CHAPTER 3

Local Theory: Chiral Basics

Anzebpaucmul 06614H0 ONPEJEATIOM 2PYNNBL KAK MHONCECTNEA
C ONEPaAYUAMU, YOOBAEMEODIVULUMY OAURHOMY PAOY MPYOHO-
3anoMUHGEMNT akcuom. Tlowamy makxoe onpedenenue, wa Mol
832090, HEBOZMONCHO.

Yaen-xoppecnondenm AH CCCP B. U. Aproavo,
“Mamemamura ¢ 4en08EYECKUM AULOM”,
Ipupoda, N3, 1988, 117-118.1

3.1. Chiral operations

From now on we assume that X is a smooth curve.

We define chiral operations between D-modules on X in 3.1.1. The action of the
tensor category M(X)' on M(X)" is defined in 3.1.3. The operad P"(w) of chiral
operations acting on wx identifies canonically with the Lie operad (see 3.1.5). This
fact is (the de Rham version of) a theorem of F. Cohen [C]; an alternative proof is
given in 3.1.6-3.1.9. In 3.1.16 we mention that chiral operations can also be defined
in the setting of (g, K)-modules with dimg/¢ = 1 (and, in fact, for O-modules
on any c-stack of c-rank 1; see 2.9), and (g, K)-structures provide pseudo-tensor
functors between the (g, K)-modules and D-modules.

3.1.1. For a finite non-empty set I put U := {(x;) € X! : a;, # x;, for
every iy # iz}. So U is the complement to the diagonal divisor if [I| > 2. Denote
by ;@ : UD — X! the open embedding. We write U™ for U{1-m})

Let L;, i € I, and M be (right) D-modules on X. Set

(3.1.1.1) PP({Li}, M) i= Homag e (170" (L), A M),

The elements of this vector space are called chiral I-operations. They have the
local nature with respect to the étale topology of X. As usual, we write P" for

P{C{L ) the elements of PQCh are called chiral pairings.

REMARK. Let F; ,G be quasi-coherent Ox-modules. By 2.1.8 (see, in par-
ticular, Example (iii) there) we have Pf"({Fip}, Gp) = Diff(j,g)j(l)*(ﬁFi),A.G);
elements of this vector space are called chiral polydifferential operators.

T “Algebraists define a group as a set equipped with operations, subject to a long series
of axioms which are difficult to remember. Understanding such a definition is, in my opinion,
impossible.” V. I. Arnold, Corresponding Member of the Academy of Sciences of the USSR,
“Mathematics with a Human Face”, Priroda, No. 3, 1988, 117-118.
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158 3. LOCAL THEORY: CHIRAL BASICS

3.1.2. Our Pf" are left exact k-polylinear functors on M(X). Let us define
the composition of chiral operations. Let 7:J — I be a surjective map of finite
non-empty sets, {K;} a J-family of D y-modules. The composition map

(3.1.2.1) Pi*({Li}, M) @ (@1 P§"({K;}, L)) — P§"({K;}, M)
sends ¢ ® (®1;) to p(1;) defined as the composition

- - * A7) ()% (Ji) 2 (J;)* Neps . (7) +(m)* i
G R EG) = 5 (R, (500 )y, K)) s 5750 (2,400 L)

(" (e)

— AM D0 g, ) 2O AMAD = A g

Here j(™: U™ = {(x;) € X7 : x;, # x;, if 7(j1) # 7(ja)} — X7; for the rest of
the notation see 2.2.3.

The composition is associative, so the P define on M(X) an abelian pseudo-
tensor structure on M(X). We call it the chiral structure and denote it by M(X)°".
The pseudo-tensor categories M(U)", U € Xy, form a sheaf of pseudo-tensor
categories M (X )" on the étale topology of X.

The de Rham functor h (see 2.1.6) is an augmentation functor on M(Xg )"
(see 1.2.5).1 The structure map

(3.1.2.2) hriy: PrM({Li}, M) @ h(Li,) — P 1y ({Li}, M)

sends ¢ ® f;,, where ¢ € Pf"({L;}, M), ¢;, € L;,, to the chiral I \ {io}-operation
av— Triyo(a® ;) (cf. 2.2.7). Here, as in 2.2.7, Try,: pr;ﬁio.Ag)M NNV
is the trace map for the projection prr;,: X! — XI>{io} Compatibilities (i) and
(ii) in 1.2.5 are immediate.

3.1.3. The action of the tensor category M(X)' on M(X) extends naturally
to an action of M(X)' on M(X)°" (see 1.1.6(v)). The corresponding morphisms
P({M;},N) — P"({M;® A;}, N®(®A;)) send a chiral operation ¢ to ¢ ®idga,;
we use the identification (Ag)N) ® (K4;) = AL (N ® (®A;)) of (2.1.3.2).

3.1.4. Consider the operad P"(wx) (see 1.1.6) of chiral operations on wy, so
Pt (wy) = Hom(j"jDwB Awy). Set Ay o= (K[1])®7[-|1]] = (det(k"))[|1]);
this is a line of degree 0 on which Aut/ acts by the sgn character. One has a
canonical, hence Aut I-equivariant, isomorphism

(3.1.4.1) ep: W§I®A1 S wyxr, (®y)@ (e, A Aei,) = pry Vg N NPT Vg

here v; € wx, {i1,...,in} is an ordering of I, and {e;} is the standard base of k’.
Equivalently, e7[|1]] : (wx[1])® = wxr[|I]] is the compatibility of Grothendieck’s
dualizing complexes with products (see 2.2.2).

(I
x ]

If |I| = 2, then the residue morphism Res: j; ' jD*wyr — Ail)wx yields a

canonical map 77: A\ — Pf*(wx).
3.1.5. THEOREM. There is a unique isomorphism of operads
K Lie = P (wy)
which coincides with ry for |I| = 2.

LContrary to the * situation, in the chiral setting & is highly degenerate.
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Proof. Let C(w) x1 be the Cousin complex for w1 [|I]] = (wx[1])®! with respect

to the diagonal stratification. It equals @ AgI/T)jiT)j(T)*(wX[l])gT as a mere
TeQ(I)

graded module; here Q(I) is the set of quotients I — T (see 1.3.1), and AU/T) is the
diagonal embedding X7 < X!. The non-zero components of the differential are
AV (Resy) for XT' € XT, |T'| = |T| — 1, where Resyr : 17 j0* (wx [1)®7 —
ASKT/T/)jiTI)j(T/)*(wX[l])XT/ is the residue morphism. The complex C7 is a resolu-
tion of (wx[1])®’.

The existence of k is easy: the map rr : A\; — Pf(wx), |I| = 2, is Aut I-
equivariant, so it defines a skew-symmetric operation [ | € Ps"(wx), and we have
only to check that the operation o := [[1,2],3] + [[2,3]1] + [[3,1],2] € P§"(wx) is
zero. This is true since a equals the square of the differential in C(w)xs. The
uniqueness of k is clear. We will show that  is bijective in 3.1.8-3.1.9 after a
necessary digression of 3.1.6-3.1.7.

3.1.6. Let M be a D yr-module. We say that a finite increasing filtration W.
on M is special if for every [ the successive quotient gerM is a finite sum of copies
of AYDyyr for T € Q(I,—1). Such a filtration is unique if it exists. We call M
a special D yr-module if it admits a special filtration. Let M(X71)? ¢ M(X') be
the full subcategory of special D-modules. It is closed under finite direct sums and
subquotients, so it is an abelian category. Any morphism in M(X7)*? is strictly
compatible with W.; i.e., gr'V is an exact functor.

Denote by M(XT)Z the full subcategory of special modules with W,, = 0.

3.1.7. LEMMA. j£1)j(1)*wxz 1s a special D xr-module.

Proof of Lemma. We want to show that C’(w))_(‘,ﬂ is special. By induction
by |I| we can assume that C(w);(‘,[lJr1 € M(Xl)ipfm. Thus such is the image of
d: C(w);(‘,” — C(w);(lll‘ﬂ. Therefore C(w);,[| is an extension of a special module
with vanishing W_ 7| by wxr, and hence it is special; g.e.d. O

3.1.8. So for any T' € Q(I) the D x:-module AiI/T)jiT)j(T)*wXT is special.
In fact, this is an injective object of M(X?)*P. This follows from the exactness of
the functor P +— P/W_jp_1 P since AgI/T)jg)j(T)*wXT is obviously an injective
object of the subcategory M(XI)‘;P_‘T‘_T In particular, AV wy is an injective
object of M(XT)sP.

Suppose that |[I| > 1, so Hom(sz,AiI)wX) = 0. Since C(w)x is a resolution
of wxr[I] in M(XT)*P, the complex Cf := Hom(C(w)Xz,Ag)wX) is acyclic.

As a mere graded module C; equals Te%([) P& (wx) ® Ar[—|T]. The non-zero

components of the differential are P& (wx) ® Ap/[—|T'|] — P (wx) @ Ar[—|T]
for T" € Q(T), |T| = |T’| + 1. In terms of the operad structure it is the insertion
of k([ ay,as € P{Cf;hw}(wx); here o; € T are the elements such that 7" is the
quotient of T' modulo the relation a; = as.

3.1.9. Now we can finish the proof of 3.1.5. The surjectivity of the top differ-
ential in the complexes C; means that for n > 2 every operation in P (wx) is a
sum of (n — 1)-operations composed with binary operations. Therefore P"(wy) is
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generated by Ps"(wx). Acyclicity of C7 implies that all the relations in our operad
come from the Jacobi relation for [ ] € P§"(wx). O

3.1.10. REMARKS. (i) For S,T € Q(I) let Lieg 7 be the vector space ® Lies,
T

if § > T and 0 otherwise. Let us define a canonical isomorphism

1/8) (S) .(S)x ~ /T -
(3.1.10.1) (I, ngVZ(Ag/ )]i )J(S) W89 = TGSB(SZ) A )w§T®LzeS/T.

First notice that both parts are supported on X c X', so (applying AU/S)!
and replacing S by I) we may assume that S = I. The case of the top quotient
Il = 1 is just the isomorphism x; of 3.1.5. Assume that [ > 1. It suffices to
define «(I,I); = a(l); over the complement to diagonals of dimension < I. Its
T-component ()7 is determined by the restriction to a neighbourhood of X7 .

There jil)j(l)*w§l coincides with %jy‘)j(h)*wgh, and o) := ?a([t)l.

(ii) Let us describe M(X1)*? explicitly. Its irreducible objects are A% T)w;g;T,
T € Q(I). The object Jp := A&I/T)jﬁT)j(T)*w?éT is an injective envelope of
AT BT 2 Tgomorphism (3.1.10.1) yields a natural identification Hom(Jg,I7) =
Lieg/p. The composition of morphisms corresponds to (a tensor product) of com-
positions of Lie operations.

So let Q(I) be the k-category whose objects are elements of Q(I) and morphisms
Homg 1) (S, T) = Lieg/r; the composition of morphisms is the tensor product of
compositions of Lie operations. We have defined a fully faithful embedding Q(I) —
M(XT)sP, T+ Ip. A Q(I)-module is a k-linear functor Q(I) — (finite-dimensional
vector spaces); Q(I)-modules form an abelian category V(I). There is an obvious
functor M(X71)*? — V(I)° which sends a D-module M to the Q(I)-module T
Hom (M, Jr). This functor is an equivalence of categories.

3.1.11. REMARKS. We assume that &k = C.

(i) For any special D xr-module P one has H' DR, (P) = H' DR,y (gr]" P); this
sheaf is isomorphic to a direct sum of constant sheaves supported on X°, |S| = —1.
Here DR,, denotes the analytic de Rham complex (used in the Riemann-Hilbert
correspondence). If [ = —1, then H' DR, (P) is the constant sheaf on the diagonal
X C X! with fiber V* where V := Hom(P,ASf)wX).

(ii) The filtration W. on jil)wUu) coincides with the weight filtration on the
mixed Hodge module j£I)C(|I|)U(1) [11]]-

(iii) By 3.1.4, one has Pf'(wx) = Hom(jil)wUu),AS})wX) ® Ar. So remark
(i) above implies that Pf"(wx) ® A; = H|j—1(Y7,C) where Y7 is the configuration
space of I-tuples of different points on C = R2. Up to homotopy the Y;’s are the
spaces of the “small disc” operad. The composition law in the operad P (wx)
coincides with the one on the homology operad of this topological operad. So 3.1.5
amounts to Cohen’s theorem [C].

3.1.12. For M € M(X) we define the unit operation ep; € Ps"({wx, M}, M)
as the composition j,j*wx MM — (j.j*wx X M)/wx "M =5 A, M where the last
arrow comes from the canonical isomorphism wy ®' M = M.

AU/T) BT

2Indeed, JIr is injective by 3.1.8; it contains and is indecomposable.
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3.1.13. LEMMA. (i) For M;, N € M(X) there is a canonical isomorphism®

(3'1713'1) PICh({Mi}vN)I = Plgh({wX’Mi}vN)a (‘Pi) = Z‘/’i(EMwidMﬂ)i'#i'
el

(ii) Chiral operations satisfy the Leibnitz rule with respect to the unit operations:
for ¢ € PE({M;},N) one has eno = Y @(en,, idnr,, )irzi € PI?h({wX,Mi},N).
icl
_ Proof. (i) Let A? : XT XT be the ith diagonal section of the projection
XT — XT. The images of the A%’s are disjoint over U"), so one has a short exact

sequence
(3.1.13.1)

0 — wx 850 ®@M;) — D0y & (®M;) — @ AL 0 ® M — 0.

Here we use the standard identifications j,j*wx XM M; /wx B M; = A, (wx @' M;) =
A, M;. Since Hom(wy B ;" j0* (@), AVN) = 0, (3.2.4.1) yields a canonical
isomorphism Pf"({M;}, N)! = P¢"({wx, M;}, N). One checks in a moment that
it coincides with the map in (3.1.13.1).

(ii) Let ¢ be a local coordinate on X, tg, t; the corresponding local coordinates

on XI. Fori e I set vi := tji"tv. For any m € j7(0* & M; one has enp(vt-m) =
Ai(p(m)) = @(en,idar, )izi(vi - m) € AYN and o(enr,,,idar, )irgir = 0 for
i" #i. Now use (i). O

3.1.14. VARIANTS. (i) Let L be any Lie* algebra, M;,N € M(X,L). A
chiral operation ¢ € PR ({M;}, N) is L-compatible if it satisfies the Leibnitz rule
with respect to the L-actions. Explicitly, we demand that the composition -y¢ €
Hom(L X jil)j(f)* X M;, AiI)N) equals the sum of I operations ¢(-ar,, idns,, )ir i,
i € I.* This amounts to the fact that ¢ satisfies the Leibnitz rule with respect to
the h(L)-action on our D-modules. We denote the set of such operations by Pgh;
they define on M(X, L) a pseudo-tensor structure M(X, L)<".

(ii) Let R’ be a commutative D x-algebra and M;, N are R‘[Dx]-modules.
Consider the D yi-algebra R, Then jil)j(”* X M; and AiI)N are R®™!_modules
in the obvious way.> We say that a chiral operation ¢ : jiI)j(I)* X M; — AVN s
RC-polylinear if it is a morphism of R®/-modules.

R‘polylinear chiral operations are closed under composition, so they define a
pseudo-tensor structure on M (X, R’), which we denote by M(X, R¢)".

According to 3.1.3, the functor M — M ® R’ extends naturally to a pseudo-
tensor functor M(X)" — M(X, R*)". More generally, for any morphism of com-
mutative D y-algebras R — F* the base change functor N — N ® F* extends

Rt
naturally to a pseudo-tensor functor M(X, Rf)" — M(X, F*)ch.
The above constructions make evident sense in the DG super setting.

3Here [ := I~ (see 1.2.1).

4Here ‘M;, *N are the * actions of L.

5The R*™®!_module structure on AiI)N comes from the R!®!-module structure on N (de-
fined by the product morphism of algebras R‘®! — Rf) and the fact that AE‘I) sends R‘®! =
AW RBI_modules to R -modules (to define the module structure use (2.1.3.2) for i = AU,
L=R®I M =N).
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EXERCISES. (i) Suppose L is a Lie* algebra which is a vector D x-bundle, so
L° is a Lie' coalgebra (see 2.5.7). Let C(L) be the Chevalley DG D x-algebra; for
an L-module M we have a DG C(L)-module C(L, M) (see 1.4.10). Show that the
functor C(L,-) : M(X,L) — M(X,C(L)) extends naturally to a faithful pseudo-
tensor functor C(L,-) : M(X, L)°" — M(X, €(L))".

(ii) Extend the above constructions to the setting of modules over a Lie* R-
algebroid (see 2.5.16).

3.1.15. The category Mo (X) of quasi-coherent O x-modules carries a natural
M(X)h-action (see 1.2.11). The vector space of operations PIf?h({Mi, F}, G), where
F, G are (quasi-coherent) Ox-modules and M;, ¢ € I, are D x-modules, is defined

as P ({M;, F},G) == Hompzigo (7770 (RM;) R F), AP G). Here AV G =
(A.(I)G) ® (DRI X Ox). The composition of these operations with usual chiral
0

xI
operations between D-modules and morphisms of O-modules (as needed in 1.2.11)
is clear.
Consider the induction functor Me(X) — M(X), F +— Fp (see 2.1.8). One
has an obvious natural map PIEh({Mi, F},G) — P}fh({Mi, Fp},Gop). On the other
hand, if P,@Q are D-modules, then there is an obvious map P;h({MZ-,P},Q) —

PIS"({MZ-7 Po},Qe), where Py, Qo are P,Q considered as O-modules.
Therefore both induction and restriction functors Mg (X) &= M(X) are com-
patible with the M (X )“"-actions. Here the M(X)*" acts on M(X) in the standard

way; see 1.2.12(i).

3.1.16. The setting of Harish-Chandra modules. Let us mention briefly
that chiral operations are also defined for O-modules on any c-stack of c-rank 1
(see 2.9.10). We will not define it in full generality, but we will just consider the
case of the category of (g, K)-modules (see 2.9.7; we use notation from loc. cit.)
with dimg/¢ = 1. For I € § define the diagonal divisor in G!/G as the union of
preimages of K by all maps G' /G — G, (g;) — gilggl. Let £ be the localization
of F with respect to the equations of the diagonal divisor; this is a G!-equivariant
FD_module. Now for M;, N € M(G) we set

(3.1.16.1) P{M({M;},N) := Hom((®M;) ® FD, ADN) @ A,

where the morphisms are taken in the category of G'-equivariant F'')-modules.
The composition of chiral operations is defined similarly to the D-module situation.
Theorem 3.1.5 remains valid in this context: one has P"(k) = Lie. For a (g, K)-
structure Y on X (see 2.9.8) the corresponding functor M(g, K) — M(X), V
V) extends naturally to a pseudo-tensor functor

(3.1.16.2) M(g, K)°" — M(X)°".

Its definition is similar to the definition of the * pseudo-tensor extension (see 2.9.8),
and we skip it.

For example, for g = k the category of g-modules = that of k[0]-modules,
carries a natural chiral pseudo-tensor structure, and we have a natural pseudo-
tensor functor from it to M(A!) (see Exercise in 2.9.8). The functor (3.1.16.2) for
the Gelfand-Kazhdan structure is a pseudo-tensor equivalence between the chiral
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pseudo-tensor category of Autk[t]-modules and that of universal D-modules on
curves (with chiral operations defined in the obvious way); see 2.9.9.

3.2. Relation to “classical” operations

In this section we explain why “classical” operations from 2.2 (or, more pre-
cisely, the corresponding ¢ operations as defined in 1.4.27) can be considered as
“symbols”, or “classical limits”, of chiral operations. The key reason is Cohen’s
theorem (see 3.1.5).

3.2.1. The obvious morphism XL; — jg)j(”* X L; yields a map

(3.2.1.1) Br: Pf"({Li}, M) — P;({L;}, M).

It is clear that the (3’s are compatible with the composition of operations, so we
have a pseudo-tensor functor

(3.2.1.2) B: M(X)h — M(X)*

which extends the identity functor on M(X). It is compatible with the augmenta-
tions, so ( is an augmented pseudo-tensor functor.

REMARK. The above pseudo-tensor functor commutes the action of M(X)' on
M(X)" and M(X)* (see 2.2.9 and 3.1.3).

3.2.2. Consider the tensor category M(X)' and the pseudo-tensor category
M(X)'®Lie (see 1.1.10). So M(X)'®Lie coincides with M(X) as a usual category,
and the corresponding operations are Py~({L;}, M) := Hom(®'L;, M) ® Lier
where Lie is the Lie algebras operad.

There is a canonical faithful pseudo-tensor functor

(3.2.2.1) a: M(X)' @ Lie — M(X)"

which extends the identity functor on M(X). Namely, the map

(3.2.2.2) ay: Hom(®'L;, M) ® Lier < Pf"({L;}, M)

sends p RV € Hom(®!Li, M) ® Liey to a chiral operation equal to the composition
D0 ®L,) = (®LY @ 008 5 (®LY) 9 Alwy = AV (®'L) — AP M.

Here the first arrow is x(v) (see 3.1.5) tensored by the identity morphism of XL,

the second one is Ail) (¢), and the equalities are standard canonical isomorphisms.
We leave it to the reader to check injectivity of a; (notice that the canonical map
jiI)j(I)*w?éI — A,(kl)wx ® Lie} coming from & is surjective) and the compatibility

of the a;’s with the composition of operations.

3.2.3. REMARK. The composition Gra; : P}Me — P} vanishes for |I| > 2.
The sequence 0 — Py**® — P§" — Pj is exact. Notice that P} — Py~ ¢ —

o] ]

The above pseudo-tensor functors «, 3 are parts of the following general picture:
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3.2.4. Notice that j,EI) i(D*RL; = ( '(I)j(l)* N ®(KLY). So the special filtra-
tion W. on ]( )j(l) BI (see 3.1.6 and 3.1.7) yields a finite filtration on j,£ ) m*@L

which we denote albo by W.. The canonical identifications gr™;{"; (I)*

AiI/T)w?éT ® Lieg p of (3.1.10.1) yield the canonical surjections
TeQ(L,l)

(3.2.4.1) @ A(I/T)( X (®L ) ® Liey,) — gr” j(I)_](I)* X L,
TeQ(I,l) teT I,
which are isomorphisms if the L; are O x-flat.
The above filtration yields a canonical filtration on k-modules of the chiral
operations:

(3.24.2) P"({L;}, M)" := Hom(j{"jD* ® L, /W,y 15" i ® L, A M),
The morphisms (3.2.4.1) yield the canonical embeddings

(3.2.4.3) gr" PE({L;}, M) — ®  Pr({®Y L}, M) ® Lierr
TeQ(I,|I|—n)

which are isomorphisms if the L; are projective D x-modules.

Notice that the maps «, 8 from 3.2.1 and 3.2.2 occur as “boundary” morphisms
of (3.2.4.3). Namely, the morphism (3.2.4.3) for n = |I| — 1 is always an isomor-
phism. Its inverse (composed with the embedding grm_leh = Pfhm*l — Peh)
coincides with a;y of (3.2.2.2). Simlarly, 8r of (3.2.1.1) is the morphism (3.2.4.3) for
n = 0 composed with the projection Pfh — Pgh/pPehl = gr0peh,

3.2.5. The above filtration is compatible with the composition of chiral opera-
tions. Namely, for J — I and a J-family of D x-modules K; the composition maps
the tensor product P"({L;}, M)" @ (® P$"({K;}, Li)™) to PS"({K;}, M)ntEmi,

T

Therefore we can define a new pseudo-tensor structure on M with operations
P .= gr P, this is the classical limit of the chiral structure. We can rewrite
(3.2.4.3) as a canonical embedding P& ({L;}, M) — P¢({L;}, M) (recall that ¢ op-
erations were defined in 1.4.27 using the compound pseudo-tensor structure M*!)
which is an isomorphism if the L, are projective Dx-modules. It follows from the
definitions that this embedding is compatible with the composition of operations.
So we defined a canonical fully faithful embedding of pseudo-tensor categories

(3.2.5.1) M(X) — M(X)°
which extends the identity functor on M.

3.2.6. The above constructions remain valid in the setting of (g, K)-modules
(see 3.1.16) and pseudo-tensor functors defined by (g, K)-structures are compatible
with them.

3.3. Chiral algebras and modules

In this section we define the basic objects to play with following the “Lie al-
gebra style” approach (see 0.8). We begin with non-unital chiral algebras which
are simply Lie algebras in the pseudo-tensor category M(X)". The standard func-
tors relating chiral operations with ! and * operations provide the canonical Lie*
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bracket on every chiral algebra and identify commutative D x-algebras with com-
mutative chiral algebras (see 3.3.1-3.3.2). Unital chiral algebras (or simply chiral
algebras) are considered in 3.3.3. We pass then to modules over chiral algebras and
operations between them in 3.3.4-3.3.5, define an induction functor from Lie* mod-
ules to chiral modules in 3.3.6 (for a more general procedure see 3.7.15), consider
various commutativity properties for chiral modules and their sections in 3.3.7—
3.3.8, identify modules over commutative D x-algebras with central modules over
the corresponding commutative chiral algebras in 3.3.9, consider families of chiral
algebras in 3.3.10, explain why coisson algebras are “classic limits” of chiral alge-
bras in 3.3.11, consider the filtered setting in 3.3.12, and homotopy chiral algebras
in 3.3.13. Chiral algebras in the setting of (g, K)-modules are mentioned in 3.3.14.

Chiral operations between modules over a chiral algebra (see 3.3.4) are closely
related to the notion of fusion product of A-modules (cf. [KL] and [HL1]); due to
the lack of our understanding, the latter subject will not be discussed in the book.

Below, we deal either with plain D x-modules or tacitly assume to be in the
DG super setting.

3.3.1. For a k-operad B a B°" algebra on X is a B algebra in the pseudo-tensor
category M(X)". The category B(M(X)") of B algebras will also be denoted
by B¢"(X). The canonical pseudo-tensor functors «, 8 from 3.2 yield the functors
between the categories of B algebras

: B
(3.3.1.1) BOM(X)' @ Lie)—22 B (X)L B*(X).

Our prime objects of interest are Lie" algebras. According to 1.1.10, one has

Lie(M(X)!' @ Lie) = Com'(X) := Com(M(X)"), so we can rewrite (3.3.1.1) as

Lie Lie

(3.3.1.2) Com! (X) -2 Lieh (X)L Lie* (X).

Note that 3% is a faithful functor, and o*%* is a fully faithful embedding
(since « is a faithful pseudo-tensor functor).

3.3.2. For a Lie“" algebra A we denote by u = pa € Psh({A, A}, A) the
commutator and by [ | =[ ], € Py ({4, A}, A) the * Lie bracket 5(u). We usually
call p the chiral product.

Consider the sheaf of Lie algebras h(A) := h(3~%(A)) (see 2.5.3). It acts on
the D-module A (the adjoint action) by derivations of 14 (see the end of 1.2.18).

A Lie®® algebra A is said to be commutativeif [ ], = 0. Denote by Liec" (X) C
Lie™(X) the full subcategory of commutative Lie®” algebras. Tt follows from 3.2.3
that a**¢(Com' (X)) = Lie" (X); i.e., we have the equivalence of categories

(3.3.2.1) e Com!(X) = Liech

com

(X).

3.3.3. Let A be a Lie®” algebra. A unit in A is a morphism of D-modules
1 = 14: wxy — A (ie., 1 is a horizontal section of A) such that u4(1,ida) €
P§'({wx, A}, A) is the unit operation €4 (see 3.1.12). A unit in A is unique if it
exists.

A Lie®" algebra with unit is called a unital Lie" algebra or simply a chiral
algebra. We will also refer to Lie®” algebras as chiral algebras without unit, or
non-unital chiral algebras. Let CA(X) C Lie®"(X) be the subcategory of chiral



166 3. LOCAL THEORY: CHIRAL BASICS

algebras and morphisms preserving units; the category Lie®”(X) will also be de-
noted by CA,,(X). One has an obvious “adding of unit” functor® €A,,(X) —
CA(X), B~ B :=B®uwx, left adjoint to the embedding CA(X) — CA,.,(X).
In particular, we have the unit chiral algebra w = wx; for a chiral algebra A
the structure morphism of chiral algebras 14 : w — A is called the unit morphism.
An ideal I C A means Lie®" ideal; for an ideal I the quotient A/I is a chiral
algebra in the evident way.
Chiral algebras form a sheaf of categories CA(X¢;) on the étale topology of X.

For a chiral algebra A we denote the corresponding Lie* algebra 5%*¢(A) by
Alie 5o AL is A considered as a Lie* algebra with bracket [ | ,.

For a Lie* algebra L an L-action on A is a Lie* action of L on the D-module A
such that p 4 is L-compatible (see 3.1.14(i)).” E.g., we have the adjoint A%%-action
on A.

Let CA(X)com C CA(X) be the full subcategory of commutative chiral algebras.
The above equivalence (3.3.2.1) identifies the corresponding subcategories of unital
algebras, so we have a canonical equivalence (see 2.3.1 for notation)

(3.3.3.1) Comup (X) = Comu' (X) = CA(X)com.

Every chiral algebra A admits the maximal commutative quotient (which is the
quotient of A modulo the ideal generated by the image of [ | ).

EXERCISE. Suppose A is generated as a chiral algebra by a set of sections {a;}
that mutually commute (i.e., pa(a; ®a;) = 0). Then A is commutative.

3.3.4. For a chiral algebra A an A-module (or chiral A-module) always means
a unital A-module, i.e., a Lie” algebra A-module M such that pn(14,idy) €
Ps"({wx, M}, M) is the unit operation e, (see 3.1.12); here pps € PS"({A, M}, M)
is the A-action on M. We denote the category of A-modules by M(X, A).

REMARK. Lie® algebra A-modules are referred to as non-unital (chiral) A-
modules. They make sense for any non-unital chiral algebra A and coincide with
AT-modules.

By 1.2.18, M(X, A) carries an abelian augmented pseudo-tensor structure; we
denote it by M(X, A)*. For M;, N € M(X, A) the corresponding vector space of
chiral A-operations is denoted by P ({M;}, N) C Pfh({M;}, N). The augmenta-
tion functor on M(X, A)" is M +— hA(M) := h(M)"A).

EXERCISE. A chiral operation ¢ € Pf*({M;}, N) belongs to P$({M,}, N)
if and only if it satisfies the following condition: For every m € XM;, a € A,
and ¢ € I there exists n = n(a,m,i) > 0 such that pn(ida,p)(fa ®m) =
@(par,, {idar, Yirzi)(fa ®m) for every function f on X x X! which vanishes of
order > n at every diagonal x = x4, ¢ # 4, and may have poles at any other
diagonal.

EXAMPLE. For the unit chiral algebra w the forgetful functor M(X,w) —
M(X) is an equivalence of augmented pseudo-tensor categories (see 3.1.13(ii)).

6The Jacobi identity for Bt follows from 3.1.13(ii).
"The unit is automatically fixed by any L-action (as well as any horizontal section of AZ),
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REMARKS. (i) If N is a left Dx-module, M a chiral A-module, then N ® M is
a chiral A-module. The tensor category M(X) acts on M(X, A)" (see 1.1.6(v)).

(ii) A-modules localize in the obvious manner, so we have a sheaf of augmented
pseudo-tensor categories M(X¢;, A)°".

(iii) Let a : P — A be a sub-D-module which generates A as a chiral algebra.
Then for M;, N as above an operation ¢ € P¢"({M;}, N) is a chiral A-operation if
and only if the operations uy(a, ), Y @(idn, ., par, (a,idy,)) € P;h({P, M;}, N)

i€l
coincide. ©

3.3.5. REMARKS. (i) An A-module structure on a D-module M amounts to a
structure of a chiral algebra on A@® M such that A — A@ M and A® M — A are
morphisms of chiral algebras and the restriction of the chiral product to M x M
vanishes.

(ii) Due to 3.1.15 and 1.2.13, the notion of an A-module structure (= A-action)
makes sense not only for D x-modules, but also for O x-modules. The correspond-
ing category of unital A-modules is denoted by Mo (X, A). The induction and
restriction yield adjoint faithful functors

(3.3.5.1) Mo (X, A) = M(X, A).

EXERCISE. An object of M(X, A) is the same as an O-module M equipped
with an A-action and a right D-module structure such that the A-action on M¥ is
horizontal.

3.3.6. Any A-module is automatically (via the functor 8) an AL*-module.
The functor

(3.3.6.1) Ba: M(X, A) — M(X, %)

extends to a pseudo-tensor functor 34 = % M(X, A)" — M(X, ALie)eh. So for
any A-module M the Lie algebra h(A) acts canonically on M (considered as a plain
D-module), and chiral A-operations satisfy the Leibnitz rule with respect to this
action.

PROPOSITION. The functor B4 admits a left adjoint Indy : M(X, AF¢) —
M(X, A) which extends to a left pseudo-tensor adjoint Inds =Ind* of 3.

Proof. An explicit construction of Indy N for an AX**-module N takes 2 steps:

(a) First we construct a triple (J, a, 1) where J is an AX*-module, o : N — J
a morphism of AF*-modules, and yu € P§"({A,J},J) a chiral pairing compatible
with A%*¢_actions such that the corresponding * pairing equals the A***-action on
J. Our (J,, p) is a universal triple with these properties.

Notice that [A%"S, N*"$] where A" C A, N*"S C N are the Ox-torsion
submodules, is an AX*®-submodule of N. Denote by N the quotient module. The
Ale_action map AKN? — A, NV kills all sections supported at the diagonal, so the
push-forward of the exact sequence AKN? — j,j*(AKNY) - A,LA®Q NY — 0 by
the above action map is well defined. Let T(N) be its pull-back to the diagonal; it is
an extension of A@ NV by NV. By construction, one has a morphism o : N — I(N)
and a chiral operation p € P§"({A, N}, I(N)). It is easy to see that I(N) admits a
unique structure of the A“**-module such that i and p are compatible with AX%-
actions. The * operation that corresponds to y is & composed with the AL*-action
map.
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Iterating this construction, we get a sequence of morphisms I"(N) — I"T1(N)
of Al*-modules, I°(N) = N. Our J is its inductive limit. The above a and pu
define a : N — J(N) and p € P§"({A,J(N)},I(N)). This (J,,p) is the promised
universal triple.

(b) The operation p usually does not satisfy the properties of an A-action.
However J admits a maximal quotient on which p defines a structure of the unital
A-module. This is Ind4 V.

We leave it to the reader to check the adjunction property: for every NN, €
M(X, A¥e), M € M(X, A) the maps Py ({IndaN;}, M) — Ph.. ,({N;}, M), ¢ —
o({in,}), are isomorphisms. O

REMARK. For any A-module M and its A¥**-submodule N the image I of the
chiral operation (uar)|n € P§"({A, N}, M) is an A-submodule of M; in particular,
in the notation of the lemma above, Ind4 N is a quotient of (V) already. This can

be seen from the following trick. Let Fy C Fy C jis)j@)*oxs be the subalgebras of
functions having poles at the diagonals 1 = x5 and 1 = 2, T3 = x3, respectively.
Since every function on the diagonal x5 = x3 with pole at 1 = x5 is a restriction
of some function from Fj, we see that the image of (ur)|; € Ps"({A, I}, M), i.e.,
the image of uar(ida, (uar)|y) € P§"({A, A, N}, M), coincides already with the
was(ida, par)-image of the Fy-submodule generated by AK AKX N in jig)j(f’)*(A X
AKX N). By the Jacobi identity and the condition on N, the latter image equals 1.

3.3.7. Let M be an A-module and m € I'(X, M) a section.

We say that a € A kills m if pp(fa ®m) € A.M vanishes for every f €
JxJ*Oxxx. Such a form a subsheaf Ann(m) C A called the annihilator of m.

The centralizer Cent(m) of m consists of sections @ € A that commute with
m, i.e., pp(a®m) = 0. This is a chiral subalgebra of A. We say that m is an
A-central section of M if Cent(m) = A.

Both Ann(m) and Cent(m) have étale local nature.

EXERCISES. (i) If the D-submodule of M generated by m is lisse, then m is
A-central (see 2.2.4(ii)). In particular, every horizontal section of M is A-central.

(ii) The map ¢ ~— ¢(1) identifies Homy(x,4)(A, M) with the vector space of
all horizontal sections of M*.3

(iii) The maximal constant D x-submodule of A (see 2.1.12) is a commutative
chiral subalgebra of A which centralizes every A-module.

(iv) If Ann(m) is a quasi-coherent O x-module, then it is automatically an ideal
in A.Y The quasi-coherence always holds if M is Ox-flat (since the flatness implies

8Let m be a horizontal section of M*. By (i), uas(-,m) vanishes on A Mwy, so it yields a
morphism of D-modules ¢y, : A — M. The Jacobi identity (restricted to sections of j,€3) i(3)* AR
A X M which have no pole at the diagonal z1 = x3) shows that ¢, is a morphism of A-modules.
One checks immediately that m +— @, is the inverse map to that of (ii).

9Sketch of a proof (cf. Remark in 3.3.6). Fix some n > 0. Notice that every function on
the diagonal 1 = z2 in X X X X X with possible pole at the diagonal X is the restriction of a
function on X x X x X with possible pole at x2 = z3 and zero of order > n at x1 = z3. Now take
any a € A and b € Ann(m). We want to show that the pa-image P of j. Oy - a Xb C j.j*AK A
lies in Ann(m). The above remark implies that the D-module generated by pa(j«Ouy - P Xm)
coincides with the D-module generated by the pps(pa,idps)-images of all elements f-aXbXm
where the function f can have arbitrary poles at the diagonals 1 = x2 and x2 = z3 and zero of
order > n at 1 = x3. Choose n such that pps(a Km) € A, M is killed by the nth power of the
equation of the diagonal, and apply the Jacobi identity.



3.3. CHIRAL ALGEBRAS AND MODULES 169

that a section of A belongs to Ann(m) iff its restriction to some Zariski open is). If
m # 0 vanishes on a Zariski open subset, then Ann(m) is not O x-quasi-coherent.

The annihilator Ann(M) = Ann(A, M) of M is the subsheaf of A whose sec-
tions over an affine open U are those a that kill every section m of M over U.
Similarly, the centralizer Cent(M) = Cent(A, M) of M is the subsheaf of A whose
sections over U as above are those a that commute with every m. Both these sub-
sheaves are Ox-submodules of A. If we know that Ann(M) (resp. Cent(M)) is a
quasi-coherent O x-module, then it is an ideal (resp. a chiral subalgebra) in A. This
always happens if M is O x-flat.

EXERCISE. If {m,} are A-generators of M, then Ann(M) = [ Ann(my).

We say that M is central (or the A-action on M is central) if Cent(M) = A,
or, equivalently, if every m € M is A-central.

The centralizer of A (considered as an A-module) is called the center of A;
we denote it by Z(A). If Z(A) is Ox-quasi-coherent (see above), then this is a
commutative subalgebra of A.

We denote by M(X, A)sh . M(X, A)°" the full pseudo-tensor subcategory of
central modules. The subcategory M(X, A)cen: € M(X, A) is closed under direct
sums and subquotients. Any A-module M has maximal central sub- and quotient
modules which we denote, respectively, by M<" and M,.,;. Notice that M_.,; is
the quotient of M modulo the A-submodule generated by the image of the * action
of A% on M. So the functor M — M., is compatible with the étale localization.

Every chiral algebra A admits the maximal commutative quotient algbera Ao, .
As an A-module it equals the maximal central A-module quotient of A.

3.3.8. LEMMA. The obvious functor M(X, Acom )., — M(X, A)k . is an
equivalence of pseudo-tensor categories.

Proof. Let us prove that the action of A on any central A-module M factors
through Acom. Let a,a’ € A and m € M be any sections, and f(x,z2,23) any
function on X x X x X which may have poles at the diagonal x1 = z3 and is regular
elsewhere. We want to show that the operation iy (pa,idy) € PSH({A, A, M}, M)
vanishes on f - a; X as X m, which is clear by the Jacobi identity. O

3.3.9. Let R be a commutative chiral algebra, so R’ is a commutative D x-
algebra. The functor « identifies Rf-actions on a D x-module M with central chiral
R-actions. One gets a canonical equivalence of categories

(3391) M(X, Rg) l) M(X, R)cent~

We leave it to the reader to check that a chiral operation ¢ between R‘[Dx]-
modules is R’-polylinear (see 3.1.14(ii)) if and only if it satisfies the Leibnitz rule
with respect to the chiral actions of R on these modules. So we have a canonical
equivalence of pseudo-tensor categories
(3.3.9.2) M(X, RY)" = M(X, R)"

cent*

REMARK. The pseudo-tensor category M(X, R*)°", and hence the category of
non-unital chiral R-algebras, makes sense for a non-unital commutative D x-algebra
R’ (use 3.1.3).
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3.3.10. Everything said in this section remains valid if we replace M(X)<"
by M(X, RY)". We leave it to the reader to check that (3.3.9.2) identifies chiral
algebras in M(X, RY) with pairs (4, 4) where A is a chiral algebra on X andi: R —
A is a morphism of chiral algebras such that A is a central R-module; we call such
a pair (A, i) a chiral R-algebra. Denote the corresponding category by CA(X, RY).
An A-module in M (X, RY)" is the same as an A-module M such that the R-action
on M (via the structure morphism ) is central; such objects are called R-central
A-modules or A-modules on Spec RE.

EXAMPLE. Let A be a chiral algebra and L a Lie* algebra that acts on A (see
3.3.3). Suppose that L is a vector D x-bundle, so we have the Chevalley topological
DG Dx-algebra C(L) = lim €(L)/C=%(L) (see 1.4.10). Then, by Exercise (i) in 3.1.
14, (L, A) is a topological DG chiral C(L)-algebra. It is a C(L)-deformation of
A = @(L,A)/C=Y(L, A). If A is commutative, then C(L, A) is commutative, and
the above construction coincides with the one from 1.4.10.

Recall that R‘[Dx]-modules have the local nature with respect to the étale
topology of Spec R’ (see 2.3.5). R‘-polylinear chiral operations also have the local
nature. So for every algebraic Dx-space Y we have the pseudo-tensor category
M(Y)h of Oy[Dx]-modules (see 2.3.5), the category CA(Y) of chiral Oy-algebras
on Y, and for A € CA(Y) the pseudo-tensor category M (Y, A)" of A-modules on
Y, as well as the corresponding sheaves of categories on Ygt.

For example, if Y is constant, i.e., Y = X x Y with a “trivial” connection, then
Oy[Dx]-modules are the same as Y-families of D-modules on X. A chiral algebra
A on Y is the same as Y-families of chiral algebras on X. We also call A a chiral
Oy -algebra on X.

By 3.1.14(ii), the above objects behave naturally with respect to morphisms of
Ys or Rs: for any morphism of commutative D x-algebras RY — F¢ we have a
base change functor CA(X, R) — CA(X, F%), A+ A}% F* etc.

3.3.11. Let us explain why coisson algebras are “classical limits” of chiral
algebras.

Let A; be a one-parameter flat family of chiral algebras; i.e., A; is a chiral
k[t]-algebra which is flat as a k[t]-module (see 3.3.10). Assume that A := A;—¢ :=
At /tA; is a commutative chiral algebra. This means that the * bracket [ ]; on Ay is
divisible by h. Thus { }; := ¢~ ]; is a Lie* bracket on A;; the corresponding Lie*
algebra acts on the chiral algebra A; (see 3.3.3) by the adjoint action. Reducing
this picture modulo ¢, we see (as in 3.3.3) that A’ is a commutative D y-algebra,
and { } :={ }:+—o a coisson bracket on it.

One calls A; the quantization of the coisson algebra (A¢ { }) with respect to
the parameter t.

REMARK. The above construction is also a direct consequence of 3.2.5 and
1.4.28. Notice the difference between the usual quantization picture and the chiral
quantization. The former exploits the fact that the operad Ass is a deformation
of the operad Pois (see 1.1.8(ii)), while the tensor structure on the category of
vector spaces remains fixed. The latter deals with the fixed operad Lie, and the
pseudo-tensor structure on M(X) is being deformed as in 3.2.

As in the usual Poisson setting, one can consider quantizations mod t"*1, n > 0,
of a given coisson algebra (A, { }). Namely, these are triples (A", { }() «a) where
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A™) is a chiral k[t]/t"*'-algebra flat as a k[t]/t"t'-module, { }(") a k[t]/t"1-
bilinear Lie* bracket on A™) such that t{ } equals the Lie* bracket for the chiral
algebra structure, and o : A™ /tA™) = A an isomorphism of chiral algebras which
sends { }(™modt to { }.

Quantizations mod t"*! form a groupoid. For n > 1 the reduction mod " of
a quantization mod t"*! is a quantization mod t". A compatible sequence of such
quantizations A AM) /=1 A = A(=1) s a formal quantization of (A,{ }).

3.3.12. Let A be a not necessarily unital chiral algebra. A filtration on A is
an increasing sequence of D-submodules Ag C A; C --- C A such that [J4;, = A
and p(j.j*Ai ¥ A;) C AyA;4;. Then gr A is a Lie“" algebra in the obvious way.

If A is unital, then, unless it is stated explicitly otherwise, we assume that our
filtration is wnital; ie., 14 € Ag. Then gr.A is a chiral algebra. The filtration
is commutative if gr.A is a commutative chiral algebra. Then gr.A¢ is a coisson
algebra: the coisson bracket { } € Py ({gr;A,grjA}, A;1j—1) comes from the Lie*
bracket on A.

Consider the Rees algebra A; := @©A;. This is a chiral k[t]-algebral® which is
k[t]-flat. One has A;—; = A, Ay—o = gr A. If our filtration is commutative, then
we are in the situation of 3.3.11, and the above coisson bracket equals the one from
3.3.11.

3.3.13. We denote by HoCA(X) the homotopy category of chiral algebras,
defined as the localization of the category of DG super chiral algebras with respect
to quasi-isomorphisms.'* One can consider the non-unital setting as well. We will
not exploit HoCA(X) to any length.

Notice that the category of DG chiral algebras is not a closed model category
(e.g., since the coproduct of chiral algebras usually does not exist).

The next remarks show the level of our understanding of HoCA(X):

REMARKS. (i) For any homotopy Lie operad Lie™ (i.e., a DG operad equipped
with a quasi-isomorphism Lie” — Lie) one has the corresponding category of Lie”
algebras in M(X)°*. We do not know if the corresponding homotopy category is
equivalent to the homotopy category of (non-unital) chiral algebras. In particular,
we do not know if chiral DG algebras satisfy the “homotopy descent” property. If
the answer is negative, then, probably, the right homotopy theory should be based
on different objects.

(ii) A morphism of DG chiral algebras ¢ : A — B yields an evident exact DG
functor between the DG categories of chiral DG modules M(X, B) — M(X, A).
Suppose that ¢ is a quasi-isomorphism. We do not know if the corresponding
functor of the derived categories DM(X,B) — DM(X,A) is an equivalence of
categories.

3.3.14. The above definitions have immediate counterparts in the setting of
(g, K)-modules (see 3.1.16). The functors (3.1.16.2) transform chiral algebras to
chiral algebras. In particular, a chiral algebra in the category of Aut k[t]-modules

10The chiral product on A; is compatible with the grading and comes from the chiral product
on A; multiplication by ¢ is the sum of embeddings A; — A;y1.

1o see that HoCA(X) is well defined (no set-theoretic difficulties occur), one shows that
any diagram representing a morphism A — B in HoCA(X) can be replaced by a subdiagram all
of whose terms (but the last one, B) have cardinality less than or equal to that of A.
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amounts to a universal chiral algebra, i.e., a chiral algebra in the category of uni-
versal D-modules on curves; see 2.9.9.

3.4. Factorization

In this section we give another definition of chiral algebras in terms of O-
modules on the space R(X) of finite non-empty subsets of X which satisfy a certain
factorization property for the disjoint union of subsets.

Ran’s space R(X) was, in fact, introduced by Borsuk and Ulam [BU]J; Ziv Ran
[R1], [R2] was, probably, first to consider it in algebraic geometry. Remarkably
enough, it is contractible. This result (in fact, a stronger one) is due to Curtis
and Nhu (see Lemmas 3.3 and 3.6 from [CN]); simple-connectedness of R(X)s was
established by Bott [Bo] who showed that R(S'); = S3. We give a simple algebraic
proof in 3.4.1(iv); a similar proof was found indepently by Jacob Mostovoy.

We begin in 3.4.1 with a review of the basic topological properties of R(X).
In 3.4.2-3.4.3 we play with O- and D-modules on R(X). Notice that R(X) is not
an algebraic variety but merely an ind-scheme in a broad sense, which brings some
(essentially notational) complications. Factorization algebras are defined in 3.4.4;
equivalent definitions are considered in 3.4.5 and 3.4.6. In 3.4.7 we show that,
in fact, every factorization algebra is a D-module in a canonical way. We define a
functor from the category of factorization algebras to that of chiral algebras in 3.4.8.
The theorem in 3.4.9 says that it is an equivalence of categories. In the course of
the proof (see 3.4.10-3.4.12) some constructions that will be used later in Chapter
4 are introduced. First we realize M(X)*" as a full pseudo-tensor subcategory in
a certain abelian tensor category (of a non-local nature) and the same for M(X)*
(see 3.4.10). This permits us to define the Chevalley-Cousin complex of a chiral
algebra; the theorem in 3.4.9 amounts to its acyclicity property (see 3.4.12). Having
at hand the identification of chiral and factorization algebras, we consider “free”
chiral algebras in 3.4.14 (in the setting of vertex algebras this construction was
studied in [Ro]), define the tensor product of chiral algebras in 3.4.15, play with
chiral Hopf algebras in 3.4.16, explain in 3.4.17 what are twists of chiral algebras,
describe chiral modules and chiral operations between them in factorization terms
(see 3.4.18-3.4.19), and give a “multijet” geometric construction of the factorization
algebra that corresponds to a commutative chiral algebra (see 3.4.22).

3.4.1. A topological digression. This subsection plays an important yet
purely motivational role.

Let X be a topological space. Its ezponential Exp(X) is the set of all its finite
subsets; for S C X the corresponding point of Exp(X) is denoted by [S]. For any
finite index set I we have an obvious map r; : X! — Exp(X). We equip Exp(X)
with the strongest topology such that all maps r; are continuous.!? Thus Exzp(X)
is the disjoint union of the base point [)] and the subspace R(X) called Ran’s space
associated to X.

For [S] € R(X) let R(X);g) C R(X) be the subspace whose points are finite
subsets of X that contain S. If X is connected, then so are R(X) and R(X)(g).

Here are some properties of Exp and R:

2 Therefore two points [S],[S'] € Exp(X) are close iff S lies in a small neighborhood of S’
and vice versa.
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(i) The subspaces Exp(X),, that consists of [S] with |S| < n form an increasing
filtration on Exp(X); the projection 1, : X™ — Exp(X),, is an open map. The same
is true for Exp replaced by R. One has R(X)g =0, R(X); = X, R(X)2 = Sym?X.
For any n the stratum R(X)? := R(X),, \ R(X),—1 is equal to the complement to
the diagonals in Sym”™X; this is the space of configurations of n points in X.

(ii) For any surjection J — I we have the corresponding diagonal embedding
AV o xT 5 X7 One has ryAU/D = and Exp(X) is the inductive limit of
the topological spaces X! with respect to all diagonal embeddings. The same is
true for R(X) (add the condition I # ().

(iil) Exp(X) is a commutative monoid with respect to the operation [S]o[S’] :=
[S U S’]; the unit element is [@]. The map Exp(X;) X Exp(X2) — Exp(X; U Xo),
([S1],[S2]) ¥ [S1] o [S2] = [S1 U S2], is a homeomorphism.

It is clear that R(X) is a subsemigroup of Exp(X), as well as each subspace
R(X)is)» [S] € R(X). Notice that [S] is a unit element in [R(X)(g).

(iv) PROPOSITION. Suppose that X is linearly connected. Then all the homo-
topy groups of R(X) and R(X)g) vanish. So if X is a CW complex, then R(X)
and R(X)[s) are contractible.

Proof. Since R(X) and R(X)[g) are linearly connected, the proposition follows
from (iii) above and the next lemma:

LEMMA. Let R be a linearly connected topological space which admits an asso-
ciative and commutative product o : R x R — R such that for any v € R one has
vowv =wv. Then all the homotopy groups of R vanish.

Proof of Lemma. Suppose for a moment that o has a neutral element e € R
(which happens if R = R(X)(s)). Then R is an H-space. The space of all continuous
maps v : (S% ) — (R, e) carries a natural product o coming from the product on R.
Passing to the homotopy classes of the «’s, we get a product on 7;(R,e). It is well
known that this product coincides with the usual product on the homotopy group.
Since for any « one has v oy = v, we see that m;(R, e) is trivial; q.e.d.

If we do not assume the existence of a neutral element, the above argument
should be modified as follows. Below we write the usual group law on the homotopy
groups m;, ¢ > 1, multiplicatively.

Let v € R be any base point. Consider the maps

(3.4.1.1) RLRxR SR

where § is the diagonal embedding; one has o§ = idx. For vy € m;(R(X), v) one has
5(7) =i1(7) -i2(y) € m(R X R, (v,v)) where i1,i3 : R — R x R are the embeddings
r+— (r,v), (v,7). Therefore v = o§(y) = (vo~)?. We see that vy =1 if voy = 1.
Notice that v o v oy = v 07, so, replacing v in the previous formula by v o v, we
get voy = (voy)% Thusvo~vy=1,s0 v =1, and we are done. O

(v) A factorization algebra is a sheaf B of vector spaces on Exp(X) together
with natural identifications Bs,] ® Bg,] = Bis,]o[s,) defined for disjoint Sy, Sa,
which are associative and commutative in the obvious manner. Denote by Bx the
restriction of B to X C Eap(X). The restriction of B to Exp(X)$ equals to the
restriction of Sym’(Bx) to Sym? X\ (diagonals). A morphism between factorization
algebras is completely determined by its restriction to the Bx’s, so one can consider
B as a sheaf Bx on X equipped with a certain factorization structure. It has the

X-local nature, so one can speak of factorization algebras on X.
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3.4.2. O-modules and left D-modules on R(X). We want to play with
factorization algebras in the algebro-geometric setting of quasi-coherent sheaves.
From now on X is our curve. Notice that the R(X); are not algebraic varieties for
1> 3:

EXERCISE. Let f be a germ of a holomorphic function on R(X)s at a point
r € X = R(X); C R(X)3; i.e., fis a germ of a holomorphic function on X3 at
(z,z,x) which is symmetric and satisfies the relation f(y,z,2) = f(y,y,2). Then
the restriction of f to X is constant.

Nevertheless, we will consider O- and D-modules on R(X); they will be intro-
duced directly using 3.4.1(ii).

An O-module on R(X), or an Ox(x)-module, is a rule F' that assigns to every
finite non-empty I a quasi-coherent O yr-module Fx: and to every 7 : J — I an
identification

(3.4.2.1) v = 0 = U AR S Py

compatible with the composition of the n’s. We demand that the F'yr have no
non-zero local sections supported at the diagonal divisor.

Ox(x)-modules form a k-category Mo (R(X)). This category is exact in the
sense of [Q3].13 Tt is also a tensor k-category in the obvious way. The unit object
is Ox(x) (:= the O-module with components Oxr).

Replacing O-modules in the above definition by left D-modules, we get the
notion of the left D-module on R(X). These objects form an exact tensor k-category
MY(R(X)) with unit object Ox(x).

3.4.3. Let F' be an Og(x)-module. Fix some J € §;let £: V — X7 be the
complement to the diagonal strata of codimension > 2.

LEMMA. (i) The Ox.-module Fxs is flat along every diagonal X' — X7 i.e.,
Tor;(Fxs,0x1) =0 fori>0.

(ii) The morphism Fxs — £.0*Fxs is an isomorphism.*

Proof. (i) Our statement amounts to the claim that for every 7 : J — I the pro-
jection LA™*Fy; — A(M*Fy; is an isomorphism. Let #(™) : LAM*Fy; — Fy:
be its composition with the structure isomorphism (™. Our #(™’s are compatible
with the composition of the 7’s, so (since every diagonal embedding is a composi-
tion of diagonal embeddings of codimension 1) it suffices to treat the codimension
1 case. Here our statement amounts to the property that Fys has no sections
supported on X', and we are done.

(ii) We know that our map is injective. For every diagonal X! C X7 of codi-
mension > 2 one has Ext!(Oxr, Fxs) = 0 by (i) (indeed, Ext/ (O x1, Fx.) is locally
isomorphic to ‘J'orm,|1|,j((‘)xr,FXJ)15). This implies the surjectivity of our map.
Namely, take the smallest m such that C' := Coker(Fxs — £,£*Fx.) vanishes out-
side of diagonals of dimension < m. Then for a diagonal X I'« X7 of dimension m
our C' is non-zero on X'~ (diagonals); hence Hom(Oxr,C) # 0. The latter sheaf
equals Ext'(Ox1, Fxs), and we are done. O

I3 A short sequence is exact if and only if all the corresponding sequences of Oxn-modules
are exact. Probably, Mg (R(X)) is not an abelian category.

MHere £, is the naive sheaf-theoretic direct image (no higher derived functors are considered).

15Compute them using a Koszul resolution of Oxr.
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EXERCISE. F is flat (as an object of the exact tensor category Mg (R(X))) if
and only if every F'xr is a flat O xr-module.

We say that a complex of Og(x)-modules is homotopically flat if each of the
complexes of O xr-modules is homotopically Ox-flat (see 2.1.1).

3.4.4. Factorization algebras. For 7w : J — I let jI//11 . U/ < X7 be
the complement to all the diagonals that are transversal to A(/D . XT — X7,
Therefore one has UV/1l = {(z;) € X7 : zj, # x;, if 7(j1) # 7(j2)}-

Let B be an O-module on R(X). A factorization structure on B is a rule that
assigns to every J — I an isomorphism of O s/n-modules

(3.4.4.1) L/ j["/”*(gBXJi) SaNy /ALY I

We demand that the ¢’s are mutually compatible: for K — J the isomorphism
¢k ) coincides with the composition ¢ 11(Xc(k, 5,1)- And c should be compatible
with v: for every J — J' — I one has V(J/J/)A(J/J/)*(C[J/I]) = c[J//I](ﬁu(‘]i/J;)).

Notice that c[y, ;) identifies §*Bys with j(‘])*B?éJ, so we have a canonical
embedding

(3.4.4.2) By s 87§ BRI

O-modules on R(X) equipped with the factorization structure form a tensor
category in the obvious manner. This category is not additive.

As follows from (3.4.4.2), the functor B — By is faithful. Therefore we can
consider an O-module B on R(X) equipped with a factorization structure as an O-
module Bx on X equipped with a certain structure which we also call a factorization
structure. Notice that the factorization structure has the X-local nature, so O-
modules with the factorization structure form a sheaf of tensor categories on the
étale topology of X.

In the above discussion one may replace O-modules everywhere by left D-
modules. It also renders to the super or DG super setting in the obvious way.

REMARKS. (i) If an Og(x)-module B admits a factorization structure, then B is
flat if (and only if) Bx is a flat O x-module.' Similarly, if we play with complexes
of O-modules, then B is homotopically flat if (and only if) Bx is homotopically
O x-flat.

(ii) Let ¢ : B — B’ be a morphism of DG Og(x)-modules equipped with a
factorization structure such that px : Bx — B is a quasi-isomorphism. Then
every pxr1 : Bxr — B'; is a quasi-isomorphism.

DEFINITION. Let B be an O-module equipped with a factorization structure.
We say that the factorization structure is unital or B is a factorization algebra if
there exists a global section 1 = 1p of Bx such that for every f € Bx one has
1K f € Bx> C j.j*B%? and A*(1X f) = f.

Notice that such a section 1 is uniquely defined; it is called the unit of B.

16 Assume that By is flat. We want to show that every Bxn is flat. It amounts to the
vanishing of Torso(Bxn,K) where Spec K is the generic point of any irreducible subscheme of
X™. Using induction by n and 3.4.3(i) we can assume that Spec K C U™, Now B y is flat by
factorization, and we are done.

Un
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Factorization algebras form a tensor category (we demand that the morphisms
preserve units) denoted by FA(X). They are objects of the X-local nature, so we
have a sheaf of categories FA(Xg;) on the étale topology of X.

The unit object of our tensor category is the “trivial” factorization algebra
0. For any B € FA(X) there is a unique morphism O — B. Therefore for a
collection B, of factorization algebras and B := ® B,, one has canonical morphisms
Vo : By — B (defined as tensor product of idg, and the canonical morphisms
O — By, o # a).

REMARK. In the category FA(X) infinite tensor products are well defined.'”
Namely, if B, is any collection of factorization algebras then ®B,, is the inductive

limit of ® B, where S runs the set of finite subsets of indices a. Here for S C S’
a€esS

the corresponding arrow ® By, — ® By is @by — (®by) @ ( @  10).
a€es aes’ a’eS'\S

3.4.5. Factorization algebras can be viewed from a slightly different perspec-
tive. Consider the category § of all finite sets and arbitrary maps. For any
morphism 7 : J — I in $ we have the corresponding map A(™ : XTI — X7,
(zi) — (Zx(j)). We also have the open subset jI™ : U™ := {(2;) € X7 : 2, #
xj, if 7(j1) # 7(j2)} — X7. We write AV/D .= A etc.

Suppose we have a rule B which assigns to every I € $ a quasi-coherent O -
module By, and to every 7 : J — I a morphism of O yr-modules

(3.4.5.1) v A By — Bys
and an isomorphism of O x-modules

(3.4.5.2) RE j[ﬂ*(g Bys) = il By,

We demand that our datum satisfies the following properties:

(a) v(™) are compatible with the composition of 7’s;

(b) for 7 surjective v(™) is an isomorphism;

(C) for K — J — I one has ClK/J) = C[K/[](&C[Ki/Ji])|U[K/J];

(d) for J — J' — I one has U(J/JI)A(J/JI)*(C[J/[]) = c[J//I](&z/(Ji/Ji/));

(e) the Bxr have no non-zero local sections supported at the diagonal divisor;

(f) the vector space Bxo is non-zero.

Notice that ¢ yields an isomorphism of the vector spaces Byo ® Byo — Byao.
This map is a commutative and associative product on Byoe. This implies that
dim Byo = 1,'® so one has a canonical identification of algebras Byo = k.

LEMMA. The above objects are the same as factorization algebras.

Proof. Any B as above is automatically an O-module on R(X) equipped with
a factorization structure. The section 1p of Bx is the image of 1 by the morphism
v:Bxo®0x — Bx.

Conversely, suppose we have a factorization algebra B. We set Byxos = k and
recover the v(™ as the unique system of morphisms compatible with the composition
of the 7’s such that for 7 surjective v(™) is the structure isomorphism from 3.4.2, and

17Just as in the usual category of unital associative algebras.
18Proof. Since the product map for By is injective and is commutative, we see that for any

a,b€ Byp onehas a®b=b®a € B?%, and we are done by (e).
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for 7 injective our v(™ : AD*By; = BysRO 1< — Bxris bXf — (bR f12>7),
Here ¢ is the factorization isomorphism (3.4.4.1); to see that the latter section
belongs to Bx: (see (3.4.4.2)), use (ii) of the lemma in 3.4.3 and the definition of
the unit in B (see 3.4.4).

The two constructions are clearly mutually inverse. O

3.4.6. Here is still another description of the factorization algebras.

Let Z be a test affine scheme. Recall that an effective Cartier divisor in X x Z/Z
proper over Z is the same as a subscheme S C X x Z which is finite and flat over
Z (see [KM] 1.2.3). Denote by C(X)z the set of equivalence classes of such an S
where S’ is said to be equivalent to S if S]. ; = Syeq. This is an ordered set (where
S" < Siff S)., C Srea), so we can consider it as a category. Our €(X)z form a
category C(X) fibered over the category of affine schemes.

Consider a pair (B, ¢) where:

(i) B is a morphism from the fibered category €(X) to that of quasi-coherent
O-modules. So B assigns to every S € C(X)z an Oz-module Bg = Bg z, for S’ < S
we have a morphism Bgr — Bg, and everything is compatible with the base change.

In particular, for each n > 0 the universal effective divisor of degree n (see
[SGA 4] Exp. XVII 6.3.9) yields an Ogymn» x-module Bsymn x -

(ii) ¢ is a rule that assigns to every pair of mutually disjoint divisors Sy, S, €
€(X)z an identification cg, s, : Bs, ® Bs, — Bs,+s,- We demand that these
identifications are commutative and associative in the obvious manner and that
they are compatible with the natural morphisms from (i).

Assume that the following conditions hold:

(a) The O-modules Bgym»x on Sym™X have no non-zero local sections sup-
ported at the discriminant divisor.

(b) One has Bgymox # 0.

We will show that such a (B, c) is the same as a factorization algebra. For
the moment we call such an object a factorization algebra in the sense of 3.4.6.
They form a category which we denote by FA(X)’. This is a tensor category in the
obvious manner (one has (®B;)s = ®(Bis)-

REMARKS. (i) The associativity and commutativity of ¢ show that for any
finite family of mutually disjoint divisors S, there is a canonical identification

(3461) C{Sy} + ®Bsa = Bgsa.

(i) As in 3.4.5, one gets a canonical identification Bgyox = k. For any
S € C(X)z the embedding ) C S yields a canonical morphism Oz = By z — Bg,z,
i.e., a canonical section of Bg z. The structure morphisms for B preserve these
sections; we refer to all of them as the unit section of B.

(iii) If S, S are Cartier divisors such that S...; C Syeq, then S’ C nS for some
n > 1. Thus C(X)z is the localization of the category of the Cartier divisors and
inclusions with respect to the family of all morphisms S C nS, n > 1.

Therefore in the definition of B we can replace C(X)z by the ordered set of
Cartier divisors in X x Z/Z proper over Z, adding the condition that the canonical
morphisms Bg — B,g, n > 1, are all isomorphisms.

PROPOSITION. There is a canonical equivalence of tensor categories

(3.4.6.2) FAX) = FAX).
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Proof. Let (B, c) be a factorization algebra in the sense of 3.4.6. For any finite
I the union of the subschemes 2 = z; of X x X!, i € I, is a Cartier divisor of degree
|I] in X x X7/X!. So we have the corresponding O x:-module Byr; equivalently,
Bxr is the pull-back of Bgy,,i11x by the projection pg : X' — Sym/IX. These
O-modules together with the evident »(™) and C[x] form a datum from 3.4.5 which
satisfies properties (a)—(f) from loc. cit. So we have a factorization algebra; we
denote it again by B.

The construction is obviously functorial and compatible with tensor products.
We have defined the promised tensor functor FA(X)" — FA(X).

Let us construct the inverse functor. Let B be a factorization algebra in the
sense of 3.4.5. We want to define the corresponding factorization algebra (B, ¢) in
the sense of 3.4.6.

First let us construct the O-modules Bsymnx. Consider the projection p, :
X" — Sym"X. The symmetric group ¥,, acts on X" and on Bxn. Set Bgymnx :=
(pns«Bxn)®". By 3.4.2 it satisfies condition (a) in 3.4.6.

LEMMA. The canonical morphism v : py, Bsymnx — Bxn is an isomorphism.

Proof of the lemma. (a) Let £:V — X" be the complement to the diagonals
of codimension > 2 and £ : V < Sym"X be its p,-image. By (ii) in the lemma
in 3.4.3 we know that Bxn» = £,£*Bxn; thus Bgymrnx = E*Z*Bsymnx. Since p, is
flat, we conclude that it suffices to check that v is an isomorphism over V. By
factorization it suffices to consider the case n = 2.

(b) By étale descent our % is an isomorphism over the complement to the
diagonal divisor. Therefore v is injective (since p, is flat).

(c) It remains to prove that 1 : p3Bgym2x — Bx2 is surjective. Consider its
cokernel C. This is a Yp-equivariant quotient of By= such that (p2.C)*? = 0. We
know that C' is supported (set-theoretically) on the diagonal divisor X, so one has
C* =0.

Let f be a (local) equation of the diagonal X C X x X which is Yp-anti-
invariant. Since Yo acts on C by the non-trivial character sgn multiplication by
f kills C, i.e., C is supported on the diagonal scheme-theoretically. Thus C' is a
quotient of the pull-back of By2 to X, i.e., of Bx. But X5 acts on Bx trivially. So
C =0, and we are done. O

1

REMARK. Let G C X, be a subgroup, so we have the projections X" —
G~ X" 2 Sym"X. The lemma implies that 73 Bgymnx = (7T1*an)G

Now let us construct our B following Remark (iii) above. Let us define Bg z
for any Cartier divisor S in X x Z/Z proper over Z. Our problem is Z-local, so
we can assume that the degree n of S over Z is constant. Such an S amounts to a
morphism Z — Sym" X, and Bg,z is the pull-back of Bgymn x.

Let us define for S’ C S a canonical morphism Bgs — Bg. We have S =
S" + T for an effective Cartier divisor T. It suffices to construct our morphism in
the universal situation when Z = Sym™X x Sym™X and S’,T are the universal
divisors of order n and m, respectively. So let ¢(™ : Sym”X x Sym™X — Sym"X
be the projection and let p : Sym™X x Sym™X — Sym™t™X be the addition
map. We want to define a canonical morphism q(”)*BSymn x — P*Bgymntmx. By
the above lemma and remark this amounts to a ¥, x ¥, -equivariant morphism
Bxn X Oxm — Bxnim. This is the structure morphism v(™) from (3.4.5.1) for
m:{l,...,n}—={1,... ,n+m}.



3.4. FACTORIZATION 179

The condition from Remark (iii) is satisfied,'® so we have defined our B. The
factorization isomorphisms ¢ come from the isomorphisms (3.4.5.2) (consider the
universal situation and use the above remark). So we have defined the factorization
algebra in the sense of 3.4.6; i.e., we have a functor FA(X) — FA(X)'. It follows
from the construction (use the lemma) that it is inverse to the previously defined
functor in the opposite direction. We are done. O

3.4.7. The canonical connection. Let B be a factorization algebra.

PROPOSITION. The O-module B on R(X) admits a left D-module structure
compatible with the factorization structure and such that the section 1 of Bx is
horizontal. Such a D-module structure is unique. We call it the canonical D-module
structure (or the canonical connection) on B.

Proof. Ezxistence. 1t is evident from the picture of 3.4.6. Indeed, suppose we
have two morphisms of schemes f,g : Z/ == Z which coincide on Z/ ;. Then the
pull-back maps f*, g* : €(X)z — C(X)z coincide, so for any S € C(X)z one has
a canonical identification

(3.4.7.1) f*Bs = ¢*Bs

of Oz/-modules. The identifications are transitive, so Bg carries a canonical action
of the universal formal groupoid on Z (whose space is the formal completion of
X X X at the diagonal). The structure morphisms of B are compatible with this
action. If Z is smooth, then, according to Grothendieck [Gr2], such an action
amounts to an integrable connection. The compatibility with the base change
shows that 1p is a horizontal section. Looking at By:’s, we get our canonical
connection.

Here is an equivalent construction that starts from the picture of 3.4.5. We will
define the connection on By; the connections on Bx:’s are defined similarly.

For I € 8 let X <!> be the formal completion of X! at the diagonal X — X7;
for m as above let A<™ : X<I> _, X<J> be the formal completion of A(™). Let
Bx<r> be the pull-back of By: to X</> (= the formal completion of Byx: at
X c X and v<™> : AS™>*By ;> — By<s> be the completion of v/(™).

Key remark: each v<"> is an isomorphism. This follows from statement (i) of
the lemma in 3.4.3 and the fact that the pull-back of (™ to the diagonal X — X
is an isomorphism (equal to idp, ).

The isomorphisms v<™> are compatible with the composition of the n’s. A
datum of such isomorphisms amounts to an action on By of the universal formal
groupoid on X (the action itself is the identification of the pull-backs of Bx by the
two projections X <> = X). We have defined the canonical connection on By.

Uniqueness. Our condition just says that all morphisms (™ from (3.4.5.1)
are compatible with the connections. Therefore the above action of the universal
formal groupoid on Bx is compatible with the connection, which determines the
connection uniquely. O

REMARK. Here is a down-to-earth definition of the canonical D-module struc-
ture (which follows directly from the proof of 3.4.7). Let ¢ be a local coordinate on

19Use the fact that pp«Oxn is isomorphic to Osymn x [Xn] as an Ogymn x [Xn]-module locally
on Sym"X.
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X. Then for b € B one has
(3.4.7.2) IR —bR1 = (0:b) B 1(ty — t1)mod(ts — t1)*Bx x x-

In fact, the restriction of 1 X b to the formal neighbourhood of the diagonal X C
X x X equals ) @(821)) X 1. This defines our D-module structure on Bx. And
Bxr is a D-submodule of j,gl)j(l)*B%I.

3.4.8. From factorization algebras to chiral algebras. Let B" = wx ®
Bx be the right D x-module that corresponds to the left D x-module Bx (see 2.1.1).
Let us show that it carries a canonical structure of a chiral algebra.

For each surjection J — I we have a natural isomorphism of left D-modules
AV/D*B; = Byir. By (2.1.3.2), we can rewrite it as an isomorphism of right
D xs-modules

(3.4.8.1) AVD BT @ Byes 2 A (WRT @ Byr).
In particular, we get a canonical map
(3.4.8.2) P (wx); — P™(BY),
which sends an operation ¢ : j,g‘])j(‘])*w%‘] — A&J)wx to the composition
(3.4.8.3) j>~(<J)j(J)*BT&] = jﬁj)ju)*w%'] ® Bxs — AVwx ® Bxs = AV pr.

Here the first equality is the factorization isomorphism tensored by idw;z;‘], the arrow
is ¢ tensored by idp, ,, and the last equality is (3.4.8.1) (for I = -).

We leave it to the reader to check that (3.4.8.2) is compatible with the composi-
tion of chiral operations. By 3.1.5 we can rewrite (3.4.8.2) as a canonical morphism
of operads Lie — P°"(B") which is the same as a Lie?" algebra structure on BY%.
The section 1 of By is a unit in the Lie“® algebra B". So B” is a chiral algebra.

3.4.9. The next theorem is the principal result of this section:

THEOREM. The functor FA(X) — CA(X), B — B", is an equivalence of
categories.

REMARKS. (i) The factorization algebra corresponding to a commutative chiral
algebra (i.e., to an affine D x-scheme) can be constructed geometrically (see 3.4.21—
3.4.22). But to prove that the construction from 3.4.21 indeed gives a factorization
algebra, we compare it in 3.4.22 with the construction from 3.4.11-3.4.12.

(ii) The theorem and its proof remain valid in the super and DG super setting.
It also generalizes immediately to the case of families of chiral algebras (see 3.3.10).
Namely, for a scheme (or algebraic space) Z one defines the notion of Z-family of
factorization algebras and the above functor in the evident way. It establishes an
equivalence between the category of Oz-flat families of factorization algebras and
the category of Oz-flat families of chiral algebras.

Proof. 1t is found in 3.4.10-3.4.12. We will construct the inverse functor. So
for every chiral algebra A we want to define on the left D x-module A¢ a canonical
structure of a factorization algebra. The key point is the acyclicity property of the
Chevalley-Cousin complex C(A) of A. We define C'(A) in 3.4.11 after the necessary
preliminaries of 3.4.10; the acyclicity lemma is proven in 3.4.12.
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3.4.10. The category M(X®) and its two tensor structures. In this
subsection we embed M(X) in a larger abelian category M(X®) so that both * and
chiral pseudo-tensor structures on M(X) are induced from some tensor structures
on M(X?®). The reader should compare this construction with the universal one
from Remark in 1.1.6(i).

A right D-module M on X is a rule that assigns to I € 8§ aright D-module My
on X! and to w : J — I a morphism of D-modules (™) = G(Mﬂ) AT My — My,
We demand that the 8(™) are compatible with the composition of the 7’s (i.e.,
(i) = g AL (90))) and 9040 = idyy .

These objects form an abelian k-category M(X®). There is an exact fully
faithful embedding ALY : M(X) — M(X8) defined by A® My = AP a1, o) =
id ) )~ This embedding is left adjoint to the projection functor M(X®) — M(X),
M — Mx.

REMARK. For n > 1 let §,, C 8 be the subcategory of sets of order < n.
The above category has an obvious “truncated” version M(X®). The “restric-
tion” functor M(X®$) = M(XS") admits a left adjoint a,, : M(XS) — M(X®),
an(N)xr = leASf/ %) Nys where the inductive limit is taken over the ordered set

Q(I,< n). Since m,a,, is the identity functor, we see that 7, identifies M(X5")
with the quotient category of M(X?®) modulo the full subcategory M(XZ"+1) of
such M’s that 7, M = 0; i.e., Mx: = 0 if |[I| < n. In particular, gr, M(X®) :=
M(XZ™)/M(XZ"H1) equals the category of X,-equivariant D-modules on X™.

The category M(X®) carries two tensor products ®* and ®°" defined as follows.
Let M;, i € I, be a finite non-empty family of objects of M(X®). One has

(3.4.10.1) (RTM;) x0 = JEBI %(Mi)xh,

where the arrows (™) are the obvious ones. Similarly, set

(3.4.10.2) (@ M) xs = @ 5% & (M) o,
J—=1

where the arrows 0(™) are obvious ones. Here j//!! was defined in 3.4.4.

Our tensor products are associative and commutative in the obvious way, so
they define on M(X®) (non-unital) tensor category structures which we denote by
M(X3)*, M(X3)°". There is an obvious canonical morphism

(3.4.10.3) ®*M; — @ M;

compatible with the constraints, so the identity functor for M(X?®) extends to a
pseudo-tensor functor

(3.4.10.4) B8 M(XS)P — M(XS)*.
ExaMPLES. For N; € M(X) one has (@iAPN)x, = @ A&’”@Ni. In
J—1
particular, (®jA§<S)Ni)X1 = @& v*(XN;). Similarly, for N € M(X) one has

veEAut I

(SymTAﬁS)N)XI = o AYTDNET fere Sym!*, m > 1, is the mth symmet-
TeQ(I,m)
ric power with respect to ®*, and Q(I,m) C Q(I) is formed by quotient sets of

order m. These formulas are modified in the obvious way in the @°" case.
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The embedding M(X) — M(X?®) extends canonically to fully faithful pseudo-
tensor embeddings

(3.4.10.5) AP MX) o MXB), M(X) — M(XS)h,

Namely, for M;, N € M(X) our Hom(@?ASﬂS)Mi,AiS)N) = P;({M;}, N) assigns
to @ : ®§A£S)Mi — N the restriction of ¢x1 to ?MI C (®§A5<S)Mi)xz. One

defines Hom(®7Ais)Mi,N) = Py({M;},N) in a similar way. Notice that the
restriction of 3% to M(X)* is the pseudo-tensor functor 8 from (3.2.1.2).

The category M(X?®) admits a natural action of the tensor category M*(R(X))
(see 3.4.2): the action functor

(3.4.10.6) @ ME(R(X)) x M(X8) — M(X®)

sends F' € MY(R(X)), M € M(X8) to M @ F with (M ® F)xr := Mx1 ® Fx: and
HEVTR@F A My @ Fyr — Mys @ Fys equal to (‘)](\Z) ® l/gr)_l via (2.1.3.2). The
associativity constraint for ® is the evident one.

3.4.11. The Chevalley-Cousin complex. Let A be a (not necessarily uni-
tal) chiral algebra on X. According to (3.4.10.5) the right D-module A® A on X8
is a Lie algebra in the tensor category M(X®)°". We define the Chevalley-Cousin
complex C(A) of A as the reduced Chevalley complex of this Lie algebra.?°

Let us describe C'(A) explicitly. Forget about the differential for a moment. As
a plain Z-graded D-module, C'(A) is the free commutative (non-unital) algebra in

M(X8)h generated by A% A[1]. Therefore one has

(3.4.11.1) C(A)yr = TG%(I)AS‘I/T)jiT)j(T)*(A[”)ﬁT'

In other words, C(A)'; is a Q(I)-graded module, and for T' € Q(I) its T-component
is A&I/T)j,ET)j(T)*AgT ® Ar sitting in degree —|T|.

The differential looks as follows. Its component dp 7 : AU/ 5T 5(T)x (A[)ET
— AU 4T )j(T/)*(A[l})gT/ can be non-zero only for TV € Q(T,|T| — 1). Then
T=T'u{«,a"}, T =T"U{a} and dpr is the exterior tensor product of the
chiral product map pa[l] : j.«j* (Ao [1] ¥ Anr[1]) — ALA4[1] and the identity map
for A¥T” (localized at the diagonals transversal to X7").

The reader can skip the next remark at the moment.

REMARK. As with any Chevalley complex, C'(A) carries a canonical structure
of a BV algebra with respect to ®°" (see 4.1.7). The product - : C(A) @ C(A) —
C(A) and the bracket { } : C(A4)[-1]@°"C(A)[-1] — C(A)[—1] can be described as
follows. For J = J; U Jy the morphism -, ;, is the obvious embedding C'(A)Y,, X
C(A) s, — C(A)y, localized at appropriate diagonals. For 71 € Q(Jy), Ts €
Q(J2), T € Q(J) the corresponding component of { }; 7, : J«j*C(A)xn[-1] K
C(A)x7[~1] — C(A)xs[—1] (here j is the embedding of the complement to the
diagonals x;, = xj,, j1 € J1, j2 € J2) can be non-zero only if T is the quotient of
Ty UT5 modulo a relation t; = t5 where t; € Ty, to € Th. Then this component is

20We must consider the reduced Chevalley complex since M(X$)" is a non-unital tensor
category. The basic facts about the Chevalley complex are recalled in 4.1.6.
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the chiral product j,j*AX A — A, A tensored by the identity map for (A[l])XT/
where T7 :=T ~ {t} = T1 \ {t1} UTs \ {t2} (localized at the other diagonals).

Notice that if v : V < X7 is an open embedding such that X!~V is a union of
diagonal strata, then the canonical map C(A) xr — v, v*C(A)x: admits an obvious
canonical section

(3.4.11.2) s: 00 °C(A)xr = C(A) s
which preserves the Q(I)-grading but does not commute with the differentials.

The complex C(A) enjoys the following two properties:
(i) For every m : J — I the structure morphism yields an isomorphism of
complexes

(3.4.11.3) C(A) xr = AM'C(A) g,

and this plain A" pull-back equals the derived functor pull-back. In other words,
there is a canonical short exact sequence of complexes

(3.4.11.4) 0— AMCA) i — C(A)xs — v.0°C(A)xs — 0.

Here v : X7~ A (XT) — X7 is the open embedding complementary to A(™; the
naive v, coincides here with the derived one.

(ii) (Factorization) In the setting of 3.4.4 for J — I the product morphism for
the commutative algebra structure on C(A)" yields an isomorphism of complexes

(3.4.11.5) S jW”*(g C(A)x1) = YT C(A) 5.

The identifications ¢ are mutually compatible: for K — J the isomorphism ¢/ s
coincides with the composition ¢jx/7(Keix, /7,)-

3.4.12. LEMMA. For a chiral algebra A one has H"C(A) xr =0 for n # —|I|.

End of the proof of 3.4.9. Let us define the factorization algebra structure on A°.
Set A, == H-HIC(A),, = Ker(d : C(A)L] — C(A) 1T By the lemma we
can rewrite (3.4.10.3) as a canonical identification AU/$)1*A% | = A% (see 2.1.2).
These identifications are obviously transitive, so the Af;( ;’s form a left D-module,
hence an O-module, on R(X). So?! A%, C C(A)Y, = G0 5D AT We leave it
to the reader to check that this embedding defines a factorization algebra structure
on our Ogx(x)-module (with the unit equal to the unit in A). Notice that our
factorization algebra came together with a D-module structure, which obviously
coincides with the canonical structure (see 3.4.7). The functor FA(X) — CA(X)
we have defined is clearly inverse to that of 3.4.9. We are done. O

Proof of Lemma. The statement is clear if [I| = 1 (one has C(4)x = A[1]).
For |I| > 1 we use induction on |I|. The proof is in three steps:

(i) The module H*C(A) x: for a # —|I| is supported on the diagonal X C X'.
This follows from (3.4.11.5) and the induction assumption.

Leti: Y = X' < X! be a diagonal of codimension 1, v : X! \Y — X/
the complementary embedding. Consider the canonical embedding ¢ : i,C(A)y —
C(A)xr (see (3.4.11.4)).

21'We use the identification wyxr = w%l ® Ar; see 3.1.4.
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(ii) The morphism H*¢ : i, H°C(A)y = H%.C(A)y — HC(A)xr is sur-
jective for a # —|I|. Indeed, the complex v, v*C(A)x: is acyclic outside de-
gree —|I| by (i) (since v is affine), so our claim follows from the exact sequence
0—i,C(A)y — C(A)xr = v, 0*C(A)xr — 0 (see (3.4.11.4)).

(iii) It remains to show that H*¢ = 0. If a # 1 — |I|, this is clear because in
this case H*C(A)y = 0 by the induction assumption.

Now let a = 1 — |I|. Choose a section I’ — I of I — I’. Then we have the
decomposition X7 = X x XI' = X x Y and the embedding i : ¥ — X x Y.
We want to show that £(i,Z%) C d(C*1(A)xr) where Z& = Ker(d : C*(A)y —
CoT1(A)y). Let s be a local section of i, Z% = v,v*(wx K Z&) /wx K Z&. Lift it to
a local section § of v, v*(wx ®Z¢). Then &(s) = d(h(8)) where h is the composition

v (wx B Z8) v 0 (AR CUA)y) — CH(A) x1
and f comes from 14 : wx — A. O

3.4.13. REMARKS. (i) Forn > 1 an n-truncated factorization algebra is defined
exactly as the usual factorization algebra but we take into consideration only the
XT's with |I| < n. Denote the corresponding categories by FAS"(X). As follows
from 3.4.9, for n > 3 the obvious functors FA(X) — FAS"(X), FAS"(X) —
FAS"(X) are equivalences of categories.??

(ii) Let B be a factorization algebra, B" the corresponding unital chiral algebra.
Then there is a canonical isomorphism of complexes of right D-modules on X (see
(3.4.10.6))

(3.4.13.1) C(B") = C(w)® B

which identifies the summand jiI)j(I)*Brgl = (jg)j(l)*w;gél) ® BY! in C(B")x:
with the one (jg)j(l)*w?él)@BXz in (C(w)®B) xr via the factorization isomorphism
(see (3.4.4.2)).

3.4.14. Free factorization algebras. It is easy to see that the chiral algebra
freely generated (in the obvious sense) by a given non-empty set of sections does
not exist. The nuisance can be corrected as follows.

Suppose we have a pair (N, P) where N is a quasi-coherent O x-module and
P C j.j*N K N is a quasi-coherent O x x x-submodule such that P|y = N K N|y.
Consider a functor on the category CA(X) which assigns to a chiral algebra A the
set of all Ox-linear morphisms ¢ : N — A such that the chiral product p4 kills
¢®2(P) C j*j*AIX2

THEOREM. This functor is representable.

We refer to the corresponding universal chiral algebra as the chiral algebra freely
generated by (N, P).

REMARKS. (i) From the point of view of chiral operations, P should be thought
of as “generalized commutation relations”. For example, if P = N X N, then A is
the commutative chiral algebra freely generated by Np. From the point of view of
chiral algebras, P is the module of “degree 2 generators” (see below).

22They are fully faithful for n = 2 and faithful for n = 1.
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(ii) If C is any chiral algebra and N C C' an O x-submodule that generates C,
then C' is a quotient of the chiral algebra freely generated by (N, P) where P is,

say, the kernel of the map j,j*N KN — j,j*A 24 AL A.

Proof of Theorem. It is more convenient to consider the setting of factorization
algebras. Here the theorem asserts representability of the functor which assigns to
a factorization algebra B the set of all O x-linear morphisms ¢ : N — B such that
¢®2 (P) is contained in Bxxx C j«j*Bx X Bx. We call the corresponding universal
factorization algebra the factorization algebra freely generated by (N, P).

In the course of construction we use certain auxiliary objects:

(i) A quasi-factorization algebra in formed by the datum (B, (™), ¢x) from
3.4.5 subject to axioms (a)—(d) and (f) in loc. cit.

(ii) A pre-factorization algebrais defined in the same way as a quasi-factorization
algebra except that the morphisms v(™ are defined only for injective maps 7 : J <
I. Apart from the (obvious modification of) axioms (a)-(d) and (f) in 3.4.5, we
demand that for every n > 2 the next property is satisfied:

(%), The action of the transposition o = o1 2 on Tx» induces the trivial auto-
morphism of the pull-back of T'x» to the diagonal x; = zs.

EXAMPLE. T(N)xr = jg)j(”*(N @ Ox)®! together with evident structure
morphisms v and ¢ form a pre-factorization algebra T'(IV).

Pre- and quasi-factorization algebras form tensor categories which we denote
by PFA(X) and QFA(X). One has evident tensor functors (in fact, fully faithful
embeddings) FA(X) — QFA(X) — PFA(X).

LEMMA. These functors admit left adjoints FA(X) — PFA(X) — QFA(X).

Granted the lemma, let us construct the factorization algebra freely generated
by (N, P).

Let T(N,P) C T(N) be a pre-factorization subalgebra defined as follows.

(i) For |I| <1 one has T(N, P)xr =T(N)xr.

(ii) T(N, P)x= is the minimal o-invariant O x2-submodule of T'(N)y= which
contains PO NXOx & Ox KN & Ox W Oy, is preserved by the action of the
transposition o, and satisfies property (*)2.23

(iii) If |I] > 2, then T'(N, P) xr is the maximal O xr-submodule of T'(N) x: such
that for every i; # iy € I its restriction to the complement of the union of all the
diagonals except for z;, = x4, is equal to T (N, P) x(i1.i23 KT (N) xR1{iy.i0) -

It is easy to see that T'(IV, P) is indeed a pre-factorization subalgebra of T'(N).?

Now for any factorization algebra B a morphism of pre-factorization algebras
T(N,P) — B amounts to a morphism of Ox-modules ¢ : N — B such that
#™?(P) C Bxxx. The promised factorization algebra freely generated by (N, P)
is the image of T(N, P) by the composition of the functors from the lemma.

Proof of Lemma. (i) Let T be any pre-factorization algebra. Let us construct
the corresponding universal quasi-factorization algebra B = B(T).

230ur T(N, P)y2 is well defined and is Ox-quasi-coherent. Indeed, T(N,P)y2 = UT;
where Top C 11 C - -+ are the submodules of j*j*T(N);E}2 defined by induction as follows. One has
To:=(P+o(P) e NKOx ®Ox XN ® Ox MOx, and T;4; is obtained from T; by adding all
sections (t1 — t2)~'a where a € T} is such that a|a € A*T; is o-anti-invariant.

24To check (*)n, notice that the pull-back of T(N, P)xn to the diagonal 7 = x2 has no
non-trivial local sections supported at the diagonal divisor.
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Notice that for any surjection m : J — [ the natural action of the group
Aut (J/I) on the Oxr-module AY/D*Ty; is trivial.?® Let us define a natural
morphism o™ = oD : Tyr — AU/D*Ty ;. Choose a section s : I «— J of m,
so we have the structure morphism v(*) : ATy — Ty,. Now set al//1) =
AU Our al’/D does not depend on the auxiliary choice of s. The (™
are compatible with the composition of 7’s in an evident way.

Therefore for any I € 8§ we have a functor (§/I)° — Me(XT) which as-
signs to J/I the Oyr-module A/D*Ty; and to an arrow K — .J the morphism
AV (K1) Tet Byr € Mo(XT) be the inductive limit.

Our B is a quasi-factorization algebra. Namely, the isomorphisms ¢ for B
(see (3.4.5.2)) come from the corresponding isomorphisms of T. For f : I — K
the morphism v) : AP*By; — Byxx (see (3.4.5.1)) comes from the functor
8/I - 8/K,J/I— J;/K :=JU(K\f(I))/K, and the corresponding morphism of
the inductive systems A*AW/ Dy = AU/ KA/ Ty, A(Jf/K)*TXJf
where the last arrow is the A(#/K)_pull-back of the structure morphism v(//7#)
for T. We leave it to the reader to check axioms (a)-(d) and (f) in 3.4.5. The
universality property of B is evident.

(ii) Let B be a quasi-factorization algebra B. The corresponding universal
factorization algebra B is the maximal factorization algebra quotient of B. To
construct it, consider first the quotient ¢B of B where ¢Bx: is the quotient of Bxr
modulo the O yr-submodule generated by all sections of type V(J/I)(a) where J — I
and a € By is a local section supported at the diagonal divisor of X7/. We leave
it to the reader to check that ¢B is indeed a quasi-factorization algebra. We get a
system of quotients B — ¢B —» ¢*B = q(¢B) — ---. Now B = lim ¢'B. O

3.4.15. Tensor products. We know that FA(X) is a tensor category (see
3.4.4); hence so is CA(X). Let us explain the meaning of the tensor product of
chiral algebras in purely chiral terms.

Let A, be a finite family of chiral algebras. Let A := ®A, € CA(X) be the
corresponding tensor product, so A* = ® A’ . By 3.4.4 we have canonical morphisms
of chiral algebras v, : Ay, — A, a—a® ( ® la,,)

«
#

Let ¢, : Ay — C be morphisms of chiral algebras. We say that ¢, mutually
commute if [por, parlc € Py({Aar, Ao}, C) vanishes for every o # «”. Denote

com

by Hom§°™({A4}, C) the set of all mutually commuting (¢4)’s.

PROPOSITION. {v,} is a universal family of mutually commuting morphisms:
for every C € CA(X) the map Hom(®A,,C) — Hom§™ ({An}, C), ¥ — (Yra), is
bijective.

Proof. Let us translate our proposition back to the setting of factorization
algebras. Assume for simplicity of notation that we play with two algebras Ay, As.
Notice that ¢y, 2 as above mutually commute if and only if for every a; € A%, ay €
A the section @1 (a1)®p2(az) of j.j*C%,  liesin C% . . One has vy (a1)®ra(az) =
(a1 14,)® (14, Mag) € Al v ® Abx x = (A5 ® AS) xx x, 50 our v; 5 mutually
commute. For 12 € Hom$™({A;, A3}, C) the Ith component of the corresponding
morphism 1 : A{ ®A§ — C* sends m1 ® mo, where m; € A{X,, mo € Ang, to the

25Tt suffices to check that the transposition of two elements of some J; C J acts trivially.
By (*)lJl it acts trivially already on the pull-back of T'y; to the corresponding codimension 1
diagonal.
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pull-back of?® ¢ (m;) X @o(ms2) by the diagonal map X! < X! x XT. The details
are left to the reader. O

REMARKS. (i) Let N, C A, be a sub-Ox-module that generates A, as a chiral
algebra. Then @/, @ mutually commute if (and only if) their restrictions to the
N’s commute, i.e., the image of [¢@u, Ya]c in Py ({ Ny, No }, C) vanishes.

(ii) Suppose that A, is freely generated by (N, Py) (see 3.4.14). Then ®A,
is freely generated by (®Ny, O_ Pa) + >, No K Nyv).

o/ Fal

Let M be a Dx-module and 1, € PS"({An, M}, M) are chiral A,-actions on
M. We say that the p, mutually commute if for every o # ' the restriction
of pia(ida,, par) — par(ida,,, pa) € P§"({Aa, Aar, M}, M) to the localization of
Ay K Ay X M with respect to the diagonals 2y = x3 and x5 = x3 vanishes.

EXERCISES. (i) Show that for every ® A,-action on M the corresponding A,-
actions mutually commute, and this provides 1-1 correspondence between the sets
of ® A,-module structures and collections of mutually commuting A,-actions.

(ii) Let M, be A,-modules. Then the A,-actions on ® M,, mutually commute,
so @M, is a ®A,-module.2?

3.4.16. Hopf algebras. A Hopf chiral algebra is a coassociative coalgebra
object in the tensor category CA(X), i.e., a chiral algebra F equipped with a
coassociative morphism of chiral algebras § = ép : FF — FQF. As a part of general
tensor category story, we know what a counit ez : F — w is, and what it means for
F to be cocommutative. We also know what a coaction of F' on any chiral algebra
A is (this is a morphism § = §4 : A — F ® A satisfying a certain compatibility
property with dz), when such a coaction is counital and when it is trivial.

For F, A as above set A" := {a € A:§(a) = 1 ® a}. This is the maximal
chiral subalgebra of A on which the coaction of F' is trivial.

We denote by CA(X)¥ the category of chiral algebras A equipped with a coac-
tion of F; let GA(X)?Z C CA(X)F be the full subcategory of Ox-flat algebras. If
F is counital, then CA(X)E C CA(X)F is the full subcategory of those A that §4
is counital and CA(X)f, ;, = CA(X)L, NCA(X)f,.

The tensor product of Hopf chiral algebras is naturally a Hopf chiral algebra.
If F,, are Hopf chiral algebras and A, € CA(X)F=, then ®A4, € CA(X)®F=,

REMARK. If M, N are F-modules, then M ® N is again an F-module via dp
and Exercise (ii) in 3.4.15. Thus M(X, F') is a monoidal category; it is a tensor
category if F' is cocommutative.

Suppose F' is an O x-flat cocommutative Hopf chiral algebra. Then CA(X )?l

F
is a tensor category. Namely, for A, € CA(X )?l their tensor product ® A, is
the chiral subalgebra of ® A, that consists of those sections a of ®A, that all
dala) = (04, ® ( (Ei ida,,))(a) € F ® (®Aq) coincide. If F is counital, then

G.A(X)fuﬂ is a tensor subcategory of G.A(X)ffl, and F' is naturally a unit object
in CA(X)F Invertible objects of GA(X)fu’fl are called F'-cotorsors; they form

cu, fl*

a Picard groupoid P(F) = P(X, F).
For examples see 3.7.12, 3.7.20, and 3.10.

26This section belongs to Cﬁ(f ;¢ use 3.4.4 and the fact that 1,2 mutually commute.

x X
27This also follows from the interpretation of A-modules in factorization terms, see 3.4.19.
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3.4.17. Twists. In the following constructions we use only tensor products
of an arbitrary chiral algebra and a commutative chiral algebra, so they can also
be performed in the context of 3.3.10 (see Exercise in 3.4.20 below).

Suppose that a Hopf chiral algebra F' is commutative (as a chiral algebra).
Such F' is the same as a semigroup D x-scheme G = Spec F' affine over X. We call
the F-coaction on A a G-action and write A¢ := AF. If A itself is commutative,
then a G-action on A is the same as a G-action on Spec A’ in the category of
D x-schemes, i.e., a scheme G-action compatible with connections. If G acts on
two chiral algebras, then it acts naturally on their tensor product (via the diagonal
embedding G — G x G), so the category of chiral algebras equipped with a G-action
is a tensor category.

Suppose G is a group Dx-scheme. Let P = Spec R’ be a Dx-scheme G-
torsor (i.e., a G-torsor equipped with a connection compatible with the G-action).
For a chiral algebra A equipped with a G-action its P-twist is the chiral algebra
A(P) := (R® A)C.

REMARKS. (i) If G acts on A trivially, then A(P) = A.

(ii) As a plain D-module, A(P) is the P-twist of the D-module A; in particular,
any section s : X — P defines an isomorphism of O-modules i, : A — A(P). If s
is horizontal, then 74 is an isomorphism of chiral algebras.

(iii) Denote by GV the sheaf of horizontal sections of G; this is a sheaf of
groups on Xg;. Suppose that P admits locally a horizontal section; then the sheaf
of horizontal sections PV is a GY-torsor. Notice that GV acts on A, so we have the
corresponding PV-twisted chiral algebra A(PY). The isomorphisms iz, s € PV,
provide a canonical identification of chiral algebras

(3.4.17.1) A(PY) = A(P).

(iv) Let H be a group X-scheme, and suppose that G = JH (the group jet
D x-scheme; see 2.3.2). There is a canonical equivalence of groupoids

(3.4.17.2) {H-torsors} — {D x-scheme G-torsors}

which assigns to an H-torsor @ on X the D x-scheme G-torsor of jets P = JQ;
its inverse is the push-out functor for the canonical homomorphism of the group
X-schemes G = JH — H. Notice that the canonical projections G — H, P — @
identify the sheaves of horizontal sections of left-hand sides with those of arbitrary
sections of right-hand sides, so, by (3.4.17.1), the P-twist can be interpreted as the
plain twist by the torsor of sections of Q.

(v) If G is commutative, A and B are two chiral algebras equipped with G-

F
actions, then the tensor product A® B from 3.4.16 coincides with invariants in
A ® B of the action of the anti-diagonal subgroup G — G x G, g — (g,971).

3.4.18. Factorization modules. Let us describe modules over chiral alge-
bras in factorization terms. Below for a finite set I we set I := I, so X1 = X x X1

Let B be a factorization algebra. A factorization B-module is a triple B(M) =
(B(M),v,¢) where:

(i) B(M) is a rule that assigns to every finite set I a left D-module B(M) 7
on X! x X. We demand that B(M)X;« have no sections supported at the diagonal
divisors. Set M := B(M)x.
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(ii) 7 assigns to every 7 : J — I preserving the -’s an identification

(3.4.18.1) o™ A*B(M) 7 = B(M)

X7
We demand that the #(™)’s are compatible with the composition of the m’s.

(iii) Consider a surjection J — I preserving the -’s. Then J is the disjoint
union of the preimage subsets J. and J;, ¢ € I. Our ¢ assigns to such a surjection

) = o 28
an isomorphism of D 5, 7-modules

(3.4.18.2) &57 jW”*((g Bxs))®B(M)5) = jV/ 1 B(M) .

We demand that the ¢’s be mutually compatible: for K —» J the isomorphism
Ciiz 5 coincides with the composition ¢z /7 ((Mejk,/s,)) W ¢x ,5) where ¢ are the
factorization isomorphisms for B. They should also be compatible with the isomor-
phisms # (and the isomorphisms v for B) in the obvious way.? Finally, for every
m € M the section é(1 Km) € j.j*Bx X M should belong to B(M) xxx and one
should have 7((1 X m)|a) = m.

As in 3.4.4, the above E[ff/.] define an embedding B(M) 7 — jg)j(f)*(B?éI X
M), so the functor B(M) — M is fully faithful. We call B(M) a factorizatization

B-module structure on the D x-module M.

REMARK. Let £: V < X! be the complement to the diagonal strata of codi-
mension 2. As in 3.4.3, one shows that Mz = LA M 7.

3.4.19. We denote the category of factorization B-modules by M*(X, B). This
is an abelian k-category. Asin 3.3.4, M(X, B") is the category of chiral B"-modules.

PROPOSITION. There is a canonical equivalence of categories

(3.4.19.1) MY(X,B) = M(X,B").

Proof. Our functor assigns to B(M) € M*(X, B) the right Dx-module M"
equipped with a chiral operation s € Ps"({B", M"}, M") defined as the compo-
sition j,j*B" X M"™ = j,i*B(M)%yx — Gxd*B(M)%y x/B(M)% . x — AMT"
where the first and the last arrow come from the appropriate isomorphisms ¢ and
U. As in 3.4.8, one checks immediately that up; is a B"-module structure on M".

Let us construct the functor in inverse direction. According to 3.3.5(i), for
a chiral B"-module M" the Dyx-module B" & M" is naturally a chiral algebra;

so F' := B ® M carries a factorization algebra structure. For a finite set I let

B(M) i C Fy; be the submodule of sections which belong to jiI)j(i)*B‘ZI XM C
jiI) J (D p 'v7- The isomorphisms & and ¢ come from the corresponding isomorphisms
of the factorization structure on F. It is clear that (B(M),7,¢) is a factorization
B-module structure on M.

It is clear (use the remark in 3.4.18 and the construction of F' in 3.4.12) that

the above functors are mutually inverse, and we are done. O

28Gee 3.4.4 for notation.
291 e., in the same way as the ¢ are compatible with v; see 3.4.4.
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REMARK. The definition of 3.4.19 makes sense if we take for an Mf{f an
Ox X Dxr-module instead of a Dy r-module. The above argument shows that
the corresponding category is equivalent to Mo (X, B") (see 3.3.5(ii)).

Let us describe chiral B"-operations (see 3.3.4) in factorization terms.

Suppose we have a finite family of chiral B"-modules {M]}, i € I. Then, as in
3.3.5(1), B" @ (&M]) is a chiral algebra; let G be the corresponding factorization
algebra. For a finite set J let B({M;})xsur C Gxsur be the submodule of sections
whose restriction to U(/"!) belongs to B’ K (XM;). Equivalently, B({M;})xsur
is the submodule of ji‘JUI)j(J'—'I)*BgJ X (XM;) which consists of sections killed by
the morphisms p;; : j<"0 ;WD BRI & (RM;) — AL~ 570D j(TuD* BRI R (RM)
for all j € J and i € I; here J := J \ {j} and p;; is the chiral B"-action on M;
tensored by the identity map at the variables # j,i. So B({M;})x: = jil)j(l)*XMi,
etc. This module satisfies the usual factorization properties (inherited from G). In
particular, let j(11 : U1 < X7UT be the complement to all the diagonals xT; = i,

j€J,iel; then j51*BU{M;}) xour = jU0*(Bys K580 50 ® M), so
(3.4.19.2) BU{M;}) xsur — 5004 (By, )50 50+ = Ay,

Let N” be another B"-module and ¢ € Pf*({M!}, N") be a chiral operation.
For any J set ¢ :=idp , Wy : By &jy)j(”* X M; — Bxu RADN.

LEMMA. If ¢ is a chiral B"-operation, then for every finite set J the morphism
0 sends B({M,})xsur to (idxs x AD)B(N);  jP1500 B, AV N, Con-
versely, if this condition is satisfied for J = -, then ¢ is a chiral B"-operation. [

3.4.20. We are going to describe the factorization algebra that corresponds to
a commutative chiral algebra in geometric terms (see 3.4.22). We start with some
technical preliminaries.

A factorization algebra is said to be commutative if the corresponding chiral
algebra is commutative.

PROPOSITION. (i) The next properties of a factorization algebra B are equiva-
lent:
(a) B is commutative;
(b) for every J — I the isomorphism (3.4.4.1) extends to a morphism

(3.4.20.1) R By, — By;

(c) same as (b) but in the particular case J = {1,2}, I = {1}; i.e., the factor-
ization isomorphism j*(Bx X Bx) — j*Bx> extends to a morphism

(34202) BX X BX — BX2;

(d) there exists a morphism of factorization algebras m : B ® B — B whose

restrictions to Bl C BRB and 19 B C B& B are the identity morphisms.

(ii) The morphism m mentioned in (d) is unique: the corresponding morphism

my : Bx®Bx — Bx is the multiplication on Bx corresponding to the commutative

chiral structure on By, = Bx ®wx. For every I the morphism mx: : Bxr ®Bx1 —
Bxr defines a commutative D xr-algebra structure on Bxr.
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(i) If B is a commutative factorization algebra, then the multiplication mor-
phism Bx ® Bx — Bx corresponding to the Dx-algebra structure on Bx is the
restriction of (3.4.20.2) to the diagonal X — X?2.

Proof. Clearly (b)=(c)<(a). To see that (¢)=(b), use 3.4.3(ii). To prove that
(d)=(c), define the morphism (3.4.20.2) to be the composition of f : Bx K Bx —
sz ®Bx2 and mxz2 : sz ®BX2 — BXQ7 where f(bl ®b2) = (bl X ].) X (1 ‘EbQ)

Statement (iii) follows from the definitions. Now let us show that (a)=-(d).
If B is commutative, then B ® B is commutative (use the equivalence (a)<(c)).
Applying (iii) to B ® B, we see that the multiplication in Bx ® Bx = (B ® B)x
coming from the factorization structure on B ® B is the usual tensor product
multiplication (i.e., (by ® b2)(bs ® by) = b1bs ® babs). So we have the D x-algebra
morphism By ® Bx — Bx, by ® b — b1bs. The corresponding morphism of
factorization algebras m : B ® B — B has the property mentioned in (d).

To prove (ii) consider any m : B ® B — B satisfying the property mentioned
in (d). Then myx : Bx ® Bx — Bx is a Dx-algebra morphism such that b® 1 — b
and 1 ® b — b. So there is only one possibility for myx and therefore for m. The
rest of (ii) is obvious. O

EXERCISE. According to 3.3.10 (or, equivalently, by 3.1.3 and (3.3.3.1)) we
know what the tensor product of any chiral algebra and a commutative chiral algebra
is. Show that it coincides with the tensor product of these chiral algebras in the
sense of 3.4.15.

3.4.21. If Bis a commutative factorization algebra, then Bxr is a commutative
D x1-algebra for every I (see (ii) in the proposition in 3.4.20). By 3.4.9, Bx can be
uniquely reconstructed from Bx. We are going to explain the geometric meaning
of the D xr-scheme Spec Bx: in terms of the D x-scheme Y := Spec Bx. We will
show that Spec By is the scheme Yy of horizontal infinite multijets of Y.

First we have to define Yyr. A k-point of Yy is a pair consisting of a point
& = (2;)ic; € X! and a horizontal section s : X, — Y, where X, is the formal
completion of X at the subset {z;} C X. One defines R-points of Yx: quite
similarly (if z = (2;)ie; € XT(R), then X, is the formal completion of X ® R
along the union of the graphs of z; : Spec R — X). Therefore we have a functor
{k-algebras}—{sets}, and we claim that it is representable by a scheme Yy affine
over X', It is enough to prove this if Y = Spec Sym(Dx ® V) where V is a vector
space. In this case Yxr = SpecSym(L ® V), L := Uy (mOxxx1/IV)*, where
7 : X x X! — X7 is the projection to the second factor and J C Oy y: is the
product of the ideals of the subschemes x = z; of X x XT, i € I (we use the fact
that the sheaves 7,0y xr/JV are locally free3?).

REMARKS. (to be used in 3.4.22) (i) We have shown that if Y = Spec Sym (M)
and M is a free Dx-module, then Yy is flat over X'.

(ii) Suppose that a group scheme G over k acts on the Dx-scheme Y. Then
it acts on Yxn. Let Y¢ C Y be the subscheme of fixed points of G. Applying the
above multijet construction to Y& instead of Y, we get a Dxn-scheme (YG)Xn.
Then the morphism (Y %) x» — Yx» induces an isomorphism (Y%)xn — (Yxn)%
(this follows immediately from the definitions).

30This is not true if dim X > 1, so it is not clear if our multijet functor is representable in
this case.
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(iii) The above construction has étale local origin with respect to Yy, so it
makes sense for an arbitrary (not necessary affine) algebraic D x-space Y.

The X' -scheme Yy: has a natural structure of the D y:-scheme. Indeed, the
fibers of Y1 over infinitely close R-points z, & of X' are naturally identified because
the completions X, and X; coincide (“infinitely close” means that the restrictions
of z,& : Spec R — X to the reduced part of Spec R coincide). So Yxr = Spec Axr
for some D yr-algebra Ax:.

Notice that Yy = Y and therefore Ax = By. We will show that Ax: =
Bx . As a first step, let us show that A has a structure of the quasi-factorization
algebra (see 3.4.14). Recall that this structure consists of morphisms v(™ and Clx]
of (3.4.5.1) and (3.4.5.2) subject to axioms (a)—(d) and (f) from 3.4.5.

Suppose we have 7 : J — I. Tt yields a map A™ : XT — X7 and a Dy:-
morphism Yy — Yy x x5 X7 (restricting a horizontal section of Y over a formal
neighbourhood of a finite subscheme to a formal neighbourhood of a smaller sub-
scheme). We get the morphism (™) of (3.4.5.1). We also have a similarly defined
D xs-morphism Yyxs — [[ Yy which is an isomorphism over U [7] and therefore

T
the isomorphism c(, of (3.4.5.1). The axioms (a)-(d) and (f) from 3.4.5 are evident,
so A is a quasi-factorization algebra.

3.4.22. THEOREM. There is a (unique) isomorphism of quasi-factorization al-
gebras A = B such that the corresponding isomorphism Ax — Bx is the identity.

Proof. (i) If we know that A is a factorization algebra (i.e., that Ax: has no
non-zero sections supported at the diagonal divisor), then A = B. Indeed, A4 is
equipped with a morphism m : A ® A — A satisfying the conditions (i)(d) of the
proposition in 3.4.20 and such that mx : Ax ® Ax — Ax is the multiplication in
Bx = Ax. So, by (ii) in the proposition in 3.4.20, the identity map Ax — Bx
is an isomorphism of D y-algebras. Therefore it extends in a unique way to an
isomorphism A = B of factorization algebras.

(ii) If By is a free commutative D x-algebra, then Ay has no non-zero sections
supported at the diagonal divisor (see Remark (i) from 3.4.21) and therefore A = B.

(iii) Everything said above in 3.4.20-3.4.22 renders itself to the super setting
and to the DG setting. So if By is a free commutative differential graded D x-
algebra, then A = B (as usual, “free” means “free as a Z-graded commutative
super D x-algebra”).

(iv) The statement of the theorem is local, so we can assume that X is affine.
Then Bx has a free DG resolution; i.e., there is a free commutative differential
graded D y-algebra By placed in degrees < 0 equipped with a quasi-isomorphism
Bx — Bx (we consider Bx as a DG algebra placed in degree 0). Applying the
DG version of the theorem in 3.4.9, we see that Bx extends to a factorization DG
algebra B = {Bxl }res. Applying to Bx the multijet construction from 3.4.21,
we get a quasi-factorization DG algebra A equipped with a morphism A — A.
As explained in (iii), A = B. For every I the morphism By: — By is a quasi-
isomorphism (see Remark (ii) in 3.4.4). So it remains to show that the morphism

(3.4.22.1) HO(Ax:r) — Ax:

is an isomorphism. Indeed, according to 1.1.16 a DG algebra is the same as a super
algebra with an action of the semi-direct product G of G,, and the super group H
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with Lie algebra k[—1] (k[—1] is odd and A € G,,, acts on k[—1] as multiplication by
A); the action of G defines the grading and the action of H defines the differential.
Since Ay: is placed in non-positive degrees, Spec H*(Axr) = (Spec Ax:)C. So
the super version of Remark (ii) from 3.4.21 shows that (3.4.22.1) is indeed an
isomorphism. O

3.4.23. Let M% be aleft Dy-module. Then By := Sym M¥ is a commutative
D x-algebra. We will give an explicit description of the corresponding factorization
algebra B = {Bxr}1es.

Let Z; € X x X be the union of the subschemes = = x;, i € I (notice that Z;
is singular if |I| > 1). We have the projections 77 : Z; — X and pr : Z — X!. Put

(3.4.23.1) My := pr.mi Mx = (pr)amyMx [l —n)], n:=|I|.

Here we use the notion of a D-module on a singular scheme (see Remark in 2.1.3)
and notation from 2.1.4. Notice that since Z; naturally appears as a subscheme of
the smooth scheme X x X7, one can easily reformulate the definition of My using
only D-modules on smooth schemes. Namely, one has

(3.4.23.2) MXI = p*(j*]*(MX &WXI)/(MX IEWXI))

where j: X x X'\ Z; — X x X' and p: X x X! — X! is the projection.

According to the proposition in 2.1.4, T}MX is a D-module (not merely a
complex of D-modules). Since 7y is finite, Mx: is also a D-module. On the
complement U of the diagonal divisor of X our My is canonically isomorphic
to Epr}LMX, where pr; : X! — X is the ith projection. So on UY) we have a
canonical isomorphism between Sym M f( ; and B?é[ .

PROPOSITION. This isomorphism comes from a unique isomorphism of D x1-
modules

(3.4.23.3) By = Sym (M%,).

Proof. We use notation from 3.4.5. For any f : J — I we have AY) : XT — X7,
Then AV'Mys = (pr)caa‘niMx[1 — n], n := |J|, where a is the embedding
Zp x XN XT and I’ := f(I). So we get a canonical morphism

(3.4.23.4) v AP M

We also have a canonical morphism Zpr*Mf(Ji — Mf(J where pr; : X7 — X7 is

i

the projection. Its restriction to U] (see 3.4.5) is an isomorphism
(3.4.23.5) ey 1Y My, S UMY,

Set Bys := Sym MY, The (3.4.23.4) and (3.4.23.5) yield morphisms (3.4.5.1)
and (3.4.5.2) for B which evidently satisfy properties (a)-(f) in 3.4.5.3' So B
is a commutative factorization algebra. By (ii) in the proposition in 3.4.20 the
corresponding commutative D x-algebra is Bx := Sym M f( equipped with the usual
multiplication. ]

31 Axiom (b) holds since (3.4.23.4) for surjective f is an isomorphism; axiom (e) holds since
Mﬁﬂ has no non-zero sections supported at the diagonal divisor.
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3.4.24. Let Mx be a D x-module, My the D xr-module defined by (3.4.23.1).
Consider the Dy-scheme Y := V(M¥%) := Spec Sym(M¥% ) and denote by Yy: the
corresponding multijet D xr-scheme defined in 3.4.21.

PROPOSITION. One has Yxr = V(Mf(,), More precisely, the canonical iso-
morphism Yx1 x x1 U = (V) xxr UD 5 V(Mf(l) X x1 UD) over the com-
plement U X7 of the diagonal divisor extends (uniquely) to an isomorphism
Yxr = V(M&,).

Proof. This is an immediate consequence of 3.4.22 and 3.4.23. Here is a direct
proof.

An R-point of Y is a pair consisting of z = (z;) € X(R)! and an R ® Dx-
linear morphism R ® Mf( — lim Oxgr/Oxgr(—nD,), where D, is the sum of
the graphs of x; : Spec R — X considered as divisors on X ® R. Put L, :=
(Jz)+ji(wx ® R)/(wx ® R), where j, is the embedding (X ® R) \ D, — X ® R.
An Ox ® R-morphism f : R® M% — limOxgr/Oxgr(—nD,) is the same as
an R-morphism ¢ : (pr).(L: ®o, M%) — R where pr : X ® R — SpecR is
the projection and (pg). is the sheaf-theoretic direct image (p is the composition
of the morphism (pr).(L, ®0y, M%) — (pr).L; induced by f and the “sum of
residues” morphism (pg).L, — R). An Oy ® R-linear morphism f : R® M% —
lim Oxgr/Oxgr(—nDy) is Dx ® R-linear if and only if the corresponding ¢ :
(pr).(Ly ®0, M%) — R factors through (pgr).(L, ®p, M%).

So R-points of Yxr bijectively correspond to R-morphisms P, — R, where
P, = (pR)(LL Dy M‘f{)v Le.,

(3.4.24.1) Py = (pr).(wx ®py N;)o Ny = joujs(Mx © R)/(Mx @ R).

On the other hand, an R-point of V(MY,) is a pair consisting of z = (z;) € X(R)!
and an R-linear morphism M’ — R where M’ is the z-pull-back of the O xr-module
Mgcf to Spec R. We claim that Mf = P,. To show this, notice that D, is the x-
pull-back of the closed subscheme Z; C X x X! from 3.4.23. According to (3.4.23.2)

one has
MY = p.N = p(wx ®py NY), N = jj* (Mk B Ox1)/(M% B Ox0).

Comparing this description of Mf(, with (3.4.24.1), we see that M! = P,.

So we have constructed an X-isomorphism Yyr — V(Mf(,). It is easy to see
that it is a D yr-isomorphism and that it induces the required isomorphism over
the complement of the diagonal divisor. O

3.5. Operator product expansions

In this section we identify a chiral algebra structure on a D-module with a
commutative and associative ope product. Here ope stands for “operator product
expansion”. This shows that our chiral algebras are related to their namesake from
mathematical physics and - in the translation equivariant setting - amount to vertex
algebras (see 0.15). This approach uses non-quasi-coherent D-modules (referred to
as “D-sheaves” below), which requires some care. The ope set-up is convenient for
writing formulas and can be considered as a direct generalization of the notion of
the Dx-algebra (see 2.3). It is also very convenient in the (g, K)-modules setting
(see 3.5.15).
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3.5.1. Let us begin with some preliminary considerations. For a smooth variety
P a Dp-sheafis any (not necessarily quasi-coherent) sheaf of left D-modules on Pg;.
We denote the category of D p-sheaves by M*(P), so M*(P) is a full subcategory of
M¢(P). The O p-tensor product defines on M*(P) a structure of the tensor category.
Let i : Z — P be a closed smooth subvariety and J C Op the corresponding ideal.
If F is a Dp-sheaf, then i*F := i (F/JF) is a Dz-sheaf in the usual way.

3.5.2. LEMMA. (i) The functor i* : M*(P) — M*(Z) admits a right adjoint
functor iy : M*(Z) — MY(P) which is evact and fully faithful. It identifies M*(Z)
with the full subcategory of those D p-sheaves F for which F = lim F//J"F.

(ii) For a Dz-sheaf G set .G = (i,wz)’ ®i:G.32 The functor i, : M*(Z) —
ME(P) is exact, fully faithful, and right inverse to i*. A Dp-sheaf belongs to its
image if and only if everyone of its local sections is killed by some power of J.

(iii) The above i, coincides on M*(Z) with the direct image functor from 2.1.3:
for N € M(Z) one has i.(N*) = (i.N)*.

Sketch of a proof. (i) The existence of i; follows from right exactness of i*, as
well as the fact that i; has the local nature. One can describe i;G explicitly: for an
open U one has I'(U,i:G) = Hom(i*Dy,Gy) (the morphisms of Dynz-sheaves).
This easily implies all the assertions in (i) and also (ii) and (iii) (use Kashiwara’s
lemma,; see 2.1.3). O

REMARK. The functor i* commutes with tensor products. Therefore i; is
naturally a pseudo-tensor functor adjoint to ¢* as a pseudo-tensor functor (see 1.1.5).
Namely, for F; € M*(P) one has the identification Hom(®i*F;, G) = Hom(i* ®
F;,G) = Hom(®F;,i;G). So if A is a Dz-algebra, then i; A is a D p-algebra, and if
N is an A-module, then i; N and i, N are i; A-modules.

3.5.3. Suppose Z is a divisor; let j : U := P~ Z — P be the complementary
open embedding. For a D z-sheaf G set

(3.5.3.1) i7G = (i2G) ® §.O0y € MY(P).

It is easy to see that the canonical map ;G — .G is injective. Since (i*wz)é =
JxOu /Oy, we get a canonical exact sequence

(3.5.3.2) 0—i.G —i;G —1,G — 0.

REMARK. Since - ® j,Op is a tensor functor, the remark in 3.5.2 shows that i3
is a pseudo-tensor functor.

3.5.4. LEMMA. (i) The projection iyG — .G is a universal morphism from
a Dp-sheaf which is a j.Opy-module to i,G. The same is true for Op-module
morphisms.

(ii) For any Dp-sheaf F one has

(3.5.4.1) Hom(F,i;G) «<— Hom(F ® j.Oy,i:G) — Hom(F ® 7.0y, i.G).

Proof. (ii) follows from (i), and (i) essentially says that one recovers i;G from
i+G by the “Tate module” construction. Namely, for a Dp- (or Op-) sheaf @) which
is a j,Opy-module one lifts a morphism a : Q — i,G to & : @ — G by the formula
a(f) =limq"a(g " f). Here f € F®35.0y, ¢ € Op an equation of Z, so ¢"a(q¢~" f)
is a well-defined element of i;G/I"i;G. O

32Here (ixwz)! € ME(P); see 2.1.1 and 2.1.3.
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REMARK. We also have the canonical isomorphisms
(3.5.4.2) Hom(F,i;G) «<— lim Hom(F¢, i;G) — lim Hom(i* F, G),

where F¢ runs the set of D p-subsheaves of F'®j,0y such that F¢-j,.0p = F®Rj.0y.
The first arrow assigns to F¢ — ;G its tensor product with j,Op; the second
arrow is the adjunction isomorphism. The inverse map to the first arrow sends
¢: F®j.0y — ;G to ¢ : Fr — i.G where Fy := e 12 G), ¢ is the restriction
of ¢ to Fg.

Notice that if both F and G are quasi-coherent, then, as follows from the above
lemma, we may assume in (3.5.4.2) that all the F¢’s are quasi-coherent.

3.5.5. Let us return to our situation, so X is a curve. For a finite non-empty
I and a D x-sheaf G set AiI)G =AW ;G and

(3.5.5.1) AVG = (AP 2 iPoya e M(XT).

The obvious morphism Ay)G — A&DG is injective. Note that A&I)G has the

following explicit description. For 0 € I consider a D yr-sheaf prjG := G XOEI\{O}.

Then ADpréG = G; hence APqg = lim priG /IR prgG = lim O x1 /IR ® G where
Ox

JA C Oxr is the ideal of the diagonal X C XTI

EXAMPLE. Let ¢t be a local coordinate on X, I = {1,2}. Then AgI)G =
G1 [[t1 — tg]] = Gg[[tl — tgﬂ and ASKI)G = Gl((tl — tg)) = GQ((t1 — tg)) where G1,
resp. Go, is a copy of G considered as a D-sheaf along the first, resp. second,
variable in X x X.

More generally, for S € Q(I) let AU/S) . X5 < X! be the diagonal embedding
and j_(I/S) : UU/%) — X! the complement to the diagonals containing X*°. For
F e M(X¥) set

(3.5.5.2) AYIp = AV R g 90,08 € M(XT).

Note that if F'is a jiS)OU@)—module, then AgI/S)F is a jil)(‘)y(z)—module.
For an interval = {I; <--- < I, =I} C Q(I) and G € M(X) set

(3.5.5.3) ADG = A/ AL AI G e v(x.
This is a jij)(‘_)Um—module. For 7’ C J one has ASKJ,)G - A@G.

ExampLes. One has Al"VG = AVG. 117 = {1,---,n} and I, is its quotient
modulo the relation a = a+1 = - -+ = n, then A" G = Gi((t1—t2)) -+ ((tn=1—1tn)).
Here ¢ is any element in [1,7n] and G; is a copy of G considered as a D-sheaf along
the ¢th variable in X".

3.5.6. Suppose J is a maximal interval; i.e., |I,| = a+1. We have a natural pro-

jection g : Af)G — AS)G defined as the composition of maps Ag/l’“)&(kjﬁk)G —

A(I/Ik—l)A(jgk—l (Ie/Ik-1) HA(Ik/Ik—l)

)G’ coming from the projection A . It is clear

that any non-trivial jg)OU(z)—submodule of A@G projects non-trivially to Ag)G,

so for any D yr-sheaf N we have Hom(N, Ag)G) ha Hom(N@jiI)(f)Uu) , A@G) —
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Hom(N ® jg)OU(I),Ag)G) where the right arrow comes from mg. In particu-
lar, for any L;, M € M(X) one has a canonical embedding (here A; comes from
wxr @ A\f = w%l, see 3.1.4, and we use 3.5.2(iii))

(3.5.6.1) Hom(RL!, AV M) < PeM({L;}, M) ® Ar.
3.5.7. We will need a technical lemma. Consider the Cousin complex for

C(w) xr from the proof in 3.1.5. Tensoring it by (A&I)G)w;(} [—]I]], we get a com-

plex C1(G) of Dxir-sheaves with terms Cr(G)™ := @ AYTAD G (in
TeQ,|I|-m)

particular, C7(G)° = APG) which is a resolution of A G.
LEMMA. Suppose that N € M(XT) is a j,(kI)OUu)—module. Then the sequence
0 — Hom(N, C;(G)°) — Hom(N, C;(G)') — Hom(N, C1(G)?)
1 exact.

Proof. The statement is X-local, so let us choose an equation ¢ = 0 of the
diagonal divisor; then A,(kI)G = liLnAg)G/q”Ag)G. Now use the fact that for any

AD G/ AD o g "d 1 4! 2
n the sequence 0 — AY/G/q"AY'G — CY —— C1(G)' — C1(G)? is exact. O

3.5.8. For an I-family of D x-sheaves set
(35.8.1) Or({F},G) = Hom(®F;, AV G) = Hom((®RF) @ 570,00, AL G).

This is the vector space of I-ope’s. They have a local nature with respect to the
étale topology of X.

For example, in the notation of Example in 3.5.5, a binary ope o : F X F' —
AYG is a series ff = Y2t — t2) (fof')2 where fo f' € G and (fo f')s is the
corresponding section of Gs. ' Z '

Ope’s are not operations in the sense of 1.1 for the composition of ope’s need
not be an ope: it belongs to a larger vector space. Namely, for J — I and a J-family
{E;} of Dx-sheaves the ope composition map

(35.8.2) O0:({F;}.G) @ (9 05, ({E;}, F)) — Hom(RE;, AL G)

sends 7 ® (®6;) to v(d;) defined as the composition ?Ej 2, g&ﬁf”Fi —

_ N A(/T) -
AYD(®E) — AV (RE) @ 1 00,0) S0 AN g,

We say that ope’s (v,{d;}) compose nicely if v(d;) takes values in AVa ¢
AIDG so0 v(5;) € 0,({E;}, G).

REMARK. The canonical identification Hom (X F;, A&I)G) = Hom(®F;, G) (see
3.5.2(i)) and the embedding A" G — AG yield an embedding
(3.5.8.3) Hom(®F;,G) € O;({F:},G).

Ope’s from the left-hand side always compose nicely, and their ope composition
coincides with the composition in M(X)".

The composition of ope’s is associative in the following sense. Let K — J be an-
other surjection. For a K-family {Cy} of D x-sheaves and ope’s € € Ok, ({Cy}, Ej)
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the double composition morphisms (v(d;))(¢;),v(d:(g;)) € Hom(KCy, Ai{I’J’K})G)
are defined, respectively, as compositions

D (K - R/ (m(5)) ~
RC, ey &AiKJ)Ej N ASFK/J)(XEJ-) A (v(8)) Ai{I,J7K})G7

X6, P - - RE/ DA/ -
KO, di(e;) &Ai{JHKZ})Fi _)AﬁK/J)ASkJ/I)(&Fi) A ALT () Ai{I,LK})G.
The associativity property says that they coincide.

3.5.9. Let o € 03({G,G},G) be a binary ope, a Kb — aob € A,G. We
say that o is associative if both (o, {o,idg}), (o,{idg,o}) compose nicely and the
composition ope’s € O3({G, G, G}, G) coincide, and we say o is commutative if it is
fixed by an obvious “transposition of coordinates” symmetry of O2({G, G}, G).

We call o an ope algebra product on G and (G, o) an ope algebra.

A wunit for o is a horizontal section 1 € G such that for every a € G one has
aol,loa€ A,G c A,G and modulo JAA,G both aol and 1oa equal a € G. A
unit is unique, if it exists.

REMARKS. (i) For o € Hom(G ® G,G) C 02({G,G},G) (see (3.5.8.3)) the
above notions of associativity and commutativity are the same as the usual notions
in M(X)".

(ii) If o is associative and commutative, then the triple product oz:= o({o,idg})
is fixed by the action of the symmetric group of three variables.

3.5.10. According to (3.5.4.1) the canonical embedding (3.5.6.1) is an isomor-
phism for |I| = 2, so for any A € M(X) one has a canonical bijection

(35101) PZCh({A7 A}v A) ® )‘{172} e 02({Aea AZ}7 Ag)a K= 0.
Now we can state the main result of this section:

THEOREM. The above bijection identifies the set of chiral Lie brackets with
the set of commutative and associative ope algebra products. A horizontal section
1 € A% is a unit for p if and only if it is a unit for Op-

Proof. We will prove the first statement; the second one is left to the reader.

Since (3.5.10.1) commutes with transposition of coordinates, skew-commutative
p correspond to commutative o,,. Take such p. Let us show that the Jacobi identity
for 1+ amounts to the associativity of o = o,.

Set R := jﬁj)j(l)*(Aggf). By 3.5.4 for every S € Q(I,|I] — 1) we have isomor-
phisms

Hom(A®!, Ai{s’l})Aé) «— Hom(R, AiI/S)A£S)Aé) — Hom(R, AiI/S)Ags)Aé).

Since Hom(R, A&I)AZ) = Hom(A* 'XI,ASPAZ), the exact sequence from 3.5.7
looks like
0 — Hom(A“® ADAN L o Hom(A'® AUST 4t
SeQ(1,|I|-1)
L ® Hom(R, AT AD AY).
TeQ((I,|[1]-2)

The symmetric group of I indices acts on it in the obvious way.
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Now suppose that I = {1,2,3}. The third vector space in the above exact

sequence is Hom(j,g?’)j(:g)*(Aem),Ai‘g)Ae) = P§h({A A A} A) @ Af1,2,3} (use the

identification w5® = wxs ®Aq1,2,3}). Our o is commutative, so for every S € Q(1,2)

we have the corresponding iterated product 65 € Hom(A* m,&i{s’l})Az). For
example, if S identifies 1,2 € I, then 6g = o(o,id). The element 63 := Xog of
the middle term of the above exact sequence is invariant with respect to the action
of the symmetric group. As follows from the construction, one has d!(o(o,id)) =
w(,ida). Therefore d*(53) is exactly the sum of terms of the Jacobi identity,
so d'(53) = 0 if and only if p is a Lie bracket. On the other hand, by the very
definition, o is associative if and only if 53 lies in the image of d°. Since our sequence
is exact, we are done. O

3.5.11. From the point of view of factorization algebras, for a chiral algebra
A the corresponding ope o4 := o, is the glueing datum for A% x- Namely, for
a,b € A’ the ope a 04 b is the restriction of a X b, considered as a section of Ag(z
on the complement to the diagonal, to the punctured formal neighbourhood of the
diagonal.

This implies, in particular, that o4 is compatible with the tensor product of
chiral algebras (see 3.4.15). Namely, the morphism ®(A, A%) — A, (®AL) (see the

remark in 3.5.3) sends ®o4, to oga, -

3.5.12. LeEMMA. Let (A% 0) be a commutative and associative ope algebra.
Then for any finite non-empty I one has a canonical I-fold ope product operation
or € Or({A%Y, AY). These operations are uniquely determined by the following
properties:

(1) [f |I| = 1, then oy = ’idA[,' Zf |I| = 2, then oy = o.

(ii) For every J — I the operations (or,{os,}) compose nicely; the composition
is 0.

Proof. We define oy by induction. We know oy if |I| < 3. Now let I be a
finite set of order n > 3, and assume that we know oy for |I'| < n so that (i), (ii)
hold. Consider the exact sequence from the proof in 3.5.10. For S € Q(I,n — 1)
set 55 1= 0g(0fq,b},id At )iztap € Hom(A®! AU:5) A%, Here a,b € I are the two
distinct S-equivalent elements. Set 67 := 3og € @ Hom (A A5 ALy,

SeQ(I,n—1)
The associativity of composition (see 3.5.8) and the existence of o3 imply that
d'(5;) = 0. Hence 5; = d°(o;) for certain o; uniquely determined by this condition.
Property (ii) follows from associativity of composition. O

REMARK. Let us describe o; from the point of view of factorization algebras.
Consider a factorization algebra that corresponds to our ope algebra. In particular,
we have a Dy r-module Aﬁ( ;, whose pull-back to the diagonal equals A¢. Thus its
formal completion at the diagonal equals A, A? (see 3.5.2 and 3.5.5). Now o; is the
composition AR — D j(Dx gRL >, jiI)j(I)*A’;(I — A 4.

3.5.13. Let us translate some of the definitions from 3.3 in the ope language.
Let (A, i) be a chiral algebra, and let (A’ o) be the corresponding ope algebra.

By definition, the Lie* bracket [ ], : ANA — A, A coincides with the compo-
sition A/K A 2 A, A — A, A” tensored by idy, ,; hence [ ], is the singular part
of o. Therefore our chiral algebra is commutative if and only if o takes values in
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AL AL ¢ A A% e, o € Hom(A%®2, AY) c O4({Af, AL}, AY) (see (3.5.8.3)). Notice
that Remark (i) from 3.5.9 provides another proof of (3.3.2.1), (3.3.3.1).

3.5.14. If (G,0) is an ope algebra, then a G-module is a Dx-sheaf N to-
gether with an ope pairing oy € O2({G, N}, N) such that both oyn(o,idy) and
on(idg,on) compose nicely and the compositions € O3({G, G, N}, N) coincide. If
G has unit, then one defines a unital G-module in the obvious manner.

Let A be a chiral algebra as above, M an A-module, so we have the chiral
action ppr € PsM({A, M}, M). Let opr € Oo({A*, M*}, M*) be the corresponding
ope pairing (see 3.5.10). This is an (A’ o)-module structure on M. This identifies
the category of (A, p)-modules with that of (quasi-coherent) (A*, o)-modules. This
follows directly from 3.5.10 (use 3.3.5(i)).

As in 3.5.8 one can write o, in terms of a local coordinate ¢t as a morphism
AR M — My((ty — t2)), a,m — S.(t; — t2)*(aom)s. For fixed a the map M —

Ms((t1 — t2)), m — a opr m, is the vertex operator corresponding to a.

3.5.15. The ope approach is quite convenient in the setting of (g, K)-modules
(see 3.1.16; we follow the notation of loc. cit. and 2.9.7). Namely, for M; N €

M(g, K) one defines Oy ({M;}, N) as Homgr (®M;, AgI)N) where we set AV N =
FO ® AYN. With this definition the results of this section (in particular, the
F

theorem in 3.5.10) remain valid for (g, K)-modules. For g = k an ope algebra
is the same as a vertex algebra in the sense of [B1] or [K] 1.3. An ope algebra
for G = Autk[t] (see 2.9.9) is the same as a quasi-conformal vertex algebra in
the sense of [FBZ] 5.2.4. The functors defined by (g, K)-structures transform ope
algebras to ope algebras; this is the same as the old transformation of chiral algebras
(see 3.3.14). In particular, quasi-conformal vertex algebras define universal chiral
algebras on any curve, which is [FBZ] 18.3.3.

3.6. From chiral algebras to associative algebras

In this section we consider some functors which assign to a chiral algebra A
on X certain associative “algebras of observables.” In a local situation, fixing a
point z € X, we define two associative (closely related) algebras: a topological
algebra A%® which governs the category of A-modules supported at x and a filtered
Wick algebra AY that encodes the standard rules of thumb for manipulating vertex
operators (e.g., the expression of the coefficients of the operator product expansion
as normally ordered products). If A is commutative, then A%® is the algebra of
functions on the space of horizontal sections of Spec A¢ over the formal punctured
disc at .

The above associative algebras are omnipresent in the vertex algebra literature
as algebras of operators acting on concrete modules. The reader who wants to
acquire some computational skills is advised to look into [K]|, [FBZ].

In 3.6.1 we introduce “normally ordered” tensor product & of topological vector
spaces, which is a general monoidal category context for the topological associative
algebras we will consider. The topological algebra A%® is studied in 3.6.2-3.6.10. We
define A%° in 3.6.2, describe it as a certain completion of A(j;.jiA), in 3.6.4-3.6.7,
check compatibility with tensor products in 3.6.8, and compare it with a construc-
tion from [FBZ] 4.1.4, 4.1.5 in 3.6.9-3.6.10. The Wick algebra AY is defined in
3.6.11; it is mapped into A%® in 3.6.12. The situation when x varies is considered in
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3.6.13-3.6.14. We describe arbitrary A-modules as modules over a sheaf of topolog-
ical associative D x-algebras A® in 3.6.15-3.6.17. If A is commutative, then A%*
coincides with the same-noted algebra from 2.4. We look at the situation when
x varies and show in 3.6.19 that the functor A — A%® preserves formally smooth
and formally étale morphisms. Finally 3.6.20-3.6.21 contains some remarks about
a global version of the Wick algebra.

A natural problem is to assign (in the analytic setting) to any oriented loop y on
X an associative algebra A5%; the algebra A3°® should correspond to the infinitely
small loop around the punctured point x. The construction of the global Wick
algebra has to do with this question.

3.6.1. A digression on &. The reader can skip this subsection at the mo-
ment, returning when necessary.

Below, “topological k-vector space” means a k-vector space equipped with a
complete and separated linear topology. The category of topological vector spaces
is a monoidal k-category with respect to the “normally ordered” tensor product @
defined as follows. For Vi, ... ,V,, the tensor product Vi® - - - @V, is the completion
of the plain tensor product V; ® --- ® V,, with respect to a topology in which
a vector subspace U is open if and only if for every ¢, 1 < ¢ < n, and vectors
viy1 € Vir1,...,v, € V,, there exists an open subspace P C V; such that U D
Vi  -®Vi.1®PQujy1 ®- - ®vy,. The tensor product ® is associative but not
commutative. The unit object is k.

ExaMPLES. Consider k((t)) as a topological k-vector space equipped with the
usual “t-adic” topology. Then for every topological k-vector space V there is
an obvious canonical identification V@k((t) = V((t). One has (EndV)(t) C
End(V&k((t))). Thus for every endomorphism g of V' the endomorphism 1 — g&t
of V&K((t)) is invertible; if g is invertible, then so is g&1 — 1&t.

In particular, we see that

(3.6.1.1) k()@ - Ok(tn) = k(t1) -+~ (ta)-

Any k((t)-vector space V is naturally a topological k-vector space: a subspace
U C V is open if its intersection with every k((¢))-line in V' is “t-adically” open.
Suppose that V;, i = 1,...,n, are k((t;))-vector spaces. Then (3.6.1.1) yields a
canonical map

(3.6.1.2) V& -V, ® E(t) - (tn) — Vi@ --- 8V,
k(1)@ @k(tn)

which is an isomorphism if the V;’s have finite k((¢;))-dimension.

An associative algebra in our monoidal category is the same as a topological
associative algebra whose topology has a base formed by left ideals. Below we call
such an R simply a topological associative algebra;®® we always assume it to be
unital. For a topological vector space V' the free topological associative algebra
generated by V is denoted by TV, so TV = k®V HVO2 g ... (equipped with the
direct limit topology).

For a k-vector space M considered as a discrete topological vector space a
left unital R-action on M in the sense of our monoidal category is the same as a

33850 the ring of Laurent formal power series k((t)) with its usual topology is not a topological
algebra in this sense.
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continuous left unital R-action (which means that the annihilator of every m € M
is an open ideal). M equipped with such an action is called a discrete R-module.
The category of discrete R-modules is denoted by Rmod.

REMARKS. (i) Our R reconstructs from Rmod and the obvious forgetful functor
from Rmod to (discrete) vector spaces as the (topological) endomorphism algebra
of this functor.

(ii) For a discrete vector space V the algebra End (V') equipped with the weakest
topology such that its action on V is continuous is a topological associative algebra.
The category of discrete End(V)-modules is semisimple; each irreducible object is
isomorphic to V.

(iii) A right R-action on M in our monoidal category is the same as a plain
right R-action such that the annihilator of M is open in R; i.e., the action factors
through R/I where I is an open two-sided ideal. We will not consider such senseless
objects.

The category of topological vector spaces also carries a symmetric monoidal
structure defined by the usual completed tensor product ®V,, := im ®(Va/Vag),
where V¢ runs the set all open subspaces in V,,. So we have a natural continuous
morphism V@@V, — Vi®---®V,. The tensor products ® and & mutually
commute: for a collection {V,;} of topological vector spaces bi-indexed by {«a}
and i = 1,... ,n one has @(Vao1® - @Van) = (@Va1)@ - - @(&®Vian). Therefore if
the R, are topological associative (unital) algebras, then so is ®R,; if the V,, are
discrete (unital) R,-modules, then ®V,, is a discrete (unital) @ R,-module.

REMARKS. (i) A topological associative algebra which is commutative (as an
abstract algebra) is the same as a commutative algebra with respect to ®.

(ii) The topological associative algebra End(V') (see the previous Remark (ii))
is not an algebra in the sense of ® and the action morphism End(V)@V — V does
not extend to End(V)®V unless dim V < oo.

3.6.2. The first definition of A%°. Let € X be a closed point and i, :
{z} — X, j, : U, — X the complementary embeddings. Denote by O, the
formal completion of the local ring at x, K, its quotient field. Below, ¢ is a formal
parameter at z (we fix it for mere notational convenience), so O, = k[t], K, =
k()

Let A be a chiral algebra on X. We will assign to it a topological associative
algebra A%°. Here is a quick definition. Denote by M(X, A), the category of A-
modules supported at 2. We have a faithful exact functor i', = h on M(X, A), with
values in the category of vector spaces. Our A%? is the algebra of endomorphisms of
this functor equipped with the standard topology (its base is formed by annihilators
of elements of hM, M € M(X, A),.). Unfortunately this definition says little about
the structure of A%® (to the extent that it smells of set-theoretic problems). So we
will give another “concrete” definition of A%® comparing it with the above definition
later in 3.6.6.

REMARK. The reader may prefer to consider instead of M(X, A), the sub-
category Mo (X, A), of Mo(X,A) (see 3.3.5(ii)) which consists of modules sup-
ported scheme-theoretically at z.3* The induction functor (3.3.5.1) identifies it
with M(X, A),.

341 e., killed by the maximal ideal m; C Ox.
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3.6.3. LEMMA. The functor M(X, jzjiA)s — M(X, A), defined by the obvi-
ous morphism of chiral algebras A — j,.jiA is an equivalence of categories.

Proof. Let M be a D-module supported at . We want to show that every
A-action on M extends uniquely to a jg.jiA-action, and this extension is com-
patible with the morphisms of the M’s. Notice that for every finite family of D x-

modules A;, i € I, the obvious morphism of D, ;-modules® jg)j(f)* ((g A)RM) —

~

jg)j(f)*((gjz*j;fli) X M) is an isomorphism. Thus Plgh({jx*j;A,-,M},M) —
P;h({Ai, M}, M). This implies the desired statement (take A; = A). O

REMARK. Suppose M is an A-module supported at x. Let us write the A-
action as the ope ops (see 3.5.14). By Kashiwara’s lemma we can replace M
by it M = hM, i.., consider oj; as a morphism>6 Aeow — Hom(hM,hM((t))),
a — (m +— a oy m), compatible with the action of differential operators.>” Then
the ope for the jg.ji:A-action on M is simply the K,-linear extension A%w —
Hom(hM, hM((t))) of op;.

3.6.4. The second definition of A%°. We change the notation: from now
till 3.6.13 our A is a chiral algebra on U,. Set M(X, A)z := M(X, jzxA)z.

Denote by Z2° the set of chiral subalgebras A¢ C jz.«A which coincide with A
over U,. If A¢, Ag are in %%, then so is A¢ N Agr, so E2° is a topology on j,.A at
x (see 2.1.13 for terminology).

REMARK. As in Remark (i) in 2.1.13 the map A — Ago, identifies 22° with

the set of chiral subalgebras of Ak, = (jzxA)o, = Ao, ® K, with torsion quotient,

—=as

and we can consider Z2° as a topology on Ak, or on h(Ag,).

The fibers Agm = i;Ag = i} (jur A/A¢) form a E%-projective system of vector
spaces connected by surjective morphisms. We denote by A% its projective limit.
Equivalently (see 2.1.13), A%° is the completion of h(jy«A), or h(Ax,) with respect
to the Z2*-topology. So every A% » is a quotient of AS® modulo an open submodule
Ie.

We are going to define on A%® a canonical structure of the associative algebra
such that the Iz become left ideals. To do this, we need an auxiliary lemma. For
€ B let lg, € AP /I = i;Ag =i (jz«A/A¢) be the value at z of the unit section
of Ag.

3.6.5. LEMMA. For every & € Z%° and M € M(X, A¢) the map ¢ — ¢(leg)
identifies Hom(jz+ A/ Ae, M) with the space of Ag-central sections of M supported
scheme-theoretically at x.

Proof (cf. Exercise (ii) in 3.3.7). It is clear that 1¢, is a central section. Since it
generates jy.A/A¢, our map is injective. The inverse map is constructed as follows.
Assume we have an A¢-central section m of M supported scheme-theoretically at x;
let us define the corresponding morphism v,,. We can assume that M is generated
by m; hence M is supported at x. Thus, by 3.6.3, M is a j,«A-module. Consider
the chiral action morphism j,.AX M — A, M. Pulling it back by (idx x i,)', we

35Here [ := I LJ-.
36Recall that Ao, =A® Oy, Ag, = A ® K.
Oy Og

37Dy acts on the right-hénd side as on the Laurent series k((t)) = Ke.
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get a morphism of D x-modules 9 : j. A ® i M — M. Since m is Ag-central, the
morphism jz.A — M, b— (b ® m), vanishes on A¢, so we have ¢y, : jp A/Ae —
M. One checks immediately that it is a morphism of Ac-modules. This is the
morphism we want. O

3.6.6. Set ®¢ := j,.A/Ae. This is an Ag-module supported at z, hence a
jz+«A-module by 3.6.3.

Notice that the projection jz«A — ®¢ is not a morphism of j,. A-modules unless
¢, =0.

For A¢r C Ag the canonical projection ¢ — ®¢ is a morphism of Ag-modules,
hence, by 3.6.3, that of j,.A-modules. We have defined a Z%°-projective system
® = {®¢} in M(X, A),. One has i, ® = A2°. Set 1, := lim 1¢, € A%°.

Take any M € M(X, A),. For every m € i', M its centralizer (see 3.3.7; here
we consider m as a section of M) belongs to £%°. Therefore, by 3.6.5, we have

(3.6.6.1) Hom(®, M) := | JHom(®¢, M) = if, M = h(M), ¢ — ¥(1,).

In particular, A%° = End ®. We define on A%® the structure of an associative
algebra so that this identification becomes an anti-isomorphism of algebras (so @
is a right A%-module). Therefore A?° is the algebra of endomorphisms of the
functor h on M(X, A),, as was promised in 3.6.2. The element 1, is the unit of our
associative algebra. We see that A% is a topological associative unital algebra in
the sense of 3.6.1 and every i\, M is a discrete unital A%*-module.

REMARKS. (i) Consider A as a Lie* algebra. Thus h(Ag, ) is a Lie algebra and
the map

(3.6.6.2) hAk,) — A

is obviously a morphism of Lie algebras. Notice that the Z%°-topology is weaker
than the ZL*-topology (see 2.5.12), so (3.6.6.2) extends by continuity to the =L~
completion.

(ii) Let us spell out the definition of the A%® product more concretely. Take any
a,b € AY. Choose any As € E%°; let us compute (ab)e € A% /I = Agx. Consider
the ope product o : Ag &Ag — (Ag)g((tl —t2)). Restrict o¢ to X x {«} and fix the
second argument to be b € Agw; we get a morphism of D-modules Ag — Agx((t)),
¢ cogbe. Let Af, C A{ be the preimage of Ag [t] C Af, (). Then Ay € 25°
and we have a morphism of D-modules Ag, — Ag[t], hence the map Af, — Ag of
fibers at . Our (ab)¢ is the image of ag.

3.6.7. LEMMA. The functor i\, = h: M(X,A), — A%mod is an equivalence
of categories.

Proof. Let us define the inverse functor. Recall that by Kashiwara’s lemma (see
2.1.3) the functor i\, is an equivalence between the category of right Dx-modules
supported at x and that of vector spaces; the inverse functor sends a vector space
V to iz V.

Now assume that V' is a discrete A%°-module. Then i,V is a chiral A-module.

Indeed, by Kashiwara’s lemma, one has i,,A% = ®. So, since iy, commutes
with direct limits, we have i,,V = ® ® V which yields the promised A-module
Ags

structure. The functor i, : A%*mod — M(X, A), is obviously inverse to . g
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3.6.8. The functor A — A% is compatible with tensor products:3
LEMMA. There is a canonical isomorphism of topological associative algebras

(3.6.8.1) RAY 5 (RA4)%.

Proof. It is clear that any subalgebra (®A, )¢ contains a subalgebra of type
®(Ane, ). This yields an isomorphism of topological vector spaces ®A%S :=
liﬂl@Aégam = (®A4)% which is obviously compatible with the products. O

COROLLARY. If A is a Hopf chiral algebra, then A% is a topological Hopf
algebra.

3.6.9. The third definition of A%°. Here is another, less economic, con-
struction of A% (cf. [FBZ] 4.1.5). Denote by hAg, the completion of hAg, or
hejesx A with respect to the Z,-topology (see 2.1.13). The map iALAKI — A2 yields
a morphism of topological algebras (see 3.6.1)

(3.6.9.1) 7:ThAg, — A%,

It appears that 7 identifies A%® with a quotient of ThA K, modulo explicit quadratic
relations we are going to define.
Consider Ag, itself as a topological k-vector space: we declare a subspace
P C Ak, to be open if it intersects every K -line by a subspace open in the “t-
adic” topology (see 3.6.1). Then the obvious map ¢ : Ag, — EAKI is continuous.
Denote by KQ(EQ) the localization of k[t, ta] with respect to t1, t2 and t; —to; let

)

o be an involution of Ka(g2 which interchanges t;. We have an embedding KQ(CQ) —

k(1) (t2)-

Now take any a,b € Ag, and f = f(t1,t2) € K. Consider f as an iterated
Laurent power series f = Y fi;tit] € k((t1)((t2). The series 3 fij(tia) @ (t}b)
converges in A?}i, so we have ((f,a,b) := Y fi;¢(tia) ® C(Ehb) € (hAk,)®2.

Set 7(f,a,b) = ((f,a,b) — C(o(f),b,a) — u(f,a,b) € (hAg,)®* @ hAgk, C
TBAKI. Here pu(f,a,b) € iLAKI is the image of fa X b by the chiral product map
composed with the projection A, Ax, — hA,Ag, = hAx, — hAg, .

Let A‘;S/ be the topological quotient algebra of ffLAKI modulo the relations
r(f,a,b) =0 for all f,a,b as above and an extra relation ((14dt/t) = 1.

3.6.10. LEMMA. The morphism 7w from (3.6.9.1) yields an isomorphism of
topological algebras

(3.6.10.1) A% A%,

Proof. Consider the functor A%*mod — T'EAKI mod defined by 7. Our state-
ment amounts to the fact that it is a fully faithful embedding, and a discrete
ThA k,-module M comes from an A%°-module if and only if the ThA K,-action on
M Xkills our relations.

For a vector space M a ThAg, -action on it amounts to a morphism (hAg, )@M
— M which is the same as a morphism of D x-modules j,. A ® M — i,,.M, or, by

38See 3.4.15 and 3.6.1.
39Take for Aqg,, the preimage of (R Aa)e by the morphism Ag — ®Aq.
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Kashiwara’s lemma applied to X x {z} C X x X, that of D y2-modules j,.A X
TpeM — Ayig M. Since jpARig M = j.j* (o A K iz M), this is the same as a
chiral operation i € P§"({jgs A, ige M}, iz M). Therefore iy, identifies ThA g, mod
with the category of pairs (P, u) where P € M(X), and pu € Ps"({j..A, P}, P).
Our relations just mean that u is a chiral unital action of j,+A on i, M. We are
done by 3.6.7. O

3.6.11. The Wick algebra. A better way to appreciate the construction of
3.6.9 and the like is to consider the Wick algebra AY of A. Here is a definition.

For n > 1 let O™ be the formal completion of the local ring of (,...,x)e X"
and let K™ be the localization of O™ with respect to the equations of the diagonal
divisor and the divisors z; =z, i = 1,... ,n. Set T'"A = AR 0 ® KJ(C”) =

(e )

A?}’: %) K and#0 TYmA = h(T*"A). Then TVA := T " A and its quotient

K®n
TYA := @T¥"A are Z>(-graded associative algebras with respect to the exterior
tensor product.

For every n > 2 the action of the symmetric group %, on X™ and A®¥" provides
a Y,-action on the nth component of T¥"A and T¥"A. Fori=1,... ,n— 1 let
o; € ¥, be the transposition of i,i + 1 and let pu; : TW"A(X) — T*" 1A(X) be
the map induced by the chiral product g4 at 4,741 variables. One has p;0; = —pu;.

The span of elements (@) := @ — 0;a — y;a for a € T™A, n,i as above, is a
two-sided ideal I A. We define the Wick algebra AY of A at x as the quotient of
T A modulo I A and an extra (central) relation 14 -7 = Res, ¥ for ¥ € h(wg,).*!

Our AY carries a commutative filtration AY, C AY, C ---, AY := the image
of T¥<"A. There is a canonical morphism of Lie algebras

(3.6.11.1) hAg, — AY,.

Let us define a canonical morphism of associative algebras
(3.6.11.2) §:AY — A
compatible with the standard Lie algebra maps from h(Agk,).

3.6.12. LEMMA. There is a commutative diagram of morphisms of associative
algebras

TwA — s TAg,

l |7

(3.6.12.1) T;UA s fiLAKm

l L

6
w as
Ax Aas

40 A5 usual, h means coinvariants of the Lie algebra of vector fields acting on our right ‘DK(") -
module; if ¢ is a local coordinate at x, these coinvariants coincide with the coinvariants of the vector
fields 8751 goeee ,Btn .

HHere 14 -7 € h(Ag,) =TY ' A.
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in which the top horizontal arrow 6 is a morphism of Z>o-graded algebras such that

every component 6" s O;n)—linear and 6 = iday, - The left vertical arrows are the
projections from 8.6.11; for the right ones see 3.6.9. Such a diagram is unique.

Pmof According to 3.6.1 every A®" is an O( ) module and the multiplication
by t; —t;, i # j, on it is invertible. Therefore the morphism of graded algebras

TAk, — TAKm which is ida,_  in degree 1 extends uniquely to a morphism of
graded algebras 4 : TYA — TA K, such that every 6" is Oé"):linear.

The left vertical arrows in (3.6.12.1) are surjections, so ¢ determines the other
horizontal arrows uniquely. It remains to show that they are well defined.

Consider ¢ first. We need to check that the composition T* ™Ay, 2 A%’; —
(iLA Kw)(g” vanishes on the image of every operator J;,, 1 < i < n. Notice that 0,
is a continuous operator on Ag, . Define 0;, € End A}é{: as the tensor product of
0y at the ith place and id Ag, at other places. Then 5 commutes with 0Ot,. The
composition A}é}: s, A?{: — h(A KI)®” vanishes, and we are done.

To see that & is well defined, we have to check that T%A = Th(Ag, ) 5> A%
kills r(@) := @ — 0;a — p;a for every a € T¥" A, n >2,i=1,... ,n— 1.4 Forn =2
this follows from the Jacobi identity for the chiral bracket.*®> For n, i arbitrary we
have a = f(b ® ¢ ® d) where f is in O(n) localized with respect to all the t, — t}’s
except t; — tip1, b € A®l Lee A® [(t —tiz1)7 Y, d € A®” =1 Consider f as

an element of the ring Rnyl =k((t1) - (tim1) [tis tipa ][t L tH_ll]((tHQ)) - ((tn)), so
= farantit - t9 where fo,...a, € k. Then 0r(a) is the sum of a convergent

series Y fayoan ((71 157" 0) @ r(t8t571 ) @ (t157 - - t9nd). Since 7 is a contin-
uous morphism of algebras which kills every r(t{"“¢;1" ), one has 7ér(a) = 0, and
we are done. g

REMARK. By 3.6.10, the map 7 identifies A%® with the topological algebra
quotient of ThAg, modulo the ideal generated by §(Ker(T* A — AY)).

3.6.13. The construction of A%® generalizes immediately to the situation when
x depends on parameters. Namely, assume we are in the situation of 2.1.16, so we
have a quasi-compact and quasi-separated scheme Y and a Y-point z € X(Y'). Let
Y — X xY be the graph of z and let j, : U, — X X Y be its complement.

For a chiral Oy-algebra A on X (see 3.3.10) j,.j:A is again a chiral Oy-algebra
on X. The lemma in 3.6.3 (together with its proof) remains valid in the present
setting: we have an equivalence of categories

(3.6.13.1) M(X XY, jonfiA)e = M(X X Y, A)y

where the lower index z means the full subcategory of modules supported (set-
theoretically) at the graph of = (see 3.3.10 for notation).

Denote by ZZ° the set of chiral Oy-subalgebras A¢ C jzjiA which coincide
with A over U,. This is a topology on j,.jiA at x (we use terminology from
2.1.13 in the version of 2.1.16). The fibers Agw = Z;Ag = i} (juujiA) ) Ag) form
a E%°-projective system of Oy-modules connected by surjective morphisms. We

42The extra relation 14 - 7 = Resg ¥ for ¥ € h(wg, ) holds by the definition of A2°.
43Cf. the proof in 3.6.10.
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denote by A% its projective limit. Equivalently (see 2.1.16), A%® is the completion
of i, h(jzjiA) with respect to the Z2°-topology. So every A¢_ is a quotient of A2°
modulo an open submodule J¢ and A*® = lim A*° /J.

The lemma in 3.6.5 (together with its proof) remains valid, as well as the con-
structions and statements of 3.6.6. Therefore A%° is an associative unital topological
Oy-algebra; every J¢ is an open left ideal in A$°. The lemma in 3.6.7 together with
its proof** remain valid, so we have an equivalence of categories

(3.6.13.2) i, = he : M(X X Y, A), = A%*mod

where A% mod is the category of discrete A%°-modules := the sheaves of discrete
left A,-modules on Y which are quasi-coherent as Oy-modules. The lemma in 3.6.8
together with the proof also remains valid.

EXERCISE. (cf. Remark (i) in 2.1.16). Check that the formation A%, is com-
patible with the base change (i.e., for every f : Y’ — Y the pro-Oy -modules f*A%3
and Ag3 - coincide).

3.6.14. Suppose now that Y from 3.6.13 is another copy of X, z = idx (so
iz =A, jp.=7:U— X xX). Let A be a chiral algebra on X. Applying 3.6.13 to
A=Ay = AX Oy, we get an associative topological O x-algebra A% := A%°.

Let 7 be any infinitesimal automorphism of X. It acts on X x X = X x Y
along the Y-copy of X preserving U. This action lifts in the obvious way to Ay,
hence to j.j*Ay. Therefore*® 7 acts on A% as on a topological O x-algebra in a
natural way. Thus A®® carries a canonical flat connection; we denote it by V.

Let Jg € A% be the open left ideal that corresponds to Ay € 2%°. Then Jy is
preserved by V and one has a canonical identification of left D x-modules

(3.6.14.1) A% [Ty = A"

For a section a of j,j* AKX Ox we denote by V(a) the image of a in A**. The
map V commutes with the action of Dx along the second variable of the source,
and is a differential operator with respect the O x-action along the first variable.
For b € A the section V(bX 1) belongs to Jo, is V-horizontal, and depends only on
the class b € h(A). We denote it by b**. So one has a morphism of sheaves

3.6.14.2 h(A) — Iy C (A*)Y, b b2,
0

3.6.15. Suppose M is an A-module. Then the O x-module M? carries a canon-
ical A%%-action. Indeed, M K Oy is an Ay-module, so (j.j* MK Ox)/MXOx is an
Ay-module supported at the diagonal. Since M* = A'((j,j* MR Ox)/MROx) =
h((j«j*MROx)/MXOy), it is an A%-module by (3.6.13.2); here h is the integra-
tion along the X-multiple of X x Y (see 2.1.16). This picture is equivariant with
respect to the action of infinitesimal symmetries of X acting along the Y-multiple,*6
so the A%-action on M* is compatible with the connections.*”

44Use a version of Kashiwara’s lemma from 2.1.16.
45Use Exercise in 3.6.13.

46Use the h part of the above formula.

47T\l carries a connection since it is a left Dx-module.
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EXAMPLE. If M = A, then the A%-action on M* comes from (3.6.14.1).

Denote by M*(X, A%*) the category whose objects are discrete A%*-modules
equipped with a connection (as O x-modules) such that the A**-action is horizontal.
To say it differently, the connection V on A** defines on A**[Dx] := A% ® Dx

Ox

the structure of an associative algebra,*® and M*(X, A%*) is the category of discrete
A%[Dx]-modules, i.e., left unital A**[D x]-modules which are discrete A*°-modules.

3.6.16. PROPOSITION. There is a canonical equivalence of categories

(3.6.16.1) M(X,A) = MEX, A%).

Proof. We have seen in 3.6.15 that for M € M(X, A) the left Dx-module
M? carries a canonical horizontal A%-action, so we have the functor M(X, A) —
m¢ (X, A?®). This is an equivalence of categories. Indeed, by Kashiwara’s lemma,
the functor M — (j.j*M X Oy)/M K Oy identifies the category of A-modules
with the category of Ay-modules supported on the diagonal and equivariant with
respect to the action of infinitesimal automorphisms of Y (acting along the Y-
multiple; recall that Y is another copy of X). Now use (3.6.13.2) and the definition
of the canonical connection V on A%°. O

VARIANT. Forgetting about V, we see that the category of discrete A*>~modules
is canonically equivalent to Mg (X, A) (see 3.3.5(ii)).

REMARK. One can describe chiral A-operations in terms of the A%*-module
structures using the lemma from 3.4.19.

3.6.17. For an Ox-module M the above 1-1 correspondence between discrete
A%-actions and chiral A-actions on M can be rewritten as follows.

The (non-quasi-coherent) O x-module A% @ M carries a topology whose open
subsheaves are V' C A% ® M that satisfy the following property: for every local
section m € M there exist an open ideal I C A*® such that Ir @ m C V. It is
clear that every open subsheaf contains a smaller open subsheaf V' such that V'
is an O-submodule and A** ® M/V is a quasi-coherent Ox-module. Denote the
completion by A*&M.

The sheaf j,j*A X M carries a topology whose open subsheaves are W C
JxJ AR M that satisfy the following property: for every local section m € M there
exists Ag C j.j* (AR Ox) in EX’ such that Ac ® m C W. Every open subsheaf
contains a smaller open subsheaf W which is a quasi-coherent D x X O x-module.
The completion (j.j*A X M)"is a topological Dx K O x-module.

The identifications j.j*A X Ox /A = A*AEA = A (A% /I¢) of Dx K Ox-
modules yield a canonical isomorphism of topological Dx K O x-modules

(3.6.17.1) (joj AR M) =5 AL (AP QM).

Now every chiral A-action on M is automatically continuous in the above topol-
ogy, so it can be considered as a morphism (j,j*AX M) — A, M. Similarly, every
discrete A%-action on M can be cosidered as a morphism A**®M — M. A chiral
A-action pyy is identified with an A%-action -y if (3.6.17.1) identifies A, (-ps) with
K-

481t is characterized by the properties that the maps A%, Dx — A%[Dx], a+—a® 1,0 —
1 ® 0, are morphisms of algebras, and for a € A%*,7 € ©x one has Ta — ar = 7(a).
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If M is a D x-module, then the D x-action on A* ® M extends by continuity
to A*QM, (j,j*AX M) is a topological D xx x-module, and (3.6.17.1) is an iso-
morphism of topological D x « x-modules. Therefore pps is horizontal if and only if
M is.

3.6.18. The commutative case. Suppose now that our A is commutative.
Then the algebras A%°, A% are also commutative. We already met A2J° in the
situation when z is a single point, z € X (k) (see 2.4.8). The “geometric” description
of A%® from 2.4.9 generalizes immediately to the general situation. Namely, for
z € X(Y) as in 3.6.13 and a commutative quasi-coherent Oy-algebra F' we define
a non-quasi-coherent O x xy-algebra O,®F as the formal completion of Ox X F at
(the graph) of z; let K,®F be its localization with respect to an equation of z.
Our O,QF C K,&F are Dx xy/y-algebras; i.e., they carry an obvious connection
along X. Now one has a canonical identification

(3.6.18.1) Hom (A%, F) = Hom(A*K Oy, K,®F) = Hom(j,.j:(A‘ X0y ), K,&F)

where the first Hom means continuous morphisms of Oy-algebras*® and the next
ones mean morphisms of D x yy/y-algebras. For the construction see the proof in
2.4.9. As was mentioned in loc. cit., (3.6.18.1) is the subset of the algebra morphisms
in (3.5.4.2).

3.6.19. LeEMMA. If ¢ : A — B’ is a formally smooth morphism of com-
mutative D x -algebras, then the corresponding morphism of topological Oy -algebras
A% — B2 is formally smooth. The same is true if we replace “formally smooth”
by “formally étale.”°

Proof. Assume that ¢ is formally smooth. Let F' be a commutative k-algebra,
I C F an ideal such that I? = 0. Let f : Spec F — Spf A%%, g : Spec F/I — Spf B2*
be ¢-compatible morphisms. We want to find a lifting h : Spec F' — Spf BS® of f
that extends g.

According to (3.6.18.1) we may rewrite f, g as morphisms of Dy, y/y-algebras
flA'ROy - K,QF, ¢ : BPR Oy — K,®F/I. Here K,®F, K,®F/I are
non-quasi-coherent sheaves of D x,y/y-algebras.

Our problem is local (see [RG]) so we can assume that X and Y are affine.
Denote by I' the functor of global sections over X x Y. So we have commutative
O(X)-algebras I'(K,®F), I'(K,®F/I) equipped with a connection along X. The
second algebra is a quotient of the first one modulo an ideal of square 0.

Our f’,¢' amount to maps of commutative O(X)-algebras I'f’ : AY(X) —
I'K,®F), T : BYX) — T'(K,®F/I) compatible with connections along X.
Since ¢ is a formally smooth morphism of D x-algebras, we can find a lifting T'h’ :
BY(X) — TI'(K,®F) of I'f’ that extends I'¢’. As above, T'h/ is the same as a
morphism A : Spec F' — Spf B2® which is the desired lifting.

The case of formally étale ¢ is left to the reader. O

3.6.20. The global Wick algebra. In the rest of this section we make a few
remarks about the global version A¥(X) of the Wick algebra; they will not be used
elsewhere in the book. We assume that X is an affine curve.

49F is assumed to carry the discrete topology.
50For the definition of formally smooth and formally étale morphisms of commutative Dx-
algebras (or, more generally, algebraic Dx-spaces) see 2.3.16.
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First we have a Z>o-graded associative algebra TV A(X) = ®T¥"A(X) where
(we use the notation of 3.1.1) T*"A(X) := T(U™, A¥") and the multiplication
is the exterior tensor product. Passing to HY r» We get the quotient algebra®
TYA(X) := @H (UM, AX),

For every n > 2 the action of the symmetric group %, on X" and A" provides
a ¥,-action on the nth component of T¥"A(X) and T*"A(X). Fori =1,... ,n—1
let 0; € ¥, be the transposition of 4,7+ 1 and let y; : T*"A(X) — T*"1A(X) be
the map induced by the chiral product g4 at 4,741 variables. One has p;0; = —p;.

Let I* A(X) C T"A(X) be the span of (non-homogeneous) elements r(a) := a—
o;a— p;a for all a € T ™ A(X), n,i as above. This is a two-sided ideal in T% A(X).
Our A%(X) is the quotient algebra TWA(X)/I¥A(X). It carries an increasing
filtration A¥(X) := the image of T% <" A(X) in A¥(X), A¥(X) = |J A¥(X). Thus
AY is a Zxo-filtered associative unital algebra that depends on A in a functorial
way.

REMARKS. (i) The constructions are functorial with respect to the étale base
change, so, replacing X by étale X-schemes, we get a presheaf A¥ on X¢. There
is an evident morphism of Lie algebras

(3.6.20.1) h(A) — AY.

(ii) There is a (more local) variant of the above constructions with 7" A(X)
replaced by T'(X™, A¥" @ A (Ox) (see (3.5.5.1) for notation).

The following properties of A* are immediate:

(i) A is a commutative filtration: one has [A}, A¥] C A%, ;. So gr.A" is
a commutative algebra.

(ii) If the morphisms of chiral algebras A, B — C mutually commute (see
3.4.15), then the images of A, B¥ in C* mutually commute. In particular, if R is
a commutative chiral algebra, then R"™ is commutative; if A is a chiral R-algebra,
then A" is an R"-algebra.

3.6.21. Let us compute the Wick algebra of the unit chiral algebra w. Recall
that h(w) is the sheaf V — H} 5 (V).

PROPOSITION. There is a canonical isomorphism of filtered algebras

Sym h(w) = w™.

Proof. Since w" is commutative, (3.6.20.1) yields a morphism Sym h(w) — w®.
We want to prove that this is an isomorphism of filtered algebras or, equivalently,
that the corresponding morphism of graded algebras Sym h(w) — grw® is an iso-
morphism. It suffices to show that the maps Sym"H}(X) — gr,w™(X) are
isomorphisms.

Surjectivity: Let K be the kernel of Hp, n(U™) = T "w(X) — gr,w™(X). We
want to check that K together with the image of Sym"Hpx(X) C Hhx(X)®" =
HBp(X™) in HY p(U™) span H ,(U™). Notice that the action of the symmetric
group ¥,, on T%"w(X) is the obvious action on H,,(U™) multiplied by the sign
character (see 3.1.4). Look at the ¥,-action on the spectral sequence computing
Hj, p(U™) which corresponds to the filtration W on j,.E")wU(n) (see 3.1.6 and 3.1.7).

51Recall that the AX™ are right D-modules, so H%R is the “middle” cohomology; see 2.1.7.
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It shows that the map Sym™H},(X) — HP(U™) is injective and its image is
the subspace H} (U (”))59" of the elements that transform according to the sign
character. As follows from the definition of I, the subspace K contains every
subspace HP, (U(™)% of ¢;-invariants. We are done since for every ¥,,-module P
one has P = P$9" 4 ¥, Poi 52

Injectivity: Here is a topological argument. We can assume that k = C, so the
dual vector space to H}, p(X) identifies with the singular homology group H; (X, C).
We have proved that Spec grw™(X) is a closed subscheme of H;(X,C), and we
want to show that it equals H;(X,C). It suffices to check that it contains every
integral homology class v. Thus we need to construct a morphism of C-algebras
Y : w*¥(X) — C whose composition with the canonical map H}(X) — w™(X)
is integration along . Let us represent v by a union of several mutually non-
intersecting oriented C'*°-loops 7, each of which has no self-intersections (i.e., vy, is
an image of a regular embedding S* < X). Let y, be a normal coordinate function
on a tubular neighbourhood of 7,. We assume that the orientation of y,, i.e., the
sign of dy, on Yo = {ya = 0}, is choosen in such a way that if 7, is the unit circle
S1 c C with the standard orientation, then y,(z) = log|z| is well oriented. So
for a small ¢ € R we have an oriented loop 74 := {yo = €}. For every n > 1
consider a cycle v, = Xv4, On U, Vna = Yae X ' X Yae, Where the ¢ are

small and €; > -+ > ¢,. The functionals [ : H},(U™) — C form a morphism of
’y"L
C-algebras T% : T%w(X) — C. Tt kills the ideal I¥w(X), so we have defined our

Y w?(X) — C. O

According to property (ii) in 3.6.20 and 3.6.21 the Wick algebra of any chiral
algebra is, in fact, a filtered associative Sym h(w)-algebra.

REMARK. For chiral algebras A, B a canonical morphism A* @ B — (A® B)"

defined by property (iii) in 3.6.20 comes from A¥ ® B" — (A® B)¥. The
Sym h(w)
latter arrow need not be surjective.

3.7. From Lie* algebras to chiral algebras

The rest of this chapter deals with some methods of constructing chiral algebras.
This section treats chiral enveloping algebras. Different proofs of the theorems in
3.7.1 and 3.7.14 in the graded vertex algebra setting (see 0.15) can be found in
[FBZ] and in the preprint version of [GMS2].

The observation that the vacuum representation of a Kac-Moody or Virasoro
algebra carries a canonical structure of vertex algebra goes back to the first days of
the vertex algebra theory and beyond. Needless to say, this fact was always known
to mathematical physicists.

We begin in 3.7.1 with the existence theorem for chiral envelopes. A more
general theorem which deals with arbitrary Jacobi type operads (instead of the Lie
operad) is formulated in 3.7.2; the proof takes 3.7.3-3.7.4 (the results of 3.7.2-3.7.4
will not be used elsewhere in the book and the reader can skip them). An explicit
factorization algebra construction of chiral envelopes is presented in 3.7.5-3.7.11;

5270 see this, we can assume that P is irreducible and P # P%9". Then P% # 0 (by
Young’s table picture), so it suffices to show P*® := ¥ P? C P is preserved by the X,-action,
or, equivalently, P® is preserved by every ;. Now o; preserves P?i for j # i+ 1 (since oy, 0;
commute), and it preserves both P?i 4+ P?i£1 (an exercise in representation theory of ¥3).
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the key tool is an auxiliary Lie algebra L% in the tensor category of the left D-
modules on R(X) (see 3.7.6). This construction implies immediately the Poincaré-
Birkhoff-Witt theorem for chiral envelopes, see 3.7.14. We relate L- and U(L)-
modules in 3.7.15-3.7.18, describe the associative algebra U(L)%° in 3.7.19, and
consider the twisted envelopes in 3.7.20-3.7.22. The enveloping algebra construction
for a Lie* algebra acting on a chiral algebra is treated in 3.7.23-3.7.24. Finally, we

discuss in 3.7.25 Virasoro vectors and the Sugawara construction.
3.7.1. Consider the forgetful functor CA(X) — Lie*(X), A — AL,
THEOREM. This functor admits a left adjoint functor U : Lie*(X) — CA(X).

For a Lie* algebra L we call U(L) the chiral enveloping algebra, or simply the
chiral envelope of L.

Proof. This is an immediate corollary of the theorem in 3.4.14. Namely, let A be
the chiral algebra freely generated by (L, P) where P is the image of Ker|[ ], C LKL
in j,j*L X L. Then U(L) is the quotient of A modulo the ideal generated by the
relations saying that the morphism L — U(L) is a morphism of Lie* algebras.
Precisely, let i4 : L — A be the universal morphism. Let A’ be the quotient of
A modulo the ideal generated by elements i(¢7) — i(¢)T where £ € L and 7 € Oy,
s0 44 : L — A’ is a morphism of D y-modules. Then U(L) is the quotient of A’
modulo the ideal generated by the image of ia/[ Jp — [ Jari%7 : LKL — AA. O

3.7.2. The above theorem remains true for algebras over more general operads.

DEFINITION. A k-operad B is of Jacobi type if it is generated by By and Bo,
and for every «,a’ € By there exist 3,0',7,7" € Bs such that a(zy, ' (z2,23)) =
Blas, B'(x1,22)) + v(z2, 7 (23, 21)).

For example, the operads Lie, Poiss, Com, Ass are of Jacobi type.

THEOREM. For any operad B of Jacobi type the functor 3% of (3.8.1.1) admits
a left adjoint functor Ug : B*(X) — B (X).

Composing Up;. with the “adding of unit” functor (see 3.3.3) one gets the
functor U of 3.7.1.

Proof. Here is the idea. If the chiral pseudo-tensor structure were representable
(see 1.1.3), then 3.7.2 would be immediate for arbitrary B. Indeed, representability
implies that for every L the free B" algebra generated by L is well defined. So,
if L is a B* algebra, then Uz (L) is a quotient of the free B" algebra modulo the
obvious relations. Now the binary chiral pseudo-tensor product is representable up
to the non-representability of the * pseudo-tensor product. This shows that the
quadratic part of Ug(L) is well defined. To get control of all of Uz (L), one needs
the Jacobi property of B.

Let us turn to the actual proof.

3.7.3. We begin with some complements to 3.4.10.

Let M(X®)a € M(X®) be the full subcategory of those M for which every
My is supported on the diagonal X C X7; it is closed under subquotients and
extensions. M(X®)a is equivalent to the category M(X)® of all functors §° —
M(X) (one identifies M € M(X3)a with the functor I +— AU)'My:). Notice that

A®) identifies M(X) with the full subcategory of M(X®)a, and this embedding
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admits a left adjoint functor e : M(X$)a — M(X), M + lim AUV My, Tt extends

in the obvious way to pseudo-tensor functors
(3.7.3.1) M(XE)R — M(X)*, MXHL — M(x)h
which are left adjoint to the pseudo-tensor functors from (3.4.10.5).

For any k-operad B denote by B*(X %), B"(X?) the categories of B algebras
in M(X8)*, M(X83)" (we call them B* and B algebras on X®). Notice that by
(3.4.10.4) every B algebra in M(X®)¢" is automatically a B algebra in M(X®)*; i.e.,
the pseudo-tensor functor 3% yields a functor B°*(X®) — B*(X®). This functor
admits a left adjoint functor

(3.7.3.2) Us : B*(X3) — BM(XS).

Indeed, for a B* algebra L the corresponding B" algebra US (L) is the quotient of
the free B°" algebra generated by L modulo the relations needed to assure that the
canonical morphism i® : L — U (L) is a morphism of B* algebras. Precisely, let
o*, P be the free B* and B algebras generated by L. Since ®°" is a B* algebra,
the canonical morphism i : L — ®° extends to a morphism of B* algebras
a: ®° — & Since L is a B* algebra, the identity morphism id; extends to a
morphism of B* algebras 3 : ®* — L. Now U3 (L) is the quotient of ®" modulo
the B ideal J generated by the image of o — i3 : ®* — P,

3.7.4. We return to the proof of 3.7.2. Let L be a B* algebra on X. We want
to construct the corresponding universal B¢" algebra Uz (L) on X equipped with a
morphism of B* algebras i : L — Ug(L).

According to (3.4.10.5), AP s a B* algebra on XS. Set U := U%(Ais)[/) €
Bh(X®). In the next lemma we will show that U € M(X3)A. Assuming this, set
Ug(L) = e(U), i := €(i®) : L — Ug(L). By (3.7.3.1), Up(L) is a B algebra in
M(X)* and i is a morphism of B* algebras; by the adjunction property of € the
pair (Ug(L), ) satisfies the desired universal property. We are done.

It remains to prove the following lemmas:
LEMMA. If B is of Jacobi type, then U € M(X3)a.

Proof of Lemma. (a) For a finite set T and o, € I, a # (3, let 3‘;‘6 C By be
the image of the composition map B; (a8 @ Bia,sy — Br. A simple induction
shows that B is of Jacobi type if and only if it satisfies the following property:

For any finite non-empty sets I1, Is the vector space By, 1, is generated by the

subspaces ‘Biﬁulz, acl, pBel,.

(b) Let ®°" be the free B°" algebra on X8 generated by L as in 3.7.3. It has

a natural gradation ®* = @ ®¢ such that ¢ = (L®C}LI ® Br)autsr where T is a
n>1

set of order n. This gradation yields an increasing filtration on U = ®°"/J. We are
going to show that gr U € M(X?®)a; this will prove our lemma.
Clearly Ker(®¢" — gr,,U) D Nayt s where N := > Ka5®3?ﬁ C L®ChI®BI
a#pel
and Ko is the image of (L ®* L) @b L& (e in L1 So it is enough to
show that M := (L®""1 @ B;)/N belongs to M(X5)a.
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Set Unpg = {(2:) € XT 1 2; # xjif i # j,{i,7} # {o, B}}; let jag : Uag — X!
be the embedding. Set F' := j£I)OU<1> ®@ Br, G := > JjaOv,,; ® 3?6 C F,
a#pel

H := F/G. By definition, for every J € 8§ one has Mxs = @ Ai']/l)(LgI ® H).
J—>TI

It remains to show that H is supported on the diagonal X ¢ X7T.

(c) For I = I U I, where Iy, Iy # 0 set Up, g, = {(z;) € X : 2; # x;ifi €
I,j € Ir}. On Uy, the sheaves jo3.0y,, coincide with j,(f)(f)mm. So (a) above
implies that the restriction of H to Uy, is zero. The union of all the Uy, 1,’s is the

complement to X ¢ X!, and we are done. O

3.7.5. Let us return to the setting of 3.7.1. Let L be a Lie* algebra. Below we
will give an explicit construction of U(L) as a factorization algebra (together with
the canonical D-module structure). Our problem is X-local, so we can assume
that X is affine. The first step is to define an auxiliary Lie algebra L? in the
tensor category of the left D-modules on R(X) (see 3.7.6). The chiral envelope is
constructed in 3.7.7 (it is denoted by V there). The universality property is checked
in 3.7.11.

REMARK. A slightly unpleasant point of our construction is that the auxiliary
Lie algebra LP is a non-local object (while U(L) is of course local). A remedy
would be to consider in (3.7.6.1) instead of global cohomology the one of the formal
neighbourhood of the divisor | J{z = a;}. The price is to deal with non quasi-
coherent modules; we prefer not to do this.

In 3.7.6-8.7.11 we assume that X is affine.

3.7.6. Let I be a finite set. Denote by p; the projection X x X! — X7,
and let j; : V = Vi — X x X! be the open subset of those (z,(z;)) that z €
Vizsy = X ~{a;}. For L € M"(X)"* consider the de Rham complex DR(L) =
Cone(L ® Ox — L). Set

(3.7.6.1) L%, == H(prjr).j;(DR(L) K Oxr).

This is an O yr-module; its fiber at (2;) € X' equals HY 5 (V(z,), L) = T'(V(4,), h(L)).
The obvious left p;D%-module structure on DR(L) X O xr shows that ngz is a left
D yr-module. In other words, Li;, = H%prj1).j;(L®wxr).

Our LF carries a bunch of structures described in (i)-(iii) below that will be
used in the construction of the chiral envelope:

(i) For every diagonal embedding AU/%) . X5 < X! we have an obvious
identification of left D-modules

(3.7.6.2) INCEL LI L
So the Lgcf form a left D-module on R(X) (see 3.4.2).
More generally, the Lg( ; behave nicely with respect to arbitrary standard mor-

phisms between X’s. Namely, if 7 : J — I is any map of finite sets, then the
pull-back of V7 by A : XT — X7 contains V7. So we have the restriction map

(3.7.6.3) AMLE L

53We do not assume that L is a Lie* algebra at the moment.
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which coincides with (3.7.6.2) if 7 is surjective. These maps are injective morphisms
of D-modules; they are compatible with the composition of the 7’s.

For example, if J = (), then the corresponding vector space Lg = Lth is
T'(X,h(L)) (see 2.5.3). We get a canonical embedding of D yr-modules

(3.7.6.4) L ®Oxr — L2,

(ii) Denote by LY., the cokernel of (3.7.6.4). Since X is affine, one has L, =
H%; Fxr where Fxr == (jr.jfDR(L)XOx1)/(DR(L)X Oxr). The corresponding
right D xr-module equals pr,®x: where ®xr = jr.jj(L Rwyr)/L Kwyxr. In
particular, L = L*.

Notice that Lﬁ(,, unlike Lif,,
depends only on the restriction of L to a neighbourhood of {x;}.

For S € Q(I) consider the open subset jU/51 . Ul/5] < XT (see 3.4.4); for
s€ S let p,: X! — X' be the projection and p; := idx x ps. Decomposing F yr
by connected components of its support, we get jU/S* [[ pi*F 1. = jU/SF &

ses

depends on L in a purely X-local way; i.e., Lf%)

hence the isomorphism

(3.7.6.5) P || PV SRR e A
sesS

In particular, one has j()* sz‘LZ = j(l)*Lf;(I.
Here is another interpretation of (3.7.6.5). For s € S consider the projection g; :
XT — XI>Is and the coresponding embedding (3.7.6.3) of D-modules ¢ Lf

st xI~Is

Li( ;- We have a commutative diagram of embeddings of D xr-modules

—

[p:iLs, — (L4 «— L%,
S

(3.7.6.6) 1 1 1
(L@ 0x1)S — [l L, «— LE®Ox:
S

The morphisms between the cokernels of vertical embeddings H(p:Lg(,S /LE) ®
s
Oxr,) — HL&I/L?X,\,S — LAhxl/Lg ® Ox1 being restricted to U/ become iso-
s

morphisms; the composition is (3.7.6.5).

(iii) Assume that L is a Lie* algebra. Then Lg(, is a Lie algebra in the tensor
category MY(XT). One defines the Lie bracket on Lg( ; in the same way that we
defined the bracket on h(L). Namely, the x bracket on L yields a morphism DR(L)X
DR(L) — DR(A,L) on X x X. Take the exterior tensor product of this morphism
with O xr, restrict it to V X V C (X x X) x X!, and push forward to X!. We get

b's

a morphism of complexes of the left D xr-modules ((prjr).j5(DR(L) K Ox1))®? —
(p1jr).55(A'DR(ALL) X Oxr). The second term is canonically quasi-isomorphic to
(prjr)-3;(DR(L) X Ox1) (see (b) in 2.1.7). Passing to H°, we get a morphism
[ ]8: LhXI ® L_hxl — L_hxl which is the desired Lie bracket.

All the canonical morphisms in (i) and (ii) above are compatible with our Lie

algebra structure. In particular, L% is a Lie algebra in the tensor category of left
D-modules on R(X).
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3.7.7. Now we are ready to define our factorization algebra. Set
(3.7.7.1) Vyr = U(L%,) JU(L%,) LS.

Here U (Li( ;) is the enveloping associative algebra of our Lie algebra Li( ; in the
abelian tensor k-category M*(X!). So Vy: is the vacuum representation := the
Li( ;-module induced from the trivial LE) ® O xr-module.

The construction of the enveloping algebra and induced module is compatible
with pull-backs. Therefore U (Li( ;) and Vy: form left D-modules U(L!) and V on
R(X).

Our V has a canonical factorization structure. To define factorization isomor-
phisms ¢ (see 3.4.4.1), look at (3.7.6.6) and consider the corresponding morphisms
of induced modules

(3.7.7.2) MV — @ ULA ) UL )G L o, —— Vi

The following well-known lemma (together with (ii) in 3.7.6) shows that over
U/ both arrows in (3.7.7.2) are isomorphisms. This provides the factorization
isomorphisms. The compatibilities from 3.4.4 obviously hold.

3.7.8. LEMMA. Let¢: Ly — Lo be a morphism of Lie algebras over a commu-
tative ring R, and let Ny C Ly, Ny C Lo be Lie subalgebras such that ¢(N1) C Ny
and Ll/Nl ’N—> L2/N2. Then the morphzlsm U(Ll)/U(Ll)Nl — U(LQ)/U(LQ)NQ 8
an isomorphism.

REMARK. The following stronger statement holds: the map U(L;) ® U(N3)
U(N1)

— U(Lsz) is an isomorphism. In fact, this statement follows from the lemma.5*

We give two proofs of the lemma. The first one is elementary. The second
proof is more “immediate” but it uses a machinery too heavy for the purpose.®®

First Proof. Set P; := U(L;)/U(L;)Ny; let v; € P; be the “vacuum vectors”
and let 7 : P, — P» be our morphism.

(i) 7 is surjective. Indeed, 7 is compatible with the standard filtrations on the
P;’s. Since gr.P; is a quotient of Sym'(L;/N;), gr7 is surjective, and we are done.

(ii) So to prove our lemma, it suffices to construct a left inverse P, — Py of .
To do this, we will define an Lo-module structure on P; such that:

(a) The obvious Lj-action on Py equals the one coming from the Ls-action via
.

(b) The action of Ny C Lo kills v;.

As follows from (b), there is a unique morphism of Lg-modules P, — P; which
sends vo to v1. By (a) it is left inverse to .

(iii) It remains to construct the Lo-action. We use the following remark: for
any Lj-modules @, R one has Homp,(Q ® P;,R) = Homp, (P1,Hom(Q, R)) =
HOle (Q, R)

Taking Q = Lo, R = Py, we see that there is a unique morphism of L;-modules
a: Ly ® P — P, with the property a(ly ® v1) = lyv; for every I; € L; such that
{1 modN; = lamod Ns.

; 54714 sufﬁces~to consideir the case L1 C Lo. Then apply the lemma to L1 := L1 x No,
L2 = L2 X LQ, Nl = Nl, N2 = LQ.
55Tt will be of use in the proof of the Poincaré-Birkhoff-Witt theorem 3.7.14 though.
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Let us show that a is a Lie algebra action. We need to check that the two maps
A?Ly ® P, — P; coincide. Both maps are L;-equivariant, so by the above remark
it suffices to show that their restrictions to A2Ls ® v; are equal. This is clear since
both maps vanish on A2N, ® v;, and on the image of L1 ® Ly ® v; they coincide
by the Li-equivariance of a.

Property (a) follows from the case @ = Li, R = P; in the above remark;
property (b) holds by construction. We are done.

Second Proof. Consider the derived version of the induced module construction.
Namely, for an emedding of Lie algebras N C L one may find Lie DG algebras I; N
placed in degrees < 0 whose components are flat (e. g. free) R-modules, together
with projections L™ — L, N — N which are quasi-isomorphisms, and morphism
of Lie DG algebras N~ — L~ that lifts the embedding N — L. Consider the
enveloping associative DG algebra U(L) as an (L7, N7)-bimodule (with respect to
the left and right actions). Denote by C' the homological Chevalley complex of N~
with coefficients in U(L) (where N~ acts on U(L) by right multiplication). This is
a DG L=module (L™ acts by left multiplication) of degrees < 0. There is an obvious
isomorphism H°C = U(L)/U(L)N.

As a graded module, C equals U(L") ® Sym(N7[1]). It carries a filtration Cy C
Cy C --- equal to the tensor product of the standard filtration U(L). and the
filtration Sym="(NT1]). This filtration is stable with respect to the differential, and
there is a canonical isomorphism gr;C = Sym’(Cone(N~ — L)). Therefore, as an
object of the derived category of R-modules, gr;C equals LSym’(L/N).

Let us return to the situation of our lemma. Choose resolutions as above
for both (L1, N1), (L2, N2) and morphisms of Lie DG algebras ¢7 : L7 — L3,
on : N1 — N3 that lift ¢ and for which the diagram

commutes. We get a morphism of filtered complexes ¢¢c : C; — Cs. Notice that
gri(¢c) is the ith symmetric power of ¢~ : Cone(N1 — Li) — Cone(Nz — L3).
The condition of 3.7.4 assures that this ¢~ hence Sym ¢ is a quasi-isomorphism.
Therefore ¢¢ is a quasi-isomorphism. Passing to H° we get our lemma. O

REMARK. The above lemma also shows that Vx has the étale local nature.
Namely, let 7 : X’ — X be an étale map, Lx: the m-pull-back of L = Ly, Vx-
the corresponding vacuum module. One has an obvious morphism of Lie algebras
W*Lg( — Lg(,. It yields the morphism of vacuum modules 7*Vyx — Vx/ which is an
isomorphism.

3.7.9. LEMMA. OurV is a factorization algebra. Its D-module structure co-
incides with the canonical D-module structure defined by the factorization structure
(see 3.4.7).

Proof. One needs only to check the flatness along codimension 1 diagonals.
Indeed, the unit in V' is the canonical generator 1 of the induced module Vx; since
1 is horizontal, our D-module structure coincides with the canonical one (see 3.4.7).

Assume that I = {1,...,n} and the codimension 1 diagonal X"~ 1 < X"
we consider is given by the equation z, 1 = z,. Let j/ : U — X™ be the
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complement to the union of diagonals 1 = z,,... ,T,_1 = Z,, and the projections
qg: X" — X"t p: X" — X are, respectively, (z1,...,2,) — (21,... ,Tp_1),
(T1,... ,Zp) — Tp.

The embeddings q*Lb

o1 <& L%, — p*LhX (see (i) in 3.7.6) yield a short exact
sequence

(3.7.9.1) 0—q" L. — Lk. — jlj"p" L — 0.

Consider the canonical filtration on the enveloping algebra U(Lg() The
Poincaré-Birkhoff-Witt theorem gr U = Sym holds for Lie algebras in any abelian
tensor Q-category (see, e.g., [DM] 1.3.7), so graU(L?XTL) = Sym“LFXW Let us con-
sider (3.7.9.1) as a two-step increasing filtration on L%, . Notice that the sub- and
quotient modules in our filtration are Tor-independent. Therefore it defines on every
Sym“Lg(n an increasing filtration with successive quotients q*(Sym“’ng@,l) ®
gL3" p*(Sym™LY.). Set Q = U(Lg(n)/q*U(Lg(n,l); we see that Q = 5.5 Q.

The Lie algebra Lg - q*Lg(n,1 C Lg(n acts on U(Li(n) by right multiplications,
and Vxn is the D x»-module of coinvariants U (L?Xn)
Li-modules 0 — ¢*U (L

Xn— 1
of coinvariants

L The short exact sequence of

) —U (L_hxn) — @ — 0 yields the short exact sequence

(3.7.9.2) 0— q*VXn—l — VX?L — QLE) — 0.

Indeed, one need only check the exactness from the left which follows from the fact
that every morphism from a j,Ogp/-module to ¢*Vy»-1 vanishes.

Both sub- and quotient modules in (3.7.9.2) are flat along our diagonal X"~! C
X™ (recall that QLg = j;j’*QLg), so the same is true for the middle term; q.e.d. O

3.7.10. Consider the chiral algebra V" that corresponds to our factorization
algebra V. So V7 is the right D-module corresponding to the left D x-module Vx =
U(L&)/U(L&)Lg. The chiral product i : j.j*Vx KVx — A,Vx may be described
explicitly as follows. The exact sequence 0 — pSLg( — Lg{xx — j*j*p*{l& — 0
(see (3.7.9.1)) shows that the embedding pi‘[& — Lg{xx yields an isomorphism
between the induced modules j*p;Vx Tj*U(Lg(XX)/U(Lg(Xx)p’{L&. In partic-

ular, Lg{xx acts on j.j*p}Vx; the same is true for j.j*p5Vx. Therefore the tensor
product j.j*Vx X Vx is an LE(X y-module. There is a canonical isomorphism of
ngxX—modules JxJ"Vxxx — 7" Vx W Vx which sends the generator 1x«x to
1x W 1x. Our chiral product p is the composition of the inverse to this isomor-
phism and the projection j.j*Vxxx — (J«J"Vxxx)/Vxxx = A.Vx where the
latter identification is the structure isomorphism A*Vyy x = Vx. Notice that p is
a morphism of Lg(xx—modules.

The morphism Lg( — Vx, l—1-1, kills L(h)7 so it yields a morphism of right
D x-modules i : L — V". The next proposition finishes the proof of 3.7.1:

3.7.11. PROPOSITION. The above i : L — V" is a morphism of Lie* al-
gebras. It satisfies the universality property: for every chiral algebra A the map
Homeq(x)(V", A) — HomLie*(X)(L,ALi"‘), © — i, 18 bijective.

Proof. We begin with a useful general construction.
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Let A be a chiral algebra, M an A-module. Consider the Lie algebra®® Ag( =
A?(zeh in the tensor category M‘(X) (see 3.7.6). One has H%ps,j.j*AR M =
HO(poujuj* AR wx) @ M = Ag( ® M; here ps : X x X — X is the second
projection. Therefore we get a canonical morphism

(3.7.11.1) o = ey = pon(par) : A% © M — M.

Exercise: Check that this is a Lie algebra action of A% on the D-module M.
On the Lie subalgebra A} = HY (X, A) =T(X,h(4)) C Ag( this action coincides
with the usual h(A)-action for the AL*-module structure on M (see 2.5.4).

Notice that 5, determines pp, uniquely (since po. is right exact and for D x x x-
modules supported on the diagonal it is fully faithful).

In particular, we have a canonical action of Ag( on A. The morphism AFX —
A* a® — ael, coincides with the standard projection Ai( — Ag(/AE)®OX = A’ (see
(ii) in 3.7.6). A morphism of chiral algebras A — A’ is the same as a morphism of
D-modules ¢ : A — A’ which is compatible with e actions (i.e., p @4 = e/ (' ®@¢))
and sends 14 to 14/.

Let us return to our chiral algebra V. Let o : Lg( ® Vx — Vx be the
morphism ey~ composed with 77 : Li( — V;{h.

SUBLEMMA. e coincides with our old canonical L¥-action on V.

Proof of Sublemma. We know that the chiral product p : j,j*VxKVx — A, Vx
is a morphism of L&Xx—modules (see 3.7.10). Restricting this action to pSLg( C
LE(X  and pushing p forward by ps, we see that e : V)Zh ® Vx — Vx is a mor-
phism of Lg(-modules. Here LFX acts on V;h := H%po,j.j*p;Vx via the embedding
ngg( — Li(xx and the Lh)(xx—action on j.j*piVx = U(Lg(xx)/U(LhXX)()p;LhX
(see 3.7.10), and on Vx in our old canonical way (as on the vacuum module). One
checks easily that i’ : Lg( — V)Zh is a morphism of Lg(—modules. So for I,1' € Lg(,
v € Vx one has I'(le, v) =[I',]] ey v+l ep (I'v). Since [ ey, 1 =11 and 1 generates
Vx as an Li(—module, we are done. O

End of proof of Proposition. Take [ € LB - Lg(, I € L. By the sublemma,
Loy i(l') = i(adyl’). This shows that ¢ is a morphism of Lie* algebras (see 2.5.2).
Our sublemma also implies that V" is generated by (L) as a chiral algebra, so
the map Homey(x)(V", A) — HomLie*(X)(L,ALie) is injective. Let us define its
inverse. Let 1) : L — AL be a morphism of Lie* algebras. It yields a morphism of
Lie algebras 97 : LhX — A@(; hence o4 defines an LhX—action on A. Since LE) C LhX
kills 14, we get a morphism of L'fx—modules 1& : Vx — A? which sends 1 to 14. One
has zﬁz = 1), so it remains to check that zﬁ is a morphism of chiral algebras. Since it
is a morphism of Lg(—modules7 we know that g (1Z®2) equals 1/~J,uw on the image of
G LRV" — 4, 7*V" K V", Since the image of L generates V" as a chiral algebra,
we are done. U

3.7.12. Let L, be a family of Lie* algebras. Consider the Lie* algebra @L,.
It follows immediately from the universality property of ® and U (see 3.4.15 and

56Specialists in vertex algebras sometimes call a similar object “the Lie algebra of local fields.”
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3.7.1) that one has a canonical isomorphism of chiral algebras
(3.7.12.1) U] La) = @U(La).

In particular, for any Lie* algebra L the diagonal map L — L x L yields
a coproduct morphism U(L) — U(L) ® U(L) which makes U(L) a Hopf chiral
algebra (see 3.4.16).

3.7.13. We are going to prove a chiral version of the Poincaré-Birkhoff-Witt
theorem.

Let A be a chiral algebra equipped with a filtration 49 C A; C --- C A (see
3.3.12). Notice that A is a chiral subalgebra of A and A4; is an Ap-submodule. We
say that our filtration A. is I-generated if all the arrows j.j*A; M A; — AL A1,
i,j > 0, are surjective. If R C A is a chiral subalgebra of A and M D R is an
R-submodule of A that generates A, then there is a unique 1-generated filtration
A. such that 49 = R, Ay = M. Namely, 4,11 := p(j.j*A; K 4;) for i > 0. We
say that this filtration is generated by (R, M); if R = wx - 1, then we simply say
that our filtration is generated by M. Assume that M is a Lie* subalgebra of A,%7
R is commutative, and M normalizes R. Then our filtration is commutative (see
3.3.12), and the obvious surjective morphism of Z-graded commutative D x-algebras
Sym M?* — gr. A? is compatible with the coisson brackets.

3.7.14. Let us return to our situation. Denote by L!" the Ox-torsion sub-
module of L. Since any binary chiral operation on an O-torsion D-module vanishes,
the canonical morphism L — U(L) kills the commutator [L!"%  Lt°"$] (which is a
Lie ideal in L). Therefore U(L) — U(L/[L'*", Lt°"]).

The chiral algebra U(L) is generated by the image of L which is a Lie* subal-
gebra of U(L). The corresponding filtration U(L). is called the Poincaré-Birkhoff-
Witt filtration. We have a canonical surjective morphism of coisson algebras

(3.7.14.1) Sym'L* — gr.U(L)",
which factors through
(3.7.14.2) Sym'(L/[L!", L'"])* — gr.U(L)".

THEOREM. The morphism (3.7.14.2) is an isomorphism. In particular, if L is
Ox-flat, then (3.7.14.1) is an isomorphism.

Proof. We can assume that X is affine. Consider the projection U (Li() —
Vx = U(L)*. As follows from the proof of 3.7.11 (see the sublemma), our PBW
filtration equals the image of the usual PBW filtration on the enveloping algebra
U(L%).

Consider the filtered Ox-complex C' from the second proof of 3.7.8 for the
pair Lj C Lgf. Then HC equals U(L)! (as a filtered module) and gr;C =
LSym{, (L‘). So one has H%r,C = Sym'L*, H 'gr;C = Sym' ?(L/L"")* @
Tor?X(LtOM, Ltort)¥z = Symi_Q(L/Ltm")e ® A!(Lt"’" X Ltm")é s9n - The differential
cl1_2’1 : H 'groC — H%r,C in the spectral sequence coincides with the Lie* bracket

57The next conditions hold automatically if R = wx - 1.
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A'(Lter ) Lter)tsan — [tort ¢ L[58 Now recall that C' is a module over some
Lie algebra whose quotient is Lg(. This implies that the image of the differential
dy : H 'gr C — HOr C is the ideal generated by the image of dj >, and all higher
dP?’s for p+ ¢ = —1 vanish (since they all vanish on Ker dl_z’l). We are done. [

3.7.15. We are going to describe U(L)-modules in more explicit terms (see
3.7.18). Notice that, contrary to the usual (non-chiral) setting, U(L)-modules are
not the same as L-modules.

PROPOSITION. The obvious functor M(X,U (L)) — M(X, L) admits a left ad-
joint induction functor

(3.7.15.1) Ind = Indy, : M(X, L) — M(X,U(L)).

Proof. For a D-module M an L-action on it amounts to a Lie* algebra structure
on L & M such that the bracket on M vanishes and L — L ® M is a morphism of
Lie* algebras. So an L-module M yields a chiral algebra U(L® M). The G,,-action
on M by homotheties defines a Z-grading on this chiral algebra. Its zero component
is U(L). The degree 1 component is Ind M. To check the universality property use
3.3.5(i). O

The induction functor is compatible with the étale localization of X.
Let us describe the induced module Ind M explicitly. We can assume that X
is affine. Consider the Lie algebra Lg( defined in (iii) in 3.7.6. The Lie* action of

L on M yields an action on M of the Lie subalgebra Lg C Li(. Now one has a
canonical isomorphism

(3.7.15.2) mdM =5 U(L%) © M.
U(L)H®Ox

REMARKS. (i) The PBW filtration on U(L) defines a filtration (Ind M); :=
U(L);M on Ind M. By construction, we have a natural morphism (Sym L) @ M —
grInd M which is an isomorphism if L is O x-flat.?®

(ii) Let A be any chiral algebra. The functor Ind4 : M(X, AF¢) — M(X, A)

from 3.3.6 is the composition M (X, AL€) Ind, M(X,U(AL€)) — M(X, A); the lat-

ter arrow is N +— N/JN where § C U(AL%) is the ideal such that A = U(AL%*)/g.

(iii) The above constructions and statements remain valid if we consider O-
modules equipped with L- and U(L)-actions (see 2.5.2, 3.3.5(ii)) instead of D-
modules.

3.7.16. Define a chiral L-module, or L°"-module, as a D x-module M equiped
with a chiral pairing u = pzy € Ps*({L, M}, M) (called a chiral action of L on M)
which satisfies the following “truncated” version of the Lie algebra action axiom.
Let j/ : U — X x X x X be the complement to the diagonals z; = x3 and
x9 = x3. Counsider a chiral operation gy, ar(idp,, pir, m) — pr, m(ido,, i, p) €

58To check this, we can assume that L = L'°" and it is supported at a single point = € X,
i.e., L = iz« F for some Lie algebra F. Then = Jex(F ® Oy, ), Lg = F® Ox and C is the
Chevalley complex of F' with coefficients in U(F) ® jz« Oy, . Now the statement is clear.

59The latter assertion follows from 3.7.14 together with the construction of Ind M in the
proof of the proposition.
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P§M({L,L, M}, M) and its restriction v : j.j"" (LR LK M) — A®) M. We demand
that v equals the composition

(3.7.16.1) FFLRLRM) — A2, 5 (LR M) — AP M.
Here A'=2 : X x X — X x X x X is the embedding (z,y) — (x,z,y), the first
arrow is [ ]z Midys, and the second one is A2 ().

EXAMPLE. Assume that M is supported at a point & € X. Then a chiral
L-action on M is the same as a * action of the Lie* algebra j.jiL on M. Here
Jz : Uy — X is the complement to x.

Chiral L-modules form an abelian category which we denote by M (X, L°*).

A chiral operation ¢ € Pf*({M;}, N), where M;, N are chiral L-modules, is
said to be compatible with the chiral L-actions (or to be a chiral L"-operation) if
prn(idr, p) = X;W(uLM“idMi,)w#- Let Pt ({M;}, N) C P§"({M;}, N) be the

i€

subspace of such an operations. They are closed under the composition, so we have
defined a pseudo-tensor structure M(X, L") on M(X, L°").

3.7.17. If X is affine, then M (X, L")°" can be described as follows. The
proofs are left to the reader.

As in the beginning of the proof in 3.7.11, a chiral pairing g amounts to a
morphism e, : L% ® M — M such that its restriction to L} @ M = (X, h(L)) @ M
comes from a * operation € Py ({L, M}, M).

LEMMA. pupar s a chiral action if and only if e, is an action of the Lie algebra
L% on M. O

Let us describe chiral L¢"-operations in these terms.

Let M;, ¢ € I, be chiral L-modules. Then jil)j(I)* X M; is naturally an Li(,—
module (recall that Li‘, ; is a Lie algebra in the tensor category of left D yr-modules,
see (ili) in 3.7.6). To see this, consider for ¢ € I the morphism of D, ;-modules

poar, B (8 idag,)  J0GO LR (RM;) — AL O’ M, where A @ XT <
i’ £i

XT = X x X! is the diagonal z = x;. Its push-forward by the projection to X7’
is a morphism of D yr-modules a; : Li{, ® (jy)j(”* X M;) — jg)j(”* X M;. This
is an Li(,—action on jil)j(l)* X M;, and the actions a; for different ¢ € I mutually

commute. The promised Li(,—module structure on jiI)j(I)* X M; is > a;.
i€l
If N is another LCh—module, then A&I)N is an Lg( ;-module: the action mor-

(e
phism is L&, ® ADN = AD(LL, @ N) 20 AN,

LEMMA. A chiral operation ¢ : jg)j(”* X M; — AgI)N is compatible with the
chiral L-actions if and only if ¢ is a morphism of L?X, -modules.

3.7.18. A chiral U(L)-module structure on a Dx-module M defines in the
obvious manner a chiral L-action on M. A chiral U(L)-operation between U(L)-

modules (see 3.3.4) is automatically an L"-operation. So we have a pseudo-tensor
functor

(3.7.18.1) M(X,U(L))" — M(X, L")k,
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PROPOSITION. This is an equivalence of pseudo-tensor categories.

Proof. Use 3.7.17 and (3.7.15.2). A chiral L"-operation is the same as a chiral
U(L)-operation by Remark (iii) in 3.3.4 (applied to P = L C U(L)). O

COROLLARY. The functor Ind from 3.7.15 extends naturally to a pseudo-tensor
functor M(X, L)*" — M(X,U(L))*" left adjoint to the obvious pseudo-tensor func-
tor M(X,U (L))" — M(X, L)°".

Proof. We can assume that X is affine. Let P;, ¢ € I, be L-modules. According
to (3.7.15.2), the Lgﬂ—module jil)j(f)* X IndP; is equal to the induced Lgﬂ—module

U(Lg(,) ® (" ® P,. We are done by the second lemma in 3.7.17. [
U(LE)®O 1

3.7.19. Let x € X be a point, j, : U, — X its complement. The topological
associative algebra U(L)%° (see 3.6.2-3.6.7) can be described as follows. This al-
gebra depends only on the restriction of U(L) to U,, so it is convenient to change
notation for the moment and assume that L is a Lie* algebra on U,. Consider the
topological Lie algebra hLi€(L) := hLi€(j,,L) (see 2.5.12). Denote by U(hLi(L))
the topological enveloping algebra of ﬁi’ie(L) defined as the completion of the plain
enveloping algebra with respect to the topology whose base is formed by the left

ideals generated by an open subspace in ﬁi‘ie(L).

PROPOSITION. There is a canonical isomorphism of topological associative al-
gebras

(3.7.19.1) U(hkie(L)) = U(L)%.

x

Proof. hXe(L) and U(L)?* are completions of, respectively, hg(jz»L) and
hy(jz+U(L)) with respect to certain topologies. It follows from the definitions
that the canonical morphism hy(jy«L) — hg(§z+U(L)) is continuous with respect
to these topologies; thus we have a continuous morphism h%%(L) — U(L)%. This
is a morphism of Lie algebras (as follows from Remark (i) in 3.6.6). So it yields
a morphism of topological associative algebras U(hLi(L)) — U(L)%. According
to 2.5.15, 3.7.18, 3.6.6, and Example in 3.7.16 this morphism yields an equivalence
between the categories of discrete modules. Since our algebras are complete and
separated, and their topologies are defined by systems of left ideals, this shows that
our morphism of topological algebras is an isomorphism. U

3.7.20. Twisted enveloping algebras. Let L’ be an (automatically central)
w-extension of a Lie* algebra L (see 2.5.8). Let 1° be the corresponding horizontal
section of L (so L' = L"*/0x1°). The b-twisted chiral enveloping algebra of L
is the quotient U(L)” of U(L") modulo the ideal generated by 1 — 1°. So for any
chiral algebra A a morphism U(L)’ — A amounts to a morphism of Lie* algebras
L’ — AL which maps 1° to 14.

As in 3.7.13, the image of L’ in U(L)" defines the PBW filtration on U(L)?,
and one has a canonical surjective map of coisson algebras

(3.7.20.1) Sym' LY — gr.U(L)".

One has the twisted version of the Poincaré-Birkhoff-Witt theorem:
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PROPOSITION. If L is Ox-flat then (3.7.20.1) is an isomorphism.

Proof. Notice that ¢ := 1 — 1” is a central horizontal section of U(L?)*. Tt
defines the endomorphism - of the D-module U(L?), and U(L)® is its cokernel.
This endomorphism shifts the PBW filtration of U(L”) by 1, and the corresponding
endomorphism of gr U(L?)! = Sym L°* (see 3.7.14) is multiplication by 1° € L. Tt
is injective with the cokernel equal to Sym L. This implies our PBW. O

The coproduct on U(L”) (see 3.7.12) yields a coaction of the Hopf chiral algebra
U(L) on the chiral algebra U(L)". If L is Ox-flat, then U(L)" is a U(L)-cotorsor
(see 3.4.16). The functor (we use the notation of 2.5.8 and 3.4.16)

(3.7.20.1) P(L) = PUL)), L' — UL,
is naturally a morphism of Picard groupoids.
EXERCISE. Show that (3.7.20.1) is an equivalence of Picard groupoids.®°

3.7.21. The morphism L* — U(L)" yields a functor M(X,U(L)") — M(X, L)
(since any * action of wx on any module is trivial, L’-modules are the same as L-
modules). It admits a left adjoint functor Ind® = Ind’: M(X, L) — M(X,U(L))
(see 3.7.15). For an L-module M we have Ind’ M = Ind, M /(1 —1°)Ind, M. One
defines the canonical filtration on Ind” M as the image of the canonical filtration on
Ind;» M, so we have a canonical morphism of graded Sym L‘-modules

(3.7.21.1) Sym' LY @ M — gr.Ind’ M.
LEMMA. If L is Ox-flat, then (3.7.21.1) is an isomorphism.
Proof. Same as that of the proposition in 3.7.20 (see Remark (i) in 3.7.15). O

3.7.22. Here is the twisted version of compatibility (3.7.19.1). Assume that
we are in the situation of 3.7.19, so L is a Lie* algebra on U, and let L” be
an extension of L by wy,. Let us compute the topological associative algbera
UL);» = (U(L))g.

The morphism of topological Lie algebras hZi€(L?) — hLi€(L) is continuous
and open. Its kernel is the image of k = hy(jaewu,) xz, hLie(L?). The twisted
topological enveloping algebra U(hLi(L))" is the quotient of U(hL%(L")) modulo
the closed ideal generated by the central element 1°(1) — 1.

PROPOSITION. There is a canonical isomorphism of topological associative al-
gebras
(3.7.22.1) U(hL(L))> = U(L)’es.

Proof. The composition of the morphisms U (hLi(L")) — U(L?)% — U(L)%*
sends 1° to 1, so it yields a morphism U(hL*®(L))* — U(L)’**. As follows from
3.7.19, this morphism induces an equivalence between the categories of discrete
modules; hence it is an isomorphism (use the fact that our algebras are complete
and separated and their topologies are defined by systems of left ideals). O

80Hint: for C € P(U(L)) the corresponding w-extension L’ is the Lie* subalgebra of C
defined as the preimage of L x C C U(L) ® C by the coaction morphism § : C — U(L) ® C.
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3.7.23. Let A be a chiral algebra and L a Lie* algebra that acts on A (see
3.3.3). For a chiral algebra B consider the set of pairs (i,1¢) where i: A — B is a
morphism of chiral algebras and ¢: L — B a morphism of Lie* algebras, such that
i is a morphism of L-modules (here L acts on B via ¢ and the adjoint action of
B). Such pairs depend on B functorially, and it is easy to see that there exists a
universal pair (i,t); the corresponding chiral algebra B is denoted by A®U(L).
Indeed, consider the L-action on A as an action of L on the Lie* algebra AL 61
so we have the semi-direct product AX* x L of the Lie* algebras AX*® and L. Our
A®U(L) is the quotient of U(AL x L) modulo the obvious relations (which say
that the morphism A — A®U(L) is a morphism of chiral algebras, not just of Lie*
algebras).

Here is another construction of A ® U(L). Recall that Ind" is a pseudo-tensor
functor (see 3.7.18), so Ind$"A is a Lie“" algebra. The image of 14 is the unit
in Ind$" A4, so Ind$" A is a chiral algebra. The canonical morphism i: A — Ind$"* A
and the morphism ¢: L — Ind$"A that comes from the chiral action of L on 14
satisfy the above properties. One checks immediately the universality property, so
A®U(L) =Ind A.

We leave it to the reader to check that the PBW filtration on Indj, A is a chiral
algebra filtration, and the PBW morphism

(3.7.23.1) A®@Sym Lt — gr (A®U(L))

is a morphism of chiral algebras. According to Remark (i) in 3.7.15, if L is O x-flat,
then (3.7.23.1) is an isomorphism.

3.7.24. The constructions of 3.7.23 and 3.7.20 easily combine. Namely, assume
that we have A, L as in 3.7.23 and L” as in 3.7.20. Look at the pairs i: A — B,
¢’: L’ — B that satisfy the same conditions as i, from 3.7.23 and assume that
¥’(1°) = 1. As in 3.7.23, there exists a universal pair (i,7°), and we denote the
corresponding Bby A®U(L)’. Onehas A®U(L)’ = A®U(L")/(1-1")A®@U(L?).
There is a canonical identification A ® U(L)* = Ind}, A. The canonical filtration on
Ind?-JA is a chiral algebra filtration, and the canonical morphism A ® Sym'L’ —
gr(A®U(L)") is a morphism of chiral algebras. If L is Ox-flat, then this is an
isomorphism (see 3.7.21). This version of the PBW theorem will be of use in 3.8.

REMARK. For M € M(X) a structure of the A® U(L)*-module on M amounts
to a chiral action on M of the semi-direct product A x L’ of the Lie* algebras
ALie and LP such that the chiral AL*-action is actually a chiral A-action and the
chiral action of w C L’ is the unit action. This follows immediately from 3.7.18 and
the construction of A®U(L)" as a quotient of U (AL x L”).

3.7.25. Virasoro vectors. Consider the Virasoro extension ©% of ©p of
central charge ¢ € k (see (¢) in 2.5.10). The twisted enveloping algebra U(0)¢ :=
U(©p)° is called the chiral Virasoro algebra of central charge c.

For a chiral algebra A a Virasoro vector, a.k.a. stress-energy tensor, of central
charge ¢ is a morphism of chiral algebras U(0©)¢ — A which is the same as a
morphism of Lie* algebras (¢ : ©F, — A which sends 1°: wx — ©F to 14.

61We use notation of 3.3.2.
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A Virasoro vector yields two actions of the Lie algebra © on the sheaf A, called
the adjoint and Lie action, defined, respectively, by the formulas

(3.7.25.1) adra := ad,(rya, Lie;a:=adra—a-T.

Here - is the action via the right D-module structure and ¢ : Op — Aj/wly is
defined by ¢¢. The adjoint action is D x-linear, while the Lie action is compatible
with the usual © x-action on Dx.

EXAMPLE. Sugawara’s construction. Let g be a finite-dimensional Lie algebra,
K a symmetric ad-invariant bilinear form on g. So we have the Kac-Moody Lie*
algebra g%, (see 2.5.9); let A be the twisted enveloping algebra U(gp)”.

Let v = ¥Xa; ® b; € g ® g be a symmetric ad-invariant tensor. It yields endo-
morphisms ad, :  — X[a;, [b;,z]] and €, : © — Xk(a;, x)b; of g which commute
with the adjoint action; one has Tr(ey) = k(v) := Xk(a;,b;). We say that ~ is
k-normalized if ad, + €, = id,.

REMARK. A k-normalized 7 is unique; it exists if and only if the bilinear form
z,y — k(z,y) + 3Tr(ad,ad,) on g is non-degenerate.

Consider v as a symmetric section of gp X gp C AKX A. The image of v by
the Lie* bracket morphism AKX A — A, A equals k(7)¢la where ¢ € Awx is a
canonical skew-symmetric section which can be written in terms of local coordinates
as (dz - 6(x — y))9d,. Thus the skew-symmetric morphism of O x yx x-modules

(3.7.25.2) Oxxx(A) L, ARA L ALA

kills Ox x x (—2A); i.e., it yields a skew-symmetric morphism v — A, A where v was
defined in (c) in 2.5.10. The restriction of this morphism to wx C v equals k()1 4.
Replacing v by the induced D-module and using (2.5.10.1), we get a morphism of
D x-modules

(3.7.25.3) sy 10520 4
such that 571*2"(7) = 14; this is the Sugawara tensor.

LEMMA. If v is k-normalized, then sy is a Virasoro vector of central charge
—2k(7), and the corresponding adjoint action of Op on A coincides with the one
defined by the obvious action®® of O on gfy.

Proof. Straightforward computation. O

3.8. BRST, alias semi-infinite, homology

We considered the BRST reduction in the classical setting in 1.4.21-1.4.26; now
we turn to the quantum version.

The Becchi-Rouet-Stora-Tyupin construction arose in mathematical physics.
It came to representation theory in a pioneering work of B. Feigin [F] (his term
“semi-infinite” reflects the view of a Tate vector space as a sum of its compact and
discrete “halves”®®) and was further developed in [FGZ]. These articles deal with a
linear algebra setting; the BRST differential is given by an explicit formula written
in terms of a redundant Z-grading. Its conceptual characterization (the BRST

62See the first Remark in 2.5.9.
630r, perchance, the view of our momentary existence suspended between the two eternities.



228 3. LOCAL THEORY: CHIRAL BASICS

property of 3.8.10(iii) and 3.8.21(iii) below) is due to F. Akman [A]. An important
example of the BRST construction is the quantum Drinfeld-Sokolov reduction which
produces from (the chiral envelope of) an affine Kac-Moody algebra the chiral W -
algebra (see Chapter 14 of [FBZ] and references therein). Some closely related
subjects we do not touch: the BRST homology of finite quantum groups [Ar] and
a general homological algebra approach to BRST-like constructions [Vo].

We discuss BRST homology first in the setting of chiral algebras (3.8.1-3.8.15)
and then in the more traditional setting of Tate’s linear algebra (3.8.17-3.8.22).
The two pictures are compared in 3.8.23-3.8.25. W-algebras are briefly mentioned
in 3.8.16; we refer the reader to [FBZ] for a thorough treatment.

We work in the DG super setting (see 1.1.16) skipping the adjective “DG su-
per”.

3.8.1. Chiral Weyl algebras. Let T be a Dx-module; we assume that it
has no O-torsion. Let ( )7 € Py ({T,T},wx) be a skew-symmetric® x pairing. Set
T® := T ® wx. This is a Lie* algebra with commutator equal to ( ) (plus zero
components). So T? is an extension of a commutative Lie* algebra T by wx. Let
W = W(T,{ )r) be the corresponding twisted enveloping chiral algebra U(T)" (see
3.7.20). This is the Weyl algebra of (T, ( )r). It carries the PBW filtration so that
T = Wy, and gr'W = Sym'T (see 3.7.20).

The classical, or coisson, Weyl algebra W¢ is Sym T equipped with a coisson
bracket that equals ( )7 on T = Sym!T. It differs from gr. W as a coisson algebra:
the coisson bracket on gr.W is trivial.

3.8.2. Assume our T is a vector Dx-bundle and ( )7 is non-degenerate; i.e.,
the corresponding morphism 7" — T° (see 2.2.16) is an isomorphism. Then the
center of W(T') equals wx. Let A be any chiral algebra. The tensor product
A®@W(T) (see 3.4.15) contains A and W(T') as subalgebras, and A coincides with
the centralizer of 7> C W(T') C A ® W(T). We have a pair of adjoint functors

(3.8.2.1)  M(X,A) = M(X, A W(T)), M(X,A®W(T)) — M(X, A),

where the left functor is M — M ® W(T') and the right one sends N € M(X, A ®
W(T)) to the centralizer of T.

3.8.3. LEMMA. The functor M(X, A) — M(X, AQW(T)) is fully faithful. Its
image consists of those A ® W(T)-modules on which the Lie* algebra T” acts in a
locally nilpotent way. In particular, if T is purely odd, then the functors (3.8.2.1)
are mutually inverse equivalences of categories. O

3.8.4. Let us return to situation 3.8.1 (so we drop the non-degeneracy condi-
tion). Assume that we have a direct sum decomposition T' =V @ V"’ such that { )7
vanishes on both V and V'. Let ( ) € Py({V’',V},wx) be the restriction of { )r
(notice that the sign of { ) depends on the order of V', V’). One recovers (T, { )r)
from (V,V’,( )) in the obvious way, so we will write W =W(V, V', ( )). There are
obvious embeddings of chiral algebras Sym V, Sym V' — W(V, V).

64 As always, “skew-symmetric” refers to the “super” tensor structure: if T is purely odd,
this amounts to “naive symmetric.”
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Define an extra Z-grading on T” setting 7°(-1) := vV, 7°(1) .= v/ 7°0) .= 5.
Therefore W acquires an extra Z-grading W) 6> One has W™ = v, W = v/,
and gI‘aW(n) = Sym%v (9] SymaJrTn V/.

REMARK. W carries another filtration — the one generated by (Sym V',V +
Sym V') (see 3.7.13). This filtration is commutative, and the associated graded
algebra gr'W equals SymV’ ® Sym'V. So we have a canonical identification of
graded algebras®® gr'W = Sym(V’' @ V) = W€ which is compatible with coisson
brackets. So if V, V'’ are mutually dual vector D x-bundles, then W is a SymV’-
cdo (see 3.9.5 for terminology).

3.8.5. The Tate extension revisited. Consider the D x-module Wéo). It
contains W(()O) =Wy = w and Wgo)/w = gryWO© =V ® V’. The adjoint action of
Wéo) preserves W§i1). Since w C Wgo) acts trivially, we get x actions of V @ V' on
V, V'. Since Wéo) = u(V, V') + w, we see that Wgo) is a Lie* subalgebra of W.

Recall that in 1.4.2 we defined the associative* algebra structure on V ® V'
together with its left action on V and right action on V’. We leave it to the reader
to check that the above action of V@V’ on V coincides with that of 1.4.2, the one on
V' is opposite to that of 1.4.2, and the Lie* algebra structure on V@ V' = Wgo)/w
coincides with the Lie* algebra structure associated with the associative* algebra
structure from 1.4.2. So the quotient V @ V' = Wgo)/w is the Lie* algebra Gl
from 2.7.2, and we have an extension of Lie* algebras

(3.8.5.1) 0—w—WY 5560

This extension canonically identifies with the extension G~ opposite to the Tate
extension §” from 2.7.2. Namely, consider the chiral product j,j* VRV’ — A*W;O).
Its restriction to VRV’ equals —( ) : VR V' — A,wx, and its composition with
the projection Wéo) — V®V' is the standard projection j,j*VRV' — A (VV’).
Therefore it yields a canonical identification of extensions (see the construction of
G in 2.7.2)

(3.8.5.2) W = gb,
This identification is obviously compatible with the Lie* brackets.

3.8.6. Chiral Clifford algebras. Let L be a (DG super) D x-module; sup-
pose that it is a finite complex of vector D x-bundles. Let L° be its dual; denote by
()€ Py({L° L},wx) the canonical non-degenerate pairing (see 2.2.16). Denote
the corresponding pairing € Py ({L°[—1], L[1]},wx) by ( ); set € = CI(L, L°,( ))
= W(L[1], L°[-1],( )). This is our Clifford chiral algebra.

As in 3.8.4, Cl contains subalgebras Sym(L°[—1]) and Sym(L[1]). It carries an
extra Z-grading €I() and the PBW filtration €. with Cl; = L[-1] @ L[1] ® w and
gr @l = Sym(L°[—1] & L[1]).

Consider the Lie* algebra Gléo). The chiral product j,j*(L°K L) = j.j*(L°[-1]
XL[1]) = j*j*(Glgl) &61571)) — Glgo) yields the * pairing equal to ( ), so it defines,

65Notice that, unless V, V' are purely odd, the Z-grading mod 2 does not coincide with the
structure “super” Z/2-grading.

66The grading we consider comes from the grading on W; we forget about the grading coming
from the filtration.
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as in 3.8.5, an isomorphism of w-extensions of § = L ® L° (cf. (3.8.5.2))

(3.8.6.1) el = g

where G’ is the Tate extension defined by L, L°, ( ). This is an isomorphism of Lie*
algebras, and it identifies the adjoint action of Glgo) Jw on Gl%il) with the usual
action of G on L°[—1], L[1]. The proof coincides with that of the similar statement
for Weyl algebras plus a sign exercise.

3.8.7. Let now L be a Lie* algebra on X which satisfies the conditions of 3.8.6
as a mere D x-complex. So we have the Clifford algebra Cl and the Tate extension
gl(L)" of the Lie* algebra gl(L) = L ® L° identified with GZ(T)gO). The adjoint
action of L yields a morphism of Lie* algebras L — gl(L). Denote by L’ the pull-
back to L of the extension gl(L)’; this is the Tate extension of L. So we have a
canonical morphism of Lie* algebras §: L” — gl(L)” C €l which sends 1° € L’* to
1 el

3.8.8. Let A be a chiral algebra and « : L” — A a morphism of Lie* algebras
such that a(1°) = —14; we refer to (4,a) = (A, L,a) as BRST datum. Since a
and 3 take opposite values on 1” € L, we have a morphism of Lie* algebras

(3.8.8.1) (O =a+p8: L -Axel0,

Consider the contractible Lie* algebra L; (see 1.1.16); recall that as a mere
complex it equals Cone(idy). Then £(9) extends to a morphism of mere graded Lie*
algebras (we forget about the differential for a moment)

(3.8.8.2) (: Ly — A®EC,

whose component £~ : L[1] — A ® €I(-V is the composition L[1] — €I(-1) —
A®CL

3.8.9. To define the BRST charge, we need a simple lemma. Consider the
Chevalley differential § on the commutative' algebra Sym(L°[—1]) (see 1.4.10). Let
us identify Sym(L°[—1]) with its image by the embedding Sym(L°[—1]) C €l C
A ® Cl. The adjoint action of Ly on A ® Cl via ¢ preserves Sym(L°[—1]). The
corresponding action of Ly on the Chevalley DG algebra is compatible with the
differentials: one has adyo) = [6, ady-1)(o)] € P35 ({L,Sym(L°[-1])}, Sym(L°[-1])).
Restricting this identity to L°[—1] C Sym(L°[—1]), we get (here [ ] is the bracket
on A® Cl):

LEMMA. The % operations [((°), idgei—y)] and [¢=1), S|poi—y] in Py ({L, L°[-1]},
A® CIM) coincide. O

Consider a chiral operation
(3891) X = u(€(0)7 idLO[fl]) - M(Z(_l)a 6|L°[71]) € P2Ch({L7 LO}7 A® el(l)[l])

where 1 is the chiral product on A ® Cl. The corresponding * operation vanishes
by the lemma, so it amounts to a morphism of complexes

(3.8.9.2) y: L®L°— A®ClM[1].
We have h(L ® L°) — End(L). Set
(3.8.9.3) 0 =040 := x(idy) € h(A® CIW[1]).
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This is the BRST charge for (A, «). Its adjoint action is an odd derivation da q
of A® Cl called the BRST differential. Tt has degree 1 with respect to both the
structure degree and the ()-grading.

3.8.10. THEOREM. (i) One has [0,9] = 0; hence d% , = 0.
The DG chiral algbebra (A ® Cl,dager + da,o) is denoted by Cprsr(L, A).
(ii) £ from (3.8.8.2) is a morphism of DG Lie* algebras

(3.8.10.1) 0: Ly — Cprst(L, A).

(iil) 0 is a unique element of h(A® CIM[1]) which is even of structure degree 0
and such that ady =1 = ) Similarly, da,o 15 a unique odd derivation of A ® Cl
of structure and ) degrees 1 such that dA,aZ(_l) =),

REMARKS. (i) The statement (ii) of the theorem says that £(~ is a da,
(or dager + da o) homotopy between 0 = o + 3 and 0; we refer to it as the
BRST property of ® or da . According to (iii) of the theorem, the BRST property
determines ? and d4,, uniquely.

(ii) The construction of the BRST element and the above theorem remain
literally valid in the setting of chiral algebras on an algebraic D x-space Y (see
3.3.10). We assume that L is a Lie* algebra on Y which is a vector D x-bundle on
Y, etc.

(iii) Let ¢ : A — A’ be a morphism of chiral algebras. Then (4’| L, pa) is
again a BRST datum. It follows from the statement (iii) of the theorem that the
morphism ¢ ® ide; : A® Cl — A’ ® Cl sends 04,4 t0 Dar q; hence we have a
morphism of DG chiral algebras Cprst(L, A) — Cprst(L, A).

(iv) For the “classical” version of the theorem see 1.4.24.

Proof. Tt is found in 3.8.11-3.8.13.

3.8.11. First we show that dA,aﬁ(_l) =00 ¢ Hom(L, A®Cl); i.e., 9 and da q
satisfy (iii).

Consider the operation u(x, ¢(~Y) € Psh({L, L°, L}, A®Cl). We label the vari-
ables by the lower indices 1, 2, 3. One has pu(x, £(~1) = M(£§°), p(id o1 Q,ngl)))-i-

(60,0570 i oy 2) = (0 (0o -2, 657V ) =5, ey 2)-
Restricting it to j.(L X L°) X L, we get ;L(é@,( Yoz) + p(0CD] J13,idpo—1y2) +
u(égfl),adzm) = u(égo),< )23) + [u(ﬁgfl),idm[,l]2),£go)]. Both summands vanish
on LX L° X L, so we can consider them as operations in Py ({L ® L°,L}, A® Cl).
Insert idz, € h(L ® L°) in the first variable; the first summand yields £(°) and the
second one 0. We are done.

3.8.12. Now let us prove the uniqueness statement (iii) in the theorem 3.8.10.

(a) Let F C h(A® Cl) be the centralizer of £(~1), so F' contains A ® Sym(L[1]).
Let us show that actually F = A ® Sym(L[1]). This statement follows from its
“classical” version 1.4.22. Indeed, consider the ring filtration on A ® @l generated
by (A® Sym(L[1]), A ® (Sym(L[1]) + L°[—1])) (see 3.7.13). The associated graded
algebra equals A ® Cl,. (see 1.4.21). Consider the corresponding filtration on h(A ®
Cl); we have gr h(A® Cl) = h(A ® Cl.). Take v € h(A® Cl*); let n be the smallest
number such that it lies in the nth term of the filtration, so the corresponding
7 € grpoh(A ® Cl%) = h(A ® Sym™(L°[—1]) ® Sym"™ %(L[1])) is non-zero (cf. the
proof in 1.4.22). Then the composition ad,¢=1) takes values in the previous term,
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and the corresponding morphism from L[1] to gr, 1(A®CI(»)) Cc A® it is the
morphism ¢ (?) from 1.4.22. So 1.4.22 implies that for v € F' one has n = 0; g.e.d.

(b) Consider the maps h(A ® CI(?)) — Der*(A ® €l) — Hom(L[1], A ® CI*~1),
where the first arrow is the adjoint action and the second one is v — (1 67 Now
both of them are injective for a > 1; this obviously implies 3.8.10(iii). The proof
is an obvious modification of that of its “classical” counterpart 1.4.24(iii) (replace
1.4.22 by (a) above and Cl. by CI).

3.8.13. Let us show that [0,9] = d4 »(?) vanishes. According to (a) in 3.8.12,
it suffices to prove that [0,9] € F, i.e., d*¢(-) = 0. One has d¢(-1) = £ (see
3.8.11), so we want to show that d¢(®) = 0. Again by (a) in 3.8.12 it suffices to
show that d¢() takes values in F, i.e., [d0(?), £(=1)] = 0. One has®® [@¢(*) ¢(-1)] =
d[e©, p=D] — 0O @e(=D] = de=D[ ] = [¢©) @e=D] = (O | = [¢©) ¢©] = 0, and
we are done.

Finally 3.8.10(ii) follows from 3.8.11 and 3.8.13. O

3.8.14. The DG chiral algebra Cprsr(L,A) considered as an object of the
homotopy category HoCA(X) (see 3.3.13) is called the BRST reduction of A with
respect to . The reduction is regular if Hggqp(L, A) = 0 for a # 0; then the BRST
reduction is the plain chiral algebra H3ggr (L, A).

For any graded A ® Cl-module N the action 0x of @ on NN is a d4 o-derivation
of square 0 commuting with the structure differential dy. So N equipped with a
differential dy + on is a DG CgrsT(L, A)-module. In particular, for an A-module
M the module M ® Cl (see 3.8.2) is a DG Cprsr(L, A)-module. We denote it
by Cgrst(L, M) and call the BRST complex of L with coefficients in M. Its
cohomology Hppgr(L, M) is an Hypggr(L, A)-module; this is the BRST, or semi-
infinite, homology of L with coefficients in M. As follows from Remark (iii) in 3.8.10
(applied to the morphism ¢ : U(L)~* — A defined by «) our Cgrsr (L, M) depends,
as a complex of plain D x-modules, only on the chiral L~’-module structure on M.

VARIANT. Let z € X be a point, j, : U, — X its complement. Assume that
our BRST datum is given on U,. According to 3.6.6 and 3.6.13 the category of
Jus A® Cl-modules supported at x coincides with the category of discrete A2*®CI%5-
modules. We can consider 0 as an element of h,j..A ® Cl, so its action yields a
canonical differential on any discrete A2*®CI%*-module. We will see in 3.8.25 that
it can be described in terms of the Tate linear algebra.

REMARK. In this setting we have no canonical j,.Cl-module supported at x,
so to define the BRST homology of an A%*-module M, we should choose some CI%°-
module C' and then define the BRST homology of M as the homology of M @ C. If
L is extended to X, i.e., if we have a Lie* subalgebra Lx C j.«L, then we can take
for C' the module corresponding to the fiber at = of the Clifford module for Lx.

3.8.15. The classical limit. Let us show that the BRST construction for
coisson algebras from 1.4.21-1.4.25 can be considered as a “classical limit” of the
chiral BRST construction.

Consider an increasing filtration on €l with terms Sym(L°[—1]) - Sym="(L[1])
(it differs from the PBW filtration from 3.8.6). This is a commutative filtration and

67Here the Der® are derivations of degree a with respect to the grading A @ €1().
68 The first equality comes since d is a derivation, the second and the fourth ones follow since
¢ commutes with brackets, and the third one is 3.8.11.
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gr.Cl = Sym(L°[—1]) ® Sym'(L[1]); this identification is, in fact, an isomorphism of
coisson algebras (see 1.4.21, 1.4.23)

(3.8.15.1) or €l = €L,

Let now A, a : L> — A be a BRST datum. Suppose that A carries a commuta-
tive filtration A. (see 3.3.12) such that a(L”) C A;. Then gr A is a coisson algebra,
and a. := amod Ay : L — gri A is a morphism of Lie* algebras, so we have the
corresponding classical BRST complex Cprst(L,gr A). (see 1.4.24).

Equip A ® Cl with the tensor product of our filtrations. This is a commutative
filtration, and one has an isomorphism of coisson algebras gr(A®Cl) = gr A®gr Cl =
(gr A) ® Cl.. The image of the morphism ¢ from (3.8.8.2) lies in the first term of
the filtration, and £mod Ay equals its classical counterpart (1.4.23.1). The BRST
differential preserves our filtration, and gr d satisfies the classical BRST property,
hence equals the classical BRST differential. We have proved:

LEMMA. There is a canonical isomorphism of DG coisson algebras
(38152) ngBRST(L, A) = GBRST(La gI‘A)C.

In particular, if the “classical” BRST reduction of gr A is regular, then the
“quantum” BRST reduction of A is also regular. O

3.8.16. W-algebras. An important example of the BRST construction is the
quantum Drinfeld-Sokolov reduction. See Chapter 14 of [FBZ] for all details and
proofs.

We use the notation of (a) in 2.6.8. As in loc. cit., we have a canonical em-
bedding a : n(§F)p» — 9(F)5. Consider the twisted enveloping algebra U" :=
U(g(F)p)" (see 3.7.20) and the embedding oy = i+ ¢ - 1y : n(F)p — U”.
Since the adjoint action of n is nilpotent, the extension n(g)% of n(§)p from 3.8.7
is trivialized, so o, extends to a BRST datum n(g)%, — U* denoted again by av.

THEOREM. The BRST reduction of U™ with respect to oy, is reqular. Thus it
reduces to a plain chiral algebra W* := H3gor(n(§)n, U") called the W -algebra. O]

REMARK. The theorem for generic x follows, by 3.8.15, from the classical coun-
terpart (which is the first proposition in 2.6.8).

3.8.17. BRST in the Tate linear algebra setting. In the rest of this
section we will show that the associative topological DG algebras Cprsr(L, A)%°
can be computed purely in terms of Tate’s linear algebra. We assume that the
reader is acquainted with the content of 2.7.7-2.7.9 and 3.6.1.

Notice that if T is a Tate vector space and R any topological vector space, then
R®T* is equal to the space Hom(T, R) of continuous linear maps T — R. More
generally, R&T*&n equals the space of continuous polylinear maps T'x - - - xT — R.

For a topological Lie algebra L its topological enveloping algebra U(L) is a
topological associative algebra equipped with a continuous morphism of Lie algebras
L — U(L) which is universal in the obvious sense. Thus U(L) is a completion
of the plain enveloping algebra with respect to the topology made of left ideals
generated by open subspaces V' C L. If the topology on L is generated by open Lie
subalgebras, then U(L) satisfies the Poincaré-Birkhoff-Witt theorem: the associated
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graded algebra gr U(L) for the PBW filtration®® equals the completed symmetric
algebra Sym L. This condition holds automatically if L is a Tate vector space.”®

REMARK. If L’ is a central extension of L by k, then we have the correspond-
ing twisted topological enveloping algebra U(L)"; this is a topological associative
algebra equipped with a morphism of topological Lie algebras L — U(L)” which
sends 1” € k C L® to 1y(ry> and is a universal morphism with these properties.
The PBW theorem for U(L)” holds if the topology on L is generated by open Lie
subalgebras (and we assume that the topology induced on k C L’ is discrete).

Let T be a Tate (super) vector space, < >=< > a skew-symmetric (contin-
uous) bilinear form on 7. Consider 7° := T @ k as a Lie algebra with the non-zero
component of the bracket equal to < >. This is a central extension of T' (considered
as a commutative Lie algebra) by k. The twisted topological enveloping algebra
W = U(T)" is called the topological Weyl algebra of (T, < >).

Assume that < > is non-degenerate. Then the category Wmod can be de-
scribed as follows. Let V' C T be a c-lattice; then its orthogonal complement V= is
also a c-lattice. Assume that the restriction of < > to V is trivial; i.e., V+ D V.
The restriction of < > to V+ comes from the finite-dimensional vector space V- /V.
The Weyl algebra W (V) is equal to the subalgebra of W generated by V+ (and co-
incides with the centralizer of V in W). The projection W (V1) — W (VL /V) yields

the functor W(V+/V)mod — Wmod, M — W ® M. This functor is fully
W(VL)

faithful. According to a variant of Kashiwara’s lemma it identifies W (V' /V )mod
with the subcategory of those W-modules on which every v € V. C W acts in a
locally nilpotent way. Every discrete W-module is a union of submodules which
satisfy this property with respect to smaller and smaller V’s.

As in 3.8.6 we can replace skew-symmetric pairing by a symmetric pairing to
get a topological Clifford algebra. As above, we are interested in the graded version
of this construction, so we start with a Tate vector space F' and consider the
topological graded Clifford algebra Gl = €I() generated by the graded (super) Tate
vector space F*[—1] @ F[1] such that the commutator pairing between F*[—1] and
F1] equals the canonical pairing F*[-1]Q F[1] = F*®F — k C Cl. Our €l contains
commutative graded subalgebras Sym(F*[—1]), Sym(F[1]); here Sym denotes the
completed symmetric algebra.”! It carries the PBW filtration Cl. compatible with
the grading; the algebra gr €l is equal to Sym(F*[—1] & F[1]).

We have €1\ =k, €I{") = F*[~1] and €I{"" = F[1]. Notice that Cly(0) is
equal to the simultaneous normalizer of F*[—1], F[1] in Cl. The adjoint action
of this Lie subalgebra preserves both F*[—1] and F[1] and identifies Bléo)/k with
gl(F) (as a topological Lie algebra).”™ Thus Gléo) is a central extension of gi(F) by
k. It equals the Tate extension gl(F)" from 2.7.8:

3.8.18. PROPOSITION. There is a canonical isomorphism of topological central
extensions
el = gi(F)’.

697ts terms are closures of the terms of the PBW filtration on the plain enveloping algebra.

"OProof: for every c-lattice V' C L its normalizer in L intersected with V is an open Lie
subalgebra of L contained in V.

"1.e., the symmetric algebra in the category of topological vector spaces for the product &.

72Use Exercise in 2.7.7.
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Proof. According to (ii) in 2.7.1 and 2.7.8 such an isomorphism amounts to a
pair of continuous sections s. : gl.(F) — Gl;o), Sq:gly(F) — Glgo) which commute
with the adjoint action of gl(F'), sc + sq : 9l.(F) @ gl (F) — Gléo) is an open map,
and s. — sq : glp(F) — k C Gléo) equals tr. Recall (see Exercise in 2.7.7) that
gl (F), gly(F) are completions of F ® F* with respect to appropriate topologies.
We define s, sq restricted to F' ® F* as, respectively, compositions F ® F* =
-1 e Fl1] = e, Fo F* = F[1] @ F*[-1] = €I where - is the product
map. It follows immediately from Exercise in 2.7.7 that s. and s; are continuous,
so they extend to continuous maps s. : gl (F) — Glgo), Sq : gly(F) — Gléo). We
leave it to the reader to check that s., s4 satisfy the properties listed above. O

3.8.19. Let L be a topological Lie algebra which is a Tate vector space. The
adjoint action yields a continuous morphism of Lie algebras ad : L — gi(L). The
Tate extension of L is the pull-back L’ of the Tate extension gl(L)b by ad.

REMARK. For every Lie subalgebra P C L which is a c-lattice the adjoint
action maps P to gl(L)p, so, according to Remark in 2.7.9, we have a canonical
section sp : P — L°. If P’ € P C L is another such subalgebra, then the restriction
of sp to P’ equals sps + trp/ps (the trace of the adjoint action of P’ on P/P’).

According to 3.8.18 we have a canonical morphism of topological Lie algebras
B L" — gl(L)* € CI®) where €l is the Clifford algebra as in 3.8.17 (for F = L).
One has 3(1°) = 1¢.

Let A be a topological associative algebra. A BRST datum is a continuous
morphism of Lie algebras o : L — A such that a(1”) = —14. Since @ and 3 take
opposite values on 1°, we have a morphism of topological Lie algebras

(3.8.19.1) (O :=a+p3: L— A&CIO,

Consider the contractible topological Lie DG algebra L; (see 1.1.16). Then
({9 extends to a morphism of topological graded Lie algebras (we forget about the
differential for a moment)

(3.8.19.2) (: Ly — A&CI,

where (=1 is the composition L[1] — €I(-1) ¢ A®CI-1),

Denote by § the Chevalley differential on the topological commutative DG
algebra Sym(L*[—1]) defined by the topological Lie algebra structure on L. Let us
identify Sym(L*[—1]) with its image by the embedding Sym(L*[~1]) C €l C ARCI.
The action of Ly on A®Cl via ¢ and the adjoint action preserve Sym(L*[—1]).
Considered as an action of Ly on the Chevalley DG algebra, it is compatible with
the differentials: for a € L the action of adyw)(,) on Sym(L*[—1]) coincides with

[5, adg(_m(a)].

3.8.20. LEMMA. The map L&L* — ARCI[1], a®@b — £©)(a)-b—£1(a)-6(b),
where - is the product in AQCL, extends by continuity to a morphism

(3.8.20.1) X : L&L* — A&CIMV[1].

Proof (cf. 3.8.9). We want to find for each open U C A®CI open subspaces
P C L, Q C L* such that £9(a)-b+ ¢V (a)-5(b) € U if either a € P or b € Q.
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We can assume that U is a left ideal. Take P, Q such that ¢ (P), ¢(~V(P), Q,
§(Q) C U. Then our condition is satisfied since [¢(°)(a),b] — [((~V)(a),d(b)] = 0. O

Recall that L&L* = End(L). Set
(3.8.20.2) =044 = x(id) € ASCIV[1].

This is the BRST charge. Its adjoint action dy o is the BRST differential; this is a
continuous odd derivation of A®CI of degree 1.

3.8.21. THEOREM. (i) One has [0,9] = 0; hence d3 , = 0.

The topological associative DG algbebra (A®€l,dA®el +daa) is denoted by
Cerst(L, A4).

(i) £ from (3.8.19.2) is a morphism of topological Lie DG algebras

(38211) £ LT — GBRST<L;A)~

(ii) 0 is a unique odd element in AQCIY) such that adyt—Y = ). Simi-
larly, da,o s a unique continuous odd derivation of degree 1 of A®CL such that
dao 1) = 00),

We refer to (ii) as the BRST property of 9 or d4 .

Proof (cf. the proof of Theorem 3.8.10). (a) One has d o~ = ¢(©),

(b) The centralizer F of L[1] C Cl C A®CI equals A®Sym(L[1]) C A®CI. In
particular, F' has degrees < 0.

(c) Let us check (iii). Property [0,£(~1] = ¢(®) determines d uniquely up to an
element of F'. So 9 is unique. Similarly, property d¢(—1) = ¢(°) determines d up to a
derivation @ which kills the image of L[1]. Such a 8 sends L*[-1] ¢ €I() ¢ A@elM)
and A C A®CIO® to F. Since 0 has degree 1, it kills L*[~1] and A according to
(a). Thus 9 = 0; i.e., d is determined uniquely.

(d) Statement (i) follows from (b); the argument repeats 3.8.13. Statement (ii)
follows from (i) and (a). O

3.8.22. For every discrete A®Cl-module N the action of @ on N is an odd
d A,o-derivation of degree 1 and square 0, so it defines on IV a canonical structure of
a DG Cgrst(L, A)-module. Fix a graded discrete Cl-module C; then for a discrete
A-module M the tensor product M @ C' becomes a DG Cpgrst(L, A)-module called
the BRST, or semi-infinite homology, complex of M (for the Clifford module C).

REMARKS. (i) If L is purely even, then an irreducible Cl-module is unique up
to a twist by a 1-dimensional (super) vector space. So the BRST complex with
respect to an irreducible C' is uniquely defined up to a twist by a 1-dimensional
graded (super) vector space.

(ii) 0, hence BRST complexes, behave in the obvious manner with respect to
morphisms of A’s. The “smallest” A for the BRST datum is U(L)~". So the BRST
complex of M depends only on the L—"-module structure on M (coming from «).

(iii) Suppose L is discrete. Then L is split by means of sq4, which identifies
L-modules and L~°-modules. The Chevalley homology complex of an L-module
coincides with the BRST complex of the corresponding L~°-module for the Clifford
module Sym(L[1]). Similarly, if L is compact, then we use the splitting s. to
identify L- and L—°-modules. The Chevalley cohomology complex of an L-module
coincides then with the BRST complex of the corresponding L—°-module for the
Clifford module Sym(L*[—1]). If L is finite-dimensional, then the splittings differ
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by the character trad : L — k, and we get the usual identification of the Chevalley
homology complex of an L-module with the Chevalley cohomology complex of the
L-module twisted by det L.

3.8.23. Now we can compare the chiral and the Tate linear algebra versions
of BRST. Let z € X be a (closed) point, j, : U, — X its complement.

Let L be a vector D-bundle on U,, L° the dual vector D-bundle. According
to 2.7.10 the Tate vector space L?w) = Bw(jw*LO) is dual to L) := ﬁw(jx*L); ie.,
Lo = (L)

Let Cl" be the graded chiral Clifford algebra generated by L°[—1] & L[1] (see
3.8.6), and let Cl{, be the topological graded Clifford algebra generated by L{,, 1]
®L)[1] (see 3.8.17). According to 3.7.22, there is a canonical isomorphism of
topological graded algebras CI;%° — Gl'(z).

Here is a simple alternative construction of the identification r” of (2.7.14.1).7
Consider the Tate extension gl(L)* = CI9 (see (3.8.6.1)). The previous isomorphism
yields then a morphism of Lie algebras hy jz.gl(L)” — Gl?xﬂ. It is obviously contin-
uous with respect to the Efcpb—topology (see 2.7.13), so we have a morphism of topo-
logical Lie algebras gl(L)?w) — (i'l?x)? Using the identification Gl?ﬂg)2 = gl(L(y))’ of
3.8.18, we can rewrite this morphism as r° : gl(L)?r) — gl(L(x))b. By construction,
this ” is a lifting of the isomorphism 7 : gl(L)()y — gl(L()) of 2.7.12 to our
central k-extensions.

Now we assume that our L is a Lie* algebra, so we have the Tate extension L°
(see 3.8.7). Then L, is a topological Lie algebra (see 2.5.12 and 2.5.13(ii)) and

L'EI) is a central extension of L(,) by k. By definition of L’ the adjoint action of
L lifts canonically to a morphism of topological extensions L?I) — gl(L)?w). Thus
r” provides a canonical identification of L?w) with the Tate linear algebra extension
(L(z))’ from 3.8.19.

Assume we have a chiral BRST datum, i.e., a chiral algebra A on U, and a

morphism of Lie* algebras o : L* — A such that a(1°) = —1,4 (see 3.8.8). This
yields the topological associative algebra A2° = (j;+A)2° (see 3.6.2-3.6.6) and the

morphism o) : L?w) — A% which sends 1° to —1 which is a Tate linear algebra
BRST datum (see 3.8.19).

According to 3.6.8 the functor A — A%® commutes with tensor products, so
(A el = Ags@)el(r).

3.8.24. LEMMA. The canonical morphism (3.6.6.2) of graded Lie algebras
hajor A ® Cl— (A® CIE = AL QCl,
sends the chiral BRST charge (3.8.9.3) to its Tate linear algebra cousin (3.8.20.2).

Proof. The image of chiral 0 satisfies the BRST property, so our statement
follows from 3.8.21(iii). O

3.8.25. According to 3.6.6 the categories of graded j,.A ® Cl-modules sup-
ported at x and discrete A%*®€l(,)-modules are canonically identified. Each of

0ur L is V of 2.7.14.
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these objects carries a canonical BRST differential (defined as the action of the
BRST charges), and the above lemma identifies these differentials. This provides
a canonical identification of the BRST homology from 3.8.14 (Variant) with those
from 3.8.22.

3.9. Chiral differential operators

In this section we explain what enveloping chiral algebras of Lie* algebroids
are. In particular, we consider chiral algebras of differential operators or cdo which
correspond to the tangent algebroid ©y. The key difference with the case of Lie*
algebras treated in 3.7 is that the construction of the enveloping algebra requires
an extra structure (that of chiral extension) on the Lie* algebroid.

In 3.9.1-3.9.3 we consider chiral Rp;s-algebras for a commutative D x-algebra
R. The important fact is that chiral Rp;g-algebras are local objects with respect to
Spec R, so they can live on any algebraic D x-space. An example of such algebras
are R-cdo defined in 3.9.5. The notion of a chiral Lie algebroid is discussed in
3.9.6-3.9.10; in particular, we define an affine structure on the groupoid of chiral R-
extensions of a given Lie* algebroid £ in 3.9.7, construct rigidified chiral extensions
in 3.9.8, and relate chiral extensions with mod ¢? quantizations in 3.9.10. The
enveloping chiral algebras of chiral Lie algebroids come in 3.9.11. The Poincaré-
Birkhoff-Witt theorem (in a form suggested by D. Gaiitsgory), which is a main
technical result of this section, is in 3.9.11-3.9.14. To make the exposition clear,
we first present another proof of the PBW (actually, of a slightly more general
statement) for the usual Lie algebroids,” and then explain how to modify it to
the chiral setting. The PBW theorem permits us to identify chiral extensions of
Oy with cdo (see 3.9.15). In the rest of the section we describe the groupoid of
chiral R-extensions explicitly. In 3.9.16-3.9.17 we define a canonical DG chiral
extension of a certain DG Lie* algebroid over the de Rham-Chevalley algebra of
L. In particular, for L = O we get a canonical DG cdo Dpg over the de Rham
Dx-algebra DR = DRpge/x (see 3.9.18). We use it in 3.9.20 to identify chiral
extensions of L with variants of Tate structures from 2.8.1; for L = © we get exactly
Tate structures on Y. Thus concrete Tate structures from 2.8.15 and 2.8.17 provide
examples of cdo. The formalism of Tate structures from 2.8 provides an obstruction
to the existence of the global chiral extension of L (see 3.9.21-3.9.22). In particular,
2.8.13 yields a version of the Gorbounov-Malikov-Schechtman formula of 3.9.23 for
the obstruction to the existence of a global cdo on a jet D x-scheme. In 3.9.24—
3.9.26 we identify modules over the enveloping algebra of a chiral algebroid with
chiral modules over the algebroid, describe the corresponding topological associative
algebras as enveloping algebras of topological Lie algebroids, and prove a version of
the PBW theorem. In particular, we show that the topological associative algebras
coming from a cdo are topological tdo (see 3.9.27).

Much of the material was independently developed by Gorbounov-Malikov-
Schechtman [GMSZ2], see also [Schl] and [Sch2]. They consider the setting of
graded vertex algebras; in our languge, these are chiral algebras on X = Al equi-
variant with respect to the action of the group Aff of affine linear transformations
(see 0.15). Their cdo and chiral algebroids live on the jet scheme of a constant
fibration Z = X x B over X equipped with an evident Af f-action; the “vertex
0 p-algebroid” from loc. cit. is the degree 1 component of (the translation invariant

74The proof from 2.9.2 seems not to admit a chiral version.
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part of) a chiral Lie algebroid with appropriate induced structure which permits
us to recover the whole chiral algebroid. The notion of a chiral Rp,¢-algebra is a
chiral analog of that of the D-algebra from [BB] 1.1. The subject of 3.9.1-3.9.3 was
also treated in [K'V]. The canonical chiral DG tdo Dpp from 3.9.18 first appeared
(in the graded vertex algebra setting) in the work of Malikov-Schechtman-Vaintrob
[MSV] under the name of chiral de Rham complex. The original construction of
[MSV] was coordinate-style (the standard “linear” chiral DG algebras, attached to
coordinate neighbourhoods of B, are patched together by means of certain explicit
liftings of coordinate transformations); it was elucidated in [K'V] and [Brel]. The
formula in 3.9.23 (in the graded vertex algebra setting)” is due to Gorbounov-
Malikov-Schechtman [GMS1], [GMS2] 8.7, [Schil], see also [Bre2].”® The first,
to our knowledge, “non-linear” example of cdo was found by Feigin-Frenkel [FF1],
[FF2]. They constructed a cdo (as a topological associative algebra) on the jet
scheme of an open Schubert cell by certain mysterious explicit formulas. In fact, as
was shown in [GMS3], for X = A! the jet scheme of a flag space admits a unique
Af f-equivariant cdo; its restriction to the Schubert cell is the Feigin-Frenkel cdo.
From the point of view of this article, this follows from (3.9.20.2) and the exercise
in 2.8.17. Similarly, the cdo on the jet scheme of a group constructed in [AG] and
[GMS3] arise from the Tate structures from 2.8.15. The family of cdo on the jet
scheme of a flag space parametrized by Miura opers was suggested by E. Frenkel
and D. Gaitsgory (see 3.9.20 and 2.8.17). The subject of 3.9.27 is related to the
Appendix in [AG]. For an application of chiral Lie algebroids to representation
theory of affine Kac-Moody Lie algebras at the critical level, see [FrGJ.

3.9.1. Let R be a commutative chiral algebra; i.e., by (3.3.3.1), R’ is a com-
mutative D y-algebra.

We say that a chiral R-module M is an R-differential module or simply an
Ropjir-module if M is a union of submodules which are successive extensions of cen-
tral R-modules.”” Equivalently, this means that there is a filtration {0} = M_; C
My C My C ---, |JM; = M, such that the gr; M are central.”® The subcategory
M(X,R)pif C M(X,R) of Rp;p-modules is closed under direct sums and sub-
quotients. Any chiral R-module N has the maximal differential submodule NP/,
Every chiral operation preserves maximal differential submodules. We denote by
M(X, R)$;; € M(X, R)*" the full pseudo-tensor subcategory of Rop;s-modules.

Consider the sheaf of commutative Lie algebras h(R) on X. It acts canonically
on every chiral R-module M, so M is a Sym h(R)-module. If M € M(X, R) is an
Ry, p-module, then the h(R)-action on M is locally nilpotent which means that
every m € M is killed by some Sym‘h(R), i > 0. The converse is true if we know
that for every i > 0 the subsheaf of M that consists of sections killed by Sym‘h(R)
is O x-quasi-coherent. This always happens if M is either O x-flat or supported in
finitely many points.

Let f: R‘i — R’é be a morphism of D x-algebras. If M is an Ryp;r-module,
then it is an R;p;s-module via f, so we have faithful pseudo-tensor functors

(3.9.1.1) for M(X, Re) P — M(X, Ry

"5Notice that in the translation equivariant setting wx is trivialized, so it disappears from
the formula.

76 Presumably, in the Af f-equivariant setting our construction reduces to that of [GMS2].

77See 3.3.7 and 3.3.10. In this definition R need not be commutative.

78One can define M. by induction taking for M; the preimage of (M/M;_1)°"t.
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3.9.2. Consider the topological algebra with connection (R%*,V) defined in
3.6.14. Since R is commutative, R*® is also commutative. We have R’ = R /I
for an open ideal Ir C R**. Let RP* be the Iz-adic completion of R%*. Precisely,
we consider on R’ the topology defined by those open ideals I for which I C I
for n > 0; our RP% is the corresponding completion. This is a commutative
topological O x-algebra equipped with a connection V.

REMARK. The functor R — RP* commutes with coproducts.”™

We define discrete RP*[Dx]-modules in the same way as we defined discrete
R*[Dx]-modules in 3.6.15; i.e., discrete RP/[Dy]-modules are the same as dis-
crete R**[Dx]-modules such that the action of R*® comes from the discrete action
of RPf. They form an abelian category M*(X, RPf).

The equivalence from 3.6.16 identifies Rp;p-modules with discrete RD [Dx]-
modules. Therefore we have an equivalence

(3.9.2.1) M(X, R)piy — M(X, RPT).

3.9.3. PROPOSITION. Let f: RY — RS be an étale morphism of D x -algebras.
(i) The morphism of topological algebras R?lf — RzDZf 1s also étale.
(ii) The pseudo-tensor functor f. from (3.9.1.1) admits a left adjoint pseudo-
tensor functor f: M(X, Rl)%hif — M(X, Rg)%hif. One has fM =Ry @ M.
RP
(i) Rpif-modules and chiral R-operations between them have the étale local

nature.

Proof. (i) Let I; C R?if be an open ideal, Iy C R?if the closed ideal generated
by f(I1). We want to show that I is open and the morphism lef/ll — R?if/IQ
is étale. This follows from the fact that the morphism RlDif — RzD s formally
étale, which is an immediate corollary of 3.6.19.

(ii) It follows from (i) that f° defined by the above formula sends discrete
R [D x]-modules to discrete Ry “/[Dx]-modules. The adjunction property on
the level of the usual morphisms is evident. To check it for chiral R-operations one
uses the lemma from 3.4.19 (the case of J = I); the details are left to the reader.

(iii) Follows from (i), (ii) and the remark in 3.9.2. O

According to 3.9.3(iii) one has the notion of an Op;s-module on any algebraic
D x-space Y; we also call these objects O-modules on Yp;r. We denote the corre-
sponding abelian pseudo-tensor category by M(H)%hi f-

3.9.4. For a commutative R a chiral Rp;s-algebra is a chiral algebra A to-
gether with a morphism of chiral algebras R — A such that A is an Rp,-module.
According to 3.9.3(iii) these objects have the étale local nature, so we have the
notion of a chiral Op;s-algebra on any algebraic D x-space Y; we also call them
chiral algebras on Yo, ¢. The corresponding category is denoted by CA(Y)piy.

EXAMPLE. Let A be a chiral algebra equipped with a commutative filtration
R= Ay C A; C--- (see 3.3.12). Then A is a chiral Rp;s-algebra. Notice that in
this situation gri A is a Lie* R-algebroid (see 1.4.11) in the obvious way.

Let A be a chiral Rp;f-algebra. We say that a chiral A-module M is R-
differential if M considered as an R-module is. This notion is étale local, so for

79 This follows immediately from a similar property of the functor R — R%®; see 3.6.8, 3.6.13.
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any Y as above and A € (?.A(’z})mf we know what the O-differential A-modules on
Y, or simply the A-modules on Yo,¢, are. These objects form an abelian pseudo-
tensor category M(Y, A)?Dhi 3 we also have the corresponding sheaf of pseudo-tensor

categories M(Ysr, A)5); ¢ on Y.

3.9.5. Cdo. Assume for the moment that Qg is a finitely generated locally
projective R‘[D x]-module; e.g., R is smooth (see 2.3.15). A chiral algebra of twisted
differential operators on Spec R (we abbreviate it to c¢do on Spec R or R-cdo) is a
chiral Rp;s-algebra A which admits a commutative filtration Ay C Ay C --- (see
3.3.12) such that R = Ay and there is an isomorphism of coisson Z-graded algebras
Sym' ©p = gr.A identical on R.%°

Notice that the filtration A. is uniquely defined: indeed, Ay = R, A; is the
normalizer of R in D, and our filtration is 1-generated (see 3.7.13). We call it the
canonical filtration. The above isomorphism of the coisson graded algebras is also
uniquely defined.

It is clear that cdo are local objects for the étale topology. Thus we know
what cdo on any smooth algebraic D x-space Y are. We denote the corresponding
category by €DO(Y) C CA(Y)pis. This is a groupoid. We have the corresponding
sheaf of groupoids CDO(Y¢t) on Yet.

The principal difference between cdo and the usual tdo (see [BB] or [Kasl]) is
that there is no canonical (“non-twisted”) cdo. We also do not know if cdo always
exist locally in the étale topology. This is true (as follows from (3.9.20.2)) if Oy is
a locally trivial vector D-bundle (which happens when Y is a jet Dx-scheme). If
cdo exist locally, then they form a gerbe. We will see that this gerbe need not be
trivial.

Similarly to the usual tdo, one handles cdo realizing them as twisted enveloping
algebras of certain Lie* algebroids. We explain the chiral Lie algebroid basics in
3.9.6-3.9.14 returning to tdo in 3.9.15.

3.9.6. Chiral Lie algebroids. An important class of chiral Rp;s-algebras
(which includes cdo) is formed by chiral enveloping algebras of Lie* R-algebroids.
Contrary to the case of mere Lie* algebras, to define such an enveloping algebra, one
needs an extra structure of the chiral extension of our algebroid. We first describe
this structure and play with it a bit; the chiral envelopes enter in 3.9.11.

Let R be a commutative chiral algebra, B a chiral R-algebra, and £ a Lie*
R-algebroid. Suppose we have a D-module extension

(3.9.6.1) 0—-B—-L L0

together with a Lie* bracket and a chiral R-module structure ppe> on L” such that
the arrows in (3.9.12.1) are compatible with the Lie* algebra and chiral R-module
structures. Then L” acts as a Lie* algebra on itself (by adjoint action), on B (since
B C L), and on R (via the projection L — £ and the L-action on R). Assume
that the following properties are satisfied:

(i) The chiral operations up € Ps"({B, B}, B) and puge» € PsP({R,L"}, L)
are compatible with the Lie* actions of L.

(ii) The structure morphism R — B is compatible with the Lie* L’-actions.

80Exercise: show that the existence of such an isomorphism amounts to the folowing condi-
tions: the adjoint * action of griD on Dy = R identifies it with ©p and gr; D generates gr.D.



242 3. LOCAL THEORY: CHIRAL BASICS

(iii) The * operation that corresponds to upc» is equal to —77, p Where 7oy p
is the L°-action on R, o is the transposition of variables, and ¢ is the composition
of the structure morphism R — B and the embedding B C L°.

We call such an L a chiral B-extension of L. The particular case of chiral
R-extensions (when B = R) is most interesting. We also call a pair (£, L"), where
LP is a chiral R-extension of L, a chiral Lie R-algebroid. The image of 1x in L% is
denoted by 1°.

EXAMPLE. In the situation of the example in 3.9.4, A; is a chiral Lie R-
algebroid, a chiral R-extension of gry A. More generally, suppose we have an embed-
ding of chiral algebras B C A and a D-submodule L° of A containing B. Assume
that the structure morphism R — B is injective, L° is a Lie*-subalgebra and a chi-
ral R-submodule of A, and L” normalizes R C A (in the * sense). Then £ := L”/B
is naturally a Lie* R-algebroid and L’ is its chiral B-extension.

We will see in 3.9.11 that every L that satisfies a certain flatness condition
comes in this way.

The quadruples (R, B, L, Lb) form a category in the obvious manner. For fixed
R, B and L the chiral B-extensions of £ form a groupoid P*(L, B); if B = R,
we write simply P*(L). We denote the category of chiral Lie R-algebroids by
LieAlg®"(R) = LieAlg"(Spec RY). By 3.9.3(iii) chiral B-extensions have the étale
local nature (just as Lie* algebroids), so we can replace Spec R’ by any algebraic
Dx-space Y. The corresponding categories are denoted by P*(Y, L, B), etc., and
the sheaves of categories on Yg; by P"(Yer, L, B), etc.

3.9.7 The affine structure on P"*(L). Let L be a Lie* R-algebroid. The
important point is that P*(L) is not a Picard groupoid: the notion of a trivial
chiral extension of £ makes no sense. We will see in a moment that this groupoid
carries an affine structure instead.

As in 2.8.2, we define a classical R-extension L€ of L as an extension of L by
R in the category of Lie* R-algebroids. In other words, L£¢ is a Lie* R-algebroid
equipped with a horizontal section 1¢ € L and an identification of Lie* alge-
broids®' L£¢/R1¢ = L; the morphism ¢ = tge : R — L°, 7+ 71¢ is assumed to
be injective. These objects have the étale local nature, so, as above, we have the
groupoid of classical extensions P (L) = P (Y, L).

The Baer sum of classical extensions makes P%(L) a Picard groupoid. We
can also form k-linear combinations of classical extensions, so P (L) is actually a
k-vector space category.

If L° is a chiral R-extension and L€ is a classical R-extension of £, then we
have the Baer sum of extensions £¢+ L. This is a Lie* algebra, a chiral R-module,
and an R-extension of L in the obvious way. The compatibilities in the definition
in 3.9.6 are obviously satisfied, so £¢ + L° is a chiral R-extension of L. Therefore
we have defined an action of the Picard groupoid P (L) on P"(L).

LEMMA. If Ph(L) is non-empty, then it is naturally a P<(L)-torsor.

Proof. The Baer difference of two chiral extensions is a classical extension. [

81 Notice that R-1¢ C L€ is automatically a Lie* ideal which acts trivially on R, so L¢/R1¢
is a Lie* R-algebroid.
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We will describe P¢" (L) in down-to-earth terms later in 3.9.20-3.9.21. Presently
we see that the whole of P*(L) is at hand (modulo the understanding of P (L))
the moment we find some chiral R-extension. Here is a way to construct one:

3.9.8. Rigidified chiral extensions. We consider the general setting of
3.9.6, so we have a chiral R-algebra B. Let L be a Lie* algebra acting on R and
B in a compatible way; denote by 7.r, 7.5 the L-actions. Let L be a (L,TLr)-
rigidified Lie* R-algebroid (see 1.4.13), so we have a morphism of Lie* algebras
¥ : L — L which yields an isomorphism of R-modules R ® L — L.

PROPOSITION. Suppose that L is Ox-flat. Then there is a chiral B-extension
LY equipped with a lifting ¥" : L — L of ¢ such that ¥’ is a morphism of Lie*
algebras and the adjoint action of L on B wia V" equals Trp. Such (L°,4°) is
unique.

We call (L°,9°) the (L, 71p)-rigidified B-extension of L.

Proof. Existence: Consider the chiral algebra B@®U(L) (see 3.7.23). It carries
the PBW filtration and gr.B® L = B ® Sym'L’. Define L’ as the pull-back of the
extension 0 — B — (B®U(L)); — gr1B® L — 0 by the morphism L = R‘® L —
B*®L =griB®L. It is an (L, 7 p)-rigidified B-extension of £ in the evident way.

Uniqueness: Suppose we have some (U’, wl’). Consider the chiral pairing n :=
ppes(idg, ) € Pfh({R,L},Lb). The corresponding * pairing equals —¢77 5 by
property (iii) in 3.9.6, and the composition of 7 with the projection LP — L is
the chiral pairing that corresponds to the rigidification R @ L — L. Therefore 7
identifies A,L” with the push-out of the extension 0 - RR L — j,j*RR L —
AR'®@L—-0by RRL 5% AR — A,B.

Therefore every two (L, 71, g)-rigidified B-extensions of £ are canonically iden-
tified. This identification is compatible then with the chiral R-actions (use the trick
from the remark in 3.3.6, or, equivalently, consider the chiral R-module structure
as the R**-module structure; see 3.6.16) and with the Lie* brackets (use property
(i) in 3.9.6). We are done. O

3.9.9. For B = R the above proposition can be rephrased as follows. For
(L, T) as above its R-extension is a D-module extension L of L by R together with
a Lie* algebra structure on L such that the projection 7 : L° — L is a morphism
of Lie* algebras and the adjoint action of L on R C L” coincides with 7. Such
extensions form a Picard groupoid (in fact, a k-vector space category) P(L, 7). For
an (L, 7)-rigidified Lie* R-algebroid (£,) the pull-back by ¢ of a classical or a
chiral R-extension of L is an R-extension of L. So we have defined functors

(3.9.9.1) PUL) — P(L,T), PNL)— P(L,7).

The first of them is a morphism of Picard groupoids; the second one transforms the
Pel(L)-action on P (L) to the translation action of P(L,T) on itself.

COROLLARY. If L is Ox-flat, then these are equivalences of groupoids.

Proof. Since P"(L) is non-empty, it suffices to treat the first functor. Its
inverse assigns to an R-extension L’ of L the push-forward of the R ® R-extension
(L) g of the Lie* R-algebroid Lp by the product map R® R — R. O
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3.9.10. Quantization mod t2. Here is a different application of the notion
of a chiral extension.

Suppose we are given a coisson structure on R. It yields a structure of Lie* al-
gebroid on the R[D x]-module Q = Q}%/X (see 1.4.17), so we have the corresponding

groupoid P"(Q) of chiral R-extensions.
Consider the groupoid Q%" = Q°"(R, { }) of mod #? quantizations of the coisson
structure (see 3.3.11); let Q¢ = Q°(R, { }) be the groupoid of k[t]/t?-deformations
of our coisson algebra. Just as in the conventional Poisson setting, the Baer sum
operation makes Q¢ a Picard groupoid (actually, a k-vector space category) and
Q¢h a Q¢ torsor.
There are canonical morphisms of Picard groupoids and their torsors

(3.9.10.1) PelQ) — Q,  Ph(Q) — Q"

82

defined as follows. For a classical extension 2 the corresponding coisson deforma-
tion R°, as a plain D-module, is the pull-back of Q° by d: R — Q. Let p: R° — R,
d¢ : R° — Q° be the projections. The coisson bracket is defined by the property
that p and d° are morphisms of Lie* algebras. The product on R is determined
by the requirement that p is a morphism of algebras and d° is a derivation (2¢ is an
R’-, hence R¢’-, module). The morphism of algebras k[t]/t> — R is determined
by the condition that d°(¢t) = 2-1¢ and p(t) = 0.

The chiral definitions are similar. The quantization R’ corresponding to §2,
as a plain D-module, equals the pull-back of Q* by d : R — Q. Let p : R* —
R, & : R® — Q" be the projections. We define { }(¥) demanding that p and
d’ be morphisms of Lie* algebras. The chiral product pup» € Ps"(R’) is defined
by the properties pugs = pr(p,p), g = poy(p,d’) — pg, (d’, p) where o is
the transposition of arguments. The k[t]/t>-algebra structure k[t]/t> — R’ is
p(lp) =1g, (1) =0 and p(t) =0, d(t) =2 - 1".

The compatibilities are straightforward; we leave them to the reader.

PROPOSITION. Functors (8.9.10.1) are fully faithful. If R’ is formally smooth,

then the “classical” functor is an equivalence, and the “chiral” functor is an equiv-
alence if P"(Y) is non-empty étale locally on Spec R*.83

Proof. The “classical” statement: we recover Q¢ from R° as Qge/tQ e, where
QOge = Q}%C /X is the Lie* algebroid defined by the coisson structure on R, and
1¢ € Q° is the image of d(t)/2. For an arbitrary R¢ this could be an extension of
Q by some quotient of R. It is always R itself if8* Qg/l)z = 0, as happens to be true

for a formally smooth R.
The “chiral” statement follows from the “classical” one. O

3.9.11. Suppose we have (R, B,L,L") as in 3.9.6, so B is a chiral R-algebra
and L is a chiral B-extension of a Lie* R-algebroid L. For a test chiral algebra A
a chiral morphism ¢° : L — A is a morphism of D x-modules L” — A compatible
with all the structures. Precisely, this means that ¢ is a morphism of Lie* algebras,
¢ = gpb| B : B — Ais a morphism of chiral algebras, and ¢” is a morphism of chiral

R-modules (where R acts on A via the morphism R — B 2, A). Tt is easy to see
82Te., “torsors” unless P°*(Q) is empty.

83We hope that the latter condition is redundant.
84See 2.3.13 for the notation.
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that there is a universal ¢’; we denote the corresponding A by U(L)” = U(B, L)".
This is the chiral envelope of L.

It is clear that U (L)" is a chiral Rp, r-algebra and the enveloping algebra functor
is compatible with the étale localization of R. Therefore the above constructions
make sense over any algebraic D x-space Y. Notation: U (L)'{d

We define the Poincaré-Birkhoff-Witt filtration U(L)? on U(L)" as the filtration
generated by U(L)? := ¢(B) and U(L)} which is the sum of U(L)) and the image
of MU(L)b(QOb,Qb) € Ps"({L", B},U(L)") (see 3.7.13). Consider the chiral algebra
gr.U(L)". This is a chiral R-algebra.> Our ¢” yields a morphism ¢ : £ — griU(L)°
whose image is central in gr U(L)". By 3.4.15, ¢ and ¢ yield the surjective PBW
morphism of graded chiral algebras

(3.9.11.1) B}% Symp, LY — gr.U(L)’.

THEOREM. If R and B are Ox-flat and L is a flat R*-module, then the PBW
morphism is an isomorphism.

Notice that if A = R, then the PBW filtration is commutative and the PBW
morphism Sym'R[LK — gr.U(L)" is a morphism of coisson algebras.

Proof. We deduce the statement from the ordinary PBW theorem for Lie*
algebras (see 3.7.14). The reduction is of a quite general nature. A similar argument
proves the PBW theorem (or its more general version parallel the above theorem)
for the usual Lie algebroids. To make the exposition more transparent, we first
discuss the setting of the usual Lie algebroids (see 3.9.12 and 3.9.13) and then we
explain the slight modifications needed to cover the chiral situation (see 3.9.14).

3.9.12. We have already discussed the PBW theorem for the usual Lie alge-
broids in 2.9.2. The argument from loc. cit. does not generalize to the chiral setting
though. Below we give a different proof.

Here is a version of the PBW theorem parallel to the statement from 3.9.11.

Let R be a commutative k-algebra, B an associative R-algebra, and L a Lie
R-algebroid. Suppose we have an extension 0 — B — L” — £ — 0 together with a
Lie algebra and an R-module structure on £° such that the arrows are compatible
with the Lie algebra and R-module structures. Then L£° acts on itself by adjoint
action, on B (since B C L£°), and on R (via the projection £* — £ and the L-action
on R). Assume that the following properties are satisfied:

(i) L acts on B by derivations; its action on £° is compatible with the R-action
(via the L’-action on R), so L” is a Lie R-algebroid.

(ii) The structure morphism R — B is compatible with the L’-actions.

We call such an L” a B-eatension of L.

For such a B-extension £” we can consider morphisms £” — A, where A is a test
associative algebra, compatible in the obvious manner with the above structures.
There is a universal morphism ¢° : £ — U(L)’. Then U(L)" carries the PBW
filtration U(L)” where U(L)? is the image of B, U(L); = ¢"(L°) - U(L)), and
U(L): = (U(L)%)" for n > 1. One gets a canonical surjective morphism of graded

n

algebras B ® SympL —» gr.U(L)".
R

85 Therefore U(L)b is an Ryp;g-algebra.
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THEOREM. If L is a flat R-module, then this is an isomorphism.

The proof consists of three steps (a)—(c). First we consider the case when L”
admits a rigidification. Then our statement follows from the usual PBW theorem.
Next, in (b), we construct for any L an associative filtered DG algebra V together
with an identification H°V = U(L)” such that grV is controllable (here step (a) is
used). Finally, we show that if £ is R-flat, then V is quasi-isomorphic to U(L)" as
a filtered algebra, which yields the theorem.

3.9.13. (a) Suppose we have a Lie algebra L acting on R and B by derivations.
Consider the rigidified Lie algebroid £ := R ® L. Then the trivial R-module
extension L° := B@® R ® L carries a unique A-extension structure in the sense of
3.9.12 such that the morphism L — L”, | — 1z ® [ is a morphism of Lie algebras
and the adjoint action of L € £L? on A C L coincides with the structure action.
We call L° the rigidified B-extensions of L.

Denote by U(B, L) the universal associative k-algebra equipped with an as-
sociative algebra morphism ¢ : B — U(B, L) and a Lie algebra morphism ¢y, :
L — U(B, L) which are compatible with respect to the L-action on B. Consider
the morphism ¢ : L° — U(B, L), rl + b+ é(r)pr(l) + ¢(b). Tt satisfies all the
properties from 3.9.12 and is universal, so U(B, L) = U(L)".

The algebra U(B, L) can be described explicitly as follows. The L action on
B amounts to an action of the Hopf algebra U(L) on the algebra B. Denote
by B®U(L) the corresponding twisted tensor product of B and U(L): this is
an associative algebra which equals B ® U(L) as a k-module with the product
(a®@u)- (b®v) =Tau;(b) ® u;v where Zu; ® uj is the coproduct of u. One checks
in a moment that the obvious morphisms B — B®U(L) and L — B®U(L)
satisfy the universality property, so we have a canonical isomorphism U (L)" =
U(B,L) = B®U(L). Tt identifies the PBW filtration on U(L)® with the filtration
B®U(L); :== BQU(L);. Therefore the PBW theorem for L follows from the usual
PBW for L.

(b) Let us return to the general situation of 3.9.12, so £ is an arbitrary Lie
R-algebroid and L’ is its arbitrary B-extension. Let us define the DG associative
filtered algebra V that was promised in loc. cit.

Denote by L our £ considered as a mere Lie k-algebra acting on R and B. Let
K be the kernel of the morphism of R-modules R® L — L, r @1’ — rl. Our L
acts on R® L (by the tensor product of the L-action on R and the adjoint action),
so it acts on K.

Set R := Symp(K[1]) and B := B%R So B is an associative R-algebra, and

L acts on these algebras. Let U(B, L) be the enveloping algebra (see (a)). This is
a Z-graded associative super algebra whose 0 component equals U(B, L).

The algebra U(B, L) carries the PBW filtration; by (a), the corresponding
associated graded algebra equals B ® SymjL. We want to consider a different
filtration, namely, the filtration which on a graded component of degree a equals the
PBW filtration shifted by a; this is a ring filtration compatible with the grading. We
denote U (B , L) equipped with this filtration by V. Shifting the PBW isomorphism
appropriately, we get the identification of graded modules gr.V = B ® Sym'L =
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B ® Symp(K[1]) @ Symg(R® L) = B®Symp(K[1] ® R® L). Therefore
R R R
(3.9.13.1) gr.V = B®Symg(K[l]® R® L).
R

Let us define a natural derivation d on V. We have the maps o, 8 : K — U(B, L)
where « is the composition K — R® L — U(B, L), the second arrow is the product
map, and 3 comes from the projection R® L — L°, r ®1° — rl®, which sends K to
B C L, and the morphism B — U(B, L).

LEMMA. There is a unique odd derivation d of degree 1 on 'V which kills the
images of B and L and equals o — 3 on R~ = K[1].

Proof of Lemma. The uniqueness of d is clear since our conditions define d on
the generators of V. It remains to show that d is correctly defined.

Set A := Sym(k[1]) = k @ E[1]; this is a Z-graded commutative algebra. Con-
sider the Z-graded associative A-algebra Vy = V ® A. We have the morphism of
graded associative algebras B — V, and that of Lie algebras L — V, which are
compatible via the L-action on B. They satisfy the obvious universality property.

An odd derivation of degree 1 of V is the same as an automorphism of the
Z-graded A-algebra V, which induces the identity on its quotient V. We construct
d using the universality property of Vj.

The conditions on d mean that the corresponding automorphism a(d) of Vy
fixes the images of B and L, and on R~ = K[1] it is the morphism v : K[1] —
Va=Ve@V[], k— k+a(k)— [(k). Now v takes values in the centralizer Zy C V
of B; it is a morphism of R-modules, and it is compatible with the L-actions. Thus
we get a(d) from the universality property of V5 the moment we extend v to a
morphism of R-algebras R = Sympg(K[1]) — Z. Such an extension is unique,
and its existence amounts to the fact that on the image of v the product of V, is
commutative. The latter property is equivalent to the commutativity of the image
of the map K[1] — Vj, k — k + «a(k), which is evident. O

It is clear that d? = 0 (check on the generators) and d preserves the filtration,
so V is a filtered DG algebra which sits in degrees < 0. The differential acts on
gr1U = K[1]®L R as the canonical embedding K — L g, so we can rewrite (3.9.13.1)
as a canonical isomorphism of graded DG algebras

(3.9.13.2) gr.V = B® SympCone(K — R® L).
R

The projection VO = U(B, L) — U(B, £)° has kernel equal to the image of d, so we
have an isomorphism of filtered algebras

(3.9.13.3) HV S U(L).

(¢) Now suppose that L is R-flat. Then 0 - K — R®L — L — 0 is a
short exact sequence of flat R-modules. So the projection SympyCone(K — L) —
SympL is a quasi-isomorphism. By (3.9.13.2) one has H*gr.V = 0 for a # 0 (hence
HOrV = gr. HV) and H'r.V = B%Sym'RL. Therefore, by (3.9.13.3), one has

gr.U(L) =B® SympzpL, and we are done. O
R
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3.9.14. Proof of the theorem in 8.9.11. Let us return to the chiral setting. The
above arguments should be modified as follows. Again, we proceed in three steps.

(a) Suppose that L is an Ox-flat Lie* algebra acting on R and B, L’ is an
(L, Ty g)-rigidified Lie* algebroid, and L° its (L, 7y p)-rigidified B-extension (see
3.9.8). One check immediately that U(B,L)" equals the chiral algebra B ® L from
3.7.23 (see the proof in 3.9.8), so the PBW theorem for L” follows from the PBW
result from 3.7.23.

Steps (b) and (c) literally repeat those of 3.9.13. O

3.9.15. Using the language of 3.9.4, one can rephrase the PBW theorem for
chiral Lie algebroids as follows.

Let Y be an Ox-flat algebraic Dx-space, L an Oy-flat Lie* algebroid on Y.
Then the functors L° +— U (L)i;, (A, ) — Ay are mutually inverse equivalences
between the groupoid P"(Y,L) of chiral Oy-extensions of £ and that of pairs
(A., @) where A. is a chiral algebra on Y,y equipped with a commutative filtration
Ay C A; C --- such that gr. A = Sym(gr; A%) and o : griA == £ is an isomorphism
of Lie* algebroids.

In particular, for smooth Y there is a canonical equivalence of groupoids (see
3.9.5)

(3.9.15.1) CDOM(Y) = P (Y, 0y).

3.9.16. We are going to describe in “classical” terms the groupoid P¢"(L)
under the assumption that Y is Ox-flat and L is a vector D x-bundle. This will
be done in 3.9.20 below. The first step is to define certain canonical DG chiral Lie
algebroid Ué related to L. The construction, inspired by [MSV], is of independent
interest.

At the moment we work locally, so we have an O x-flat commutative D x-algebra
R’ and a Lie* R-algebroid £ which is a locally projective R‘[Dx]-module of finite
rank. Let € = Cr(L) be the de Rham-Chevalley complex of £ (see 1.4.14). This is a
commutative DG D x-algebra which equals Sym(L°[—1]) as a mere graded module;
here £° is the dual R‘[Dx]-module.

Let us define a DG Lie* C-algebroid Le. Our € carries an action of the Lie*
DG algebra L; (see 1.4.14), so we have the corresponding induced DG Lie* C-
algebroid (L4)e (see 1.4.13). Denote by X1 C (L4)5"' the kernel of the product
map (L1)g' = R ®@ L — L; let X C (L4)e be the DG C-ideal generated by K1,
Then X is also a Lie* ideal which acts trivially on € (since X~! acts trivially on €
and is normalized by L), and we set Le := (L4)e/X.

Our Le looks as follows. By construction, it sits in degrees > —1, and we
have a morphism of DG Lie* algebras ¢ : L; — Le such that TS Lgl.
The C-submodule Le, generated by Lgl = L is not closed under the action of
d. In fact, as one checks in a moment, Ley is freely C-generated by Lgl, and the
“Kodaira-Spencer” map Ley — Le/Ley, £ — d(f)modLey, is an isomorphism.
So we have an exact sequence of graded C-modules

(3.9.16.1) OHG%L[H —)L@—)G%LHO.

3.9.17. The following proposition can be considered as a version of 3.9.8 for
L replaced by a single super symmetry:
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PROPOSITION. A DG chiral C-extension Lbe of Le exists and is unique up to
a unique isomorphism.

Proof. Existence. Let us construct L%. Consider the rigidified DG chiral C-
extension (£;)% that corresponds to the action of L; on € (see 3.9.8). In degree
—1 it coincides with (Lt)e, and we define X” C (£;)% as the DG C-submodule
generated by K~1. It is automatically a Lie* ideal, and its image in (L+)e equals
K. Set L := (L4)%/K".

This is a chiral DG extension of Le by €/Je, Je := €N XK®; it remains to show
that Je = 0. Since Je is closed under the action of L4, hence L[1] C Ly, it suffices
to check that J := J3 = RN X vanishes.

Let IKEF C %” be the C-submodule generated by X~'. The composition K~! 4,
K0 — K°0/K%0 is R-linear, so X%’ + d(X~!) is an R-submodule; hence X** =
K20 4 d(K~1). Since the composition (L1)g" > (L)% — (£)%/€1((L4)g") is an
isomorphism, we see that J = RN fK"f.

Let (L1)%, C (L4)% be the preimage of € ® L[1] C (L4)e. This is a graded
chiral G-module which is an extension of € ® L[1] by €. As we saw in the proof in
3.9.8, A, (L)% is the push-forward of the extension 0 — CRL([1] — j,j*CRL[1] —
A,C®L[1] — 0 by the morphism CXL[1] — C defined by the * action of L[1] C Ly
on C. The above D x  x-modules are R K Rf-modules in the obvious way and the %
action is Rf-bilinear, so (LT)%JF is an R‘®@R*module. Set I := Ker(R‘® R’ — RY).
Then K = I*- (L1)% . since the R*® R’-action commutes with the chiral C-action.
Since £ and € are flat Rf-modules, we see that €N IKEr =0, hence J = 0; q.e.d.

Uniqueness. Let Lbe/ be any DG chiral C-extension of Le. The projection
L%' — Le is an isomorphism in degree —1, so ¢ lifts in a unique way to a morphism
of complexes ¢* : Ly — LY. This is automatically a morphism of Lie* algebras.50

According to 3.9.8, /" extends in a unique way to a morphism of DG chiral
Lie C-algebroids ¢% : (£4)% — L£%. Tt vanishes on (X”)~!, hence factors through a
morphism Lbe — Lbe/.

It remains to note that L% has no non-trivial automorphisms since it is gener-
ated (as a DG chiral Lie C-algebroid) by the degree —1 part which coincides with
that of Le. O

The next lemma (cf. 3.8.10) will not be used in the sequel.

LEMMA. There is a unique element d € h(L°Y), called the de Rham-Chevalley
charge, whose adjoint action is the differential d = dg% of Lbe. It acts on C as de,

and one has [9,0] = 0.

Proof. Uniqueness. It suffices to show that elements of h(L'&l) are uniquely
determined by its adjoint action on Ugl. In fact, the adjoint action morphism
h(L%) — Hom(ﬁ%‘l,ﬁbei_l) is injective for any i > 1.

To see this notice that L%, considered as a mere graded C-module, carries a
canonical 3-step filtration € = L5, C L%, C L%, = L), withgrL) =CaCRL[1]®
C® L (see (3.9.16.1)). The bracket with le?_l = L[1] preserves the filtration; on
gr Ue this is the obvious “convolution” coming from the duality. Thus for every

86Check first that ¢*" is compatible with [, Jo,—1 and then with [, ]o,o.
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i > 1 the corresponding morphism grh(L%) = h(gr£%) — Hom(L5 !, gr L%1) is
injective, and we are done.
Euistence. Let us find 0 € h(L%) whose adjoint action on L%‘l equals d.
Notice that the quotient layer of the map h(L%') — Hom(Ugl, L£29) is the usual
identification of h(L° %L) with R‘[Dx]-linear endomorphisms of £. Choose any

o' € h(L%)) which lifts the identity endomorphism idg. The derivation de — 7(2’)
of € is R-linear; hence such is the derivation d' := d — adys of L%. One has
d’(ﬁ%ﬁl) C L% and the R-bilinear pairing € Pj (L), £,¢' — [.d'(¢')], is skew-
symmetric (here £,¢' € L = U’G_l[—l]). Now the image of the adjoint action
map h(L%) — Hom(L%fl,U’eo) consists exactly of all R‘[Dx]-linear morphisms
¢ : L — LY such that the pairing ¢, — [¢,¢(¢')] is skew-symmetric. Therefore,
adding to d’ an element of h(£%,) that acts on L%‘l as d’, we get the promised 0.

Let us prove that the adjoint action of 0 coincides with d on the whole of U@.
We check it on every Ug by induction by ¢. The case ¢ = —1 is known. Induction
step: Suppose we know that d — ad, kills Ug. As we have seen above, to check
that it kills L?H, it suffices to verify that [¢, (d — ady)(f)] = 0 for every £ € Ugl,
feLETY One has [£, (d — ado)(f)] = [(d — ado)(£), f] = (d — ady)([¢, f]) = 0, and
we are done.

Looking at € C L%, we see that 7(d) acts on € as de. Finally, [2,0] € h(L%)
equals 0 since its adjoint action on Lgl vanishes (being equal to 2d?). O

QUESTION. Can one find an explicit formula for the de Rham-Chevalley charge
similar to the formula for the BRST charge from 3.8.97

3.9.18. IMPORTANT EXAMPLE. Suppose that R’ is smooth and L is the tan-
gent algebroid ©r. Then € is equal to the relative de Rham complex DR =
DRpe/x, which is a smooth DG commutative D y-algebra, and Le is its tangent
algebroid. So, combining 3.9.17 with (3.9.15.1), we see that DR admits a unique
DG cdo ®DR~

3.9.19. Passing to the components of degree 0 in 3.9.17 and 3.9.18, we get
a canonical Lie* R-algebroid T = T(L) := L% and its chiral R-extension T =
T(L)” := LY. Let us describe them explicitly.

By (3.9.16.1) T is an extension of L by the ideal L° %L. Our T acts on L (as

on a mere vector D x-bundle) by the adjoint action on Lgl = L. This action is R-

linear with respect to the T-variable,®” so £ is a T-module (see 1.4.12). It identifies

Le®L C T with gl(£) in the usual way. The canonical section ¢ = (% : L — T (see
R

3.9.16) is a morphism of Lie* algebras but not of Rf-modules: for f € R’, £ € L
the endomorphism (O(f¢) — f.0(¢) € gl(L) is €' — 7o (¢)(f)L.

REMARK. If ©pg, hence the Lie* algebroid £(L), is well defined, then the above
action identifies T with the pull-back of the extension 0 — gl(L) — E(L) - O — 0
by the action morphism 7 : L — Opg.

Now let us consider J°. Tts restriction to gl(L) C T identifies canonically
with the Tate extension gl(£)” as defined in 2.7.6. Indeed, our extension does not
depend on the Lie* algebra structure on £, and in case R* = Ox our identification

87Since Lgl acts trivially on R.
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is (3.8.6.1). The case of general R’ is similar; we actually defined the identification
at the end of the proof of the existence statement in 3.9.17.

The canonical Lie* algebra splitting®® /> = /*° : L — T? is not R-linear: pre-
cisely, the chiral operation pigs (idp, ) — *ug € PsP({R,L},gl(L)") is equal t0%°
pei(d,idg) where pe € PsM({L°,L},gl(L)") is the canonical chiral pairing and
d: R — L° = C! is the differential in €.%9

Summing up: as a Lie* algebra, 7% is the semi-direct product of £ and gl(L)b
with respect to the canonical action of £ on gl(L)” coming from the adjoint action
of L. The chiral action of R on T” is the usual R’-action on g/(L)°, and on L C T°
it is given by the above formula.

3.9.20. Consider a pair (T¢, p) where T¢ € P(T(L)) and p : T¢|gye) — al(L)°
is an isomorphism of extensions which identifies the adjoint action of L C T with
the canonical action of £ on gl(L)” coming from the adjoint action. Such pairs
form a groupoid P7(L).

The Picard groupoid P°/(L) acts naturally on P7(L): the translation by L€ €
Pel(L) sends (T¢, p) to the Baer sum of T¢ and the pull-back of L¢ by the projection
T — L. This action makes P7 (L) a P (L)-torsor.

PROPOSITION. There is a canonical anti-equivalence of P (L)-torsors

(3.9.20.1) Peh(L) = PT(L).

Proof. For L° € P°"(L) the corresponding (T¢,p) is defined as follows. The
pull-back of L by T — L is a chiral R-extension of T trivialized over gl(L) C T;
this trivialization is invariant under the adjoint action of T. Our T¢ is the Baer
difference of the canonical chiral extension T and this chiral extension. The above
trivialization provides®! p. ]

Of course, the above equivalence has the local nature, so it works in the setting
of an Ox-flat algebraic D x-space Y and a Lie* algebroid £ on Y which is a vector
D x-bundle.

For example, if Y is smooth, then T(Oy) = £(Oy) and the groupoid P7(6y) co-
incides with the groupoid Tate(Y) of Tate structures on Y as defined in 2.8.1. Com-
bining (3.9.20.1) with (3.9.15.1), we get a canonical anti-equivalence of P (Oy)-
torsors

(3.9.20.2) CDOY) = Tate(Y).

We discussed some concrete constructions of Tate structures in 2.8.14-2.8.17.
Now they can be seen as examples of cdo. If Y is equipped with an action of a group
D x-scheme G affine over X, then weakly G-equivariant Tate structures correspond
to cdo equipped with a G-action (see 3.4.17) which extends the G-action on Oy.

ExXAMPLE. According to 2.8.17, we have a canonical family of cdo on the jet
scheme of a flag space parametrized by Miura opers.

88
3.9.17.

89Use the fact that >~ : £ 5 £~ ! is R-linear and the Leibnitz formula.

907 e., the map dual to the action 7.

91Recall that the restriction of T to gl(L) equals gl(L)’; see 3.9.19.

I Ly — L% was defined in the beginning of the proof of the uniqueness statement of
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EXERCISE. Suppose we are in the situation of 2.8.16 and G is connected. Let
A be the cdo on Y that corresponds to the Tate structure &(©y)’. Show that
the morphism o : L’ — &(O)” from loc. cit. yields a morphism of Lie* algebras
« : L’ — A which sends 1 to —14. The corresponding BRST reduction satisfies
Hghor(L,A) = 0 and HYpgr(L.A) is the cdo on 2 that corresponds to the Tate
structure £(0z)°%,.

3.9.21. Back in 2.8.3-2.8.9 we described Tate structures on a vector Dx-
bundles in terms of connections. This material can be easily rendered to the sit-
uation when ©p is replaced by an arbitrary £ as above. One has only to replace
mere connections by L-connections (see 1.4.17). Let us formulate the principal
statements; for the proofs and details we refer to 2.8.

Consider (Y, L) as above. Let € = Cp, (L) be the de Rham-Chevalley DG com-
mutative Oy[Dx]-algebra. We have the 2-term complex k(€)1 ) := T<20>1h(C)
of sheaves and the Picard groupoid h(C)(y 2)-tors of h(C)p 2y-torsors. There is a
canonical equivalence of Picard torsors

(3.9.21.1) PUL) 5 h(€)y z)-tors

which assigns to L€ the h(€!)-torsor of L-connections on £¢ and the curvature map
c: C — h(C2)closed (gee 2.8.3).

Now we consider the set T of pairs (T¢, V) where T¢ = (T¢,p) € P7(L) and
V¢ is an L-connection on T¢. Let € be the set of pairs (V,c(V)®) where V is an
L-connection on T and ¢(V)’ € h(C? @ gl(L)°) is a lifting of ¢(V) € h(C? ® gl(L))
such that d% (c(V)") = 0. Here d% is a de-derivation of € ® gl(L)" that comes from
the canonical T-action on £ and V. There is a canonical bijection (see 2.8.5)

(3.9.21.2) T5E (T65V) = (V,e(V9)).

The above ¥ and € are actually groupoids (the morphisms in ¥ are those
between T¢; for € see the formulas in 2.8.6), and (3.9.21.2) lifts to an isomorphism
of groupoids. They have the local nature, so one can consider the corresponding
sheafified groupoids. The one for T is equivalent to P7 (L), so we get an equivalence
between P (L) and the sheafification of €.

As in 2.8.8 this description can be made concrete by choosing a hypercovering Y.
of Y, an L-connection for T on Yo, a lifting x € h(C>@gl(L)") of C(V) on Yo, and a
section p of h(C'@gl(L)") on Yy that lifts 95V —09; V. The same formulas as in 2.8.8
produce from this datum a Cech cocycle ¢ € C3(Y.,h(€=1)). Its cohomology class
chP* (L) € H?*(Y,h(CZ1)) does not depend on the auxiliary choices. It vanishes if
and only if P7 (L) is non-empty. If this happens, then P (L) identifies canonically
with the groupoid of elements in C?(Y., h(C2!)) whose differential equals ¢; the set
of morphisms a — @’ is d;' (a — a’) € C*(Y., h(CZ1)).

Suppose now that Y is smooth, so the Lie* algebroids ©y and £(L) are well
defined. There is a canonical morphism T — €(L) (the action of T on L) which
provides the pull-back morphism of groupoids

(3.9.21.3) Tate(L) — PT(L).
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Here L in the left-hand side is considered as a mere vector Dx-bundle on Y. A
connection for a Tate structure on L provides a connection on the correspond-
ing extension T¢, which yields a morphism of the corresponding &€-groupoids. In
particular, we get:

3.9.22. COROLLARY. The obstruction chP* (L) € H3(Y,h(CZ1)) to the exis-
tence of the global chiral extension of L is the image of ch? (L) by the canonical
morphism of DG algebras”? DRy,x — C. O

Of course, the case of L = Oy is all in 2.8. Looking at (3.9.20.2), we see,
in particular, that the obstruction to the existence of a global cdo is ch? (0Oy) €
H*(Y, DRx(DRg /).

Consider, for example, the situation when our Y is a jet space, Y = JZ for an
algebraic space Z/X smooth over X (see 2.3.2). Let p: Y — Z be the canonical
projection and ©y,x the relative tangent bundle. We will see in a moment that
Oy is locally trivial, so cdo exist locally on Y (see Remark in 2.8.1). Consider the

map H*(Z, DRZ?) 2 H*(Y, DR§®) — H*(Y, DRx(DRj,y)) (see 2.8.12).

3.9.23. COROLLARY. The obstruction ch? (Oy) to the existence of global cdo
is equal to the image of Chg(@z/Xw;(/Q) in H4(Y, DRX(DRg/lX)).

Proof. The morphism of O-modules dp : p*QIZ /x Q}é /X yields an isomor-
phism of Oy[Dx]-modules (p*Q},x)p — Q. Passing to dual modules (and

using an Oy[D x]-version of (2.2.16.1)), we see that Oy = (p*©z/xwx)p. Now use
2.8.13. O

Since p has contractible fibers, the map p* : Hj(Z) — Hpp(Y) is an isomor-
*—1

phism. The image of ch? (0y) by H*(Y, DRX(DRg/lX)) — Hyp(Y) L— HH(2)
is the conventional de Rham Chern class chz(©z, Xwi(/Q) (see Remark in 2.8.12).
Thus if chg(@z/xw;ﬂ) € H}»(Z) does not vanish, then Y admits no global cdo.

3.9.24. The rest of the section comprises a few comments on modules over the
chiral enveloping algebras parallel to 3.7.16-3.7.19. In particular, we show that for
a chiral R-tdo A the topological algebras A%® are topological chiral R%*-tdo.

Let (R, B,L,L") be as in 3.9.6. For a Dx-module M a chiral (B,L")-module
structure, or chiral (B, L)-action, on M is a chiral action pgs,, € P§"({L°, M}, M)
of the Lie* algebra £° on M (see 3.7.16) such that:

(i) The restriction pgas of pigsy to B C L is a unital chiral B-module structure
on M.

(ii) The operations pugs pr(tpersidar) and prag (idr, pgsar) = pes ar (idgs s R )
€ Pgh({R,Lb, M}, M) coincide. Here ppgps is the restriction of pupas to R.

Denote the category of chiral (B,£L”)-modules by M(X, (B, L”)°").

LEMMA. There is a canonical equivalence of categories

(3.9.24.1) M(X,U(B, L)) = M(X, (B, L)),

Proof. For any U(B,L)*-module M the restriction of the U(B, L)"-action to
L’ is an (B, L”)-module structure on M, so we have a functor M(X,U(B, L)) —

92Which comes from the action morphism £ — ©Oy.
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M(X, (B,L")). Tts invertibility follows easily from the remark in 3.7.24 since
U(B,L)" is a quotient of B® U(L)” modulo the evident relations. O

One can consider a weaker structure of the (B, £”)-module on a D y-module M
which is a pair consisting of a unital B-module structure ppys and a Lie* action
Tesas of L2 on M such that:

(i) The Lie* action of BL* on M that corresponds to 15 equals the restriction
of the L’-action on B.

(i) The restriction pgry € P*({R, M}, M) of pupy to R is compatible with
the Lie* actions of L” on R and M.

Denote the category of (B, £L?)-modules by M(X, (B, £?)). The evident forget-
ful functor M(X, (B, L")°") — M(X, (B,L")) admits a left adjoint functor

(3.9.24.2) Ind : M(X, (B, L") — M(X, (B, L")).

The proof of this fact is similar to the proof of the proposition in 3.7.15; it also
provides a construction of Ind in terms of the enveloping algebra functor. As in the
corollary in 3.7.18, Ind extends naturally to a pseudo-tensor functor.
For a (B, L")-module M we define the PBW filtration on Ind M as the image by
the chiral action of j,j*U(B,L"). & M. If M is a central R-module, then gr.Ind M
is also a central R-module, and we have a surjective morphism M ®e SympeL —
R

gr.IndM.

EXERCISE. If the assumptions of the PBW theorem (see 3.9.11) are satisfied,
then this is an isomorphism (cf. Remark (i) in 3.7.15).

3.9.25. Let x € X be a point, j, : U, — X its complement, and suppose that
on U, we have R, a Lie* algebroid L, and its chiral R-extension. Let us describe
the topological associative algebra U(R, L)% (see 3.6.2-3.6.7).

Consider the set Efm of pairs (R, LZ) € E2%(jpu R) X E4 (L) such that LZ is
a chiral Lie R¢-subalgebroid of Jerlls e, Lz is a Lie* subalgebra and R¢-submodule
of j.«L, and its action on j,.R preserves Re (cf. 2.5.19). The corresponding Ry
and LZ form topologies at z on, respectively, jz«R and j..L” which we denote
by EgSU and ZLR, Let R;SU and ngI;ieR(Lb) be the corresponding completions.
Then RgSU is a commutative topological algebra and ﬁgieR(Lb) is a topological
Lie R _algebroid.®® The section 1° provides a canonical central element 17 €
hLieR(LP) (the 1°-image of 1 € k = hy(jysw)) which acts trivially on RgSU.

Let Q be any commutative topological algebra, P’ a topological Q-algebroid
(see 2.5.18), and 1> € P" a central element which acts trivially on Q. Then
P = Pb/le is a topological Lie Q-algebroid. The topological enveloping alge-
bra U(Q, P)’ of (Q, P?) is the quotient of the topological enveloping algebra of the
topological Lie algebra P’ (see 3.8.17) modulo the following relations:

(i) The composition @ - P* — U(Q, P)" is a morphism of unital associative
algebras.

(ii) The map P’ — U(Q, P)" is a morphism of Q-modules; here Q acts on
U(Q, P)’ by the left product via (i).

93See 2.5.18 for the definition.
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The topological algebra U(Q, P)" has a filtration U(Q, P)’ with U(Q, P); :=
the closure of the image of @, and U(Q, P)L’ := the closure of the image of the map
(@)% — U(Q,P), £ @@L, s £ ---£2; we refer to it as the PBW filtration.
It is clear that |JU(Q, P)? is dense in U(Q, P)* and grU(Q, P)" is a topological
commutative Q- algebra topologically generated by U(Q, P)j.

Taking Q = R‘“L and P’ = hL’eR(Lb) we get a filtered topological associative
algebra U2 := U(R™%"  hLieR (L)),

LEMMA. There is a canonical isomorphism of filtered topological algebras

(3.9.25.1) U2 = U(R, L)%,

Proof. The morphism UE — U(R, L)Z’” comes from the universality property
of UE since the morphism L’ — U (R,L)b yields a morphism of topological Lie
algebras hER(LP) — U(R, L)% that satisfies properties (i)-(ii) above. The fact
that it is an isomorphism of topological algebras follows from (3.9.24.1) just as in
the proof of the proposition in 3.7.22. The strict compatibility with filtrations is
evident. O

3.9.26. Consider the topological R%*-module hF(L) (see 2.4.11). The evident
continuous morphisms R — U}, hf'(L) — griU2, yield a continuous morphism

(3.9.26.1) Sym paeh (L) — gr.U

of graded topological algebras with dense image.”® One has the following version
of the PBW theorem:

PROPOSITION. Suppose that R is a finitely generated Dy, -algebra, L is a

finitely generated projective R'[Dy_ ]-module, and L° is a chiral R-extension of L.
Then (3.9.26.1) is an isomorphism.

Proof. (i) We can assume that £ is a free R‘[Dy, ]-module.

If not, choose a finitely generated projective R‘[Dy,]-module T such that
L :=L®T is free. Then L is a Lie* algebra with respect to a bracket whose
only non-zero component is the Lie* bracket on L; it is a Lie* algebroid in the
evident way. Similarly, L’ := L” & T is a chiral R-extension of L; the embedding
and the projection L’ = L are morphisms of chiral Lie R-algebroids. Suppose
that our PBW holds for £”; let us show that it is also holds for £°. Indeed, the
morphism L — L yields a morphism U E — UE of filtered topological algebras
and hence a map grU E — gr UE. Due to our assumption, we can rewrite it as

gr UL — Sympas I( ). Its image lies in the topological R%*-subalgebra gener-
ated by hE(L) c h®(L) which equals Syngsﬁf(L). We have defined a morphism
grU2 — SymRash R(L); it is evidently inverse to (3.9.26.1).

(ii) Let {EE} be a finite set of sections of L” such that the corresponding ¢; € £
freely generate L as an R‘[Dy, ]-module and let ¢ be a parameter at 2 which we
assume (by shrinking X)) to be invertible on U,. Take any R € Z%°(jz+«R) which
is a finitely generated D x-algebra. For an integer n denote by LEI = Lbn the chiral

94Here Syngs ﬁg(&) is the topological symmetric algebra, i.e., the topological commutative
R%5-algebra freely generated by the topological R$®-module fzﬁ(L)
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R¢-submodule of JusL” generated by sections {t”ﬁ?} and 1°. Let L, = L¢y be its
image in j;«£ which is a free Rg [D x]-module with base {¢;}.

Let us show that for n sufficiently big L? is a chiral Lie R¢-subalgebroid of
jx*Lb which is a chiral Re¢-extension of L,,.

(a) For sufficiently big n the Lie* action of L, C jz+«L preserves Re C ju«R
(since Re is finitely generated).

(b) For such n, L’ is an extension of L,, by Ry; i.e., L, := L’ /R¢ = L,. To
see this, notice that L,, is the chiral R¢-submodule of Juxl?/ R generated by the
images t"¢; of t"£?. Now (a) means that the t"¢; are R¢-central sections (see 3.3.7).
Thus L,, is actually an Ré [D x]-module; hence it projects isomorphically to L.

(c) It remains to show that for n as in (a) and sufficiently big m our L?, ., is
a Lie* subalgebra of j,,L”. Equivalently, this assertion means that all the sections
[ty ] € A, joe L lie in ALY, ., or that their images [t 707, ¢ (%]" €
A (joul/ Re) lie in Ay Ly, 4. Now, since Ly, € Z,(jz«L"/Re¢), one can find a,b > 0
such that [t"02, t"(%]" € A.(tT9SRE™M5) - DY’ C Awl(janl’/Re) where DT,y is
the sheaf of differential operators of degree < b on X x X. It is clear that any
m > a+ b will do.

(iii) Algebras R as in (ii) form a base of the topology Z%°(jz«R), Len a base
of the topology EHe (Jz+L) and (Rf’LZn) a base of Efﬂb. The latter fact im-
plies that the U(Rg, L¢,)” form a base of the Z%-topology of j,.U(R,L), so
U(R,L)%% = limU(R¢, Ley ). According to 3.4.11 applied to Re and LG, we

have gr U(R, L)% = SyngsiLf(L). Now use (3.9.25.1) to finish the proof. O

REMARK. We do not know if the R‘[Dy, ]-projectivity assumption on L can
be weakened to the R‘[Dy, ]-flatness assumption.

3.9.27. Let @ be a reasonable commutative topological algebra, so ©¢ is well
defined (see 2.5.21), and let @ — F be a morphism of topological algebras. We say
that F is a topological Q-tdo if there is a commutative ring filtration Fy C Fy C - --
by closed subspaces of F' such that Fj is the image of @), there is an isomorphism
of topological graded Poisson algebras Symg©g — gr F', and F is the completion
of |J F; with respect to the topology formed by left ideals I such that I N F; is open
in F; for each i.

COROLLARY. Suppose that R is smooth and we have @3% € P"(OR). Then
U(R,ORr)* is a topological R%*-tdo.

Proof. Our (R@?R) satisfy the conditions of 3.9.26. By the proposition in
2.5.21, one has hf(Or) = Oe:. We are done by (3.9.25.1) and 3.9.26. O

Set @'}%gs = iLﬁiER(G%). This is an R%°-extension of the topological Lie R%*-
algebroid © gas, and U(R, O )2 = U(R2*,©as)’. Notice that for any classical R-
extension ©% € P(OR) the completion O%.. = E?(@‘j%) is also an R}°-extension
of the topological Lie Rj*-algebroid © ras. :

Consider our extensions as mere extensions of topological R%*-modules. Those
that correspond to classical R-extensions of O split, so, by the lemma in 3.9.7,
the class of @Egs does not depend on the choice of a particular chiral extension

0", € Ph(Op).
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EXERCISES. Suppose that R! = Sym(D¢; ), n > 1, and O%.. is any topolog-
ical Rj*-extension of the Lie Rj’°-algebroid ©gas. Show that if I@E,,:s splits as an
extension of topological R%°-modules, then the enveloping algebra f](R;S, ORas )"
(see 3.9.25) vanishes. In particular, the extension @3%;5 is non-trivial, and for any
05, € P(OR) one has U(RS*,Opa:)° = 0. /

3.10. Lattice chiral algebras and chiral monoids

The lattice chiral algebras are important examples of non-commutative chiral
algebras that do not arise naturally as enveloping algebras of Lie* algebras. They
appeared as vertex algebras in [B1] (and, to some extent, in an earlier article [FK])
and played a prominent role in [FLM]; see [K] 5.4, 5.5, for a nice presentation.

From the geometric perspective, the lattice chiral algebras arise naturally from
the geometry of local Picard ind-schemes, namely, from their canonical chiral
monoid structure. The structure of a lattice chiral algebra at a point x € X is
controlled by an appropriate Heisenberg group whose commutator pairing is de-
fined by the Contou-Carrére symbol [CC] of the geometric class field theory.

The exposition below divides naturally into three parts:

(i) The description of lattice chiral algebras in terms of 6-data. The lattice chi-
ral algebras are defined in 3.10.1. The commutative lattice algebras are identified
with the jet algebras of principal bundles for the dual torus in 3.10.2. The paral-
lel non-commutative objects are #-data defined in 3.10.3; the theorem identifying
lattice algebras and #-data is stated in 3.10.4. The construction of the #-datum
corresponding to a lattice algebra is given in 3.10.6. The converse construction,
which will be of use in 4.9, is presented in 3.10.8. It is based on an interpretation
of a f-datum as a line bundle on the group of divisors equipped with a certain
factorization structure (see 3.10.7), which is a local version of the self-duality of
the Picard variety as described in [SGA 4] Exp. XVIII 1.3, 1.5. In 3.10.9 the Lie*
Heisenberg subalgebra of a lattice algebra is considered. Subsection 3.10.10 treats
a particular example (called the “boson-fermion correspondence”; see, e.g., [K] 5.2
or [FBZ] 4.3). In 3.10.11 we briefly mention another procedure of reconstruction of
an arbitrary lattice chiral algebra from its §-datum which is due to Roitman [Ro].

It is not difficult to check that in the translation equivariant setting, lattice
chiral algebras are essentially the same as lattice vertex algebras from the references
above.”®

(ii) The Heisenberg groups. We begin with introductory material on group
ind-schemes, their super extensions, and group algebras (see 3.10.12). After a
brief reminder on the Contou-Carrére symbol (we refer to [CC], [D2] 2.9, and
[BBE] 3.1-3.3 for all details), we define the Heisenberg groups and describe their
representations (see 3.10.13). In 3.10.14 we assign to a lattice algebra A and a point
x € X a Heisenberg group whose twisted group algebra coincides with A%°. Thus
A-modules supported at x are identified with representations of the Heisenberg
group, which implies the results of Dong [Don]. The Heisenberg group description
of A% has an immediate twisted version (see 3.10.15).

95In the vertex algebra literature the lattice vertex algebras are constructed rather than
defined, and the cotorsor structure from 3.10.1 is implicit.
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(i) The chiral monoids. These are geometric objects that underlie the con-
struction of lattice chiral algebras from 3.10.8. We give the first definitions and
explain how ind-finite chiral monoids generate chiral algebras (see 3.10.16).

Let us mention that non-ind-finite chiral monoids can also be used to construct
some important chiral algebras (such as the chiral Hecke algebra). Such construc-
tions require some extra data. This subject will not be discussed in the book.

3.10.1. Let T be a lattice (= a free abelian group of finite rank), I'V :=
Hom(T', Z) the dual lattice and (, ) : T' x 'V — Z the pairing, T := G,, @ [ =
Speck[I'V] and TV := G,, ® TV = Speck[l'] the corresponding tori, t :== k@ T
and t¥ = k ® TV = t* their Lie algebras. For v € ' we write the corresponding
homomorphism G, — T as f — f®7. Let Tors(X,T), Tors(X,T") be the Picard
groupoids of T- and T"-torsors on X.

Let TY. = Spec F% := JTY. be the jet D x-scheme of the group X-scheme Ty :=
TV x X. This is a commutative group D x-scheme, so F' = Fx is a commutative and
cocommutative counital Hopf chiral algebra (see 3.4.16). We will consider chiral
algebras equipped with a TY-action (which is the same as a counital F-coaction;
see 3.4.17). As in 3.4.16, we have the Picard groupoid P7¢*(X,T) := P(X, F) of
F-cotorsors.

DEFINITION. An object of PH#¢(X T) is called a lattice Heisenberg, or simply
lattice, chiral algebra on X (with respect to I').

REMARK. The Picard groupoid P7¢(X T') carries an evident action of the
group Aut (I"). Therefore for any group acting on T', one can consider the corre-
sponding equivariant lattice algebras. The lattice algebras equivariant with respect
to the involution v — —~ are called symmetric lattice algebras.

3.10.2. The commutative case. Let P7¢s(X "0 c PHes(X T) be the
Picard subgroupoid of commutative lattice chiral algebras.”® The functor A —
SpecA’ identifies PH ¢ (X, T')? with the Picard groupoid of D x-scheme TY.-torsors.
According to Remark (iv) in 3.4.17, the latter objects are the same as Ty -torsors,
so we have defined a canonical equivalence of Picard groupoids (see (3.4.17.2))

(3.10.2.1) PpHeis (X T)° = Tors(X, TV).

3.10.3. f-data. We want to extend (3.10.2.1) to the non-commutative situa-
tion. The T'y-torsors are replaced by the following objects:

DEFINITION. A 0-datum for T" on X is a triple 8 = (k, A, ¢) where k : T'xT" — Z
is a symmetric bilinear form, A is a rule that assigns to each v € T" a super line
bundle A7 on X, and c is a rule that assigns to each pair 71,72 of elements of I"
an isomorphism ¢"72 : A\ @ A2 5 A\t @ ®5(1:2) We demand ¢ to be
associative and to satisfy a twisted commutativity property:

(i) The isomorphisms ¢"72173 (idy~ ® ¢7273) and 717273 (172 @ idyvs) -
A @ A2 @\ A\ ntretr g @) +R(r2:73) +5(0193) coincide.

(ii) ¢z = (=1)"(172) 1275 where o : A @ A2 5 A2 @ A is the commu-
tativity constraint.

F
96If Ay, Ag are commutative lattice algebras, then A; ® A is also commutative (as a chiral
subalgebra of A1 ® A»).
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Notice that by (ii) the parity of the super line A7 equals x(7,7) mod2. There
is a canonical identification Ox — A% which identifies 1 € Ox with the unique
section 1 € \Y such that *9(1® 1) = 1.

Sometimes we call § = (k, A, ¢) a k-twisted §-datum and write it as 8% = (), ¢).
All #-data for ' on X form a groupoid P?(X,T') which is the disjoint union of the
groupoids P?(X,T)* of k-twisted f-data. Our P?(X,T) is a Picard groupoid with
the product (k, A, ¢) @ (', X, ') = (k+ K, A@ N, c®) where A@N)Y := X7 @\,
(C ® C’)’Yh’yz =2 @ M2

Notice that P(X,T) := P?(X,T)? is a Picard subgroupoid of P?(X,T) and each
PY(X,T)" is a P(X,T)-torsor (it is non-empty by the lemma below).

Since #-data have the étale local nature, we have a sheaf of Picard groupoids
PY(T) on Xy, etc.

LEMMA. (i) There is a canonical equivalence of Picard groupoids
(3.10.3.1) P(X,T) = Tors(X,T").

(ii) For any symmetric bilinear form & on I' one has P?(X,T')* # (). Therefore
PY(X,T)" is a P(X,T)-torsor and P?(T)* is a neutral TV-gerbe on X¢;.

Proof. (i) Take any 0 = (A, ¢) € P(X,T'). Then N(0) := > X7 is a I'-graded
commutative Ox-algebra (with product ¢) and Spec N () is a T"V-torsor over X.
Our equivalence is 6 — Spec N (0).

(ii) Let us construct a k-twisted f-datum. First we choose a central super
G -extension I' of T' such that the commutator pairing I' x I' — G, equals
y1,72 — (=1)%072) This means that for every v € I' we have a super line €7
and for every 71,72 an isomorphism 172 : € ® €2 = €11+72 such that c. is
associative, i.e., 717217 (idey ® ¢2272) = 1H1273(¢1172 @ idevs ), and one has
2 = (=1)F2) 2 Mg where 0 ;€1 ® €2 S5 €2 ® €1 is the commutativ-
ity constraint. Such I'¢ always exists.”” Next, choose a line bundle of half-forms
w®l/2 (this step is superfluous if & is even). We get 0% = (\,¢) € P?(X,T")"* where
N = (w®B/2)@=r(17) g e, and c is the evident product multiplied by c,. O

REMARKS. (i) Pairs (T',6) where T is a lattice, § € PY(X,T) form naturally
a category PY(X). Namely, a morphism ¢ : (I',0) — (I',¢) is a pair (¢ér, ¢»)
where ¢r : I' — I is a morphism of lattices and ¢, is a collection of isomorphisms
¢ AT /\’¢F(7), ~ € T, such that ¢r is compatible with x and " and ¢, is
compatible with ¢ and ¢’ in the obvious way. This is a symmetric monoidal category
with the operation (T, 0)®(TV,0") = (T®I, 060") where 060" = (KB, AQN, c®(').

(ii) The group Aut (T') acts on P?(X,T') by transport of structure. So, as in the
remark in 3.10.1, we can consider equivariant #-data. For example, symmetric -
data form a sheaf of Picard groupoids on Xg;; its xK-components are neutral po@T'V-
gerbes. In particular, symmetric #-data are rigid.

3.10.4. Here is the promised generalization of 3.10.2:
THEOREM. There is a canonical equivalence of Picard groupoids

(3.10.4.1) PHeis(x T) = PY(X,T).

97To construct one, choose a morphism v : I' — Z/2 and a bilinear pairing 7 : T' xI' — Z/2 so
that k(y1,v2) mod2 = v(y1)v(v2)+7(71,72) +7r(72,v1). Take for I' the Gp,-extension of I" defined
by the 2-cocycle (—1)", considered as a super extension with parity of the line corresponding to
~ equal to v(y).
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The equivalence is compatible with the Aut(T")-actions on the Picard groupoids,
so it yields the equivalences between the Picard groupoids of equivariant objects.

Proof. Tt can be found in 3.10.5-3.10.8. We define the functor (3.10.4.1) in
3.10.6 (after the necessary preliminaries of 3.10.5), essentially repeating the con-
struction of 3.10.2. The inverse functor is constructed in 3.10.8 after we reinterpret
the notion of #-datum in 3.10.7; for a different construction see 3.10.11.

3.10.5. Preliminaries on Ty-modules. (i) The canonical projection Ty, —»
Ty is a morphism of group X-schemes, so we have an embedding of the counital
Hopf Ox-algebras Ox[[] — F%, v — X~- The constant connection on Ty yields a
horizontal section of the above projection Ty < T¥ which is a morphism of group
schemes, so we have a morphism of the counital Hopf D x-algebras F )‘} —- Ox|[I]
left inverse to the above embedding.

Consider the category of Ox-flat Ox-modules N equipped with a counital
F4-action (we call such N simply a T%-module). This is a tensor category: for
Ty-modules M, N their tensor product as Ty-modules is, by definition, the T¥-

F
submodule M ® N C M ® N that consists of those sections n for which the images
of n by the morphisms dy; Q@ idy,idy Q0pr : M QN — Ff} ® M ® N coincide. The

unit object for <§> equals F%.

Every TY-module N is automatically a Ty-module = the counital Ox[I']-
comodule (via Ty < TY). Therefore it carries a canonical I'-grading N = &N7
where N7 ={n e N:dn(n) € ng’ ® N}. Let Ny C N be the maximal submodule
on which the T¥-action factors through the projection T% — T'¥. One has

(3.10.5.1) Ny ={n€ N :in(n)=x,@n}.

F
The functor N — Ny commutes with the tensor products: one has (M ® N)J =
M ® NJ (as Ox-submodules of M ® N). In particular, if N is invertible with

respect to <§>, then all N are line bundles on X.

(ii) It is convenient to keep in mind the dual F*-module picture:

Set F¢ = Homo, (F%,0x). The coalgebra structure on F% defines a topo-
logical Ox-algebra structure on F%. The topology admits a base of open ideals
Jo such that F f}* /Jo are locally free Ox-modules of finite rank.%® Therefore the
ind-scheme Spec F'¢* := |JSpec F¥* /3, is the inductive limit of subschemes finite
and flat over X. It is also a commutative group ind-X-scheme (the product comes
from the algebra structure on F f() equipped with a connection along X (defined
by the connection on F%). The above Ty = T¥ yield a projection Spec F§ — T'x
and its section 'y — (Spec Ff(*)red — Spec F)‘}*.

For an Ox-module N, a T -action dy : N — Ff( ® N amounts to a discrete

F
Ff}*—module structure on N. The tensor product M ® N is formed by sections of the
FE@F%-module M ® N that are supported (scheme-theoretically) on the diagonal
Spec F¢ < Spec F§* x Spec F%. The submodules Ny and N7 of N are formed by
X

sections supported, respectively, on (Spec F' f(*)red and the connected component of
Spec F'{ labeled by 1.
For a geometric interpretation of Spec Ff(* see 3.10.8.

98 0ur F)Z( is locally free as an Ox-module.
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3.10.6. From latice algebras to #-data. Let A be any lattice chiral algebra.
According to 3.10.5, A carries a [-grading A = ©A7Y. One checks in a moment that
it is compatible with the chiral product: pa sends j,j* A7 K A7 to A, A7z,

By 3.10.5, for each v € I we have a (super) line bundle A} := A C A, For
v1,72 € T' let K4(71,72) be the order of zero at the diagonal of the ope morphism
04 (see 3.5.10, 3.5.11) restricted to the line bundle A} KA2 € A*K A*.% In other
words, ka(v1,72) is the largest integer n such that py : j.j* AR A — A, A vanishes
on A} WA (nA). The top Taylor coefficient of o4 is then a non-zero morphism of
Ox-modules ¢} AN} @ A2 — A'® w®RA(11,72)

By (3.10.5.1) (and the fact that d4 is a morphism of chiral algebras), ¢}
takes values in A} T2 @ w®ra(n2) ¢ Al @ w@ra(172),

F
By 3.10.5(i), our picture is compatible with the ®-product of lattice algebras.

F
Namely, for two lattice algebras A, B the A7 line for A® B equals A\, ® \}; as a
submodule of A ® B*. Due to compatibility of the ope with tensor products (see

F
3.5.11), x and ¢ for A® B are equal to, respectively, k4 + kp and c4 ® cg. In

F

particular, for B equal to the ®-inverse to A, one has ka4 +xp =0 and cy Rcg =1,
which implies that x4 (v1,72) < 00 and ¢} : A} @ A — AP T2 @ w®ra(172) g
always an isomorphism.

LEMMA. (ka,Aa,ca) is a 0-datum.

Proof. For ~1,72,7v3 € I' consider the restriction of the triple ope (see 3.5.12)
to the line bundle AJ" B AJ? K A®. At each diagonal x; = ; it has zero of
order k4 (v;,7v;). On the other hand, its top term at, say, the diagonal 1 = 3 is
equal to OA(CA('Yl,'}/Q)"I:dA(Z)'y;;), so it has zero of order k4(vy1 + v2,73). Therefore

ka(y1 +72,73) = ka(71,73) + ka(y2,73), S0 K4 is bilinear. It is obviously sym-
metric. The associativity of c4 follows from the associativity property of the ope.
The twisted commutativity of c4 follows from the commutativity of the ope, since
the transposition symmetry acts on the subquotient A¢ @ wra(1:72) of A, A? as
multiplication by (—1)%4(1:72), O

We define the Picard functor P#¢ (X T') — PY(X,T') from (3.10.4.1) as A —
04 := (ka,Aa,ca). Its restriction to PH¢*(X T is the composition of (3.10.2.1)
and the inverse to (3.10.3.1), so our functor is fully faithful. To prove that our
functor is an equivalence, it suffices to construct its right inverse. We will do this
in 3.10.8 after reinterpreting the notion of #-datum in 3.10.7.

3.10.7. Denote by Div(X) a functor which assigns to a quasi-compact scheme
Z the group of Cartier divisors in X x Z/Z proper over Z. This is a sheaf with
respect to the flat topology. Set Div(X,T') := Div(X) ® I'; we call its points
T'-divisors.

Let A be a super line bundle on Div(X,T"). Therefore A is a rule that assigns
to any Z and a I'-divisor D € Div(X,T')(Z) a super line bundle Ap on Z in a way
compatible with the base change.

DEFINITION. A factorization structure on A is a rule that assigns to any Z
and a pair of I'-divisors Dy, Dy € Div(X,T")(Z) whose supports do not intersect an

99We will see in a moment that this morphism is non-zero, i.e., k4 (y1,72) # oo.



262 3. LOCAL THEORY: CHIRAL BASICS

isomorphism ¢p, p, : Ap, ® Ap, — Ap,+D,. We demand ¢ to be compatible with
the base change and to be associative and commutative:

(i) For every Dy, Do, D3 € Div(X,T')(Z) whose supports are pairwise disjoint,
the two morphisms c¢p,+p, ps(cp,,p, ® idxp,) and cp, p,+D;s(idrp, ® ¢py,D,) *
AD, ® Ap, @ Ap, — Ap, 4+ D,+ D, coincide.

(ii) One has ¢p,,p, = ¢p,.p,0, Where o : Ap, @ Ap, — Ap, ® Ap, is the
commutativity constraint.

Pairs (A, ¢) as above form naturally a Picard groupoid (the tensor product is
(A1, c1) ® (N, c2) == (M1 ® Mg, €1 ® ¢2)); denote it by Pic/ (Div(X,T)).

PROPOSITION. There is a natural equivalence of Picard groupoids

(3.10.7.1) Pic/ (Div(X,T)) = PY(X,T).

Proof. For v € T' let i : X — Div(X,T') be the morphism z — (z) ® 7; here
(z) is the Cartier divisor that corresponds to x.

For (), ¢) € Picf (Div(X,T)) the corresponding 6 = (x, A7, ¢172) € PY(X | T) is
defined as follows. We set A\ := i7*\. For 1,72 € ' let \7:72 be the pull-back of
A by the morphism 772 : X x X — Div(X,T), (x1,22) — " (x1) + i72(x2). On
the complement U to the diagonal A our ¢ yields an isomorphism A7 K \2|;; =
A"172|;. So we have an isomorphism A7t K A2 =5 \7172 (—g(71, y2)A) for certain
k(y1,72) € Z. Pulling it back to the diagonal, we get an isomorphism ¢772 :
A @ A2 S A\t @ R(172) of super line bundles on X.

Let us check that 8 = (k, A7,c"72) so defined is, indeed, a f-datum. The
commutativity property of ¢’72 is evident. Now notice that for any I € 8§ and
(7:) € T we have a super line bundle A% on X7 defined as the pull-back of A by
the map i) : X1 — Div(X,T), (x;) — >.i%(z;), and ¢ yields an isomorphism

(3.10.7.2) RN A (= ki, 700 ) A i)

(the summation is over the set of unordered pairs ¢ # ¢’ € I and A;; is the
diagonal divisor z; = ;). One checks the bilinearity of x and the associativity of
72 Jooking at (3.10.7.2) on X x X x X.

The functor Pic/ (Div(X,T)) — P(X,T) we have constructed is evidently a
morphism of Picard groupoids. It is faithful: this follows from (3.10.7.2) since any
point of Div(X,T') factors flat locally through i) for some (I, (v;)). It remains to
prove that our functor is essentially surjective.

Consider the Picard groupoid of extensions Ext(Div(X,TI'),G,,). Such an ex-
tension is the same as a pair (), ¢) as above except that cp, p, are defined for every
Dy, Dy (the supports may intersect). So we have an evident morphism of Picard
groupoids Ext(Div(X,T),G,,) — Pic/ (Div(X,T)). Its composition with (3.10.7.1)
takes values in P(X,T') = Tors(X,T") (see (3.10.3.1)). The functor

(3.10.7.3) Ext(Div(X,T),G,,) — Tors(X,TV)

is an equivalence. To see this, notice that our objects are I'-linear, so we can assume
that I' = Z and our functor is Ext(Div(X),G,,) — Pic(X). Now the inverse functor
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assigns to L € Pic(X) the line bundle Ap := Nmp,z(p% L) on Div(X) with evident
c; here px : X x Z — X is the projection.'%°

To finish the proof, it remains to present for every symmetric bilinear form x
on T some (A%, c®) € Pic/ (Div(X,T')) which yields a x-twisted -datum.

Suppose for a moment that I' = Z. For D € Div(X)(Z) choose (locally on Z)
some effective divisor D’ € Div(X, Z) such that D > —D’. Set

(3.10.7.4) Ap = det(pzsOxx2(D)/Oxxz(—D") @ det® 'pz,0p.

Here pz : X X Z — Z is the projection, Op/ := Oxxz/Oxxz(—D’); notice that
pz+O0xxz(D)/Oxxz(—D") and pz.Op: are vector bundles on Z. Our Ap is in-
dependent of the auxiliary choice of D’ in the usual way, so we have defined
a super line bundle A on Div(X). It carries a natural factorization structure ¢
coming from the fact that Oxxz(D1)/Oxxz(—D}) ® Oxxz(D2)/Oxxz(—Db) =
Oxxz(D1 + D2)/Oxxz(—D1 — D3) and Op; © Op; = Op; p; if our divisors do
not intersect. The form k defined by (A, ¢) is the product pairing on Z.

Suppose I' is arbitrary. Any 7" € I'V yields a bilinear form kv : (v1,72) —
Y (71)7Y(y2). Every integral symmetric bilinear form is an integral linear com-
bination of the k,v’s, so we can assume that x = k,v. Consider the pull-back
of A from (3.10.7.4) by the projections Div(X,I") — Div(X) defined by V. The
bilinear form of the corresponding #-datum equals x, and we are done. O

3.10.8. From f#-data to lattice algebras. To finish the proof of the theorem
in 3.10.4, we will construct the functor inverse to (3.10.4.1).

Let Z be a quasi-compact scheme and S an effective Cartier divisor in X x Z/Z
proper over Z. Let Div(X)s be the functor on the category of quasi-compact Z-
schemes that assigns to Y/Z the subgroup Div(X)s(Y) C Div(X)(Y) of all Cartier
divisors whose support is contained (set-theoretically) in (the pull-back of) S. Set
ﬂ)i’U(X, F)S = 'DZ'U(X,F)S,Z = DiU(X)S QT

LEMMA. Div(X)g is a formally smooth ind-scheme over Z which can be rep-
resented as the inductive limit of a directed family of subschemes which are finite
and flat over Z. The same is true for Div(X,T)g.

Proof. Follows from the fact that the functor which assigns to a test scheme Y
the set of all effective Cartier divisors in X x Y/Y of given degree n is representable
by the scheme Sym™X (see [SGA 4] Exp. XVII 6.3.8) which is smooth. O

Therefore Div(X,T") g = lim Spec R, where {R,} is a directed system of Oz-
algebras connected by surjections which are locally free O z-modules of finite rank.

REMARK. Notice that Div(X,T)g, z depends only on the reduced scheme Seq
C X xZ,s0 Div(X,TI')g 7 carries a canonical action of the universal formal groupoid
on Z (whose space is the formal completion of Z x Z at the diagonal; cf. the proof
of the proposition in 3.4.7). If Z is smooth, this means that the ind-Z-scheme
Div(X,T')g 7 carries a canonical flat connection V.

For § € PY(X,T) let (\,¢) € Picf(Div(X,T)) be the super line bundle with
factorization structure that corresponds to 6 by (3.10.7.1). For any (S, Z) the pull-
back of A to Div(X,T")s can be seen as a projective system of invertible R,-modules

100Recall that for effective D the norm functor Nmp/z : Pic (X X Z) — Pic(Z) comes from

the norm homomorphism pz, OE — O;; one extends it to the whole Div(X) demanding Nmp,z
to be multiplicative with respect to D. For details see [SGA 4] Exp. XVII 6.3, Exp. XVIII 1.3.5.
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As,z = lim A, . Therefore we have a locally projective!®! O z-module
(3.10.8.1) Af s,z = Homo, (N5 2,02) = An., ® Homo, (Ra, Oz).

It is clear that A§ s,z depends on (S, Z) € €(X) (we use the notation from 3.4.6)
in a functorial way; i.e., they form a structure from (i) in 3.4.6. The factorization
structure ¢ on A yields in the obvious way a factorization structure (see (ii) in 3.4.6)
on A% which we denote also by c¢. The pair (A4, ¢) evidently satisfies properties (a)
and (b) in loc. cit., so it is a factorization algebra. We denote it simply by AY or
Afr,e)' Notice that for € P(X,T) C P?(X,T') our A§ is commutative.

PROPOSITION. A§ is naturally a lattice chiral algebra whose 0-datum identifies
canonically with 6.

Proof. Notice that P*(X) — FA(X), (I.0) — Afp ), is naturally a tensor
functor (we use the notation from Remark (i) in 3.10.3). Let 1 = 1p € PY(X,T)
be the unit #-datum. Looking at the “diagonal” morphisms (I',1) — (T, 1) & (T, 1)
and (T',0) — (I, 1)@ (T, 0) inP?(X), we get the morphisms of factorization algebras
§: AL — A{@Af and §p : Aj — A{®A§L. The first arrow is a coproduct which makes
A{ a commutative and cocommutative counital Hopf factorization algebra.'%2 The
second arrow is a counital coaction of A% on A§.

The diagonal morphism (I',1) — (I',6) @ (I',02~1!) yields a morphism A —

Al 25 Al . C Aj® Al (see 3.4.16 for the notation). One easily checks that it
is an isomorphism, so Ay is an A;-cotorsor.

To see that Ay is a lattice chiral algebra, it remains to identify A; and F, i.e.,
to define an isomorphism of the Hopf D x-algebras A{ y — F%. There is a natural
pairing of group D x-ind-schemes

(3.10.8.2) () Div(X,T)ax x TY — Gx,

(D ® 7, f®7v> = NmD/Z(f)<'Y’7v>. Here A C X x X is the diagonal divisor, Z
is a test X-scheme, D € Div(X)a(Z), and f is a section of JG,,x realized, as in
2.3.3, as an invertible function of the formal neighborhood of the pull-back of A in
X x Z. An immediate computation shows that the morphism of Hopf D x-algebras
Af  — F¥% that corresponds to (3.10.8.2) is an isomorphism.

It is clear from the construction that the #-datum that corresponds to the
lattice chiral algebra Ay equals §. We are done. O

3.10.9 The Heisenberg Lie* subalgebra. We use the notation from 3.10.5
and 3.10.6. For v € I set a(7) := dx,/x, € F* = F$; we extend it to a : tp — F°
by D-linearity. Our « takes values in the submodule of Lie algebra elements with
respect to the coalgebra structure, and it yields an isomorphism of D x-algebras
Sym t§, — F*0.

Let A be any lattice chiral algebra and 6 = (s, \,¢) € PY(X,T) its f-datum.
Consider the composition A’ & A¢ 2% A7AY - A;(A*/Ox1,4). For any v € T
its restriction to A7 X A~7 has zero of order —x(v,7) + 1 at the diagonal. The
top coefficient is a morphism \Y ® A\™7 — (A%/0x14) ® w®*(M+L: since the

1011n fact, it is locally free.
102The counit AY — O comes from the (unique) morphism (I, 1) — (0, 1g) in P?(X).
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left-hand side is identified, via ¢ ~7, with w® (") we can consider it as a section
a?(y) of Ajwla.

Consider the coaction morphism 64 : A* — F® A‘. For I, € A7 one has
da(ly) = xy ® Iy, s0, looking at the ope, we see that

(3.10.9.1) Sa(d?(y)=a()@1a+1r@d’(y) € FY @ AJwlpga.

Since A is an invertible F*~comodule, this property determines the section a(v)
uniquely. In particular, it depends on 7 in the additive way. We extend af to
a morphism of Dx-modules tp — A/wly. Let t% — A be the corresponding
morphism of the w-extensions; we denote it also by af.

PROPOSITION. (i) The image of tp is a commutative Lie* subalgebra of A/wly,
S0 t‘?D is a central extension of the commutative Lie* algebra t. The Lie* bracket
to X to — h(w) is the Heisenberg bracket (y1 ® f1,72 ® f2) — &(vy1,72) f1df2 (see
2.5.9).

(i) The adjoint action of h(tp) = to on any \" C A*, n € T, is multiplication
by the character k(n) := k(n,-) € TV.

(iii) Forl € A" the image of V(I) in AJwA" coincides with the Oth term of the
ope expansion [ o af(n).103

(iv) As an Ox-module equipped with chiral U(tp)?-action, A is equal to the
induced U (tp)?-module Ind®Ag where t§, acts on Ag = Y \" according to (ii).1%*
In particular, o’ : U(tp)? = A°.

(v) The extension t‘?D depends on 6 in the additive way, i.e., 6 +— t% s a
Picard functor. The automorphisms of 0 act on t§, according to the homomorphism

TV(Ox) = 0% @IV — Autt) =t Qw, &7 AV edf/f.

Proof. We check (ii) first. Let = be a local parameter on X. For v,n € T
choose generators [, € A" and Iy, € A*7 such that c(ly,l_) = 1adz™"(07),
Consider the triple ope ¢ = (z1 — 22) I (21)l_(22)l,(23) € AP A (see
3.5.12). The orders of zero of the double ope are known by 3.10.6, so one has
o= (M)”(%")w where ¢ € A, [[x1 — 22, 22 —x3]]. Let ¢y € A, be the constant

Tro—I3
term of the Taylor power series 1. Consider ¢ as an element of A,, ((z2 —z3))((x1—

22)); then ¢ = (1+ S=2)5 0y = (14 n(y,n)S=22)gg modulo () — z2)P

T2—T3 T2 —T3
where P := Ay [[xe — x3]] + (1 — 22)Ass (2 — z3))[[x1 — 22]]. Computing ¢ as
(@1 — @2)" 0 (L (1)l (22)) 1y (23), we see that (1 + w(v,7) 2222 )ty = Ly(a3) +
(z1 — 22)a? () (22)l,)(x3) modulo P. Therefore g = I, and of (v)(z2)l,(z3) =
k(v,m)(z2 — x3) "', (x3)+ regular terms, which is (ii).

To check (i), we need to compute the polar part of the ope product of a’(7y) and
af(n). Consider the ope p1:= (21 —2)" Vw3 —24) DL (21)1_ (22)l,(23)]_(24).
term 14. As an element of A,, ((x2 — x4))[[x1 — T2, x5 — 24]], our p is equal to (1 +
k(v,m) (21 —22) (23 —4) (22 —24) ?)1 4 modulo terms which are Taylor power series
or lie in the cube of the maximal ideal of k((zo—x4))[[x1 —x2, 25— 24]]. On the other

hand, one has p = (z1 — x9)""") (x5 — $4)N(n’n)(l'y(fl)Lv(xz))(ln(xS)Ln($4)) =

It equals ( )”(7’”)1/ where v is a Taylor power series with the constant

103 Notice that, by (ii), the ope I 0 a’(n) has pole of first order with the principal part in A7,
so the image in A/wA" of its Oth term is well defined.
104For the induced modules, see 3.7.15 and 3.7.21.
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(I+a(y)(@2) (@1 —2)+- -+ )1+ a(n)(zs)(zs—24) +- - - ). Thus a(y)(z2)a(n)(zs) =
k(v,m)(z2 — 14) 7214 + regular terms, and we are done.

We leave (iii) to the reader. To deduce (iv), we have to show that the canonical
morphism Ind?(A4y) — A is an isomorphism. This follows easily from (3.10.9.1);
the details are left to the reader.

The first statement in (v) is evident. Thus it suffices to check the second
statement only for the trivial 8-datum, where it is immediate. O

REMARKS. (i) Let {7;} C T be a subset that generates I" as a semigroup. Then
S" A7 generates A as a chiral algebra.!%®

(ii) Suppose that A is symmetric (see Remark in 3.10.1). The action of the
involution on t§, yields then a D-module splitting tp — t% (that identifies tp with
the —1-eigenspace of the involution). Therefore t}, is identified with the Heisenberg
extension tf, from 2.5.9.

If A is commutative, then t% is the twist of the trivial extension by the T'V-
torsor corresponding to A (see 3.10.2) according to the TV (Ox)-action described
in (iv) of the above proposition.

3.10.10. The boson-fermion correspondence. Suppose that I' = Z and
k is the product pairing. Let 6 := (), ¢) be any k-twisted §-datum. Set ;. :=
Al ®@wand A := A7! @ w; these are odd line bundles and ¢*1'~! yields a pairing
c: A ®A_ — w. Then (A\1p 69/\_@)b = A p®A_pPw carries a Lie* bracket with
the only non-zero component being the pairing € Py ({\yp, A_p},w) defined by c.
Thus (A1p @ A_p)” is an w-extension of the abelian Lie* algebra A\ p @ A_p. Let
Cly be the corresponding twisted enveloping algebra (see 3.7.20); this is a Clifford
chiral algebra (see 3.8.6).

PROPOSITION. There is a natural isomorphism of chiral algebras

(3.10.10.1) Cly = Ag.

Proof. The canonical embeddings A\*! — Ag define the morphisms of D-
modules ¢ : Ayp ®A_p — Ag and * =1 ® 1a, : Ay ® )\_93)b — Ap. The latter
is a morphism of Lie* algebras; it yields the promised morphism of chiral algebras
Cly — Ap. Our morphism is injective since Cly is a simple chiral algebra (due to
irreducibility of the Clifford modules); it is surjective by Remark (i) in 3.10.9. O

3.10.11. REMARK. According to [Ro], an arbitrary lattice chiral algebra A
can be reconstructed from its f-datum 0 = (k, \,c) € PY(X,T) as follows.

Let N = N(0) be the direct sum of \?, v € T, and let P = P(f) be the
sum of A7 B A2 (k(y1,72)A) C j.j*N K N. Let A be the factorization algebra
freely generated by (N, P) (see 3.4.14). So we have the universal morphisms i :
N — /HX and P — fl&xx. Let 77 : AV — flf;( be the components of 7 and
let 1172 0 A1 @ A2 — AL ® w%n(%m) be the pull-back to the diagonal of the
morphism'%® A" R X2 < P(—r(y1,72)A) — A%, x(—k(71,72)A). Let A(6) be
the quotient of A modulo the ideal generated by the sections 7°(1) — 1 i€ A% and

105Tndeed, the chiral subalgebra generated by 3" A7i contains all AY (as the top coefficients
of appropriate ope), hence it contains the image of o, and we are done by (iii) of the proposition.
106Recall that A* A% = A% (see (3.4.2.1)) and A*Oxx x (nA) = wgm
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EVLY2 _ A2 02 ¢ Ag{ ®w;®;ﬁ(v1,72) ® (X“)‘g’_l ® (/\«/2)®—1. Let 1 — Lg S\
A(6)" be the induced morphisms; they satisfy an evident universality property.

By 3.10.6 and 3.4.14 there is a unique morphism of chiral algebras A(f) — A
which sends ¢7 to the embedding A* = A5’ — A’ (see 3.10.6). As shown in [Ro],
this is an isomorphism.

3.10.12. Group ind-scheme basics. We are going to identify modules over
a lattice algebra with representations of a certain Heisenberg group. Let us recall
first the relevant definitions.

(a) Let G be an ind-affine group ind-scheme. To avoid unnecessary complica-
tions, we assume it to be the inductive limit of countably many affine schemes, so
G = Spf P := | JSpec P, where P is a topological algebra, P, = P/I,, and I, are
open ideals that form a base of the topology. The product on G makes P a counital
topological Hopf algebra.

EXAMPLE. Let € X (k) be a point on our curve and O, C K, the algebra
of Taylor formal power series and the field of Laurent power series. Any affine
group scheme T yields a group ind-scheme that we denote (by abuse of notation) by
T(K,.), T(K;)(R) := T(R®K,) (cf. 2.4.8 and 2.4.9). It contains a group subscheme
T(0.), T(0,)(R) := T(R®0,).

For a discrete vector space V a G-action on V is a rule that assigns to each test
commutative algebra R an action of the group G(R) on the R-module Vg :=V ®R
which is natural with respect to morphisms of the R’s. Equivalently, this a counital
P-coaction V — P®V := lim(P/I,) ® V. A discrete vector space equipped with a
G-action is referred to as a G-module or a representation of G; these objects form
a tensor abelian category Gmod.

Consider the topological dual P* := ] P%. This is an associative unital algebra.
It carries a topology whose base is formed by all left ideals whose intersection with
each profinite-dimensional vector space P} is open. The completion is a topological
associative algebra (in the sense of 3.6.1) called the group algebra of G; we denote
it by k[G]. A discrete k[G]-module is the same as a G-module: one has Gmod=
k[G]mod. So k[G] is the topological algebra of endomorphisms of the functor which
assigns to a G-module the underlying vector space.

Our k[G] is naturally a counital cocommutative topological Hopf algebra. De-
note by k[G]?* the functor which assigns to a test algebra R the group of the
group-like invertible elements of the topological Hopf R-algebra k[G]@R. There is
an evident natural group homomorphism G — k[G]9%, g — d,.

REMARK. The latter map need not be an isomorphism: for example, if H is a
semisimple simply connected algebraic group, then k[H(K),] = k.

(b) The above picture has a twisted version:

For a group ind-scheme G its super extension G is an extension of G by the
Picard groupoid of super line bundles.!°” Explicitly, such a G” is a rule that assigns
to any g € G(R) an invertible super R-module )\Z in a functorial manner, and to

any pair g1, g2 € G(R) a natural identification ci’hm : /\Z1 ® )\22 = )\2192 which is
associative in the obvious sense. We have the parity homomorphism € : G — Z /2,
where 6; is the parity of )\Z. The super extensions of G form a Picard groupoid in

the obvious way.

107For details see, e.g., the appendix to section 2 in [BBE].
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REMARK. In the above definition we used only the monoidal structure of the
Picard groupoid (the commutativity constraint is irrelevant). Therefore a super ex-
tension amounts to a pair that consists of an extension of G by the Picard groupoid
of line bundles and a parity homomorphism G — Z/2; the former structure is the
same as a central G,,-extension of G.

For commuting g1, g2 € G(R), we set {g1,g2}" := o € R* where o :

021792 /022791
)\';1 ®)\';2 = )\';2 ®)\Zl is the commutativity constraint. Thus {g,¢}" = (—1)62. ItG
is commutative, then the commutator pairing { }* : GxG — G,, is bimultiplicative.

A G’-module is a super vector space V together with a rule that assigns to
g € G(R) an isomorphism of super R-modules )\Z ® V = Vi and satisfies the
usual properties; equivalently, this is an action of G* on V, considered as a mere
group ind-scheme and a mere vector space, which changes the Z/2-grading on V'
according to €”. Denote by G’mod the abelian category of G’-modules.

Consider A" := (A")®~! as a super line bundle over G. Its sections form a
topological super P-module A\’ = lim /\;z. The topological dual (A\p")* = U(/\;z)*
is naturally an associative super algebra. It carries a natural topology formed by all
left ideals whose intersection with each profinite-dimensional vector space ()\132 ) is
open. The completion is the topological associative super algebra k[G]b called the
b-twisted group algebra of G. A G’-module is the same as a discrete k[G]*-module:
one has G’mod = k[G])°mod.

The diagonal morphism G” — G x G” yields a morphism of topological algebras
8" : k[G]" — k[G]®K[G]* which is a counital k[G]-coaction on k[G].

(¢) The Cartier duality establishes an anti-equivalence between the category of
commutative affine group schemes and that of commutative group ind-finite ind-
schemes.'%® It extends readily to a self-duality on the category of commutative
group ind-schemes that can be represented as an extension of a group ind-finite
ind-scheme by an affine group scheme. On the level of topological Hopf algebras,
the Cartier duality interchanges the topological algebras of functions and the group
algebras.

Let G be such a group ind-scheme and G’ its Cartier dual, so G = Spfk[G].
The canonical morphism G — k[G]?" (see (a)) is an isomorphism.

For a topological associative (super) algebra () a counital k[G]-coaction g :
Q — Kk[G]®Q amounts to a G’-action on @ (which is a rule that assigns to a test
algebra R a G(R)-action on the topological R-algebra Q®R natural with respect
to morphisms of the R’s). The category of such pairs (@, d¢g) is naturally a tensor

k[G] k[G] A
category with respect to the tensor product ® , where @1 ® Q2 C Q1®Q is the
topological subalgebra of elements on which the G’-actions along Q1 and along Q-

coincide. We say that (Q,d¢) is a k[G]-cotorsor if it is invertible with respect to
k[G]
® . The category of k[G]-cotorsors is a naturally Picard groupoid.

LEMMA. The above Picard groupoid identifies naturally with the Picard groupoid
of super extensions of G.

Sketch of a proof. For a super extension G” of G the pair (k[G]?,4") is a k[G]-
cotorsor. Conversely, let (Q,d¢) be a k[G]-cotorsor. For g € G(R) consider the

108Gee, e.g., section 4 in Chapter IT of [Dem)].
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corresponding group-like element 6, € k[G]®R. Then )\, := {g € QIR : dg(q) =
dg ®q} is an invertible super R-module, and the product in ) provides a morphism

C_En,gz : )\';1 ® /\_Z2 — /\Z1 g, Which is an isomorphism. This datum is the super
extension G” that corresponds to Q. The details are left to the reader. O

3.10.13. The Heisenberg groups. We use the notation of 3.10.12; see
especially the example in loc. cit.

Consider the commutative group ind-scheme K := G,,(K;); its Lie algebra
equals K, and the connected component of the reduced ind-scheme is the group
scheme O := G,,(0;). So an R-point of KX is the same as an invertible element
f of K,®R.

Contou-Carrere defines in [CC]'% a canonical skew-symmetric bimultiplicative
symbol pairing

(3.10.13.1) { }o: KX X KX = Gy,

The corresponding pairing of the groups of k-points is the tame symbol map
(f,9) — (=1)*"Dv@)(f29) /gv(N)(z) (here v(f) is the order of zero of f at xz);
the derivative with respect to the first variable is the pairing K, x K} — G,
(a, g) — Resgadlog g; the Lie algebra pairing K, x K, — k is (a,b) — Res,adb. If
f €0X(R) = (0O,®@R)*, then

(3.10.13.2) {f, 9}z = Nmgjyg/r S

The symbol pairing is non-degenerate: it identifies K° with its own Cartier
dual. This means that the corresponding morphism of the group ind-schemes K¢ —
Spfk[K )] is an isomorphism.

Consider, as in 3.10.1, our lattice I and the corresponding torus 7 :=T' ® G,,,.
Any symmetric bilinear form k : I' x I' — Z defines a skew-symmetric pairing

{35 T(KL) x T(Ky) = Gy {F77 f572 )5 = {1, fo}e 0%,

DEFINITION. A Heisenberg k-extension is a super extension of T'(K,) whose
commutator pairing equals { }_“. A Heisenberg extension is a super extension
which is a Heisenberg x-extension for some k.

The Baer product of Heisenberg x- and ’-extensions is a Heisenberg (x + ')-
extension, so the Heisenberg extensions form a Picard groupoid Heis T'(K,,). It is a
disjoint union of the groupoids Heis"T (K, ) of the r-extensions. So Heis"T(K,) is
the Picard subgroupoid Ext(T(K;),G,,) of commutative G,,-extensions of T(K),
and each Heis"T(K,) is a HeisOT (K, )-torsor (it is non-empty: see below).

Since every commutative G,,-extension of T'(K)-splits, Ext(T(K,), G,,) iden-
tifies naturally with the Picard groupoid of Hom(T' (K, ), G,,)-torsors. The symbol
pairing yields an isomorphism Hom(T(K,),G,,) = TV(K,), so these objects are
the same as TV (K )-torsors.

Let T(K,)” be a Heisenberg r-extension. Let us describe the category of
T(K,)*-modules.

Let Z = Z,, C T(K,) be the kernel of the { }:-pairing. So Z lies in the kernel
of the parity homomorphism € : T(K,) — Z/2, f®7 + v(f)r(y,v)mod2, and we

109Gee also [D2] 2.9 and [BBE] 3.1-3.3.
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have the central G,,-extension Z” C T(K,)°*. The Cartier dual (Z°)’ is an extension
of Z by Z'. Let Spf R C (Z°)’ be the preimage of 1 € Z; this is a Z’-torsor.

Any T(K,)’-module is automatically a discrete R-module, so the category
T(K,)’mod is an R-category.

PROPOSITION. T(Kz)bmod is equivalent, as an R-category, to the category
Rmod of discrete R-modules.

Proof. We will define a functor T(K,)’mod — Rmod leaving the construction
of the inverse to the reader. The construction (for x # 0) depends on auxiliary
choices. Different choices yield (non-canonically) isomorphic functors.

Choose a decomposition I' = I'g x I'y where I'y is the kernel of k; we write
T; :== G, ®Ty, etc. Then Z = Zy x Z; where Zy = To(K,) and Z; is the kernel
of the morphism Ty — T} defined by & which is a finite group of order |det(x|r,)]|.
Then Z; C T1(O,), so we have the embedding Z? C T1(0,)" of the central G,,-
extensions. For each character x : Z} — G,,, whose restriction to G,, C Z? equals
idg,, choose its extension to a character ¥ of Ty (O,)’.

Now let V' be a (K )’-module. For any x as above let V; C V be the subspace
of all vectors on which T1(0,)" C T(K,)” acts by the character ¥. This is a Z°-
submodule of V', hence a discrete R-module. Our functor T'(K, ) mod — Rmod is

X

3.10.14. Let us return to the lattice chiral algebras. Let 6 € P?(X,T')" be any
f-datum. Let Ay be the corresponding chiral lattice algebra (see (3.10.4.1)).

THEOREM. A§: is the group algebra of a certain Heisenberg k-extension T(K,)°

naturally defined by Ag.

REMARK. We see that the category of Ag-modules supported at = identifies
naturally with the category of T'(K,)?-modules. By the above proposition, for a
non-degenerate k our category is semisimple with | det x| isomorphism classes of
irreducibles. This result (in the case when & is even and positive definite) was first
established by Dong [Don].

Proof. (a) If = 1, then A3 = F2° is the topological Hopf algebra of functions
on the ind-group TV(K,) (see 2.3.2 and (2.4.9.1)). It identifies canonically with
k[T(K,)] via the Cartier duality T(K,) x TV (Ky) — G, f&7,g®7 — {f, g} .

(b) For an arbitrary 6 the F-coaction &p : A — F*® A} yields, by transport
of structure, an F¢*-coaction on A§? (see 3.6.8).

LEMMA. AgS is an Fg°-cotorsor.

Proof of Lemma. We want to show that the morphism F* — Ag ® Ag_l yields

an isomorphism F2* > A28 @ A%, C A%, &AL, .

Let =y C E%°(Ag) be the subset of subalgebras Age which are invariant with
respect to the TV-action, i.e., satisfy the property dg(Age) C F€®A§§. This subset is
cofinal in the Z°-topology: indeed, for any B € Z%%(Ag) one has BNS, ' (F*® B) €
Ep. Thus AgS = lim A, Age € Zo.

In fact, the set Zy does not depend on #. Namely, the maps =g, — Eq,,
Agye — Agye =01 (Ag,e ® Ap, g, ), form a transitive system of bijections between
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the Zp’s; here § : Ag, — A, é Ag, 6, — Ap, ®Ap, 9, is the “coproduct” morphism.
So we write = instead of Zy.

For an O x-module N equipped with a counital F*-coaction dx : N — F* @ N
set N := ligl(%_lFf ® N),; this is a topological vector space equipped with a
counital F%-coaction. If N is an F‘-cotorsor, then N, is an F2*-cotorsor (since
all Ox-module F’-cotorsors are equivalent Zariski locally at x, we can assume
that N = F’ where the statement is evident). Moreover, if N’ is the inverse F*-

~ L E
cotorsor, so that we have F* = N @ N’ C N ® N’, then N’} is the F%*-cotorsor
inverse to N, and the corresponding map F*; — N,®N’; yields an isomorphism

Fgs = F = N, @ N, c N,&N', (by the same argument).

Now we can prove the lemma. We have seen that A% = A’} as a topological
vector space equipped with an F¢%-action. So the last isomorphism for N = Ag,
N' = Ag_l is the equality we wished to check; g.e.d. O

(c) By the lemma from (c) in 3.10.12, we have a super extension T(K,)? of
T(K,) such that A% = k[T(K,)]?. It remains to check that T(K,)" is a Heisen-
berg k-extension, i.e., that its commutator pairing { }Y equals { }%. Consider the
difference < >*:={ }¥ —{ }%. This pairing depends only on x (since { }¢ depends
only on the isomorphism class of § near x, which is k) and is invariant with respect
to automorphisms of K, (for the same reason).

6

As follows from (3.10.9.1), the Lie algebra of T(K,)? equals hy(jp.jith) <
A% so the Lie algebra pairing that comes from < >* vanishes by (i) of the propo-
sition in 3.10.9.

Let us show that the pairing between T (K ),eq and the Lie algebra t(K,) that
comes from < >" vanishes. We know that it vanishes on T'(O,) x t(K,) by the
above and on T'(K;)req X t(O,) by (ii) in the proposition in 3.10.9. So < >" comes
from a pairing I' X +(K,)/t(Oy) = T(Ky)rea/T(0z) X t(K;)/t(O;) — k. Consider
the action of a group of homotheties on K, (with respect to a parameter in K).
It is trivial on ' and has trivial coinvariants on K,/O,. Since it preserves < >",
we get the promised vanishing.

We have shown that < >* vanishes on T(K,) x T(K,)? where T(K,)" is the
connected component of T(K,). Therefore it comes from a pairing I' x T' =
T(K,)/T(K,)® x T(K,)/T(K;)* — G,,. Since <>" depends on x in the ad-
ditive way, it suffices to consider the case when v = Z and « is the product pairing.
Here { }? and { } are controlled by the parity, so < >*= 0, and we are done. [

3.10.15. A twisted version. Suppose we have a finite group H acting on I,
an H-equivariant lattice algebra Ay (see Remark in 3.10.1), and an H-torsor P on
U, := X~{z}. Consider the twisted chiral algebra Ay (P) (see 3.4.17); it is an F'(P)-
cotorsor. We also have the twisted torus T'(P), which is a group scheme over U, and
the ind-scheme T'(P)(K,) of its K, -points. Notice that k, which is an H-invariant
bilinear form on I', defines the pairing { }%: T(P)(K,) x T(P)(K,) — Gy, so, as
in 3.10.13, we have the notion of a Heisenberg k-extension of T'(P)(K).

THEOREM. (Ag(P))%* is the group algebra of a certain Heisenberg k-extension

x

T(P)(K;)" of T(P)(Ky).

Proof. Same as the proof of the non-twisted version (see 3.10.14). g
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EXERCISE. Formulate and prove the main results of [BaK].

3.10.16. Chiral monoids. Let us highlight the geometric structure underly-
ing the construction of 3.10.8. This section will not be used later in the book.

For us, “ind-algebraic space” means a functor on the category of affine schemes
representable by the inductive limit of a directed system of quasi-compact algebraic
spaces connected by closed embeddings. For a quasi-compact scheme Z an ind-
algebraic Z-space is an ind-algebraic space G equipped with a morphism § — Z;
denote by J the category of these objects with morphisms being closed embeddings.
All the Jz’s form a fibered category J over the category of quasi-compact schemes
(with the fibered product as the pull-back functor).

Suppose we have a pair (9, ¢) where:

(i) G is a morphism from the fibered category C(X) (see 3.4.6) to J. Thus G is a
rule that assigns to each S € C(X)z an ind-algebraic Z-space §g = Gg z; for S’ < §
we have a canonical closed embedding Gg/ 7z — §g z; everything is compatible with
the base change.

In particular, the universal divisors yield ind-algebraic Sym" X-spaces Gsymn x -

(ii) ¢ is a rule that assigns to every pair of mutually disjoint divisors Sy, Se €
C(X)z an identification cg, s, : Gs, .z X Gs,.z — G5,45,.2z. We demand that these

identifications be commutative and associative in the obvious manner and that they
be compatible with the natural morphisms from (i).

Assume that the following conditions hold:

(a) For every n the closure in Ggymnx of the complement to the preimage of
the discriminant divisor in Sym"X equals Gsym»x. Equivalently, Ssymn»x can be
represented as the inductive limit of a directed family {G,} of algebraic Sym"X-
spaces and closed embeddings such that each G, has no non-zero local functions
supported over the discriminant divisor of Sym™X.

(b) One has Ggymox # 0.

(c) The ind-algebraic spaces Ggymn x are separable.

DEFINITION. Such a (G, ¢) is called chiral, or factorization, monoid on X. Chi-
ral monoids form a category which we denote by CM(X).

A chiral monoid is said to be commutative if ¢ can be extended to a morphism
cs,.8, ¢ G ;952 — Gg,+5, defined for arbitrary S; € C(X)z and natural with

respect to morphisms in C(X) (by (a) and (c) such an extension is unique, if it
exists).

In many aspects chiral monoids are similar to chiral algebras; the next remarks
are parallel to, respectively, Remarks (i)—(iii) in 3.4.6, subsections 3.4.7, 3.4.20, and
the proposition in 3.4.6.

REMARKS. (i) The associativity and commutativity of ¢ permits us to define for
any finite family of mutually disjoint divisors S, € C(X)z a canonical identification
cqs.y of the fibered product of §s, over Z and Gs3s,, .

(ii) By (b) and (i) one has Ggymox = Speck. So for any (S, Z) the embedding
() C S yields a canonical section 1g : Z = S0,z — Ys,z. It is preserved by the
structure embeddings §(S) — G(S’) and pull-backs; this is the unit section of S.

(iii) As in Remark (iii) in 3.4.6, in the above definition we can replace C(X)z
by the ordered set of relative effective Cartier divisors adding the condition that all
the structure embeddings G5 <— G, s are isomorphisms.
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(iv) Suppose we have two morphisms of schemes f, ¢ : Z/ = Z which coincide
on Z!_,. Then the corresponding pull-back maps C(X)z — C(X)z coincide, so
one has a canonical identification f*Gg = g*Gg of ind-algebraic spaces. Therefore
Gs,z carries a canonical action of the universal formal groupoid on Z (whose space
is the formal completion of Z x Z at the diagonal). For S C S’ the embeddings
Gs — Gg are compatible with the action, as well as the pull-back identifications
(in particular, 1g is fixed by the action). So we have defined a canonical integrable
connection on the ind-algebraic Sym" X-space Ggymnx.

(v) The category CM(X) admits finite projective limits. A chiral monoid §
admits a monoid structure (as an object of CM (X)) if and only if it is commutative;
such a structure is unique and the product § x § — § is given by the morphisms
cs,s : 95 %X G5 — Gs.

(vi) For a chiral monoid G and a finite set I let Gy be the pull-back of G111 x
by the projection X! — Sym!/|X. For 7 : J — I one has evident morphisms (we

use the notation from 3.4.5) v(™ : A(M*G; — Gyt Clr] ST Gxs = 3™ G4
7

satisfying the obvious versions of properties (a)—(f) from 3.4.5. Conversely, any such
datum (Gx1, ™, c(r)) defines a chiral monoid (one recovers Ggymnx by descent).

One can also consider a weaker structure taking into consideration only non-
empty I’s and surjective maps between them; the resulting objects may be called
chiral semigroups. In fact, a chiral monoid is the same as a chiral semigroup which
admits a wunit section (the definition is left to the reader); morphisms of chiral
monoids are the same as morphisms of chiral semigroups that preserve the unit
sections.

(vii) The functor § — Gx on the category of chiral monoids is faithful. So a
chiral monoid can be considered as an ind-algebraic X-space Gx equipped with an
extra structure. This structure has X¢;-local origin.

Let § be a chiral monoid and P an ind-algebraic space. For a point z € X
set P, := P x SpfO,; this is an ind-algebraic X-space (which lives over the formal
neighbourhood of z) equipped with an evident connection Vp. A chiral G-action
on P at x is a chiral monoid structure on the disjoint union §x LI P, such that the
embedding §x — Gx U Py is a morphism of chiral groupoids and the connection
on P; defined by the chiral monoid structure (see Remark (iv) above) equals Vp.

DEFINITION. (i) For a chiral monoid G a line bundle on G is a rule that assigns
to any S € C(X)z a line bundle Ag, on Gg, and to any morphism (5, Z’) — (S, Z)
in €(X) an identification of Ag, and the pull-back of Ag, by the map §s» — Gg in
a way compatible with the composition of morphisms.

(ii) For X\ as above, a factorization structure on X is a rule that assigns to any
non-intersecting Sy, Sz € C(X)z an identification ¢ : gy ® Ags, — €5, 5,55, 15, -
These isomorphisms should be compatible with the structure morphisms from (i)
and commutative and associative in the obvious sense.

(iii) Suppose that G is commutative. The factorization structure is said to be
commutative if the isomorphisms ¢ from (ii) can be extended to similar isomor-
phisms defined for arbitrary Si,52 € C(X)z and compatible with the structure
morphisms from (i) (by properties (a) and (c) this can be done in a unique way).

Line bundles on G equipped with factorization structure are also called Gy, -
extensions of G. Replacing mere line bundles by super line bundles, one gets the
notion of super G,,-extension; these objects form a Picard groupoid denoted by
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Picf(G). Of course, one can replace G,, by any commutative group scheme (or
even an algebraic Picard groupoid).

EXAMPLES. (i) (The local Picard schemes). The ind-schemes Div(X,T')g (see
3.10.8) form a commutative chiral monoid. As in 3.10.8, the pull-back of any (A, ¢) €
Picf (Div(X,T)) (see 3.10.7) is naturally a super G,,-extension of our chiral monoid.
This super extension is commutative if and only if (X, ¢) € Ext(Div(X,T),G,,) C
Pic/ (Div(X,T)) (see (3.10.7.3)). It is not difficult to check that our functor identi-
fies Pic/ (Div(X,T)) with the Picard groupoid of super G,,-extensions of our chiral
groupoid.

(ii) (The affine Grassmannian). Let G be any algebraic group. Then for S €
C(X)z the functor which assigns to a Z-scheme Y the set of pairs (§,y) where § is
a G-torsor on X X Y and + its trivialization over the complement to (the pull-back
of) S is representable by an ind-scheme Gg of ind-finite type. These ind-schemes
form naturally a chiral monoid (see [BD] 5.3.12). For G = T we get the chiral
monoid from (i). For any = € X there is a natural chiral §-action on G(K,) at .

REMARK. For any D x-scheme Yx the corresponding multijet D xr-schemes
Yy (see 3.4.21) define, according to 3.4.22, a canonical chiral semigroup structure
on Yx (see (vi) in the previous remarks). Notice that this chiral semigroup does
not admit a unit section (unless Yx = X). As was pointed out by Kapranov and
Vasserot [KV] 3.2.4, for affine Yx = Spec A’ the ind-scheme Y := Spec A%*
(see 3.6.18) of “horizontal meromorphic jets” is again a chiral semigroup, modulo
the fact that property (a) from the definition of chiral monoid was not verified in
loc. cit. It would be nice to check this property (in case of the usual multijets, this
is the contents of the theorem in 3.4.22).

Let G be a chiral monoid and A its super extension. Suppose that for each
S € C(X)z, Z is affine, the corresponding Gg, 7z is the inductive limit of its closed
subschemes which are finite and flat over Z. In other words, G5z = Spf R where
R = lim R, such that R, are Ox-algebras which are locally free Ox-modules of
finite rank. Set

3.10.16.1 AL, =A@R =| |AoH Ra,0x).
( ) 8.z % U % omo « ( x)

Here X is Ag, considered as an invertible R-module. In other words, Ag’ 7 =
m(Ags ® ™' Oz); here 7w : Gg.z — Z is the structure projection and 7' is the l-pull-
back functor.

The factorization structures on § and ) define on A¢ the structure of the fac-
torization algebra (see 3.4.6). In the situation of Example (i) above our A is the
lattice chiral algebra from 3.10.8.

QUESTIONS. (i) Suppose that we have (G, A) such that G z are proper over Z.
Is it true that Ag)z = Rm(\gs ® RT'Oy) form a factorization DG algebra? If G
is the affine Grassmannian for semisimple G and ) is defined by a positive integral
level x, then A should be equal to the integrable quotient of U(gp)”.

(ii) Let G be any chiral monoid and « € X a point. Can one define a group
space §%° such that for an ind-algebraic space P a chiral G-action on P at x amounts
to a G%%-action on P? Will a super extension A of § provide a super extension of
G257 In the situation of Example (ii), §¢° should be equal to G(K;).



