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DUALITY FOR DIFFERENTIAL OPERATORS OF
LIE-RINEHART ALGEBRAS

THIERRY LAMBRE AND PATRICK LE MEUR

ABsTrRACT. Let (S, L) be a Lie-Rinehart algebra over a commutative ring R.
This article proves that, if S is flat as an R-module and has Van den Bergh
duality in dimension n, and if L is finitely generated and projective with con-
stant rank d as an S-module, then the enveloping algebra of (S, L) has Van den
Bergh duality in dimension n + d. When, moreover, S is Calabi-Yau and the
d-th exterior power of L is free over S, the article proves that the enveloping
algebra is skew Calabi-Yau, and it describes a Nakayama automorphism of it.
These considerations are specialised to Poisson enveloping algebras. They are
also illustrated on Poisson structures over two and three dimensional polyno-
mial algebras and on Nambu-Poisson structures on certain two dimensional

hypersurfaces.
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INTRODUCTION

Rinehart introduced in |[Rin63|] the concept of Lie-Rinehart algebra (S, L) over
a commutative ring R and defined its enveloping algebra U. This generalises both
constructions of universal enveloping algebras of R-Lie algebras and algebras of
differential operators of commutative R-algebras. In [Hue99], Huebschmann in-
vestigated Poincaré duality on the (co)homology groups of (S, L). This duality is
defined by the existence of a right U-module C, called the dualising module of
(S, L) such that, for all left U-modules M and k € N,

(0.1) Extg; (S, M) = Tor{_,(C, M) .

Chemla proved in [Che99| that for Lie-Rinehart algebras arising from affine complex
Lie algebroids, the algebra U has a rigid dualising complex, which she determined,
and has Van den Bergh duality [vdB9§|. Having Van den Bergh duality in dimension
n for an R-algebra A means that
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e A is homologically smooth, that is A lies in the perfect derived category
per(A°) of the algebra A° := A ®p A°P; and
o Ext%.(A, A°) is zero for e # 0 and invertible as an A-bimodule if e = n.
When this occurs, there is a functorial isomorphism, for all A-bimodules M and
integers ¢ (see [vdB98]),

Exty. (A, M) = Tor?" (A, Exty. (4, A°) @4 M);

and Ext’j. (A4, A°) is called the inverse dualising bimodule of A. Two classes of
algebras with Van den Bergh duality are of particular interest, namely

e Calabi-Yau algebras, for which Ext'}. (A, A®) is required to be isomorphic
to A as an A-bimodule (see [Gin06]); and
o skew Calabi-Yau algebras, for which there exists an automorphism

IS AutR,alg (A)

such that Ext’i. (A, A¢) ~ A” as A-bimodules (see [RRZ14]); here A" de-
notes the A-bimodule obtained from A by twisting the action of A on the
right by v.
The relevance of these algebras comes from their role in the noncommutative geom-
etry initiated in [AS87] and in the investigation of Calabi-Yau categories, and also
from the specificities of their Hochschild cohomology when R is a field. For instance,
it is proved in [Gin06, LamI0] that the Gerstenhaber bracket of the Hochschild co-
homology of Calabi-Yau algebras have a BV generator.

This article investigates when the enveloping algebra U of a general Lie-Rinehart
algebra (S, L) over a commutative ring R has Van den Bergh duality.

It considers Lie-Rinehart algebras (.S, L) such that S has Van den Bergh duality
and is flat as an R-module, and L is finitely generated and projective with constant
rank d as an S-module. Under these conditions, it is proved that U has Van den
Bergh duality. Note that, when R is a perfect field, the former condition amounts to
saying that S is a smooth affine R-algebra [Kra(07]. Note also that, under the latter
condition, it is proved in [Hue99, Theorem 2.10] that (S, L) has duality in the sense
of . Under the additional assumption that S is Calabi-Yau and AL is free as
an S-module, it appears as a corollary that U is skew Calabi-Yau, and a Nakayama
automorphism may be described explicitly. These considerations are specialised to
the situation where the Lie-Rinehart algebra (.5, L) arises from a Poisson structure
on S. Also they are illustrated by detailed examples in the following cases:

e For Poisson brackets on polynomial algebras in two or three variables;
e For Nambu-Poisson structures on two dimensional hypersurfaces of the
shape 1+ T'(z,y,z) = 0, where T is a weight homogeneous polynomial.

Throughout the article, R denotes a commutative ring, (S, L) denotes a Lie-
Rinehart algebra over R and U denotes its enveloping algebra. Given an R-Lie
algebra g, its universal enveloping algebra is denoted by Ug(g). For an R-algebra
A, the category of left A-modules is denoted by Mod(A) and Mod(A°P) is identified
with the category of right A-modules. For simplicity, the piece of notation ® is used
for ® . All complexes have differential of degree +1.

1. MAIN RESULTS

A Lie-Rinehart algebra over a commutative ring R is a pair (S, L) where S is
a commutative R-algebra and L is a Lie R-algebra which is also a left S-module,
endowed with a homomorphism of R-Lie algebras

(L.1) . anr:i(i)(—)
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such that, for all o, 8 € L and s € S,
la, s8] = sl B] + a(s)B .
Following [Hue99|, the enveloping algebra U of (S, L) is identified with the algebra
(S L)/,
where S x L is the smash-product algebra of S by the action of L on S by derivations
and I is the two-sided ideal of S x L generated by
{s®a—-1®sa|seS, ael}

(see Lemma [3.0.1)); it is proved in [Hue99| that this set generates I as a right ideal.
As mentioned in the introduction, when L is a finitely generated S-module with
constant rank d, the Lie-Rinehart algebra (S, L) has duality in the sense of (00.1)
with C = A4LY. Here —V is the duality Homg(—, S) and ALY is considered as a
right U-module using the Lie derivative \,, for a € L (see [Hue99, Section 2]),
Ao ASLY — ALY
this is the derivation of A4LY such that, for all s € S, ¢ € LY and 3 € L,

Aa(s) = a(s) and Ao (9)(8) = a(e(8)) — ¢([o, B]) -
The right U-module structure of A4LY is such that, for all ¢ € A4LY and o € L,

(1.2) ©-a=—X(p).

The first main result of the article gives sufficient conditions for U to have Van
den Bergh duality. It also describes the inverse dualising bimodule. Here are some
explanations on this description. On one hand, R-linear derivations 0 € Derg(S)
act on Extg. (9, 5%), n € N, by Lie derivatives (see Section [4)),

Ly: Exts. (S, 5¢) — Exté.(S,5¢).
Combining with the action of L on S yields an action a ® e — «a - e of L on
Ext. (S, 5¢) such that, for all « € L and e € Extg. (S5, 5¢),

a-e=Ly (€),

Although this is not a U-module structure on Extg.(S,S¢), it defines a left U-
module structure on A4LY ®g Ext%.(S,5¢), d € N, such that, for all a € L,
o € ALLY and e € Exté. (S, S¢),

a-(pRe)=—p-aRet+pRa-e.
On the other hand, consider the functor

F: Mod(U) — Mod(U*®)

(see Section [3.3)) such that, if N € Mod(U), then F(N) equals U ®g N in Mod(U)
and has a right U-module structure defined by the following formula, for all « € L,
ueUandne N,

(un) - a=uan—-—uRa-n.
This functor takes left U-modules which are invertible as S-modules to invertible
U-bimodules (see Section [3.6). The main result of this article is the following.

Theorem 1. Let R be a commutative ring. Let (S,L) be a Lie-Rinehart algebra
over R. Denote by U the enveloping algebra of (S, L). Assume that

e S is flat as an R-module,
e S has Van den Bergh duality in dimension n,
o L is finitely generated and projective with constant rank d as an S-module.
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Then, U has Van den Bergh duality in dimension n+d and there is an isomorphism
of U-bimodules

Ext?T(U,U¢) ~ F(ALLY @ Ext. (S, S)).

Note that when R is Noetherian and S is finitely generated as an R-algebra and

projective as an R-module, then there is an isomorphism of S-(bi)modules

Ext. (S, 5¢) ~ A§Derg(S);
this isomorphism is compatible with the actions by Lie derivatives (see Section.
The above theorem was proved in [Che99, Theorem 4.4.1] when R = C and S is
finitely generated as a C-algebra.

The preceding theorem specialises to the situation where the involved invertible
S-modules are free. On one hand, when (AZL)Y is free as an S-module with free
generator ¢y, there is an associated trace mapping

)\L :L— S

such that, for all a € L,

pr-a=A(a) oL,
where the action on the left-hand side is given by (|1.2]) and that on the right-hand
side is just given by the S-module structure. On the other hand, when S is Calabi-
Yau in dimension n, each generator of the free of rank one S-module Extg. (.5, S¢)
determines a volume form wgs € A5{g/ g, and the divergence

div: Derg(S) — S

associated with wg is defined by the following equality, for all 0 € Derg(S)

Lo(wg) = div(d)ws

(see Section for details). The second main result of the article then reads as
follows.

Theorem 2. Let R be a commutative ring. Let (S,L) be a Lie-Rinehart algebra
over R. Denote by U the enveloping algebra of (S, L). Assume that

e S is flat as an R-module,

e S is Calabi-Yau in dimension n,

e L is finitely generated and projective with constant rank d and ALL is free
as S-modules.

Then, U is skew Calabi-Yau with a Nakayama automorphism v € Autr(U) such
that, for all s € S and o € L,

v(s) = s
vio) = a+Ap(a)+div(0a),
where Ar, is any trace mapping on A%LV and div is any divergence.

Among all Lie-Rinehart algebras, those arising from Poisson structures on .S play
a special role because of the connection to Poisson (co)homology. Recall that any

R-bilinear Poisson bracket {—, —} on S defines a Lie-Rinehart algebra structure on
(S, L) = (5,9Qg/r) such that, for all s,t € S,
b ads = {Sa 7};

o [ds,dt] = d{s,t}.
In this case, the formulations of Theorems [[]and [2] simplify because, when Qg p is
projective with constant rank n as an S-module, the right U-module structure of
AgQg/R (see ) is given by classical Lie derivatives, that is, for all s € .5,
(1.3) Ads() = Lis,—3 () -
More precisely, these theorems specialise as follows.
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Corollary 1. Let R be a Noetherian ring. Let (S,{—,—}) be a finitely generated
Poisson algebra over R. Denote by U the enveloping algebra of the associated Lie
Rinehart algebra (S,Qs/r). Assume that

e S is projective in Mod(R);

e S € per(S°);

e Qg/r, which is then projective in Mod(S), has constant rank n.
Then, U has Van den Bergh duality in dimension 2n and there is an isomorphism
of U-bimodules

Ext (U, U¢) ~ U ®g AtDerp(S) ®g AiDerg(S),

where the right-hand side term is a left U-module in a natural way and a right
U-module such that, for allu € U, ¢,¢’ € AéDerg(S) and s € S,

(uRe®¢) - ds=uds@e®@¢ —u® (Ls—3(0) @9 + 9@ L5 1(¢")).

In particular, if S has a volume form, then U is skew Calabi- Yau with a Nakayama
automorphism v: U — U such that, for all s € S,

v(s) = s
v(ds) = ds+2div({s,—}),
where div is the divergence of the chosen volume form.

For the case where R = C and S is finitely generated as a C-algebra, the above
corollary is announced in [LWZI17, Theorem 0.7, Corollary 0.8] using the main
results of [Che99).

This article is structured as follows. Section [2] presents useful information on
the case where S has Van den Bergh duality. Section [3]is devoted to technical
lemmas on U-(bi)modules. In particular, it presents the above mentioned functor
F and its right adjoint G, which play an essential role in the proof of the main
results. Section {4 introduces the action of L on Extg.(S,S5°) by Lie derivatives.
This structure is used in Section [5| in order to describe Exty.(U,U¢) and prove
Theorem [T} Theorem [2] and Corollary [I} Finally, Section [f] applies this corollary to
a class of examples of Nambu-Poisson surfaces.

2. POINCARE DUALITY FOR S

As proved in [vdB98| when R is field, if S has Van den Bergh duality in dimension
n, then there is a functorial isomorphism, for all S-bimodules N,

Ext%. (S, N) ~ TorS" (S, ExtZ. (S, 5¢) ©g N).

It is direct to check that this is still the case without assuming that R is a field. In
view of the proof of the main results of the article, relates the above mentioned
isomorphism to the fundamental class of S, following [Lam10], and relates Van
den Bergh duality to the regularity of commutative algebras, following [Kra07].

2.1. Fundamental class and contraction. Consider a projective resolution P*®
in Mod(S¢),

e P2 5p PSS
and let p® € P° be such that €(pg) = 1s. For all M, N € Mod(S¢) and n € N,
define the contraction

Tor?" (S, M) x Ext%.(S,N) — Torj (S,M ®g N)

(w,e) — te(w)

as the mapping induced by the following one
M ®ge P~ — Hompg(Homge(P~" N),(M ®s N) ®ge P°)
r®p = (e (2@ p(p) ®p°).
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This makes sense because P* is concentrated in nonpositive degrees. The construc-
tion depends neither on the choice of p° nor on that of P*.

Following the proof of [Lam10, Proposition 3.3], when S € per(S€) and n is taken
equal to pdg.(S), the contraction induces an isomorphism for all N € Mod(S5¢),

Tord (S, Ext2.(S,5¢)) — Homge(Ext%.(S, N), Tory (S, ExtZ.(S,5¢) ©g N))
w t7(w)

In the particular case N = 5S¢, the fundamental class of S is the element cg €
Tors" (S, Ext. (S, S¢)) such that

(t2(cs))pxtn, (8,5¢) = IdExin, (5,5¢) -

Following the arguments in the proof of [Lam10, Théoréme 4.2], when S has Van
den Bergh duality in dimension n, which gives that n = pdg.(S), the contraction
with cg induces an isomorphism, for all N € Mod(S¢),

(2.1) 12(cs): Ext®. (S, N) = Tors" (S, Ext%. (S, 5¢) @5 N).

When S is projective in Mod(R), the Hochschild complex S®**+2 is a resolution
of S in Mod(S¢) and the contraction

TorS" (S, M) x Ext®.(S,N) — TorS", (S,M @g N)
(w,e) — te(w)

may be defined for all M, N € Mod(S¢) and m,n € N, as the mapping induced at
the level of Hochschild (co)chains by

M ® S®" x Homp(S®™,N) — (M ®g N) @ §®m—n)
((z[s1]---[sn), %) = (@@ Y(si] - [sm)lsmta] - [sn) -

When, in addition, S has Van den Bergh duality in dimension n, then [Laml0,
Théoréme 4.2] asserts that the following mapping given by contraction with cg is
an isomorphism, for all N € Mod(S¢) and m € N,

12(cg): ExtZ (S, N) — TorS” (S, Ext?.(S,5°) @g N).

2.2. Relationship to regularity. The main results of this article assume that
S has Van den Bergh duality. For commutative algebras, this property is related
to smoothness and regularity. The relationship is detailed in [Kra07] for the case
where R is a perfect field and is summarised below in the present setting.

Proposition 2.2.1 ([Kra07]). Let R be a Noetherian commutative ring. Let S
be a finitely generated commutative R-algebra and projective as an R-module. Let
n € N. The following properties are equivalent.

(i) S has Van den Bergh duality in dimension n.

(i) gl.dim(S¢) < oo and Qg/r, which is then projective in Mod(S), has constant

rank n.

When these properties are true, gl.dim(S) < co and Ext. (S, S¢) ~ AlDerg(S) as
S-modules.

Proof. See [Krd(7] for full details. Since S is projective over R, then pdgey.(S¢) <
2pdg.(S) (JCE56, Chap. IX, Proposition 7.4]); besides, using the Hochschild reso-
lution of S in Mod(S5¢) yields that

gl.dim(S) < pdg.(S) < gl.dim(S5);
thus
S eper(S¢) < gldim(S¢) < oo

(2:2) = gl.dim(S) < co.
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Note also that, following [HKR62, Theorem 3.1],
(2.3) gl.dim(S5¢) < oo = Qg/p is projective in Mod(S).

Denote by p the multiplication mapping S ® S — S. Assume gl.dim(S5¢) < oo,
let p € Spec(S) (C Spec(S°¢)) and denote by d the rank of (Qg/r)p. Since Qg/r ~
Ker(u)/Ker(p)? as modules over S (~ S¢/Ker(u)) and gl.dim(S¢) < oo, the (S¢),-
module Ker(u), is generated by a regular sequence having d elements. There results
a Koszul resolution of S, in Mod((S5€),). Using this resolution and the isomorphism
Extge (5, 5)p = Ext{ge), (Sp, (5)p) in Mod((5¢)) yields isomorphisms of (5¢)-
modules

[ ]
(2.4) Extg. (S, 5), ~ { gp nerd

Now assume (7). Then, gl.dim(S°) < oo (see )7 Qg/R is projective (see
and has constant rank n (see (2.4)). Conversely, assume that gl.dim(5¢) < oo
and Qg/r has constant rank n. Then, S € per(S°€) (see ) and the S-module
(equivalently, the symmetric S-bimodule) Extg.(S,S€) is zero if e # n and is
invertible if @ = n (see (2.4])). Thus,

(i) & (i) .

Finally, assume that both (i) and (i7) are true. Then, gl.dim(S) < oo (see ([2.2))).
Moreover, Van den Bergh duality [vdB98, Theorem 1| does apply here and provides
an isomorphism of S-modules

Ext%. (S, Ext?. (S;5¢) 1) ~ TorY (S, 5),
whereas [HKR62, Theorem 3.1] yields an isomorphism of S-modules
Tor? (S, 8) ~ A%Qs)R -
Thus, Ext§. (5, .5°) ~ A%Derg(S) in Mod(S). O

3. MATERIAL ON U-(BI)MODULES

The purpose of this section is to introduce an adjoint pair of functors (F,G)
between Mod(U) and Mod(U¢). In the proof of Theorem [1} the U-bimodule
Exty. (U, U¢) is described as the image under F' of a certain left U-module which
is invertible as an S-module. This section develops the needed properties of F.
Hence, [3.1] recalls the basic constructions of U-modules; and introduce the
functors G and F', respectively; proves that (F,G) is adjoint; introduces
and collects basic properties of compatible left S x L-modules, these are applied
in Section [4] to the action of L on Extg. (S, S¢) by Lie derivatives; and proves
that the functor F' transforms left U-modules that are invertible as S-modules into
invertible U-bimodules. These results are based on the description of U as a quo-
tient of the smash-product S x L given in the following lemma. This description
is established in [LOVI7, Proposition 2.10] in the case of Lie-Rinehart algebras
arising from Poisson algebras.

Lemma 3.0.1. The algebra S x L has the following properties.
(1) The identity mappingsIds: S — S andld: L — L induce an isomorphism
of R-algebras
(3.1 (SxL)/I—-U,
where I is the two-sided ideal of the smash-product algebra S x L generated

by
{s@a—-1®sa|seS,ae€L}.
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(2) If L is projective as a left S-module, then U is projective both as a left and
as a right S-module.

Proof. (1) Recall (see [Rin63|) that U is defined as follows: Endow S @ L with an
R-Lie algebra structure such that, for all s,t € S and o, € L,

[s + o, t+ ] = aft) = B(s) + [o, B];
then, U is the factor R-algebra of the subalgebra of the universal enveloping algebra

URr(S @ L) generated by the image of S @ L by the two-sided ideal generated by
the classes in Ur(S @ L) of the following elements, for s,t € S and « € L,

SRt —st, sQa — sa.
Recall also that S x L is the R-algebra with underlying R-module
S® Z/IR(L) )

such that the images of S ® 1 and 1 ® Ur(L) are subalgebras, and the following
hold, for all s,t € S and «, 8 € 5,

(s®1)-1®a)=s®a«

I®a) - (s@l)=a(s)®1+s®a.
Therefore, the natural mappings S — U and L — U induce an R-algebra homomor-
phism from S x L to U. This homomorphism vanishes on I whence the R-algebra

homomorphism ([3.1)).
Besides, the universal property of U stated in [Hue99l Section 2, p. 110] yields
an R-algebra homomorphism

(3.2) U—(SxL)/I

induced by the natural mappings S — (S x L/I) and L — (S x L)/I. In view of
the behaviour of (3.1)) and (3.2) on the respective images of S U L, these algebra
homomorphisms are inverse to each other.

(2) It is proved in [Rin63l Lemma 4.1] that U is projective as a left S-module.
Consider the increasing filtration of U by the left S-submodules

0OCRUCKHRUC---
where F,U is the image of &7_,S ® L® in U, for all p € N. In view of the equality
as = sa+ afs),

in U for all s € S and a € L, the left S-module F,U is also a right S-submodule
of U, and F,U/F,_1U is a symmetric S-bimodule for all p € N. Therefore, the
considerations used in the proof of [Rin63} Lemma 4.1] may be adapted in order to
prove that U is projective as a right S-module. (I

3.1. Basic constructions of U-modules. Left S x L-modules are identified with
R-modules N endowed with a left S-module structure, and a left L-module structure
such that, for alln € N, « € L and s € S,

a-(s-n)=a(s) n+s-(a-n).
Left U-modules are identified with left S x L-modules N such that, for all n € N,
a€LandseS,
s (a-n)=(sa) n.
Recall that the action of L endows S with a left U-module structure.

Right S »x L-modules are identified with the R-modules M endowed with a right
S-module structure and a right L-module structure such that, for allm € M, a € L
and s € S,

(m-a)-s=m-a(s)+(m-s)-a.
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Right U-modules are identified with right S x L-modules M such that, for all
meM,seSanda€lL,

(m-s)-a=m-(sa).

The following constructions are classical. The corresponding U-module struc-
tures are introduced in [Hue99l Section 2].
Let M, M’ be right S x L-modules. Let N, N’ be left S x L-module. Then,

e N is a right S x L-module for the right L-module structure such that, for
alne N;seSand a€ L,

(3.3) n-s=s-nandn-a=—-a-n,

e Homg(N, N') is a left S x L-module for the left L-module structure such
that, for all f € Homg(N,N’),n€ N and « € L,

(3.4) (a-f)(n) =a- f(n) = fla-n),

moreover, this is a left U-module structure if N and N’ are left U-modules,
e Homg(M,M’) is a left S x L-module for the left L-module structure such
that, for all f € Homg(M,M’), m € M and « € L,

(3.5) (a-f)(m)=—f(m)-a+f(m-a),

e Homg (N, S) is a right S x L-module for the right L-module structure such
that, for all f € Homg(N,S), n€ N and a € L,

(3.6) (f-a)(n) = —a(f(n)) + fla-n),
e N ®g N'is aleft S x L-module for the left L-module structure such that,
foralme N,n’ e Nand a € L,
(3.7) a-men)=a-ne@n +n@a-n’,

moreover, this is a left U-module structure if N and N’ are left U-modules,
e M ®g N is a left S x L-module for the left L-module structure such that,
foralme M, née N and a € L,

(3.8) a-(mn)=-m-a@n+mea-n.

3.2. The functor G = Homge (S, —): Mod(U®¢) — Mod(U). Given M € Mod(U*),
recall that

MS={meM|forscS, (s@1—1®s)-m=0}.
This is a symmetric S¢-submodule of M. Recall also the canonical isomorphisms
that are inverse to each other
MS
(3.9) m
p(1)
Lemma 3.2.1. Let M € Mod(U®). Then,
(1) M% is a left U-module such that, for allm € M*® and o € L,

HOHlSe (S, M)

-
= (s (s®1)-m)

—op.

(3.10) a-m:=(@@®l-1®a) m;

(2) the corresponding left U-module structure on Homge (S, M) (under the iden-
tification (@) is such that, for all p € Homge(S, M), « € L and s € S,

(@-9)(s) = (@@ 110 a) ¢(s) - p(als)) .
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Proof. (1) Given all s € S and « € L, denote
s®l—-1®selUfanda®l—-1@acU°
by ds and da, respectively; in particular
da-ds =ds-da+ d(a(s)),
and, for all m € M*,

ds-(da-m) = gloz~(ds~m) —d(a(s))-m

which proves that do-m € M*®. Therefore, (3.10]) defines a left L-module structure
on M%. Now, for all m € MS, se€ S and o € L,

a-(s®1)-m = da-(s®1)-m = (a(s)®1 + sa®l — s®a)-m
= (a(s)®1)-m + (s®1)(a®l — 1®a)-m
= (a(s)®1) m+ (s®1)-(a'm)

(s®1)-(arm) = (s®1)-(a®l — 1®a) -m = (sa®l)-m — (s®1)-(1®a)-m
= (sa®l)m — (1®a) (s®1)-m = (sa®l)-m — (18a)-(1®s)-m
= (sa®l — 1®sa)-m = (sa)-m.

Hence, this left L-module structure on M* is a left U-module structure.

(2) By definition, Homge (S, M) is endowed with the left U-module structure
such that (3.9) is an isomorphism in Mod(U). Let ¢ € Homg:(S, M), a € L and
s € S. Then,

(a-@)(s)

(1®5) (a- o) = (18)(a®1—10a)-p1)

= (a®s—1®@sa—1®a(s))-p(1)
(a®1-10a)(1®s)—1®a(s)) - (1)

a-(1®s) (1) —(1®a(s) - o(1) = a-p(s) = p(als)) .

|
[a—

Thus, the assignment M +— M defines a functor

G: Mod(U®) — Mod(U)
(3.11) M o MS

3.3. The functor F' = U ®g —: Mod(U) — Mod(U*®). Let N € Mod(U). In view
of [Hue99, (2.4)], Uy ®s N is a right U-module such that, for all u € U, n € N,
seSand ae L,

(u®n)-s=u®sn=us®n and (UON) - a=ua@n—-—ua-n.
Besides, U ®g N is a left U-module such that, for all u,u’ € U and n € N,
v (uen)=vu®@n.

Therefore, U ®g N is a U-bimodule, and hence a left U¢-module. These consider-
ations define a functor

F: Mod(U) — Mod(U°)

(3.12) N — U®sN.
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3.4. The adjunction between F' and G.

Proposition 3.4.1. The functors F = U ®g — and G = Homge (S, —) introduced
in[3.3 and [3.3 form an adjoint pair

ModU
F”G
ModU¢€ .

In particular, there is a functorial isomorphism, for all M € Mod(U®) and N €
Mod(U),

Homy (N, G(M)) = Homye(F(N), M).
Proof. Given f € Homy (N, G(M)), denote by ®(f) the well-defined mapping

Us N — M
wen o (Wel)- f(n);

consider F(N) (= U ®g N) as a U-bimodule. Then, for all u,v' € U,n € N, s € S
and o € L,

(f)(u - (u@n))

O(f)(w'u@n) = (uuel)- f(n)
= (Wal) 2(f)uen),

O(f)(u@n)-s) = (f)lu@s-n)=(uel)- f(s-n)
(wel)-(12s)- f(n))=((1&s) (u@l)- f(n)
= (1®s) 2(f)uen)=(2(f)(uen))-s

o(f)((u®n)-a) O(f)lue@n —u®a-n)
ua®1)-f(n)—(u®1)- fla-n)

(
Eua@l) fn)—(u®l) - (a@l-1®a)- f(n)
(@

u@a)- f(n)=(1&a) &(f)(ucn)
(wen))-a;

in other words,
®(f) € Homye(F(N), M).
Given g € Homye(F(N), M), then, for alln € N and s € S,
(s®1-1®s)-g(1®n)=g(s®sn—1Rss-n)=0;
hence, denote by ¥(g) the well-defined mapping

N — M3
n — g(len).

Therefore, for alln € N, s€ S and a € L,

U(g)(s-n) = g(l@s-n)=g(s@n)=g((s®1) (10n))
= (s©1)-g(1®n)=(s®1)-¥(g)(n)
U(g)(a-n) = gl@a-n)=gla®n-(10a)-(10n)

= (e®l)-gden) -(1®a) glen)=a-¥(g)(n);
in other words,
U(g) € Homy (N,G(M)).

By construction, ¥ and ® are inverse to each other. O
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3.5. Compatible left Sx L-modules. As explained in Section[I] the main results
of this article are expressed in terms of the action of L on Extg.(S,S¢) by Lie
derivatives and will be presented in Section[d] Although this action does not define
a U-module structure on Extg. (S, S¢), it satisfies some compatibility with the S-
module structure. The actions of L satisfying such a compatibility have specific
properties that are used in the rest of the article and which are summarised below.

Define a compatible left S x L-module as a left S x L-module N such that, for
alln € N, a € L and s € S, the elements sa € L and «(s) € S satisfy

(3.13) (sa) - n=s-(a-n)—a(s) n.

Note that a left S x L-module is both compatible and a left U-module if and only
if L acts trivially, that is, by the zero action.

The two following lemmas present the properties of compatible left .S x L-modules
used in the rest of the article.

Lemma 3.5.1. Let M be a right U-module. Let N be a compatible left S x L-
module. Then:

(1) The right S x L-module NY = Homg (N, S) is a right U-module,

(2) The left S x L-module Homg(NV, M) is a left U-module,

(8) The left S x L-module M ®g N is a left U-module,

(4) The following canonical mapping is a morphism of left U-modules,

0: M®sN — Homg(NY,M)
men = (Open: @ m-pn)) .

Proof. (1) Given ¢ € NV, s € S and « € L, then
p-(sa) =(p-s) a
Indeed, for all n € N,

(e (sa))(n) = —(sa)(p(n
= —sa(p En)

)
= ) (
= ((p-)- 8)(”) (90 a(s ))( )
= (v ) )
(2) This is precisely [Hue99, (2.3)].
(3) The S x L-module structure of M ®g N is described in (3.8)). Given m € M,
neN,se S and a € L, then
(sa)-(m®n) = —m-(sa)®n+m®e (sa)-n
= —(m-a)-s@n+m-a(s)@n+mes-(a-n)—mea(s) -n
= s - (a-(m®n)).

(4) It suffices to prove that the given mapping is L-linear. Let m € M, n € N,
a € L and ¢ € Homg(N, S). Then,

(a0 Oman)(p) = —9m®n(<ﬂ)-a+9m®n( ca) =—(m-p(n)) at+m-(¢-a)(n)
= —((m-a)-p(n) —m-a(p (n))) m - (—a(p(n)) + ¢(a-n))
= —(m-a)-p(n)+m- <P( n) = (m®n>(s0)

thus, @ - Omen = Oa.(men)- [l

?

Any left S x L-module N may be considered as a symmetric S-bimodule, or
equivalently a right S¢-module, such that, for all n € N and s,s’ € S

n-(s®s)=(ss') n;

accordingly, N ®ge U€ is a right U¢-module in a natural way.
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Lemma 3.5.2. Let N be a compatible left S x L-module

(1) The right U¢-module N ®ge U® is actually a U-U¢-bimodule such that for
alln e N,u,ve U and a € L,

a-mMuev)=a-n® wev)+n® (a®l-1®a): (u®v)).

(2) Let M be a right U-module. Then, there exists an isomorphism of left
U¢-modules

F(M@SN) — M®U (N@Se Ue)
v@(men) —» mene(1ev)).

Proof. (1) Following part (3) of Lemma [3.5.1] there is a left U-module structure on
U ®g N such that, foralla € L, v e U and n € N,

a-(v®n)=—-va®@n+vRa-n.

Therefore, there is a left U-module structure on (U ®gs N) ®g U (see (3.7)) such
that, for all« € L, n € N and u,v € U,

a-(ven)eu) = a-Wen)u+ (Vven)®au
= —(va®@n)@u+ WR®a-n)Qu+ (vAn) R au.

Under the canonical identification

N®g U — (U®sN)®sU
ne(u®v) — (VAn)®u,

N ®ge U€ inherits of a left U-module structure which is the one claimed in the
statement.

Now, N ®ge U€ inherits a right U¢-module structure from U€. This structure
is compatible with the left U-module discussed previously so as to yield a left
U ® (U®)°P-module structure.

(2) Due to (1), there is a right U®-module structure on M Qg (N ®ge U¢). It
is considered here as a left U¢-module structure such that, for all u,v,u’,v’ € U,
m&E M and n € N,

(3.14) (Wev) (mMenhe(uev))=m®e ne (uw @u'v));
For the ease of reading, note that in F(M ®g N),

(u®l)-(V@MmMEn) =wdmaen
(I®a)-w@men)=va@men+v@m-a®@n—vmaea-n,

(3.15)

and, in M ®@u (N ®ge U°),

(3.16) M- a®@nNAUV=mRa - NnQUV+mMINQauRv—men®u va.

The R-linear mapping from U ® M ® N to M @y (N ®ge U¢) given by
vmeAn—me M (11wv))

induces a morphism of S-modules from U ®g (M ®g N) to M @y (N ®ge U®) such
as in the statement of the lemma. Denote it by ¥’:

V' U®s(M®sN)— Moy (N g U).



14 THIERRY LAMBRE AND PATRICK LE MEUR

This is a morphism of left U°-modules. Indeed, for all u,v € U, m € M, n € N
and o € L,

U ((u®l) - (vemen)) = ¥(uwemen) = mOn®1lQuv

= (u®1) -V (v@men)
(3-14)

UV ((1®a) - (v@emen)) = V(va@men+v@m - a®n —v@mea - n)
= mINV1IQua+m- - a@n1Qv —mRa - nR1Rv

= MAONKYKaRQv

(3.16)

= (1®a) -V (v@m®en).
(B-14)

Consider the following morphism of S-modules

¢p: M®s(N®gU¢) — F(M®®gN)
mnmeuev) —» (1Qu) (vemen).

Given m € M, n € N, u,v € U and o € L, then the image under ¢ of the term
mAa-nURSRUV+mIOINRQau@ v —mROnQu R va

is equal to

1®u)-wedma-n)+(1®au) - (v@men)—(1®u)-  (va@men),

which is equal to

leu) -wedmea-n)+(1u) - 1a)- veamen)— (1Qu) - (va@men).

In view of , this is equal to
(1®u)-wedm-a®@n)=¢(m-a® (n® (u®v))).

Thus, ¢ induces a morphism of S-modules

: Moy (Nes U — F(MosN)
mRnuev) — (1u) - (vemaen).
It appears that ® is left and right inverse for ¥’. Indeed,

o &' oV =Idpyggn), and

o forallu,v e U, me M andn € N,

Vod(imdnuev) = ¥ (1®u) (v@dmen))
(1®u)‘1’l<v®m®n) (\I!/ is U“-linear)
(1®u) - (mMen®lewv)
= MmMINQuURRU.

O

3.6. Invertible U-bimodules. The following result is used in Section Bl in order
to prove that Exty;. (U, U€) is invertible as a U-bimodule, under suitable conditions.

Proposition 3.6.1. Let R be a commutative ring. Let (S,L) be a Lie-Rinehart
algebra over R. Denote by U its enveloping algebra. Let N be a left U-module.
Assume that N is invertible as an S-module. Then F(N) is invertible as a U-
bimodule.

The subsection is devoted to the proof of this proposition. Given a left U-
module N, then F(N) = U ®g N as left U-modules. Hence, there is a functorial
isomorphism

(3.17) 0: Homg(N,U) — Homy (F(N),U).
Note:
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e Homg(N,U) is a left U-module (see (3.4), and it inherits a right U-module
structure from Uy ; by construction, these two structures form a U-bimodule
structure.

e Homy (F(N),U) is a U-bimodule because so are F'(N) and U.

e N ®s Homg(N,U) is a left U-module (see (3.7)), and it inherits a right
U-module structure from Uy ; by construction, these two structures form a
U-bimodule structure.

Lemma 3.6.2. Let N be a left U-module. Then,
(1) 6: Homg(N,U) — Homy (F(N),U) is an isomorphism in Mod(U¢),
(2) the mapping
®: N ®gHomg(N,U) — F(N)®y Homy(F(N),U)
n® f — (1®n)®0(f)
is an isomorphism in Mod(U®), and
(3) the diagram

N®sHomg(N,U) —> U

|

F(N)®uHom(F(N),U) —=U

with horizontal arrows given by evaluation, is commutative.

Proof. (1) By definition,  is a morphism of right U-modules. It is also a morphism
of left U-modules because, for all n € N, f € Homg(N,U), w € U and o € L,

O(a- f)(u®@n) u(a - f)(n)
ulaf(n) — fla-n))=0(f)llua®@n—-—ua-n)
O(f)((u@n)-a)=(a-0(f)(u@n).

(2) By definition, ® is a morphism of right U-modules. It is also a morphism of
left U-modules because, for all n € N, f € Homg(N,U) and « € L,

Pla-(n@f) = Pan@f+na-f)
= 1®a-n)0(f)+(1on)0(a-f)
=a-0(f)
= (I®a-n)0(f)+ (1®n) -a ®6(f)
N—————

=a®@n—1Ra-n
(a®@n)®0(f)
= a-Pnef).
In order to prove that ® is bijective, consider the linear mapping
v: F(N)®gHomy(F(N),U) — N ®gHomg(N,U)
(u®n)®g = ou-(neo(g).
Note that, for all w € U, « € L, n € N and g € Homy (F(N),U),
P(uen)-a®yg) = Y(ue@n)©g—-(u®a-n)g)
= ua- (n®071(g)) —u-(a-n®0 ' (g))
= u (an®0 (g +nea-07(g) —u- (e n®07(g))
u-(n@0 1 a-g)) (see part (1))
= Y(uen)®a-g).
Hence, 1 induces a linear mapping
¥: F(N)®u Homy(F(N),U)
(u®n)®g

N ®g HomS(N, U)
u.

%
— (n®671(g)).
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Now, by definition of ® and W,

Vo ® =IdygsHoms(N,U) -
Since
e U is a morphism of left U-modules by construction;
e as a left U-module, F(N)®y Homy (F(N),U) is generated by the image of
(1® N) ®@ Homy (F(N),U); and
e for all m € N and g € Homy (F(N),U),
Po¥((leon)®g)=(1®n)®g;
the following holds
@ oV = Idr(n)@yHomy (F(N),U) -
Altogether, these considerations show that ® is an isomorphism in Mod(U*®).

(3) The diagram is commutative by definition of ®. O

Like in the previous lemma, for all N € Mod(U), Homg (N, U) is a U-bimodule,
and hence Homg(N,U) ®¢ N is a U-bimodule by means of (3.7) and the right
U-module structure of U.

Lemma 3.6.3. Let N be a left U-module. Then,
(1) the mapping
®’: Homg(N,U)®s N — Homy(F(N),U)®y F(N)

feon — (f)®(1len)
is an isomorphism in Mod(U®); and

(2) the diagram
Homs(N,U)®sN

@/i

Homy (F(N),U)®u F(N) — U

U

with horizontal arrows given by evaluation, is commutative.
Proof. (1) First, since F(N) =U ®g N in Mod(U*®), then
Homy (F(N),U) ®y F(N) 2 Homy (F(N),U) ®s N
as left U-modules. Under this identification, ®’ expresses as
P fan—0(f)@n.

Therefore, ® is bijective because so is 0.

Next, ®' is a morphism of left U-modules because so is 6. And it is a morphism
of right U-modules because it is a morphism of right S-modules, and because, for
all f € Homg(N,U),n € N and a € L,

'((fen)-a) = (f-a®@n—-f@a n)
= 0(f-a)@e(1len)—-0(f)e(1®a-n)
=0(f)-a
= (f)®a-1en)—0(f)®(1®a-n)

=a®n

= 0(f)e((len)- a)
O(f)e@(1en) o
= 9(fen) «a.

This proves (1).
(2) The diagram commutes by definition of ®'. O
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It is now possible to prove the result announced at the beginning of the subsec-
tion.

Proof of Proposition|3.6.1] Since N is invertible as an S-module, then the following
evaluation mappings are bijective

N ®s Homg(N,U) - U and Homg(N,U)®s N — U.

According to Lemmas and the following evaluation mappings are iso-
morphisms of U-bimodules

F(N) @y Homy (F(N),U) - U and Homy(F(N),U)®y F(N)—=U.
Thus, F(N) is invertible as a U-bimodule. d

4. THE ACTION OF L ON THE INVERSE DUALISING BIMODULE OF S

This section introduces an action of L on Extg. (S, S¢) by means of Lie deriva-
tives, which is used to describe Exty. (U, U®) in the next section. When S is projec-
tive in Mod(R), then Extg. (S, —) is the Hochschild cohomology H®(S;—); in this
setting, the Lie derivatives on H*(S;S) and H,(S;S) are defined in [Rin63), Section
9] and have a well-known expression in terms of the Hochschild resolution of S. For
the needs of the article, the definition is translated to arbitrary coefficients in terms
of any projective resolution of S in Mod(S¢).

Hence, introduces preliminary material, [£.2] deals with derivations on projec-
tive resolutions of S in Mod(S°), defines the Lie derivatives, presents the
action of L on Extg. (S, 5¢), and iscusses particular situations.

For the section, a projective resolution of S in Mod(S¢) is considered;

(P*,d) — S.
Denote S by P! and the augmentation mapping P° — S by d°. For all M €
Mod(S€¢) and s € S, denote by As and p, the multiplication mappings
As: M — M, mr—(s®1)-m
and
ps: M — M, m— (1®s)-m.

4.1. Data on the projective resolution. For all s € S, the mappings Ag, ps on
P* are morphisms of complexes of left S¢-modules and induce the same mapping
S = S
t — st

in cohomology; Hence, there exists a morphism of graded left S¢-modules

(4.1) ks: P* — P*[-1]
such that
(4.2) As —ps=ksod+doks.

Lemma 4.1.1. Let 0: S — S be an R-linear derivation. Let 1»: P®* — P® be a
morphism of complexes of R-modules such that

o HO(¢): S — S is the zero mapping;
e there exists a morphism of graded left S€-modules

k: P®* — P*[—1]
such that, for allp € P® and s,t € S,
(43)  ((s2)p) = (s8) Y(p) — (1@ 0)(s©1)- (kod+dok)(p).
Then, there exists a morphism of graded R-modules
h: P®* — P*[—1]
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such that
— Y =hod+doh; and
— forall s,t € S and p € P°®,

h((s@t) -p) = (s®@1)-h(p) = (1©I)(s®1) - k(p).

Proof. The proof is an induction on n < 1, taking h': S — P° equal to 0. Let
n < 0 and assume that there exist linear mappings, for all j such that n+1 < j <1,

hi: Pl — pi—t

such that, for all j satisfying n+1<j <0, p€ P’ and s,t € S,

wy W Wedsdion |
W(s@t)-p) = (s®@t)-h(p)—(1®09)(s®t) Kk (p).
pr+l prt2 ant?
/Pn+1 qntt prt2 qnt?
Let

((ps, @i))iel

be a coordinate system of the projective left S¢-module P™. That is, let p; € P™
and ¢’ € Homge (P", S¢) for all i € I, such that, for all p € P",

p=>_¢'® i,

icl

where {i € I | ¢'(p) # 0} is finite. Since 1): P®* — P*® is a morphism of complexes,
it follows from (4.4)) that, for all i € I, there exists p; € P"~1 such that

(4.5) W (pi) = d" () + " o d (i) -

Denote by h" the linear mapping from P" to P"~! such that, for all p € P,

=Y ¢ v — (1@ 0) (¢ (®) K" (p:) -

i€l

Then, for all p € P™ and s,t € S,
h™((s ®t)-p)

=2 (s®1)-¢'(p)pi—(s @ 1)- (1@ ) (&' (p))-k"(pi) —(1 ® O)(s @ 1) 0" (p) - k" (ps)

el
=(s@1t)-h"(p)—(1 @) (s @1)-k" (X " (P)-Pi)
=(s@1t)-h"(p)—(1©d)(s®@1t)-k"(p).

Moreover,

wn — hn+1 Odn—l—dn_l o h".
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Indeed, for all p € P", p=>"..; ¢'(p) - pi» and hence
"t o h"(p) + h"Ft o d"(p)

= Y @' (p)-d*(p;) — (1@ 0) (¢ (p)-d" ' o k™(ps) + K" (3 cp ' (p)-d™ (pi))

iel

iezlwi(p)-d"‘l(pé) - (1<8>®(<ﬁ(19))-<l"‘1 o k™ (pi) |
+ @' (p)-h* o d™(pi) — (1@ ) (@' (p))-k" ' o d™(p:)

e,“’i(p)'d"‘l(pé) + @ (p)-h" T o d™(pi) + " (" () -pi) — &' (p)-¥" (pi)

4.3) ;
iEZIw”(sDi(p)pi):w”(p) :
O
4.2. Derivations on the projective resolution. Let 0: S — S be an R-linear
derivation. It defines an R-linear derivation on S¢ denoted by 9¢,
0°: Se - 5
s@t — Os)@t+s0(t).
For every left S¢-module M, a derivation of M relative to 0 is an R-linear mapping
Ov: M — M
such that, for all m € M and s,t € S,
Ou((s®t)-m)=0%s®t) - m+ (s®t)-O(m).
A derivation of P* relative to 0 is a morphism of complexes of R-modules,
0%: P* — P*,
such that 0™: P* — P" is a derivation relative to 0 for all n, and such that

H°(9*) = 0. Note that a morphism of complexes of R-modules 9°: P* — P*® such
that H°(9*) = 0 is a derivation relative to 9 if and only if

¢ O As = S s © * I
@ Lo S
Remark. For all derivations 97,05 : P®* — P* relative to 0, the difference
0y —05: P* — P*
is a null-homotopic morphism of complexes of left S¢-modules.

Lemma 4.2.1. There exists a mapping, which need not be linear,

DerR(S’) — HomR(P', P.)

(4.7) o — o

such that:

(1) For all O € Derg(S), the mapping 0% is a derivation relative to 0.
(2) For all 81,02 € Derg(S) and r € R, there exist morphisms of graded left
S¢-modules
0,0 P* — P*[—1]
such that
{ [01,00]* —[07,05] = fLod+dol
(

(48) 81 +7"82). _ (81' +7‘85) = E/Od—i-dogl-
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(3) For all s € S and 0 € Derg(S), there exists a morphism of graded R-

modules
h: P* — P*[—1]
such that
(4.9) (s0)* —As00®* =hod+doh
and, for all p € P* and t1,t5 € 5,
(4.10) h((t1 ® t2) - p) = (1 @ 12) - h(p) — (t1 ® O(12)) - ks(p) -

Recall that ks: P* — P*[—1] is a morphism of graded left S€-modules such that
As —ps =ksod+doks (see (4.1) and (4.2))).

Proof. (1) Let 0 € Derg(S). For convenience, denote d by 8': S — S. The proof
is an induction on n < 1. Let n < 0, and assume that a commutative diagram is
given

j 2L d" Pn+1 .. PO d° Pl 0
ian«{»l \Lao ial
pr 2 pott » P2 pt 0

where 9°: P* — P! is a derivation relative to 0 for alli € {n+1,n+2,--- ,0}. Let

((pi, @i))iel

be a coordinate system of the projective left S¢-module P™ (see the proof in [4.1]).
Then, for all ¢ € I, there exists o, € P™ such that

"o d™(pi) = d"(p}) -
Denote by 0™ the R-linear mapping from P™ to P™ such that, for all p € P™,
0"(p) =Y _ &' () - pi + ¢ (p) - 1}
iel
Then, for all p € P,
d"o0"(p) = Y1 0(¢'(p)) - d™(pi) + ¢ (p) - d"(p})
= Y 0@ (p) - d"(pi) + ¢ (p) - 0" 0 d™(py)
= o0"o d”(Ziez SOi(p) - ;)
— an-{-l ° dn(p) .

Thus,

dn oan — an+l Odn.
Moreover, 9™ is a derivation of P" relative to 9 because 0 is a derivation of S¢ and
' € Homge (P™, S¢) for all i € I.

(2) Note that [01,02]* and [0F, 03] (or, (81 +702)* and I + rd3) are derivations
of P* relative to [0y, 0s] (or, to Oy + rds, respectively). The conclusion therefore
follows from the remark preceding Lemma

(3) Denote by v the mapping (s9)® — As 0 9® given by

Pt — P*
p = (s9)*(p) —(s®1)-9°(p).
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Then, for allp e P* and t € S,
Y((t®1)-p)

=(s0)*((t®1)p) = (s@1)-0*((t©1)-p)
=(s0(t) 1) p+ (t®1)(s0)*(p) = (s®@1)-(O(t) @ 1)-p— (s®1)-(t®1)-0%(p)

=(t®1)¥(p)
and

Y((1@t)p)

=(s0)*((1®t)p) - (s®1)-0*(1®1)p)

=(1®s0(t)p+(1®t)(s9)*(p) —(s®@1)-(1® () p—(s®1)(1®t)0*(p)

=1 ®1)-¥(p) + (1@ (1)) (ps — As)(p)

=(1®t)- —(1®0(t) (ksod+doks .

18 0-6() — (19 0(0)(hy 0 d+do k) )
Hence, Lemma may be applied, which yields (3). O
Remark. Using the remark preceding Lemma [£.2.1] it may be checked that, al-
though the mapping Derg(S) — Hompg(P*®, P*) of the lemma is not unique, two

such mappings induce the same mapping from Derg(S) to H'Hompg(P®, P*), which
is R-linear.

When S is projective in Mod(R), it is possible to be more explicit on a possible
mapping 9 — 9°. Indeed, the Hochschild complex B(S) = S®**2 is a projective
resolution of S. For all @ € Derg(S), define the following mapping:

Lo: B(S) — B(S)
n+1
(sol-+Isnt1) = Z:O(So\"'|Si—1|3(51)|"'|5i+1|"'\Sn)-

This is a derivation of B(S) relative to d. It is direct to check that the mapping

Derg(S) — Homg(B(S), B(S))
0 Ly

is a morphism of Lie algebras over R. Now, consider homotopy equivalences of
complexes of S°-modules,

f
pe %) B(9),
and, for all 0 € Derg(S), define 0° as
9 =goLsof;

this is a derivation relative to 0 because so is Ly and because f and g are morphisms
of resolutions of S in Mod(S¢). The following mapping satisfies the conclusion of
the preceding lemma, it is moreover R-linear.

Derr(S) — Hompg(P*,P*)
0 — 0°.
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4.3. Lie derivatives. Consider a mapping 0 + 0® such as in Lemma Let
M be an S-bimodule and 9: S — S be an R-linear derivation. Let Oy : M — M
be a derivation relative to 9. Given n € N and 1) € Homge (P~™, M), denote by

Lo(1)) the mapping

(4.11) Lo() =0pmotb —1hpod™ ™.

This is a morphism in Mod(S¢) because so is ¢ and because Jp; and 9™ are
derivations relative to 9; moreover, it is a cocycle (or a coboundary) as soon as

is because 0°: P®* — P*® is a morphism of complexes. Denote by Ly the resulting
mapping in cohomology

Ly: Extg. (S, M) — Extg. (S, M)

such that for all ¢ € Extg.(S, M), say represented by a cocycle ¢, then Ly(c) is
represented by the cocycle L5(¢). In the situations considered later in the article,
there is no ambiguity on dp;, whence its omission in the notation.

Following similar considerations denote also by L5 the mapping

Ly: Tord" (S, M) — Tors" (S, M)

e

such that for all w € Torf (S, M), say represented by a cocycle m®p € M ®ge P*
with sum sign omitted, L5(w) is represented by the cocycle

£a(m ®p) =m 8.(]?) + 8M(m) Xp.

When S is projective in Mod(R), these operations may be written explicitly
in terms of the Hochschild resolution. When v is a Hochschild cocycle lying in
Hompg(S®™, M), the mapping Ls(¢)) is given by

(4.12) (s1]---lsn) = Ona (f(s1] -+~ |sn)) — Zf(81| o [0(si)l - lsn) -

Likewise, the operation in Hochschild homology is induced by the following mapping
at the level of Hochschild chains,

M®S®%" — Mgs®™
(mlsi|---[sn) (8M(m)\sll~--|sn)+ﬁ_21(mlsll---Ia(si)\---Isn)-

The operator Ly is of course called the Lie derivative of 3. When M = §
and S is projective in Mod(R), this is nothing else but the classical Lie derivative
defined in [Rin63l Section 9]. In view of the remark following Lemma these
constructions depend only on 0 and Jj; and not on the choices of P® and the
mapping d — 0°.

In the sequel these constructions are considered mainly in the following cases:

e M =S and Oy = 0.

e M = S° and 0y = 0°.

o M = Ext%.(S5,5¢) (n € N) and 9y = Ly, which makes sense according to

the result below.
In the sequel the following construction is also used. Consider S-bimodules M, N.
Let m,n € N. Let 0 € Derg(S) and let dp;: M — M and Oy: N — N be R-linear
derivations relative to @. Then, for all f € Hompg(Ext (S, M), TorS (S, N)), define
Lo(f) as
Loof—foLs.

Recall that for all M € Mod(S¢), the spaces Ext%.(S, M) and Tors (S, M)
are left S-modules by means of A\;: M — M for all s € S; the corresponding
multiplication by s on these (co)homology spaces is denoted by ;.
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Lemma 4.3.1. Let M € Mod(S¢), neNands€ S. Let 9,0': S — S be R-linear
derivations. Let O, 0y M — M be R-linear derivations relative to 9 and 9,
respectively. Then, the following hold in Extg. (S, M):
(1) Loods = )\8(5) + As0Ly.
(2) Lip,on = [La, Lor].
(8) let m € N, let N be another S-bimodule and let Oy : N — N be a derivation
relative to 0. Consider the contraction mapping

TorS (S,M) — Hompg(ExtZ(S,N), TorS (S, M ©g N))

w = (e (w)).

If m =n, then it is Ly-equivariant. When S is projective in Mod(R), it is
Ly equivariant for all m,n € N;

(4) If M is symmetric as an S-bimodule, Lso = s 0 Lg.

(5) When M = S¢ (and Oy = 0°), the following equality holds in Extg. (S, M):

Lsg=AsoLy— )‘B(s) .
Proof. (1) The equality is checked on cochains. Let ¥ € Homge(P~", M). Then,
‘C@O)\s(d}) = 3MO/\SO1/J*)\SO1/)°5'

= (/\a(s) +)\505M)°1/J—)\301/103°
= ()\3(5) +As0Ly)(Y).

(2) Note that Ly g1 is defined with respect to [Opr, 0y,], which is a derivation
of M relative to [0, ’]. Following Lemma there exists a morphism of graded
S¢-modules

{: P* — P*[—1]

such that

[0,0']* —[0°,0*) =lod+dol.
Let ¢ € Homge (P~™, M). If this is a cocycle, then

Lioo1(¥) = [0m, 0o —9o([0°,0°]+Lod+dol)
= [Lo,Lo](¥) —tpolod—1podol,
~——
=0
which is cohomologous to [£gLa](1)). This proves (2).
(3) Note that the mapping

6M®SN: Mxs N — M®sN
@y = Ou(@)@y+az®0n(y),
is a well-defined derivation relative to 0, which defines Ly on

TorS (S, M g N).

Assume first that m = n. Let p° be any element of the preimage of 15 under the
augmentation mapping P’ — S. Let x®@p € M®ge P~™ and ¢ € Homg:(P~™, N),
and use the notation

tp(z ®p) = (2@ P(p)) @ p".
Recall that the contraction mapping is induced by the mapping
M ®ge P~™ — Hompg(Homge(P~™ N),(M ®s N) ®ge P%)
zp — w@®p)
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Denote La(ty (7 @ p)) — Lz, (® @ p) by 6. Then,
5 Lo((z®@v(p)) ®p°) — (z® Lo(¥)(p) ® p°

= Ou(z)@¢(p) @p’+z0InW(p) @ +2@Y(p) ®d°(p°)
—2® In(¥(p)) @p° + 2 @ Y(O™(p)) ® p°
= (Lo(z®p)) +2@U(p) ®°(P°).

Note that 9%(pg) lies in the image of d: P~ — P% because the image of p® under
PY — Sis 1 and H°(9®) = 0. These considerations therefore prove (3) when
m=n.

Now assume that S is projective in Mod(R). Then, the equivariance may be
checked at the level of Hochschild (co)chains. Let o = (x|si| -+ |sym) € S®™ and
1) € Hompg(S®™, N). Then,

Lo(ty(0)) — Lﬁa(w)(o)
=Lo(x @ P(s1|--[sn)lsnt1l - [sm) = (2 @ Lo(¥)(s1] - [sn)|Sn1] -+ |5m)

=(Om () @ P(sa] -+ [sn)lsna| -~ |sm) + (£ @ On(P(s1] -+ |sn))[snta] - - [sm)

+ > (@@l lswlsweal 10|+ sm)

j=n+1

— (@@ In(P(s1]---[sn))[snsa -~ |sm)

n
+ L@@ wsal-0(s)] - Isn)lsnaal -+ lsm)
J:

=ty(La(0)),
which proves (3) for all m,n € N when S is projective in Mod(R).

(4) Note that Lsp is defined with respect to the derivation sy (= As 0 Onr).
Assume that M is symmetric as an S-bimodule. Therefore, the mapping

Ny 00°%: P* — P*

is a derivation relative to s0. Let ¢ € Homge (P*®, M) be a cocycle with cohomology
class denoted by c. Since 1 o Ay = A 09,

Lso(¥) = (As0dm)op —po(As00%) =A;0Lo(Y).
Taking cohomology classes yields that Lg5(c) = As 0 Lo(c).
(5) Recall that, here, 0y is taken equal to

(s0)¢: Se - S
S1 Q8 = $0(s1)® s2+ 51 ® s(sa).

Let 1 € Homge(P~", M) be a cocycle with cohomology class denoted by c. Let h
be as in part (3) of Lemma Then,

Lso(y) = (s0)°otp—¢o(s0)®
= (s0®14+1®s0)otp—1o(s))®
= A o(@®1)ot+pyo(1@)ot— o (D).
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Using (4.9)), the equality becomes
Lio())=As0(0@1)0tp+ps0(1®@I)oth —As09p0d®* —pohod—thodoh.
——
=0

Using [0, ps] = pas), it then becomes

Lso(¥)) =Xs0(0®@1)otp+(1®0)0ps0Y —pos) 0P —As0900® —pohod
:/\SO(8®1)O’¢_)08(5)Ow+(1®a)owo(ps_/\s)
+(1®d)orhors —As01900®* —tpohod.

Using (4.2)), this becomes
Lso(Y) =As0(0@1)0th — Pa(s)mﬁ — (1®0)orpodok,
~—
=0
—(1@d)otoksod+  (18D)otho),  — A,01p0d" — ohod
(G

=(1®9)oAs0th=A;0(1R)or)
X0 (@1 + 109)0t — oot — Aeothod®* — (roh + (183)oyok,)od

=Xs0(La(¥)) — pasyot — (Yoh + (1®0)orpoks)od.
Now, consider the following R-linear mapping denoted by f:
Ypoh+(1®39)opoky: P - g¢,

This is a morphism of S-bimodules. Indeed,

e it is a morphism of left S-modules because so are 1, 1 ® 9, ks and h (see

([4.10));
e since 1 and k; are morphisms of S-bimodules, then, for all ¢t € S,
fope = WYohop+(l®0D)opropoks

" ¢o(ptoh—p8(t)Oks)+(1®a)optowoks

proYoh—pyp othoks+(1®0)op; ook
=  poyoh+po(l®d) ook

= peof.

Therefore, L5(1)) and As0 Ly (1)) — pa(s) 09 are cohomologous. Since so are Ag(s) 01
and py(s) © 7 it follows that

Lio(c) = Xs 0 La(c) = Ag(s)(c)
t
4.4. The action of L on Extg.(S,S¢). According to Lemma the mapping

L x Ext%.(S,5¢) —  Ext(S,5¢)

(4.13) (a,e) = a-e:= Ly, (e)

endows Extg. (S5, 5¢) with a compatible left S x L-module structure in the sense of
(3.13), that is, a left S x L-module structure such that, for all e € Extg. (S, 5¢),
a€LandseS,

(4.14) (sa)-e=s-(a-e)—a(s)-e.
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This left S x L-module structure on Extg. (S, S¢) does not define a left U-module
structure in general. However, Lemma yields that Extg.(S,5¢)Y is a right
U-module by defining 6 - o, for all § € Ext%.(S,5¢)" and a € L, as
0-a: Exté(S,5¢) — S
e = —afle)+0(a-e).

4.5. Particular case of Van den Bergh and Calabi-Yau duality. Recall that,
whenever Tor> (S,S) ~ S as S-(bi)modules, a volume form is a free generator wg
of TorS" (S, 5); and the associated divergence

div: Derg(S) — S
is defined such that, for all 9 € Derg(S5),
(4.15) Lo(wg) = div(0)wg -

When S is Calabi-Yau in dimension n, any free generator eg of the left S-module
Ext’s. (S, S¢) defines an isomorphism of S-bimodules

f: S — Exts(S,5°)
s = seg.

In such a situation, the fundamental class cg € Tor (S, Ext?. (S, 5¢)) (see Sec-
tion is a free generator of the left S-module Tor>" (S, ExtZ. (S, S¢)); and hence
the preimage wg of cg under the bijective mapping

0,: TorS (S, S) — TorS (S, Ext%. (S, 5¢)).
is a volume form for S, thus defining a divergence operator.

Proposition 4.5.1. The following properties hold.

(1) Assume the following:
e R is Noetherian and S is finitely generated as an R-algebra.
e S is projective in Mod(R).
e S has Van den Bergh duality with dimension n.
Then there is an isomorphism of S-modules compatible with Lie derivatives

Ext. (S, 5°) ~ AGDerg(S).

(2) Assume that S is Calabi-Yau in dimension n. Let eg be a free generator of
the left S-module Extg. (S, S¢). Let div be the resulting divergence operator.
Then, for all 9 € Derg(5),

(4.16) ﬁa(es) = —div(a)es.

Proof. In both cases, S lies in per(S¢). Denote the fundamental class of S by cg.
In view of part (3) of Lemma the definition of cg gives that

(4.17) Lolcs) =0.

(1) Denote Extg.(S,5¢) by D. In view of Proposition [HKR62, Theorem
3.1] applies and yields an isomorphism of S-modules

(4.18) Tor? (S, S) ~ A%Qg/r .

Following [Rin63, Section 9], this isomorphism is compatible with Lie derivatives.
Identify D! with Homg (D, S) and define dp-1 as follows, for all € Derg(95),

Op-1: Homg(D,S) — Homg(D,S)
f = 0O0of—foLy.

The evaluation isomorphism

(4.19) ev: Deg D™t 5 S
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is compatible with Lie derivatives in the following sense, where 9 € Derg(S),
(4.20) doev=evo(Ly®@Id+Id® dp-1).

Besides, the duality isomorphism

(4.21) w2(cs): Bxt. (S, D7Y) = Tord (S, D ®g D)

is compatible with the action of Lie derivatives because of (4.17) (see part (3) of
Lemma 4.3.1)). Combining (4.18), (4.19), (4.20) and (4.21) yields an isomorphism
that is compatible with Lie derivatives

D!~ Agﬂs/R.

This proves (1).

(2) Keep the notation cg, wg, 0, 0, for the objects defined from eg before the
statement of the proposition. Let 0 € Derg(S). There exists A € S such that

[:a(es) = /\65 .
Now, for all s®@p € S ®ge P7™,

Lo(0(s®p)) = Lo(ses®p)
= 0J(s)es @p+ sLyles) ®p+ ses @ 0*(p)
0+(Lo(s @ p)) + Mu(s @ D).

Therefore,
0=Ls(cs) = Lo(0(ws)) = 0.( Lo(ws) ) + Mi(ws) = (A + div(D))es -
——
:div({))ws
Since cg is regular, A = —div(9). O

5. PROOF OF THE MAIN THEOREMS

The main results of this article are proved in this section. For this purpose, a
description of Extyr. (U, U€) is made in the underlying S-module is expressed in
terms of Extg.(S,5¢) and Ext}, (S,U); and the U-bimodule structure is described
using the functor F: Mod(U) — Mod(U¢) and the action of L on Extg.(S,S¢)
introduced in Section [d] This description is applied in [5.2]in order to prove Theo-
rem [I And Theorem [2] and Corollary [I] are proved in [5.3] and [5.4] by specialising
to the situations where Extis?” (S, S¢) and Ext;®(S,U) are free, and where (S, L)
arises from a Poisson bracket on S, respectively.

Throughout the section, Extg. (S, .5¢) is endowed with its compatible left S x L-
module structure introduced in 4l

5.1. The inverse dualising bimodule of U. This subsection proves the following
result.

Proposition 5.1.1. Let R be a commutative ring and d € N. Let (S,L) be a
Lie-Rinehart algebra over R. Assume the following:

(a) S is flat as an R-module.

(b) for alln € N, the S-module Ext. (S, S¢) is projective.

(c) S € per(S°).

(d) L is finitely generated and projective with constant rank equal to d in Mod(S).
Then, ALY ®g Ext¥.(S,S¢) is a graded left U-module such that, for all a € L,
c € Ext%.(S,9¢) and p € ALLY,

a-(pRc)=—p-a®@c+pRa-c.
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Moreover, U is homologically smooth. Finally, there is an isomorphism of graded
right U°-modules

Exty. (U,U°) ~ F(ALLY @5 Ext%: (S, S%)).

For this subsection, assume (a), (b), (¢) and (d) are true, and consider

e a bounded resolution Q* — S in Mod(U) by finitely generated and projec-
tive modules (see [Rin63, Lemma 4.1]),
e a bounded resolution 7: P* — S in Mod(S¢) by finitely generated and
projective modules,
e an injective resolution j: U¢ — I* in Mod(U® @ (U*®)°P).
Since S is flat over R and L is projective in Mod(S), part (2) of Lemma [3.0.1] gives
that U® is flat over R. Therefore, the extension-of-scalars functor

—®U®: Mod(U®) = Mod(U*® ® (U®)°P)

is exact. Hence, the restriction-of-scalars-functor transforms injective U¢-bimodules
into injective left U®-modules. Thus, I® is an injective resolution of U¢ in Mod(U*®).
Therefore, there is an isomorphism of graded right U®-modules

(5.1) Exty. (U, U®) ~ H*Homye (U, I'*).

The right-hand side is a right U°-module by means of I*.
The proof of the above proposition is divided into separate lemmas.

Lemma 5.1.2. U is homologically smooth.
Proof. Since U is projective in Mod(S) (see part (2) of Lemma , the functor
F: Mod(U) — Mod(U*®)

is exact. Moreover, F'(S) ~ U and S € per(U). Therefore, in order to prove
that U is homologically smooth, it suffices to prove that F(U) € per(U*¢), which is
equivalent to F'(U) being compact in the derived category D(U®) of complexes of U-
bimodules. Here is a proof of this fact. Let (My)rex be a family in D(U€), denote
PBrex My by M, and consider fibrant resolutions of complexes of U-bimodules My —
i(My), for all k € K, and M — i(M). Since S is homologically smooth, then S is
compact in D(5¢), and hence the following natural mapping is a quasi-isomorphism,

P Homg. (P*, My) — Homg. (P®, M).
keK
Since P*® is a right bounded complex of projective S-bimodules, then the func-
tor Homge(P*®,—) preserves quasi-isomorphisms, and hence the following natural
mapping is a quasi-isomorphism,
P Homsge (P*,i(Mj)) — Homge (P*,i(M)).
keK
Since U is projective over S on both sides, U® is projective in Mod(S¢). Therefore,

for all fibrant complexes I of U-bimodules, the functor Homge (—, I') preserves quasi-
isomorphisms. Accordingly, the following natural mapping is a quasi-isomorphism:

&P Homse (S, i(My)) — Homge (S, i(M)).

kEK
Since the pair (F, @) is adjoint and G is induced by the functor Homge (S, —), the
following natural mapping is a quasi-isomorphism:

P Homy« (F(U),i(My)) — Homy« (F(U),i(M)).
keK
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Taking cohomology in degree 0 yields that the following natural mapping is bijec-
tive:

D W) (F ), i(My)) = DU)FU),i(M)).

kEK
This proves that F(U) is compact in D(U€). Thus, U is homologically smooth. O

The authors thank Bernhard Keller for having pointed out an incorrect argument
in a previous version of this proof.

Lemma 5.1.3. There is an isomorphism of graded right U®-modules
(5.2) Exty; (U, U°) ~ H*(Homy (Q*,U) @y G(I7)).

Proof. Because of the isomorphism F(S) ~ U in Mod(U¢) and the adjunction
(F, GQ), there is a functorial isomorphism of complexes of right U¢-modules

(5.3) Homye. (U, I°®) ~ Homy (S, G(I*)) .

Since F' is exact and the pair (F,G) is adjoint, G(I*) is a left bounded complex
of injective left U-modules. Hence, Homy (—, G(I®)) preserves quasi-isomorphisms.
Thus, the quasi-isomorphism QQ® — S induces a quasi-isomorphism of complexes of
right U®-modules

(5.4) Homy (S, G(I°)) — Homy (Q°, G(I*)) .

Since @* is bounded and consists of finitely generated projective left U-modules,
the following canonical mapping is a functorial isomorphism:

(5.5) Homy (Q®,U) @y G(I°) — Homy (Q°,G(I°)).
Note that, whether in (5.3)), (5.4), or (5.5)), the involved right U¢-module structures
are inherited from 7°. Thus, the announced isomorphism is proved. (I

In order to examine the right-hand side of (5.2)) by means of a spectral sequence,
the following lemma describes H®*(G(I*)) as a graded U — U®¢-bimodule.

Lemma 5.1.4. Consider Ext%.(S,5¢) as a left S x L-module as in Section [{.4}
Then, there is a U — U¢-bimodule structure on Extg. (S, S¢) ®ge U¢ such that the
U¢-module structure is inherited from U® and for all a € L, ¢ € Extg.(S,S¢) and
u,v €U,

a-(c®uev)=a-c®udv)+c®(a®l-1®a)- (u®v)).
For this structure, there is an isomorphism of graded U — U®-bimodules
H*(G(I")) ~ Extg. (S, 5¢) ®ge U°.

Proof. The object G(I*) is Homge (.5, I*) as a complex of S-modules, its right U®-
module structure is inherited from I°, and the one of left U-module is given in
Section [3.21

First, since U¢ is projective in Mod(S¢) and I*® consists of injective left U®-
modules, then I°® is a left bounded complex of injective left S°-modules. Hence,
Homge(—, I*) preserves quasi-isomorphisms. Thus, 7: P* — S induces a quasi-
isomorphism of complexes of right S°-modules

(5.6) 7': Homge (S, I*) — Homge (P°®,I°).

For all @ € L, let 95: P* — P*® be a derivation relative to d,: S — S (see
Section , and denote by 2 the mapping from I® to I°® given by

i (a®l-1®a)-i.



30 THIERRY LAMBRE AND PATRICK LE MEUR

Then, define « - f and « - g, for all f € Homge(S,I*) and g € Homge (P*,I*), by
a-f = dhof—foda
a-g = 0509—go0y;
since To 03 =0y 0,
(- f) = 7'(f).
The hypotheses on P*® yield an isomorphism of complexes of right U¢-modules,
(5.7) ev: Homge(P®,5°) ®ge I® — Homge (P*,I°).

Endow the left-hand side term with the following action of L. For all « € L and
» ® 1 € Homge(P*®,5¢) ®g- I*, denote by « - (¢ ® 7) the (well-defined) element of
Homge(P*, 5¢) ®ge I°,

a-pRi+p®(d5).
The assignment ¢ ® i — « - (¢ ® i) is a morphism of complexes of R-modules from
Homge (P*®, S¢) ®ge I* to itself. In view of and of the identity

(a®1-10a) ((s®t) j)=0.(s®t) - j+(s®t) - (a®@1l—-1®a)- ]
in I®, for all s,t € S and j € I®, the following holds
(5.8) evia-(p®i) =a-ev(p®i).

Homge (P*, S¢) is also a bounded complex of projective right S¢-modules. Hence,
the functor Homge (P*®, S¢) ® se — preserves quasi-isomorphisms. Thus, j: U® — I*
induces a quasi-isomorphism of right U°-modules,

(59) Id ®J HOmSe(P., Se) ®Se Ue — HOmSe(P.,Se) ®Se I. .

Endow the left-hand side term with the following action of L. For all a € L,
¢ € Homge(P*,5¢) and u,v € U, denote by a - (¢ ® (v ® v)) the following (well-
defined) element of Homge(P*®, S¢) ®g. U®:

apRuev)tee(cel-10a)- (uR));

The assignment ¢ ® (u ® v) — a - (p ® (u ® v)) is a morphism of complexes of
R-modules from Homge (P*, S¢) ®ge U*€ to itself, and

(d@j) (e (p@(uev))=a-(1dej)(¢® (L))

because j: U¢ — I*® is a morphism of complexes of U¢ — U°-bimodules.
Since U* is projective in Mod(S€), there is an isomorphism of right U¢-modules,

(5.10) H*(Homge (P*, S¢) ®ge U°) ~ Ext%. (S, S¢) ®ge U

For all cocycles ¢ € Homge (P*,5¢), with cohomology class denoted by ¢, and for
all @« € L and u,v € U, the image under (5.10)) of the cohomology class of

a-(p®(uewv)

is

(5.11) a-c®@uev)+c® ((a®@l-1a)- (u®v))
where « - ¢ is defined in (see (A.13))

Combining (5.6)), (5.7)), (5.9), (5.10)) yields an isomorphism of right U¢-modules,
(5.12) Ext%. (S, 8¢) ®@ge U¢ = H*(G(I")),

such that, for all & € L, ¢ € Extg.(S,5¢) and u,v € U, if v denotes the image of

¢® (u®wv) under (5.12)), then « - v is the image of (5.11)).
Thus, applying part (1) of Lemma to N = Extg.(S5,5¢) yields the an-

nounced conclusion. O
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Proof of Proposition|5.1.1 The statement relative to the left U-module structure
on A4LY ® Ext¥. (S, S¢) follows from Lemma and Lemma shows that
U is homologically smooth. The (first quadrant, cohomological) spectral sequence
of the bicomplex

(5.13) (Homy (QP,U) @y G(I19))p.,q
converges to H®(Homy (Q*,U) @y G(I*)) and its E5-term is, for all p,q € Z,
Hj (H}(Homy (Q*,U) ®@u G(I°)).

Since Homy (Q®, U) consists of projective right U-modules, there is an isomorphism
of right U¢-modules, for all p,q € Z,

(5.14) HY(Homy (QP, U) @y G(I*)) ~ Homy (QF, U) @y HU(G(I*)).

The description of H*(G(I*)) made in Lemma combines with (5.14) into the
following isomorphism of right U¢-modules, for all p,q € Z,

(5.15) H*(Homy (Q,U) ®y G(I*)) ~ Homy (QF, U) @y (Extb. (S, S9) @ge U*).

Using Lemma m (part (2)), this isomorphism yields isomorphism of right U®-
modules, for all p,q € Z:

(5.16)  H(Homy(QP,U) ®y G(I*)) ~ F(Homy (QP,U) ®s Extl. (S, 5°)).

Given that F' is an exact functor, that Ext{. (S, .S¢) is projective in Mod(.S) for all
g and that (S, L) has duality in dimension d, it follows from (5.16|) that there is an
isomorphism of right U¢-modules, for all p,q € Z,

F(Ext$,(S,U) ®g Ext%.(S,5°) ifp=d,

H}(H{(Homy (Q*,U)®y G(I*))) ~ { 0 ifp#d.

Therefore, the spectral sequence of the bicomplex (5.13|) degenerates at F5. Thus,
H*(Homy (Q*,U) @y G(I')) ~ F(Extf(S,U) ®s Ext%. (S, 5%)) in Mod(S¢).

The conclusion follows from 1) and from the isomorphism Ext‘(i](S, U) ~ ALLY
in Mod(U) established in [Hue99, Theorem 2.10] O

5.2. Proof of the main theorem.

Proof of Theorem[]] Following Proposition U is homologically smooth and
there is an isomorphism of graded right U°-modules

Extf. (U, U°) ~ F(ALLY @5 Exty.%(S,59)).

According to Proposition the functor F transforms left U-modules that are
invertible as S-modules into invertible U-bimodules. Note that

e ALLY is invertible as an S-module because L is projective with constant
rank and

o Extg.(S,5¢) is concentrated in degree n and Extlg.(S,S¢) is invertible as
an S-module because S has Van den Bergh duality.

Thus, Extf. (U, U¢) is concentrated in degree n+d and Ext5I%(U, U®) is invertible
as a U-bimodule. Hence, U has Van den Bergh duality in dimension n + d. O
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5.3. Proof of Theorem [2} The hypotheses of Theorem 2] are assumed throughout
the subsection. Let ¢y, be a free generator of the S-module A4 LY. Let es be a free
generator of the S-module Ext%. (S, S¢). Therefore, there exist mappings

AL, As: L — S
such that, for all a € L,
a-eg = Ag(a)-eg
or-a = A(a) ps.

Some basic properties of these are summarised below.

Lemma 5.3.1. Let A be either one of As or A,. Then, for all a, 8 € L and s € S,
(1) Msa) = sA(a) — a(s);
(2) Mo, B]) = a(A(B)) = B(A(e)).

Proof. Assume that A = Ag. Let s € S and o € L. Then, using[4.4]

(sa)-es = s-(a-eg)—a(s)-es
= (sMa) —als)) -es,

which proves (1), and
a . (5 . es)

a- (A(P) - es)
= a(A(B))-es +A(B) - (a-es)
= (a(A(B)) + Ma)A(B)) - es,

from which (2) may be proved directly. The proof when A = Ay, is analogous, using
the right U-module structure of A4L" instead of O

As proved later, the following automorphism is a Nakayama automorphism for
U.

Lemma 5.3.2. There exists a unique R-algebra homomorphism,
v:U—=U,

such that, for all s € S and a € L,

v(is) = s
via) = a+Ap(a)—As(a).
This is an automorphism of R-algebra.

Proof. The uniqueness is immediate. For all a € L, denote o + Ap(a) — Ag(a) by
Vo. Then, for all s € S and o, 5 € L,

(Vs vg] = [+ A(a) = As(a), B+ AL(B) — As(B)]
= [, B8]+ Ar([ev, B]) = As([ev, B]) = Vo)

Lemma [5.3.1]
Vsa = sa+ Ap(sa) — Ag(sa)
ez 5 + sAp(a) — shg(a) = sv,
parsl = e+ An(e) — Arla)s] = als).

This proves the existence of v. Note that v preserves the filtration of U by the
powers of L and that gr(v) is the identity mapping of U. Accordingly, v is bijective.
O

Now it is possible to prove Theorem
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Proof of Theorem[3 From Theorem [I} U has Van den Bergh duality in dimension
n + d and there is an isomorphism of U-bimodules
(5.17) Exti (U, U®) ~ F(A4AY @5 Ext2.(S, 59)),

where the tensor product inside F'(e) is a left U-module by (3.8).
Recall that A4LY and Ext%. (S, S¢) are freely generated by ¢y, and eg, respec-
tively. Therefore, the following mapping is an isomorphism of left U-modules (see

Section

(5.18) ®: U — F(ALLY @5 Exti(S,5°)

u = u® (oL Veg).
Forallse S,ae L and ue U,

P(u)s = (u® (pr®es)) s=us® (pr ®es) = P(us),

Pu)a = (u®(pL®es))
ua®(<pL®eS)7u®a'(gpL®eS)
ua @ (pr ®es) = (~u® (pr-a®es) +u® (gL @ a-eg))
(u(a + Ap(@) = As(a))) ® (¢ ®es)
= P(ula+ Ap(a) —As(@)).

Thus, denoting by v the automorphism of U considered in Lemma then, for
all u,v e U,

(5.19) D(u)-v=>(ur(v)).

Combining (5.17), (5.18) and (5.19) yields that there is an isomorphism of bimodules
Ext? (U, U¢) ~U”.

Since \g = —div (see Proposition , this proves Theorem O

5.4. Case of Poisson algebras.

Proof of Corollary[l From Proposition S has Van den Bergh duality in

dimension n. Moreover, Proposition yields an isomorphism of S-modules

A%Derg(S) ~ Extg. (S, S¢) which is compatible with the action of Lie derivatives.

Finally, according to (1.3), the dualising module of (S,Qg/r) is AGDerg(S) with

right U-module structure such that, for all s € S and ¢ € AZDerg(S),
prds=—Ls 1(p)-

Using these considerations, the corollary follows from Theorems [I] and 2] O

6. EXAMPLES

6.1. The case where L is free as an S-module. In this subsection, it is assumed
that L is free as an S-module. Consider a basis (aq,...,aq) of L over S. Denote
the dual basis of LY by (af,...,a%). In particular, ALLY is free of rank one in
Mod(S), with a generator denoted by ¢,

oL=a] AN---Naj.

For all i € {1,...,d}, consider the matrix of ad,,, denoted by (S;,k)j,k € My(S).
Hence, for all 4,k € {1,...,d},

d
[, ag] = Z sh k.
j=1
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In this situation, the action of L on A%L by Lie derivatives specialises as follows.
For all 4,7,k € {1,...,d},
(Ao, (@) (o) = ailaj(ax)) — o ([ai, a])
= —s;k .
Hence, for all 4,5 € {1,...,d},

d
Aoi(@)) == s i
k=1

Thus, the right U-module structure of A‘éLV is such that, for all o € L,
(6.1) or - a=Tr(ady)er -

Using this simplified description of A4LY yields the following corollary of the main
theorems of this article.

Corollary 6.1.1. Let R be a commutative ring. Let (S, L) be a Lie-Rinehart algebra
of R. Denote by U its enveloping algebra. Assume that

e S is flat as an R-module,
e S has Van den Bergh duality in dimension n,
e L is free of rank d as an S-module.

Let (a1,...,aq) be a basis of L over S as considered previously. Then, U has Van
den Bergh duality in dimension n + d and there is an isomorphism of U-bimodules

Ext? (U, U¢) ~ U ®g Ext2. (S, S,
where the left U-module structure on U ®g Ext'g.(S, S¢) is the natural one and the
right U-module structure is such that, for all uw € U, e € Ext$.(S,5¢) and a € L,
(ue) - a=ua®e+u®Tr(ady)e —u® Ly, (€).

If, moreover, S is Calabi-Yau, then U is skew Calabi-Yau and each volume form
on S determines a Nakayama automorphism v € Autr(U) such that, for all s € S
and o € L,

v(is) = s
vie) = a+Tr(ady) + div(9da),
where div denotes the divergence of the chosen volume form.

Proof. In view of (6.1, there is an isomorphism of right U-modules
ALLY ~ S,

where the right U-module structure on the right-hand side term is such that, for
all € L,

1-a="Tr(ady).-
The corollary therefore follows directly from Theorems [I] and O

The previous corollary applies to any Lie-Rinehart algebra arising from a Poisson
structure on R[x1,...,z,], n € N\{0,1}.

Example 6.1.2. Let S = R[z,y]. Let P € S. This defines a Poisson structure on
S such that
{z,y} =P.
Let L := Qg/p and consider (S, L) as a Lie-Rinehart algebra over R such that, for
all s,t € S
o [ds,dt] = d{s,t};
L4 8ds = {Sa _}'
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Then (dz,dy) is a basis of g/ over S. Note that

Tr(adg,) = div(de) = %5
Tr(addy) = dlv(ady) = 7%*1;.

From Corollary U is skew Calabi-Yau in dimension 4 and has a Nakayama
automorphism v € Autg(S) such that

v(iz) = =z, v(dx) = dm+2%—§

viy) = y, vidy) = dy—25%.

By considering the filtration of U by the powers of the image of L in U, with
associated graded algebra the symmetric algebra of L over S (see [Rin63, Theorem
3.1]), it appears that U* = S* = R*. Accordingly, U has no nontrivial inner
automorphism. Consequently, U is Calabi-Yau if and only if v = Idy, that is, if
and only if char(R) =2, or else P € R.

Example 6.1.3. Let S = Rz,y, z|. Let P,, P,, P. € S be such that

PA curl(?) =0,

Pl'
P, .
(%)
Hence, the following defines a Poisson bracket on S,

{x,y}:Pz, {yvz}:Pﬂca {Z,CU}:Py.

where ? denotes

As in the previous example, let (S, L := Qg/r) be the associated Lie-Rinehart
algebra over R. As is well-known,

{xa_}:Pza%_Pyﬁv {?Ja_}:Pw%_PZ%’ {Zv_}:Pya%_Pwa%'

Therefore, using the basis (dz, dy, dz) of Qg/r over S,
div(94z) Tr(adgy)
(div(ady>> = (maddy>> = curl(P).
div(adz) Tr(addz)

Using Corollary it follows that U is skew Calabi-Yau in dimension 6 and has
a Nakayama automorphism v € Autg(S) such that

v(z) : v(dz) dz
(V(@O) = (5) and (V(dy)> = (dy) +20ur1(?).
v(z) z v(dz) dz
As in the previous example, there are no nontrivial inner automorphisms for U.
Hence, U is Calabi-Yau if and only if char(R) = 2, or else curl(?) =0 In

particular, when R contains @ as a subring, then U is Calabi-Yau if and only if the
Poisson bracket is Jacobian, that is, there exists @ € S such that P = grad(Q).

By the Quillen-Suslin Theorem, when R is a field and n € N, any R[z1,...,z,]-
module that is finitely generated and projective is free. Hence, Corollary [6.1.1] also
applies to all Lie-Rinehart algebras of the shape (R[x1,...,2,], L), where R is a
field.
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6.2. On two dimensional Nambu-Poisson structures. Following Corollary [}
U is skew Calabi-Yau when S is flat over R and Calabi-Yau and (S, L) is given
by a Poisson bracket on S. Assuming these properties, this section computes a
Nakayama automorphism of U for a class of examples of two dimensional Nambu-
Poisson structures (see [LGPV13, Section 8.3]).

Let S = R[xz,y,z]/(P) where P = 1+T for some T € R[z,y, z] which is (p, ¢,)-
homogeneous in the sense that p,q,7 € R and ¢t := pa + g8 + rv is a unit in R
which does not depend on the monomial 2%y” 2" appearing in T. The hypotheses
imply the following equality in S

opP opr oprP

2 gy e = xy.
(6.2) pxa$+qyay+rzaz t (e R™)
Let Q € R[z,y, z] and endow S with the Poisson structure such that
opP opP oprP
(6'3) {x’y}_ng {y,z}—Q%, {Z,l’}— aiy

Consider (S, L := Qg/r) as a Lie-Rinehart algebra such that, for all s,¢,s" € S,

o [ds,dt] = d{s,t},
o (sdt)(s') = s{t,s'}.

Consider the following 2-form on S
wg = prdy Ndz + qydz N dx + rzdx A dy .

According to , Q2s/R is a projective S-module of rank 2. And the relation

opP oP op

—dr+ —d dz=0
oz " + Jy vt 92"
in Qg,/p yields the following relations in AZQg/r
%—1; de Ndy = %—f dy Ndz
%—5 dyNdz = g—i dz Ndx
%—fdz/\dx = %—Iy)daz/\dy.
Combining with (6.2]) yields
dendy = —t71 %—fus
dyndz = —t! %—I;ws
_ —-19P
dzNdx = —t~1 Syws -

Thus, wg is a volume form of S.
In order to determine the divergence of wg, consider the derivations d,,d,,0. €
Derg(S) given by

. . aP . or
0p: T — 0 dy: = =52 0,: x oy
or dP
y = 5 y = 0 Yy o= =57
_opr oP
z = Oy z = 9z z = 0.
Note that

{l‘7 _} = Q(Szv {y7 _} = Q(Sy and {Za _} = Q(sz
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Then,

s, (ws) = s, (prdy Adz + qydz A dx + rzdx A dy)
= ( dz—|— dy)—qydpdx—rzdpdx

= tdz (see (6.2)).

Therefore, using the symmetry between z, y and z,
div(6;) = div(d,) = div(d,) =0.
Apply Lemma taking into account that A\g = —div (see (4.16)); then,

diV({JJ, _}) = div(Qd,) = Qdiv(d,) + 6.(Q) -
Therefore,

0Q OP 0Q 0P

(6.4) div(te. D) =505, ~ 9 oy

Applying Corollary (1| gives that the enveloping algebra U of (5,Qg/r) is skew
Calabi-Yau. It has a Nakayama automorphism v: U — U such that, for all s € S,

v(is) = s

(
v(dz) dz — —
(V(du; = (gy) + 2grad(Q) A grad(P) .
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