it is equipped with a bracket
{-,-}: AX A — A such that (A, {—, —}) is a Lie superalgebra and for any a € A,
the operator {a,—}: A — A is a superderivation: for all homogeneous elements
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a,beA,
{a,bc} = {a,b}c+ (-1)11Plp{a, c}.

Let (A, {, }a) et (B,{, }p) be two Poisson algebras. Consider the tensor product
of the associative algebras A ®c B and equip it with the Poisson bracket via

{a1 ®b1,a2® by} ={ai,a2}a ® b1.by +ai.a, ® {b1, b2} B,

for aj,ay € A, by,by € B. It is easy to verify that A ®c B is a Poisson algebra.
Moreover, since 1 ® B and B are isomorphic as Poisson algebras, we can write
B c A ®c B (here we use the fact that {1,a} = 0 for all a € A).

This observation can be easily adapted to the context of Poisson superalgebras,
where the Poisson bracket becomes

{a1 ® b1,az ® by} = (=1)|211P11ay ar} 4 ® by.by + aj.az ® {b1, b2} 5.

E.2 Exterior algebra and clifford algebras

Let E be a C-vector space. The exterior algebra \E is the quotient of the tensor
algebraT(E) = P, TX(E), with TK(E) = E® - - - ® E the k-fold tensor product,
by the two-sided ideal I(E) generated by elements of the form v @ w + w ® v with
v,w € E. The product in A E is usually denoted by v A w. Since I(E) is graded, the
exterior algebra inherits a grading

AE = @ NFE.

kezZ

Clearly, A\°E = C and A\'E = E. We may thus think of AE as the associative
algebra linearly generated by E, subject to the relations v Aw +w A v = 0. We will
regard A E as a graded superalgebra, where the Z,-grading is the mod 2 reduction
of the Z-grading. Since

[ur, u2] = uy Auz — (=1)"%2uy Auy =0

foru; € AME and ur € A\ E, we see that A E is supercommutative.
Assume that E is endowed with a symmetric bilinear form B: E X E — E
(possibly degenerate).

Definition E.1 The Clifford algebra® CI(E, B) is the quotient of T(E) by the two-
sided ideal .# (E, B) generated by all elements of the form

vOW+wev—B(v,w)l, v,we€E.

1 In [235], there is a factor 2. For some reasons, we prefer here a different normalization.
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Clearly, CI(E,0) = AV.

The inclusions C — T'(E) and E — T(E) descend to inclusions C — CI(E, B) and
E — CI(E, B) respectively. We will always view E as a subspace of CI(E, B).

Let us view T(E) = P, o, TK(E) as a filtered superalgebra, with the Z,-grading
and filtration inherited from the Z-grading. Since the elements v@w+w®v—B(v, w)1
are even, of filtration degree 2, the ideal .# (E, B) is a filtered super subspace of T'(E),
and hence CI(E, B) inherits the structure of a filtered superalgebra. The Z,-grading
and filtration on CI/(E, B) are defined by the condition that the generators v € E are
odd, of filtration degree 1. In the decomposition

CI(E,B) = CI(E,B)’ & CI(E, B)"

the two summands are spanned by products v ... v, with k even, respectively odd.
We will always regard CI(E, B) as a filtered superalgebra. Then the defining relations
for the Clifford algebra become

[v,w] =vw+wv = B(v,w), v,weE.
The quantization map, given by the anti-symmetrization:

q: N(E) = CI(E,B), VvIA...Avp+— Z sgn(oWeol - Voks

oeCy

with & the permutation group of order k, is an isomorphism of superspaces. Its
inverse is called the symbol map.

Proposition E.1 The symbol map o: CI(E, B) — AE induces an isomorphism of
graded superalgebras,
grCI(E,B) — AE.

Since A (E) is supercommutative, gr CI(E, B) inherits a Poisson superalgebra struc-
ture?, and the graded symbol map is an isomorphism of graded Poisson superalge-
bras. The Poisson bracket on A E can be described by:

{v,w} =B(v,w), vweE=NM\E.

For more about Clifford algebras, we refer to the recent book of Eckhard Mein-
renken (it also addresses Weil algebras and quantized Weil algebras) [235].

2 The arguments are similar to the case of almost commutative algebras; see Appendix B.1.






Appendix F
Spectral sequences

First, we shall give in this appendix a very brief description of spectral sequences. We
explain the terminology and the results for cohomology spectral sequences, since
they are the ones which appear in the book. We recover the notion of homology
spectral sequence by setting everywhere below

r _ P9
Ep,q =E, :

For more details, we refer to [82, 281]. Second, we recall the construction of some
(co)homology complexes used in the book for spectral sequence arguments. For this,
we refer for instance to [227] or [82, 281].

F.1 Terminology

Fix an asociative ring R. Recall that a cochain complex C* of R-modules is a
family {C"}, <z of R-modules, together with R-modules maps d = d": C"* — C"*!
such that each composite d o d: C"~! — C™! is zero. The maps d" are called
the differentials. The kernel of d" is the module of n-cocycles of C*, denoted by
Z" = Z"(C*). The image of d"~': C"~! — C" is the module of n-coboundaries of
C*, denoted by B" = B"(C*®). Because d o d = 0, we have for all n,

oOcB'cz'cC".

The n-th cohomology module of C* is the subquotient H" (C*) = Z" /B" of C".
There is a category of cochain complexes of R-modules: the objects are cochain
complexes, a morphism u: C* — D* is a cochain map, that is, a family of R-module
homomorphisms u”: C" — D" commuting with d in the sense that u"*! o 4" =
d" o u,.
If C* and D*® are two complexes, their tensor product C* ® D* is by definition the
complex such that
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(C*®D*)" = @ C? ®g D4

p+g=n

and suchthatd: (C*®D*®)" — (C*®D*)"*! is defined on C” ® D4 by the formula
dx®y)=dc(x)®y+(-1)’x®dp(y).

The notion of chain complex, and all relative notation and terminology (cycle,
boundary, homology module, etc.), are obtained by reindexing C,, = C™".

Definition F.1 A cohomology spectral sequence (or, simply, a spectral sequence)
starting with E, in an abelian category <7 consists of the following data:

(1) A family {EP*?} of objects of o7 defined for all integers p,q and r > a,

(2) Maps d?9: EP9 — EP*97*! which are differentials in the sense that
d, o d, = 0 so that the line of slope —(r — 1)/r in the lattice E,’® is a cochain
complex,

(3) Isomorphisms between E”>7 and the cohomology E;* at the spot E;”9:

EP? = ker(d??) /im(af 7).

r+l —

Note that E?’7 is a subquotient of E;”Y. The total degree of the term E? is
n = p+q. The terms of total degree n lies on a line of slope —1, and each differential
d?"? increases the total degree by one.

There is a category of cohomology spectral sequences with a natural notion of
morphism: a morphism f: E’ — E is a family of maps £7*7: E”*7 — EP% in of
(for rp s;lﬂiciently large) with d, o f, = f, od, such that each fr’i’f’ is the map induced
by fr%.

Example F.1 A first quadrant (cohomology) spectral sequence is one such that
EP? = 0 unless p > 0 and ¢ > O (if the condition holds for r = a, it holds
forall 7 > a). If we fix p, ¢, then E?? = E! for large enough r (r > max{p, g +1}
is convenient). We write EZ' for this stable value of EF*9.

Ut e—re—de—e Ey*
§—So—Se—Ye—Se

Fig. F.1 Stages Ey, E|, E>

We represent in Figure F.1 the first pages of a first quadrant cohomology spectral
sequence.

A (cohomology) spectral sequence is called bounded if there are only finitely
many nonzero terms in each total degree in E’°. If so, then for each p, g there is an
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ro such that EZ{ = EP>? for r > ro. We write E3; , for this stable value of £/,
We say that a bounded spectral sequence converges to H® if we are given a family
of objects H" of .7, each having a finite filtration

O:FIHI’I g "'Fp+1Hn ngHn”. g FSHI’l :Hn,
with isomorphisms E24 = FP HP*4 | FP+IHP+4 We write
EJ? = HPY,

Definition F.2 A (cohomology) spectral sequence collapses at E, (r > 2) if there
is exactly one nonzero row or column in the lattice E-°°. If a collapsing spectral
sequence converges to H*®, we can read H" off: it is the unique nonzero EX*? with
p + q = n. The vast majority of spectral sequences collapse at E; or E».

We have seen that E77 is a subquotient of E/”?. By induction on r, we construct

a nested family of subobjects of EF*?:
_RPA ... pPAd c RPA ... 7P 7P .. 7P _ P
0=BL9C...CBlCBPIC...czPiczlC...c 709 = E!

such that EF*? = BP9 /BP9 TIntroduce

(o] (o]
pP.q _ pP.q pP.q _ pP.q
BP: _UBr and ZP _ﬂzr ,

r=a r=a

and define EZ2'? = B29/B%:?. In a bounded spectral sequence, both the union and
the intersection are finite so B2? = BY*? and ZE'? = ZP*? for large r. Thus we
recover the earlier definition of EZ? = EP*? for large r.

Definition F.3 A cohomology spectral sequence is said to be bounded below if for
each n, the terms of total degree n vanish for large p. A left half-plane cohomology
spectral sequence is bounded below but not bounded.

Bounded below spectral sequences have good convergence properties: they are
regular, that is, for each p and g the differentials d”"? leaving EF*? are zero for
large r. A spectral sequence is regular if and only if for each p and g, Z57 = ZP1
for large r.

Definition F.4 We say that a regular spectral sequence converges to H® if we are
given objects H" in .27, each having a filtration

.. C FPHH" C FPH" C FPT'H" C ... C H"

together with isomorphisms E2Y = FPHP*4|FP*IHP*4 for all p,q, such that
H"=JFPH", YFPH" =0and H" = liLn(H"/FPH”) for each n.
p P
Note that the inverse limit condition is always satisfied in a bounded below spectral
sequence.
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F.2 Spectral sequences of a filtration

A filtration F on a cochain complex C is an ordered family of cochain subcomplexes
.- CFPYIC C FPC C FP™IC C ---. Call the filtration exhaustive if C = | J FPC.

Theorem F.1 A filtration F of a cochain complex C naturally determines a spectral
sequence starting with Ej*9 = FPCP*4 [FP¥ICP*4 and EP*Y = HP* (E}™®).

Werefer to [281, §5.4.6] for the construction of the spectral sequence of Theorem F.1.

If for each n there are integers s < ¢ such that F*C" = 0 and F'C" = C,, then
there are only finitely many nonzero terms of total degree n in EG" so that the
spectral sequence is bounded. Call such a filtration bounded.

It is called a bounded below filtration (resp. bounded above filtration) if for each
n there is an integer s such that FSC" = 0 (resp. F'C" = C™). The bounded above
condition insures that the filtration is exhaustive. The bounded below filtration gives
rise to bounded below spectral sequences.

A filtration on a cochain complex C induces a filtration on the cohomology of C:
define FP H"(C) to be the image of the map H" (FPC) — H"(C).

Theorem F.2 Let C be a filtered cochain complexe which naturally determines a
spectral sequence.

(i)  Suppose that the filtration on C is bounded. Then the spectral sequence is
bounded and converges to H*(C):

EP? = gPY(FPC[FP*'C) = HP*(C).

(i) Suppose that the filtration on C is bounded below and exhaustive. Then the
spectral sequence is bounded below and converges to H*(C).

F.3 Spectral sequences of a double complex

A double complexe in < is a family {CP>?} of objects in o7, together with maps
dp: CP9 — CP™4 and d,: CP9 — CP*!

such that d, odp, = d, od, =0and d, o d, = dj od,. It is useful to picture the
bicomplex C** as a lattice:
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dy d,

dn Cp,q+] dn Cp+],q+l dn
dy dy

dp, P dp cr+la dp,
dV dV

If C** is a double complex, we may filter Tot(C) by the columns of C:

P4 if p<n,
(F*Tor(Cyyra = 1 €77 TP
0 if p > n,

where Tot(C)* is the total complex Tot(C)" = € CP-4 with differential d =
p+q=n
dy, +d,,. Since d,,(CP-?) C CP*1-4 4+ CP-9*! note that d": Tot(C)" — Tot(C)™!.
The column filtration results in a spectral sequence {E;?} with E["? = CP-4
related to the cohomology of Tot(C). The maps d° are just the vertical differential
d, of C, so
E{”q = HI(CP*,d,),

as it is represented in Figure F.2. Namely, the figure shows the column filtration for
a bounded double complex in the second quadrant.

The maps d': H1(CP-*,d,) — H(CP*-*,d,) are induced on cohomology
from the horizontal differentials dj, of C. Then we have

Ezp’q = Hp (Hq(cp’.’ d\))7 dh)'

So, if the filtration on C is bounded, then the convergent spectral sequence
Theorem F.2 (i) implies that

EY? = HP(HI(CP*,dy), dy) = HP(Tot(C)).

Example F.2 In the situation of the proof of Theorem 7.1 in Chapter 7, we construct a
certain double complex CP-4 with CP*4 = Qif p < O or p > d for some d € Zq, and
CP4 = (0if ¢ > 0 or ¢ < —d. The spectral sequence corresponding to the column
filtration satisfies E5°? = 0 if ¢ # 0, and collapses at r = 2. Hence H*(Tot(C),d) =
H*(H°(CP-*,d,),dy).
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_Q

AN
0 0 0 0 0
0 0 0 0 0
nepiq I 1dv I I I
\\ éky
0--- —--=> 0
dy
0--- —--=> 0
i
d, d d, d
0 - RN o 0
=
0--- y 3 —--=> 0
(A
AY
B S S S S SR
i i i (N i
I I I [N
I I I I N
0 0 0 0 0

Fig. F.2 Bounded filtration on a double complex (C?-4 = 0 outside the shaded region). The points
located on the blue lines are in F? Tot(C) for p = 2.

F.4 Koszul complex, Chevalley—Eilenberg complex and de Rham
complex

In this section, we recall succinctly the construction of several standard complexes
used in the book, especially for the spectral sequence arguments. We refer to [227,
281, 82] for more details.

F.4.1 Koszul complex

Let R be aring, x1,...,x, € R and let Re; be a free R-module of rank one with a
specified basis e; for eachi = 1, ..., n. Consider the chain complex K, (x;)

0 — Re; SR —0
defined by Ko(x;) = R, K1(x;) = Re;, K,,(x;) =0if p # 0,1 and d(e;) = x;. Then
Hy(Ke(x;)) = R/x;R and H|(K.(x;)) = Ann(x;). We define the complex Koszul
Keo(x1,...,x,) to be the tensor product chain complex

Ko(x1) ®r Ko(x2) ®r -+ - ®r Ko(x1).

For M an R-module, set
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Kos
H % (x1, -+ os X0, M) = Hg (K (x1,. .., x0) ® M),

where we view M as a complex with M, = 0if p # 0 and My = M. The p-degree
part of K¢(x1,...,x,) is a free R-module generated by the symbols

e Ao he, =1® - ®e;, @ ®e, @ ®1 (ij <+ <ip).

In particular K, (x1, . .., Xp) is isomorphic to the p-th exterior product AP R" of R".
The differential K (x1, ..., x,) — Kp-1(x1,...,x,) sends e; A---Ae;, to

P
Z(_l)k+1xikeil JARERIVAY éik JARERIVAY e,
k=1

(where é;, indicates that the term e;, is omitted).
For example, K, (x, y) is the complex

O—>R—>R2—>R—>O,

where K>(x,y) = R has basis ex A ey, Ki(x,y) = R? has basis {ex, ey}, and
Ko(x,y) = R has basis {1}. The differential d»: K>(x,y) — Kj(x,y) is given by
ex A ey — xey, —ye, while dq: Ki(x,y) — Ko(x,y) sends e, to x and ey, to y.

Recall ([227]) thatxy, . . ., x, is an M -regular sequence if the following conditions
are satisfied:

(1) foreachi=1,...,n, x; is not a zero-divisor in M /(xy,...,x;_1)M,
2) M # (xq,...,x,)M.

If x = x1,...,x, is an R-regular sequence, and if M is a flat R-module, that is,
M ®pg — is an exact functor, then x is an M-regular sequence.

Theorem F.3 Let R be a ring, M an R-module and x = xy,...,x, an M-regular
sequence on R. Then we have

M/(x1,....,x,)M ifp=0,

HKOS ,M —
p & M) {0 ifp > 0.

F.4.2 Chevalley-Eilenberg complex

In this paragraph, g is a finite-dimensional complex Lie algebra. We recall here the
construction of the Chevalley—Eilenberg chain complex used to define the cohomol-
ogy Hy, (8, M) for M a g-module, that we shall simply denote by H*(g, M).
SetV,(g) = Ug®c /\P g, where Ug s the enveloping algebra of g and A\ ” g the p-th
exterior product of g. The space V,(g) is free as a left Ug-module. Define £: Vy(g) =
Ug — Cto be the augmentation map (the unique C-algebra homomorphism sending
g C Ugtozero),andd: Vi(g) = Ug®g — Vy(g) to be the product map d(u®x) = ux
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whose image is the augmentation ideal of Ug (the kernel of &) so that we have an
exact sequence

Vi(g) - Vo(g) = C — 0.
Forp > 2,letd: V,(g) — V,-1(g) be given by

d(u®x1/\---/\xp):91+«92,

where for u € Ug and x; € g,

)4
0, = Z(—l)”luxi QXI A AXi A AXp,
i=1

A

92=Z(—1)i+fu®[x,-,xj] AXIA- = ARiA-- AR A= AXp
i<j

(where £; indicates that the term x; is omitted). For example, for p = 2, we have
du®xAy)=ux®y—-uy®x—u® [x,y].

The complex V, (g) with this differential is called the Chevalley—FEilenberg complex.
It is indeed a chain complex since d* = 0.

The following result is a consequence of the fact that V,(g) — C is a projective
resolution (see [281, §2.2]) of the g-module C ([281, Theorem 7.7.2]).

Theorem F.4 If M is a right §-module, then the homology modules Ho(g, M) are
the homology of the chain complex

M ®yg Ve(8) = M ®ug Ug®c \*g =M ®c N\*g.

If M is a left g-module, then the cohomology modules H® (g, M) are the cohomology
of the cochain complex

Homg(V(g), M) = Homg(Ug ®c A*g, M) = Homc(A*g, M).

In this complex, an n-cochain f: \'g¢ — M is an alternating multilinear fonction
f(x1,...,x,) of nvariables in g, taking values in M. The coboundary 6 f of such
an n-cochain is the (n + 1)-cochain

n

Sf 1y xne) = (DM G fis X))
i=1
+ Z(_l)l+]f([xl’xj]7xla . "xAh cee 5xAj, e »xn+1)~

i<j

Note that H'(g, M) = H;(g,M) = 0 for all i > n since A\'g = 0 for i > n, if
n=dimg.
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F.4.3 de Rham cohomology

Let R be a commutative C-algebra. The set of Kdhler differentials of R over C is the
R-module Qg defined by the generators dr, for r € R with de = 0 if @ € C, and the
relations

d(r0+r1)=d(r0)+d(r1) and d(rorl)zrod(r1)+d(r0)r1.

We have Derc(R, M) = Homg(Qg, M) for every right R-module M, where
Derc(R, M) is the space of all C-derivations from R to M, that is, the C-linear
maps 0: R — M such that 6(rory) = rod(r1) +r16(ro). For n € Zso, write Q} for
the n-th exterior product A\"Qpg. Then the exterior algebra of Kdihler differentials is

QR =ROQR®QU @ .

Note that Q% =R, Qlle = Qg and Qj, is the free graded commutative R-algebra
generated by Qg.
The de Rham differential d: Qf — Qﬁ” is characterized by the formula

d(rodri A~ Ndrp) =droANdriy A--- ANdr,  (r;i € R).

We leave it to the reader to check that d is well-defined and that d> = 0. Thus we have
a cochain complex (Q%, d) called the de Rham complex. The cohomology modules
HYp(R) = H®*(Q%, d) are called the (algebraic) de Rham cohomology of R. The
motivation naturally comes from the usual de Rham cohomology for manifolds in
differential geometry.

The above definitions hold for any field k£ in place of C. For connected Lie
groups (with k& = R), we have a relation between the Lie algebra cochains (see
Appendix F.4.2) and the differentials forms according to Cartan’s theorem ([156,
§2.3.5]):

H3e(G) = H*(g,R) = (\"9").

For our purpose, we consider the algebraic case. Let G be a linear algebraic group
with Lie algebra g. By [88, Theorem 10.1], [163, Lemma 5.1] and [155], we have
that

H*(3.C[G]) = H}(G).

Remark F.1 We have the following particular cases.

(i) If G is connected, then by [157, §7.1], H’(g,C[G]) = H),(G) = C.

(i) If G is unipotent, then it is isomorphic to an affine space, and so by [157, §7.1],
C ifi=0,

H'(s.CIG]) = {o ifi>0.

(iii) If G is semisimple, then by [281, Theorem 7.8.9], H' (g, C[G]) = O for all i.






Hints for the exercises

2.5 Use the proof of Theorem 2.4.

2.8 Notice that the locality axiom is automatically satisfied by the OPE: cf. Propo-
sition 2.1, (i) = (ii).

2.10
(ii) Apply (i) to the image of V by the linear map V — # (V), a — Y(a, 2).

3.2 Apply the “Frobenius reciprocity”, which asserts that

Homg (U(8) ®q(rjeck Ck> V¥(8)) = Homg[,jeck (Cr, VF(g)).

4.3

(i) Describe FPViry, where A € Z, using the PBW Theorem.

(i1) Just use (1).

(iii) Remember that by Remark 4.3, one can go one step further, and then compute
o1(LyL), oo(L(1)L) using the commuting relations.

5.5 Note that the maximal submodule of L;(g) is generated by the singular vector
(e9t™1)?|0) to show that Ry = Zhu(grf'V), and use Example 5.1.

7.4

(i) Introduce the set Y of y € f + g° such that [y, [e,g]] N g° # 0, and use the
C*-contracting action p to show that ¥ must be empty.

(ii) Remember that the symplectic form on T¢(Q) was described in Example B.1
and observe that the annihilator of Tz () = ¢° in g is (g°)* = [e, g].

(iii) Notice that Part (i) of Theorem B.1 is known by Theorem 7.2. Part (ii) follows
from previous questions.

8.3 Use grg U(g, f) = C[SZ;] and note that C[%] is simple as a Poisson algebra
since . is symplectic.

9.1
(1) Remember that Q is odd and, hence, observe that Q%O) = % [Q(0), Q0] Then use

329
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Borcherds identities.
(ii) Show that ker Q (o) is a vertex subalgebra of V, and that im Q (¢, is a vertex ideal
of it.

9.5 Use Corollary 13.1.

9.6

(i) The main point is the locality axiom.

(ii) Observe that Q = (e(_1)|0) +[0)) ® e’go) |0) and then compute Q(z)Q = 0.
(iv) Use the action of the Virasoro given by (iii).

12.3

(i) Kostant’s Separation Theorem [206, Th. 0.2 and 0.11] says that § = ZH, where
Z = C[Q] is the center of the symmetric algebra S of slp, and H is the space
of invariant harmonic polynomials which decomposes, as an sl,-module, as H =
D ez, Vi with my = 1 for all 4. Therefore, §*1¢ = P, ZV3*¢. To conclude,
observe that, v being a singular vector, it has a fixed weight and, hence, a fixed
degree.

(ii) Note that from (i), Qe € VT and, so, Q sl, € VI, whence Q € v/T;. But in s,
the nilpotent cone is precisely the zero locus of Q.

124

(i) Just use the commuting relations in V=3/2(sl3).

(ii) Observe that the image 7 of the maximal proper maximal ideal of V=3/2(sl3) is
generated by the vector v as an (ad slz)-module, where

1
V=3 (h1—hy)eiz+eipers

is the image of v in Ry 24,y = Clhj,ex;i=1,2,k # []. Verify that

_ 1
(adesp)(ades 1)V = —erpen + €1 33,1 + 3 (2h1 + o) hy,
_ 1
(ades1)(adesn)V = —ex3e32 + €1 331 + 3 (h1+2hy) hy,

and deduce from this that the intersection Xy, ,,(s1;) N D is zero. For the last part,
resume the arguments of the proof of Proposition 12.1.

(iii) Verify that e » + €2 3 is not in XL_3/2(513)'

(iv) Observe that X;,_,,(s1;) cannot be reduced to zero.
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