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Introduction

Lie algebroids

The central objects of interest of this thesis are Lie algebroids. They play a prominent role
in geometry as generalized infinitesimal symmetries of spaces. In the smooth category, it was
Pradines who introduced the concept of a Lie algebroid in [Pr], and he studied its relation to the
corresponding global symmetries of spaces, called Lie groupoids. However, the core idea, the
study of vector fields preserving some geometry or PDE which are closed under the Lie bracket,
has a much longer history and was initiated in the works of Lie and Cartan. Lie algebroids can
be defined in different contexts, but they always play the role of generalized symmetries. In
this thesis, we consider:

1. The differential geometric version; smooth Lie algebroids.
2. The algebraic notion of Lie-Rinehart algebras

3. The sheaf-theoretic version; sheaves of Lie algebroids over a ringed space.

The notion of Lie-Rinehart algebras is introduced by a number of authors under different
names, see [M] for an extensive overview. Rinehart showed in [Rin] that the cohomology theory
of Lie-Rinehart algebras can be subsumed in the theory of homological algebra, and he proved
the analogue of the Poincaré-Birkhoff-Witt theorem for the associated universal object of a
Lie-Rinehart algebra, which will be discussed later in this introduction. The first two sections of
[BB] treat Lie algebroids in algebraic geometry, which are examples of sheaves of Lie algebroids
over ringed spaces. To stay close to the geometric intuition, we mostly consider smooth Lie

algebroids in this introduction:

Definition. A smooth Lie algebroid is a vector bundle w: A — M, together with the following
data:

1. A smooth vector bundle map p : A — TM, called the anchor map of the Lie algebroid.

2. A Lie bracket on the space of smooth sections T'(A) of A such that for all s,t € A and
f € C*(M), the following Leibniz identity holds:

[s,ftla = Ly(s)(f)t + fls, tla.
Here L denotes the Lie derivative of vector fields.

Perhaps the most well-known examples of smooth Lie algebroids are tangent bundles of
smooth manifolds (where the anchor map is just the identity) and finite dimensional, real Lie
algebras (where M is a point). Other examples of Lie algebroids are given by regular foliations,
which correspond (by the Frobenius theorem) to Lie algebroids with an injective anchor map,
actions of Lie algebras on a manifold M, and manifolds with a Poisson structure. Many of

the concepts in the theory around Lie algebroids are generalizations of concepts in either the
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theory around tangent bundles or the theory around Lie algebras. For example, one has the
A-de Rham complex
0% 4l 48 02 A

associated to a Lie algebroid A (so d4 = 0), which both generalizes the Chevalley-Eilenberg
complex of Lie algebras and the de Rham complex of smooth manifolds. The cohomology of
this complex, denoted by H®*(A), is called Lie algebroid cohomology and reduces to de Rham
cohomology and Lie algebra cohomology in the aforementioned examples. Dual to the A-de
Rham forms, one has the A-polyvector fields T;\Oly
the Schouten—Nijenhuis bracket, obtained as the natural extension of the Lie bracket on A.

with a graded Lie bracket [, Jsn -called

This generalizes the multivector vector fields T,o1, (M) on a smooth manifold, and in fact all
the structures which comprise the Cartan calculus on the pair (T,o1, (M), Q(M)): the wedge
products on T,y (M) and Q(M), the insertion operator t for polyvector fields in differential

forms, the bracket [, Jsn on Thoy (M), the de Rham differential d and the Lie derivative
L = du =+ id, can be defined in the same way for the pair (Tlﬁ)ly,_QA). We refer to §1.1 for the

precise definitions and a discussion of these constructions.

The universal enveloping algebra U(A) of a Lie algebroid A is the algebra generated by I'(A)
and C*(M), subject to relations

[s,t]a = st —ts, p(s)(f) = [s, fl, f.s="s.

Consult §1.2 for a precise definition. It generalizes the universal enveloping algebra U(g) as-
sociated to a Lie algebra g. For A = TM, the universal enveloping algebra is given by the
differential operators Diff(M) on M. Like the universal enveloping algebra of a Lie algebra,
it comes equipped with a natural ascending filtration. It is clear from this definition that the
universal enveloping algebra is noncommutative when the Lie bracket and the anchor map of A
are non trivial. When A is a Lie algebroid with trivial bracket and anchor, i.e. a vector bundle,
one has U(A) = Sym A; the symmetric algebra bundle of A.

Finite dimensional Lie algebras arise as infinitesimal objects of Lie groups; more precisely as
the collection of right (or left) invariant vector fields with respect to the right (or left) action of
the group on itself. The notion of Lie groupoids, which generalizes smooth Lie groups, provides
for an analogon of this construction, in the sense that they are smooth objects together with
several operations to which one can associate infinitesimal, invariant vector fields which form
smooth Lie algebroids. One can thus associate a Lie algebroid to each Lie groupoid, The
converse statement however, which is Lie’s third theorem in the case of Lie groups, does not
hold. The precise obstructions to “integrability” are given in [CF1].

Cyclic theory

Given a unitary, associative algebra C, one can define its Hochschild and cyclic homology
as well as their dual cohomology theories, commonly referred to as the ”cyclic theory of an
algebra”. They are a fundamental ingredient in noncommutative geometry. Their definition is
given in terms of explicit complexes, see §1.2.2, equipped with two differentials; the Hochschild
differential b and the cyclic differential B. The latter was already contained in the work of
Rinehart, c.f. [Rin], but lay dormant until it was rediscovered in the works of Connes [Co]
and Feigin and Tsygan [FT]. The importance of cyclic theory is explained by considering the
commutative case:

For a smooth commutative algebra C, the Hochschild homology H,(C) of C is isomorphic to
the algebraic de Rham forms [Rin], courtesy of the Hochschild-Konstant-Rosenberg theorem of
[HKR], and the cyclic differential B corresponds to the de Rham differential d. The Hochschild

cohomology H®(C, C) of C is isomorphic to the algebraic polyvector fields on C, and one can
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define operations which give the pair (H*(C,C),H4(C)) the structure of a Cartan calculus,
see [DTTs]. These operations correspond to the Cartan calculus structure on the algebraic
polyvector fields and differential forms. When C = C*®(M), one has to take into account the
locally convex topology on the algebra C*°(M) in the definition of the cyclic theory, and Connes
proved in [Co], that

(H*(C, C), Ha(C)) = (Tpory (M), Q(M)).

The virtue of cyclic theory is that it is naturally defined for noncommutative algebras C, lead-
ing to "de Rham cohomology for noncommutative algebras”. This can be applied to certain
pathalogical spaces which do not have a smooth structure, but to which one can associate a
natural noncommutative algebra. The cyclic theory of this algebra is a replacement for the
usual Cartan calculus for smooth spaces. One of the earliest applications of cyclic theory is
index theory for foliations, in which the cyclic homology is the recipient of the noncommutative
Chern character, c.f. [Co].

In general, the cyclic theory of a noncommutative algebra is quite hard to compute, but in
certain cases the result is known. In [Wo], Wodzicki computed the Hochschild and cyclic homol-
ogy of the algebra of differential operators on a manifold, and Kassel [Ka] did the same for the
universal enveloping algebra of a Lie algebra. Both of these examples are almost commutative,
i.e. the algebras admit a filtration such that the associated graded algebras are commutative,
and the associated graded algebras inherit a Poisson structure measuring the non commutativ-
ity of the original algebra. In the first case, this Poisson structure corresponds to the well-known
symplectic structure on T*M, and in the latter case it is given by the linear Poisson structure
on g*. In both cases the cyclic theory of the noncommutative algebra is computed in terms
of Poisson (co)homology. A great part of this thesis is devoted to the cyclic theory of the
universal enveloping algebra of a Lie algebroid, of which the two previous cases are examples.
The Poisson structure on AV plays a similar role in the computation of the cyclic theory of the

universal enveloping algebra.

The Poincaré—Birkhoff-Witt theorem

The Poincaré—Birkhoff-Witt theorem for Lie algebras states that gr(U(g)) = Sym(g) for a Lie
algebra g over a field K, where Sym(g) is the symmetric algebra of g. If Q C K, one can define
the symmetrization map Sym(g) — U(g) inducing the isomorphism on the associated graded
spaces. In [Rin], Rinehart proved in a more algebraic setting that the associated graded object
to the universal enveloping algebra of a projective Lie-Rinehart algebra L is isomorphic to the
symmetric algebra generated by L, which implies that gr(U(A)) = Sym(A) for a smooth Lie
algebroid A. However, he did not construct a map Sym(A) — U(A) inducing this isomorphism.
In [NWX] the concept of a local integrating groupoid was used define such a map in the smooth

case.

We generalize the map of [NWX] to locally free sheaves of Lie algebroids £ of constant
rank 1 over a locally ringed space (X, Ox) over a field K D Q, provided they are equipped with a
global L-connection V* on L. This condition is certainly satisfied for all smooth Lie algebroids.
Roughly speaking, we replace the local integrating groupoid of [NWX] by the sheaf of £-Jets
over X

3(L) = Homp, (U(L), Ox),

Using the L-connection, we define an exponential map which we use to prove the dual version
of the PBW theorem:

Theorem. Let £ be a locally free sheaf of Lie algebroids of constant rank v together with an

L-connection V*, then there exists a map

jv i (L) — Symg, (£Y),



which is an Ox-linear isomorphism of sheaves of algebras with respect to the first Ox-module

structure on J(L).

Dualizing this result gives an isomorphism Sym(£) — U(L) which respects the coalgebra
structures. We give a recursive relation that defines this map, and this relation turns out to
be the same as the one in [LSX14]. In the applications of the PBW theorem that we consider;
the construction of a trace density map and a formality result, we use the version of the PBW
theorem as stated in the theorem, so in our view this is the more fundamental result. Also, the
definition of the morphism is natural and easy, which makes the study of the properties of the

PBW map more accessible.

Cyclic theory of the universal enveloping algebra

Extending the results of Kassel and Wodzicki, we compute the cyclic theory of the universal
enveloping algebra of a smooth Lie algebroid A — M. First we introduce the structures that
are needed to phrase the main results.

Representations up to homotopy

Representations of Lie algebroids A — M are given by flat Lie algebroid connections on vector
bundles E — M. In this sense, Lie algebroids do not have many representations. For example,
there is no adjoint representation in general. A more flexible notion of a representation up
to homotopy was defined in [AC]. Informally speaking, the vector bundle E is replaced by a
complex of vector bundles ... L N ..., and the flat A connection on E is replaced
by not necessarily flat connections on each bundle E* which are compatible with the maps 9, i.e.
V0 —0V = 0. The data is completed by a collection of tensors satisfying relations which imply
that, together with 0 and V, they form a derivation D of degree 1 which squares to zero on the
total complex Qa (P; EY). Such differentials are also known as flat superconnections on a Z-
graded bundle and they were introduced in the Z/2-graded case by Quillen in [Qu]. One of the
virtues of this definition is that for any smooth Lie algebroid A, the adjoint representation of A,
denoted by ad A, can be defined. Although it depends on the choice of a connection on A, the
associated cohomology is canonical. Moreover, the category of representations up to homotopy
is symmetric and monoidal, hence one can define Sym(ad A), the symmetric algebra of the
adjoint representation of A. One of the main results of this thesis computes the Hochschild

cohomology and homology of the universal enveloping algebra.

Theorem. Let A be a smooth Lie algebroid of rank v over a smooth manifold of dimension n

with universal enveloping algebra U(A).
i) For the Hochschild cohomology, there is a natural isomorphism

H® (U(A), U(A)) = HE. ((Sym(ad A)).

ii) When both M and A are orientable, there is a natural isomorphism
He(U(A)) = HPT*(Sym(ad A) ® Qa)
for the Hochschild homology.

The bundle Qa is a natural representation of A, sometimes referred to as the bundle of
transverse volume forms. In the special cases A = TM and A = g we recover exactly the results
of Wodzicki and Kassel, c.f. [Ka, Wo|. Let us give an informal discussion of the proof. For
simplicity we restrict ourselves to part i) of the theorem.

Discussion of the proof: step 1
The PBW theorem induces a natural Poisson structure on the associated graded algebra of
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U(A), and the differential of the first page of the spectral sequence that can be associated to
the filtration on the Hochschild cocomplex of U(A) turns out to be the Poisson cohomology
differential associated with this Poisson structure, c.f. [Br].

Our first step is to identify the Poisson cohomology complex associated to the linear Poisson
structure on the dual of A with the complex (Qa(Sym(adA),D). In the second step we
construct a quasi-isomorphism between the Hochschild cohomology complex for U(A) and the

Poisson cohomology complex of the aforementioned Poisson structure.

Let us first discuss the first step. We start with the observation that sections of SymA
correspond to functions on AV which are polynomial along the fibers. The Lie bracket and the
anchor map p define a Poisson structure on Sym A in a natural way, and this can be extended
to all smooth functions on AY. The derivations L := Derg(Sym A), which are a model for the
vector fields on AV which are polynomial along the fibers of the projection AY — M, form a
sheaf of Lie algebroids over the locally ringed space (M, Sym A), and it fits into the following
short exact sequence of sheaves of Lie algebroids over (M, Sym A):

0 — SymA ® AY — Derg(SymA) — SymA @ TM — 0.

The choice of a connection on A splits this sequence, and such a splitting defines a Lie bracket
on SymA ® (AY @ TM). One can do the same for the sheaves of polyvector fields TpLoly(A\/)
and differential forms Qp (AY) associated to L. These are models for the polyvector fields and
differential forms on AY which are polynomial along the fibers. The linear Poisson structure

on Sym A corresponds to a Maurer-Cartan element 8 € T-  (AV), and we show that under

poly
the identification induced by the connection:

e The Poisson cohomology differential [0, ]y corresponds to the differential D of the com-
plex Q°®(Sym(ad A)) of the symmetric algebra of the adjoint representation.

e The Poisson homology differential Ly corresponds to the differential D of the complex
Q°*(Sym(ad A) ® Qa)

The linear part of the identification between the Poisson cohomology complex and the adjoint
representation of A was already contained in [CM].

Step 2: formality

The second step relies on the formality theorem for Lie algebroids. Let us first bring the
original formality theorem that Kontsevich proved in [K] to the attention of the reader. Given
a smooth manifold, M one can construct the complex of polydifferential operators Dyl (M),
which admits a graded Lie algebra bracket [, ]¢ and a Hochschild differential [m, ] = b,
Hence, it is a differential graded Lie algebra (dg Lie algebra). It forms a local model for the
Hochschild cohomology of C*(M). By the smooth HKR theorem, the symmetrization map

HKR : Tpoty (M) — Dpoly (M)

defines an isomorphism on the cohomology, however it does not respect the Lie algebra struc-
tures [, Isy and [, ]g. The formality theorem states that this defect can be cured if one
considers the more flexible notion of Ly-morphisms; i.e. Kontsevich proved the existence of an
L-quasi-isomorphism
%2 Thoty (M) — Doty (M).

One of the main features of Lo-morphisms is that they relate Maurer—Cartan elements. If one
introduces a formal variable h on both sides, Maurer—Cartan elements in the LHS are given by
(formal) Poisson structures on M, and on the RHS they define formal deformations of C*°(M),
i.e. #-products on C®(M)[[h]]. Given a Maurer—Cartan element 7 € T,o1, (M), one can twist

the Loo-morphism X by this element, which gives a morphism of complexes:

K2 (Tpory (M), (7, Jsw) — (Dpory (M), b +[7, Ja) -



Moreover, there exists a natural map from the complex on the RHS to the Hochschild coho-
mology complex of the deformed algebra (C*°(M)[[h]], ).

In the appendix we revisit the formality theorem for a certain type of sheaves of Lie alge-
broids, which encompasses the sheaf of Lie algebroids L = Derg(Sym A) over (M, Sym A). The
proof that we give stipulates the role of the Poincaré-Birkhoff-Witt theorem for Lie algebroids.
The result is an Ly-quasi-isomorphism of dg Lie algebras:

U: Th (AY)—DE (AY)

with the RHS given by the L-polydifferential operators on Sym A. We twist this Ly-morphism
by the Maurer—Cartan element 6:

poly poly

U0 (T (AY), 18, Isn) — Doy (AY), 07+ 8, 1) -

Then we show that the deformation of Sym A which is associated to the element fe D;OIY(AV)
is isomorphic to U(An), where Ay, is the adiabatic Lie algebroid associated to A c.f. [NWX].

In particular, setting h = 1, we obtain a natural morphism:

(Dpoty (AR, ™+ 18, J6) — (C*(U(A),U(A)), b™).

poly

Finally, the formality map composed with this morphism gives a map

(Thoiy (AY), 16, Isn) — C*(U(A), U(A), bM).

poly

This map respects the natural filtrations on both complexes and using a spectral sequence

argument we show that the morphisms are in fact quasi-isomorphisms, which implies that
HE(AY) = H* (U(A), U(A)),

where the LHS is the cohomology of the complex (TpLoly(AV], [0, ] SN), i.e. the Polynomial
Poisson cohomology of AV. Combining this result with step 1) gives part i) of the theorem.
The dual version of the formality theorem which is, in the local case, proved by Shoikhet in [S],

leads to a proof of part ii).

The trace density map

The notion of a trace density map comes from deformation quantization and the algebraic index
theorem proved by Nest and Tsygan in [NeTs95]. The same authors described the relation
between the algebraic index theorem and the analytic index theorem in [NeTs96]. We refer
to the introduction of chapter 4 for a longer discussion. From now on, we assume that £ is
either the sheaf of sections of a holomorphic Lie algebroid or a smooth Lie algebroid. The main
difference is that the former does, in general, not admit global £-connections on £. To phrase

the main theorem of the last chapter, we use the language of derived categories:

Theorem. Let L be a either a smooth or a holomorphic Lie algebroid and & a locally free

L-module.
i) In the derived category D(X) of K-sheaves on X there exists a canonical morphism

® € Homap(x) ((CCe(U(L)) ,b+u""B), (TotQI ™, ds)).

i) Restricted to the structure sheaf Ox C U(L, &), the following diagram commutes:

(CCa(0x), b+u"B) —E s (O3, u'd)

li lqu,;Ch,;(e)

(CCL UL, 8)), b+u"B) — 5 (2, dg).
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Let us clarify this theorem. When £ = A is smooth, part i) implies that there exists a
canonical morphism
D: HP.(U(A)) — HLie(A)

from the periodic cyclic homology (part of the ”cyclic theory”) of U(A) to the Lie algebroid
cohomology of A.

When £ = A is the sheaf of sections of a holomorphic Lie algebroid, part i) of the theorem
implies that there is a canonical morphism between the hyper(co)homology

Ho(CCo(U(A)), b+u""B) — HZ"*(Qu, da).

The RHS is the Lie algebroid cohomology of A, and the LHS is the periodic cyclic homology
of the sheaf U(A). In the holomorphic case part ii) of the theorem measures the failure of the
trace density map to be compatible with the HKR 4 map in terms of Lie algebroid characteristic
classes. The hyper(co)homology of both sides can be computed by Dolbeault-type resolutions,
defined in [LSX12].

Outline of the chapters

Let us give a brief description of what is done in each chapter. We start each chapter with a

more extensive description of its contents.

Chapter 1 In the first chapter we define Lie algebroids from three different points of view;
smooth Lie algebroids, Lie-Rinehart algebras and sheaves of Lie algebroids. Moreover, we give
three equivalent definitions of the structure of a Lie algebroid, after which we briefly discuss
Lie algebroid cohomology and give some examples.. We finish with the definitions of the cyclic

theory of an algebra.

Chapter 2 The second chapter is devoted to the PBW theorem for Lie algebroids. We start
with a discussion of the various structures on the universal enveloping algebra and the jet algebra
associated to a Lie algebroid. Then we prove the PBW theorem. Finally, we discuss the time-
dependence of the PBW theorem given a linear combination of connections and incorporate the
so-called twisting by a locally free Ox-module €.

Chapter 3 In this chapter we compute the cyclic theory of the universal enveloping algebra
of a smooth Lie algebroid. It starts with identification of the Poisson (co)homology complexes
for the linear Poisson structure on AY with the complex of the symmetric algebra of the
adjoint representation of A (twisted by the bundle Q). Then we discuss the application of

the formality map to prove the main results.

Chapter 4 We discuss the construction of the trace density morphism for Lie algebroids. It
starts with the notion of a Fedosov resolution and the application of the PBW theorem. Since
global connections are not necessarily given, we have to use Cech resolution of complexes, hence
the trace density morphism is defined in the derived category. To prove that it commutes with
the differentials we study the time dependence of the PBW theorem in more detail. Finally, we
introduce characteristic classes and compute the class of 1 under the trace density map, and
discuss the compatibility with the HKR map.

Chapters 2 and 4 are based on the preprint [BP] and chapter 3 is based on a forthcoming
paper.
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Chapter 1

Preliminaries

1.1 Lie algebroids

The central objects of interest of this thesis are Lie algebroids. In general, Lie algebroids can
be defined as sheaves of Lie algebroids over a ringed space, encompassing for example smooth
Lie algebroids, holomorphic Lie algebroids and algebraic Lie algebroids. We will also define the
notion of Lie-Rinehart algebras, which are the algebraic counterparts of Lie algebroids, and
we will discuss the various relations between smooth Lie algebroids, Lie-Rinehart algebras and

sheaves of Lie algebroids.

Perhaps the most well-known examples of smooth Lie algebroids are tangent bundles of
smooth manifolds and finite dimensional, real Lie algebras. The theory around smooth Lie
algebroids, and more generally sheaves of Lie algebroids, is for a great deal analogous to the
theory of tangent bundles and the theory of Lie algebras. For example, one has the de Rham
complex associated to a Lie algebroid, which both generalizes the Chevalley—Eilenberg complex
of Lie algebras and the de Rham complex of smooth manifolds, and thus Lie algebra cohomol-
ogy and de Rham cohomology are special instances of Lie algebroid cohomology. Moreover,
analogous to the dg Lie algebra of multivector vector fields of a smooth manifold, one can
define the dg Lie algebra of A-polyvector fields for a given Lie algebroid A. After reviewing
these constructions, we will give three equivalent definitions of the structure of a sheaf of Lie
algebroids on a given Ox-module £, where (X, Ox) is a ringed space.

Finite dimensional Lie algebras arise as infinitesimal objects of Lie groups; more precisely as
the collection of right (or left) invariant vector fields with respect to the right (or left) action of
the group on itself. The notion of Lie groupoids, which generalizes smooth Lie groups, provides
for an analogon of this construction, in the sense that they are smooth objects together with
several operations to which one can associate infinitesimal, invariant vector fields which form
smooth Lie algebroids. Lie’s third theorem however, that gives a unique correspondence between
real, finite dimensional Lie algebras and simply connected Lie groups, cannot be extended to
the realm of Lie groupoids and Lie algebroids, because not all smooth Lie algebroids admit an

integration.

1.1.1 Three types of Lie algebroids

In this thesis we discuss three types of Lie algebroids: the differential geometrical variant,
which are given by smooth Lie algebroids; the algebraic notion of Lie-Rinehart algebras and
the sheaf-theoretic version, provided by sheaves of Lie algebroids over ringed spaces. We start

with the smooth case. Let M be a smooth manifold.

11
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Definition 1.1.1. A smooth Lie algebroid is a vector bundle 7 : A — M together with the
following data:

e A smooth vector bundle map p: A — TM.

e A Lie bracket on the space of smooth sections T'(A) of A such that for all &, € A and
f e C®(M), the follolwing Leibniz identity holds:

lo, FRIA = Lp(a) ()R + flox, Bla.

where L denotes the usual Lie derivative of vector fields.

Remark 1.1.2.

1) A computation in [Mar], involving the Jacobi identity for the bracket [, ]a, shows that p
induces a Lie algebra morphism p : T(A) — I'(TM) on spaces of sections, where the RHS is
endowed with the well-known Lie bracket of vector fields.

2) A computation involving the Leibniz identity, for which we again refer to [Mar] shows that
the Lie bracket is local; this means that the value {&, }(x) for two sections o, € I'(A) at a
point x € M is determined by the first order jets of o and 3. In partcicular, this means that

the bracket can equivalently defined as a bracket on the sheaf of sections of A.

Example 1. The tangent bundle of M with the Lie bracket given by the commutator of vector
fields, and the anchor map equal to the identity is a smooth Lie algebroid.

Example 2. The same holds for a finite dimension real Lie algebra g over a point {pt} with
the Lie bracket of g and the trivial anchor map.

The algebraic counterpart of Lie algebroids are given by Lie-Rinehart algebras, [Rin]. Their
definition reads as follows:

Definition 1.1.3. Given a commutative ring K, a Lie-Rinehart algebra (L,R) is given by a
commutative K-algebra R and a Lie algebra (L, [, 1) over K, which is a left R-module and which
acts on R by derivations. Denoting the Lie bracket by [ , 1, the module structure by r @ L — rl,
and the action by L@ +— 1(r) forr € R and 1 € L, the structures are compatible in the following

way:

(riY(r2) =r1 (L (r2)),
4 ,le] =1 (T)lz + 1l y L.

Remark 1.1.4. In this thesis we assume that R is commutative and unital, K is either R or
C and L is projective over R. Many of the constructions for Lie-Rinehart algebras can be done
in greater generality, i.e. when K is replaced by a commutative, unital ring k. The condition
that L is projective implies the PBW theorem of [Rin], and, under the extra condition that
L has constant, finite rank, is used in [Hue] and references therein to prove duality results for

(co)homology. Lie-Rinehart algebras are also called Lie-Rinehart pairs.

Example 3. A standard example of a Lie-Rinehart algebra is given by a commutative ring
R and the Lie algebra of derivations Dery(R) of R with the commutator bracket. This is the
algebraic counterpart of the tangent bundle example.

Example 4. The global sections L = I'(A) of a smooth Lie algebra A — M and the algebra
of smooth functions R = C*(M) form a Lie-Rinehart algebra (I'(A), C*(M)). Conversely, due
to the Serre-Swan theorem, any finitely generated, projective module L over C*°(M) such that
(L,C*(M)) is a Lie-Rinehart algebra, is given by the sections of a smooth Lie algebroid.
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The most general form of Lie algebroids that we will study consists of sheaves of Lie al-
gebroids over a given (locally) ringed space (X, Ox) such that Ox is a sheaf of K-algebras. A
detailed introduction into Lie algebroids in algebraic geometry, which are examples of sheaves

of Lie algebroids over ringed spaces, can be found in the first two sections of [BB].

Definition 1.1.5. A Lie algebroid L over (X, Ox) is both a sheaf of Ox-modules and a sheaf
of K-Lie algebras over X, which acts by derivations on Ox. The compatibilities between these

structures are given by

f1(Li(f2)) =il (f2)
L1, filal =L (f)la + f1 Ly, 12

for all f1,f2 € Ox and 11,1, € £, where we used similar notations as in Definition 1.1.5.

Remark 1.1.6. We assume that £ is locally free and of finite, constant rank over Ox. There
are interesting examples of sheaves of Lie algebroids that do not have this property, e.g. in [P]

Lie algebroids are defined as coherent sheaves over analytic spaces.

Let us now give some examples and relations between smooth Lie algebroids, Lie-Rinehart

algebras and sheaves of Lie algebroids.

Examples

1. Any smooth Lie algebroid A — M gives rise to the Lie-Rinehart algebra (I'(A), C*(M))
given by the global sections and to a sheaf of Lie algebroids 'y over the locally ringed
space (C{y, M), where Cg; is the sheaf of smooth functions on M.

2. Given a Lie-Rinehart algebra (L,R), we denote by (Spec(R), Ogpec(r)) the associated lo-
cally ringed space to R. The R-module L defines an Ogpec(r)-module £, and £ is a sheaf
of Lie algebroids over (Spec(R), Ogpec(r)). Conversely, the algebraic version of the Serre—
Swan theorem states that any finitely generated, projective module L over R is given by
the global sections of a locally free Ogpec(r)-module of finite rank. This implies that lo-
cally free Lie algebroids of constant rank over (Spec(R), Ogpec(r)) correspond to finitely
generated, projective Lie-Rinehart algebras L over R, i.e. the structure maps also corre-

spond.

3. Holomorphic Lie algebroids. Given a complex manifold X, a holomorphic vector bundle
A — X is a holomorphic Lie algebroid if the sheaf of sections I'y of A has the structure
of a sheaf of complex Lie algebras together with a holomorphic bundle map p : A — TX,
such that

(X1, X2l = Lo(x,) () X2 + X7, X2]

for all f € Ox(U), X7,Xz2 € A(U) and all U C X. The pair (I'(A),O(X)) given by the
global sections of A and the global holomorphic functions on X is a Lie-Rinehart algebra,
but it is better to view them as sheaves of Lie algebroids, since holomorphic Lie algebroids

cannot be constructed from their global sections in general.

4. Foliations. Given a smooth manifold M, an involutive subbundle F C TM, i.e. a subbun-
dle which is closed under the Lie bracket, forms a Lie algebroid with the anchor map equal
to the natural inclusion i : F — TM. By the Frobenius theorem it is integrable, which
means that M is equipped with a regular foliation such that F is given by the vector fields
that are tangent to the foliation c.f. [MoMr] for an extensive discussion. This example
extends to the holomorphic category: Given complex manifold X, an involutive subbundle

of the sheaf Tx of holomorphic vector fields is a holomorphic Lie algebroid over X.
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5. Action algebroids. Let g be a finite dimensional real Lie algebra equipped with an action
on M, i.e. a Lie algebra morphism a : g — I'(TM). The trivial vector bundle g x M
admits the structure of a Lie algebroid as follows. The anchor map on constant sections
is given by the action a, and by C*®(M)-linearity this determines the anchor map on all
smooth sections I'(g x M). For constant sections §,t, corresponding to elements s,t € g
the Lie algebroid bracket is defined as [g,\a, and this determines the bracket on all smooth
sections I'(g x M) by the Leibniz identity. This Lie algebroid is called the action algebroid
of the action of g on M and denoted by g x M. Again, this example works in the
holomorphic category as well: Given a complex Lie algebra g, and a Lie algebra morphism
a: g — I'(Tx) to the space of global holomorphic vector fields, one can equip the trivial

bundle g x X in a similar fashion with the structure of a holomorphic Lie algebroid.

6. Poisson structures. Recall that a Poisson manifold is a smooth manifold P together with
a Poisson bracket { , } on the smooth functions C*®(P). A Poisson bracket is a bilinear

operation which is a Lie bracket and satisfies the Leibniz rule:
{fg)h}:f{gyh}"" g{fy h}) fy gyh € COO(P)

This bracket is equivalent to a bivector field TT € T(A?TP) characterized by TT(df,dg) =
{f, g}, which satisfies [IT, TTlsny = 0. The Poisson structure defines a Lie algebroid structure
on T*P as follows: The anchor map p is contraction by the Poisson tensor, i.e.

p(a)(B) =TI(e, B), &, B € O1(P)
and the algebroid bracket is given by
[, BlTep := Lo(e) (B) — Lpp () — d(TT(x, B)).
Locally, i.e. when we can write « = df and 3 = dg, the anchor and brackets are given by
p(df) =X [df, dglt-p = {f, g}

where Xy is the Hamiltionian vector field associated to f with respect to the Poisson
structure, and in fact these equations determine the bracket globally. Given a complex
manifold X, a holomorphic Poisson structure is defined as a Poisson structure on the sheaf
of holomorphic functions, i.e. for each open U C X the algebra Ox(U) of holomorphic
functions is a Poisson algebra. It is characterized by a global section of the sheaf of
holomorphic biderivations of X, which we denote by I'A2Tx). The formulas that define a
Lie algebroid structure on Ty, the sheaf of holomorphic one forms on X, carry over from
the smooth case without adaptations.

7. Atiyah algebroids. Given a smooth vector bundle E — M, the subspace Diff S'(I'(E))
Endgr(T'(E)) of order 1 differential operators is defined by

h € DiffS'(M(E)) < [h, f] € End(E) Vfe C®(M).

The map f > [h,f] is a derivation and thus it defines an element o(h) € TM @ End(E).
It defines the symbol map

o: DiffS'(M(E)) — TM ® End(E), h — o(h),

which is a C®(M)-linear map of vector bundles with kernel End(E). A TM-connection
(or affine connection) on E, which we will define in the next subsection, defines a splitting

of the exact sequence

0 — End(E) — DiffS"(T'(E)) — TM ® End(E) — 0
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by the formula X ® e — Vxe where X® e € TM @ End(E), and this gives the middle
C*®(M)-module the structure of a vector bundle. The Atiyah algebroid At(E) is defined
as the subbundle of Diff ST(T'(E)) given by differential operators with scalar symbol, i.e.

it fits into the exact sequence
0 — End(E) — At(E) — TM — 0. (1.1.1)

The anchor map is provided by the sequence above, and the Lie bracket is given by the
commutator of differential operators. It is easy to check that the commutator of two
operators with scalar symbol again has a scalar symbol, so this is well-defined. Again,
the definition in the holomorphic category is the same; then the Atiyah algebroid is given
as the sheaf of order 1 differential operators with scalar symbol.

. Lie algebroids associated with hypersurfaces. Let N be a hypersurface in smooth manifold

M. Let T(TM(—1log N)) be the space of global vector fields that are tangent to N. It is
a C*®(M)-module which acts by derivations on C*°(M), and one can prove, c.f. [Me] for
a proof in the case of manifolds with boundary, that it is projective, i.e. it is given by
the sections of a vector bundle. We denote this vector bundle by TM(—1log N). The Lie
bracket is given by the commutator of vector fields and the anchor map is given by the
inclusion. Let (x,Y2,...Yn) be local coordinates on M such that N is defined by x = 0.

Then it is clear that
0 0 0

Xa, ayiz,...,iayn
forms a local basis for TM(—1log N). Hence, when x > 0, the image of x0/0x under the
anchor map evaluates to 1 in the differential form d(log(x)).

In the holomorphic setting the definition is as follows. Let D C X be a smooth holomorphic
hypersurface. The Ox-module Tx(—1log D) is defined as the sheaf of sections of Tx which
preserve functions that vanish on D, i.e. when f is a function such that f|p = 0, then
V € Tx(—log D) iff V(f)|p = 0. When D is not smooth, the definition still applies and it
gives an involutive subbundle of Tx, however it will not be locally free in general, see [P]
for more details. The condition that D has normal crossing singularities, i.e. one can find
coordinates X1, ..., X, around singularities of D such that D is defined by x1x2 -+ -xx =0,
implies that Tx(—logD) is locally free.

. Lie algebroids associated to Lie groupoids. In this example we discuss Lie groupoids,

which can be viewed as generalized, global symmetries of spaces. First we give the def-
inition of a smooth Lie groupoid. We refer to [M] for more details and many examples
of Lie groupoids. Replacing all the adjective ‘smooth’ by ‘holomorphic’ in the following
definition defines the notion of a holomorphic Lie Groupoid. Moreover, one can associate
a holomorphic Lie algebroid to a holomorphic Lie groupoid, and the examples that we

discuss are also defined in the holomorphic category.

Definition 1.1.7. A Lie groupoid is given by a pair of manifolds (G1,Go) and a collection
of smooth maps

s,t: G1 — Gy, u: Go — Gy, inv: Gy — Gy, m: GisxGy — Gj.

called the source map s, the target map t, the unit map w, the inverse inv and the mul-
tiplication m. The source and target map are submersions (hence Gisx¢Gy is a smooth
manifold). Moreover, the pair (G1,Go) is given by the set of arrows and the set of objects
of a category in which all arrows are invertible, and the structure maps of this category

coincide with s,t,u,inv and m.
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We remark that G; is not required to be Hausdorff, as opposed to Gy and s and t fibers.
Note that the fibers of s and t are smooth manifolds. It is customary to write G = Gy
to denote a Lie groupoid and to call points of G; arrows and points of Go objects.

To each Lie groupoid one can associate a Lie algebroid over Gy which encodes much of the
information of the Lie groupoid. The construction is as follows: We denote the subbundle
ker(Ts) € TG which fiber consists of vectors in TG which are tangent to the s-fibers by
T5G, and claim that

id*(T*G),
the pull-back bundle of T*G; under the map id, is a Lie algebroid over Go. An element
g € Gy defines a smooth diffeomorphism of fibers:

Ry : s y) — s (x)
where x = s(g) and y = t(g). Because it is a diffeomorphism, it induces an isomorphism
TRy : Tils '(y) —7 Tigls ' (y)

where s(h) = y. It follows that a section X € T'(id*(T*G1)) can be uniquely extended to

a right invariant vector field X'V in TG; by the formula
XP = TRy (Xia(y))

The Lie bracket of two invariant vector fields on Gy is again an invariant vector field,
hence one obtains a well-defined bracket on sections of id*(T®*G;). The anchor map is
given by p = Tt. More precisely, given a section X € I'(id*(T*Gy)), the anchor is given by
Tt(X™), which is well-defined since X™ is invariant. The fact that it satisfies the Leibniz
identity follows from the Leibniz identity for vector fields on Gj.

Some concrete examples of Lie groupoids. Let M be a smooth manifold. The pair groupoid
is defined as G; = Gop = M. x M = M. The source and targent maps s and t are the
left and right projections, the identity id is given by diagonal inclusion M — M x M, the
multiplication m is defined by m((x,y), (y,z)) = (x,2) and the inverse inv by inv(x,y) =
(y,x). Its associated Lie algebroid is TM with the standard structure maps.

Let M be a smooth manifold and F an involutive subbundle of TM. The following pro-
cedure associates a Lie groupoid, called the monodromy groupoid, Mon(M,F) = M to
F. Points of Mon(M, F) (arrows) are given by homotopy classes of paths with fixed end
points which map into leaves of the foliation. The multiplication m is given by concatena-
tion of paths, the source and target send a path to its starting respectively end point, the
inverse reverses paths and the inclusion sends a point to a constant path in that point.
The Lie algebroid which is associated to Mon(M,F) = M is given by F. See [MoMr]| for
a discussion.

Let a : G X M — M be a smooth action of a Lie group G on a manifold M. Set
G x M = Gy and Gp = M and define s(g,x) = x , t(g,x) = a(g,x) , id(x) = (e,x) ,
inv(g,x) = (g7
Then G; =2 Gy is a Lie groupoid called the action groupoid of the action of G on M. It

,m) and m((gx,ghx)(x,gx) = (x,ghx)) where e € G is the identity.

is denoted by G x M == M, and its associated Lie algebroid is the action algebroid of the
action of g on M obtained by differentiating the action of G on M, where g is the Lie
algebra of G.

A remark about integrability A Lie groupoid G; = Go with associated algebroid A is
called an integration of A. We have seen that the tangent bundle and Lie algebroids with

an injective anchor map always admit an integration, and Lie’s third theorem provides
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the result in the case of Lie algebras. In general it is not possible to find integrations
of Lie algebroids. The obstructions to integrability were determined [CF1], which also

provides an extensive overview of the subject.

1.1.2 Alternative definitions of Lie algebroids

It is often possible to generalize the differential geometric constructions that are performed
with tangent bundles to the realm of Lie algebroids, and moreover several notions of Lie algebra
theory can be extended to Lie algebroids. We will start with constructions that can be performed
in the greatest generality, namely that of sheaves of Lie algebroids and discuss particular cases
later.

The complex of £L-de Rham forms

Let (X, 0x) be a ringed space and £ a sheaf of Lie algebroids over (X, Ox)

Definition 1.1.8. The de Rham complex of L-forms is a sheaf of differential graded algebras
(dg algebras) given by
Qf =AY, LY

with the product given by the wedge product /\ and the differential d; defined in low degrees by

dgf(ly) =L (f)
dea(lyy 1) :=Ly (ee(l2)) — L2 (ee(l1)) — ([Ly, 2]),

where f € Ox, li € L and o € LY, and extended by the derivation property.

Conversely, one can show that a differential of degree 1 which acts by derivations on QF
defines a structure of a Lie algebroid on £, see for example [Xu99]. Given three Ox-modules

&,F and G together with an Ox-linear operation
ER®ox T — G
it follows easily that one can define an operation
Q% (&) ®ox QL(F) — QL(9)

where Q% (€) = Qf ®o, €. One of the simplest examples is the Ox-module structure on
& itself, which equips Q% (&) with the structure of an Q%-module. Other examples are the
composition of endomorphisms Ende, (€), the action of endomorphisms Ende, (€) on & and

the multiplication m for a sheaf of algebras A.

Definition 1.1.9. An L-connection on a Ox module & is a K-linear map
Ve — LY Ry &
satisfying the Leibniz rule
V(fs) =dsf@s+fV(s), feO0x(U),se&(U)
for all sections and opens U C X.

As remarked earlier, the Ox-module structure on € defines an Qf%-module structure on
Q, (&), and the formula

dy(a®s) =de(a) @s+ (=) ¥a AV(s)
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defines a map dy of degree 1 on Q% (X, €), which is more explicitly given by the Koszul formula

k+1
dvaw(lyy..ey b)) I:Z(*Uiﬂvh(w(lh---»hwu»hcﬂ))
i=1
k+1 N N
+ ) (Dol By Ty Gy )

i,j=1

(1.1.2)

One can show that dzv = Ryo, where Ry € Q%(End(c‘i)) is the curvature of the connection,
defined by
Ry (L, 12) = [V1,, Vi, = Vi, L), L e L.

If Ry =0, V is flat and defines a representation of £ on €. The complex (Q%(€),dy) for a

flat connection V is called the complex of £ de Rham forms with values in €.

Example 5. The action of £ on Ox defines a flat representation and the resulting complex is
just the de Rham complex (Q%,dc).

The L-polyvectorfields.

We start by recalling the definition of a Gerstenhaber algebra:

Definition 1.1.10. A Gerstenhaber algebra A is a graded vector space equipped with a Lie

bracket [ , 1 of degree —1 and a (super)commutative, associative product - of degree 0 such that
o, B V] = lo, B] -y + (=) <IIBI=1B - o, y]
for all o, B,y € A.
Dual to the £-de Rham forms one has the sheaf of L-polyvector fields defined by

T 5L

poly ‘=
The L-polyvectorfields are endowed with the graded commutative wedge product /\, and the
Lie bracket on £ can be extended to a bracket on L—polyvectorfields by the following definition:
LA Al ki A Aknl = Y (DI AT Al Ak Ak Ak (1.1.3)
i
for all 1;,k; € £, and
LA Aln] =—tag el A Al

where f € Ox, and tq,+ is defined by
Ldﬂf(l] /\---/\lm](oq,...,ocm,]) 1211 /\“‘/\lm(d/;f,oq,...,ocmq)

for oy € LY. The bracket is called the Schouten—Nijenhuis bracket and denoted by [, Jsn or
sometimes simply by [, ]. In low degrees the bracket is given by

(L1, flsn =11 (f)

[y, Llsn :=[l, 1]

for f € Ox and 1; € £ and the full bracket can also be defined as the extension of this bracket
using the Leibniz rule:

V1, v2 Avslsn = byn, valsn Avs + (D)2 Dy Ay yslsn

where y; € T | are homogeneous elements and | | denotes the degree of polyvectorfields.

poly
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Proposition 1.1.11. The triple (T*

potys /N [, Isn) is a sheaf of Gerstenhaber algebras.

Given an Ox-module £, a structure of a sheaf of Gerstenhaber algbras on the sheaf Ag £
determines a Lie algebroid structure on £ on Ox. It follows that

Proposition 1.1.12. Given a locally free Ox-module £ on a ringed space (X, Ox), the following
three structures are equivalent:

1. The structure of a sheaf of Lie algebroids on L.

2. A bracket [, Jsn for which (T~

potys /N [y 1sN) s a sheaf of Gerstenhaber algebras.

3. A degree 1 differential dg for which (Qg,/\,dg) is a sheaf of dg algebras.

A proof for the smooth case can be found in [Xu99]; the argument extends easily to the

more general case.

Definition 1.1.13. Given a Gerstenhaber algebra (A,/\,[, 1), a precalculus over A is given

by a graded vector space M and operations v and L such that:
1. The operation
Lt AM — M
gives M the structure of a graded module over (A,/\).
2. The operation
L: AoM — M

gives M the structure of a graded Lie module over (A[1],[, 1).
3. The following compatibilities hold for all a,b € A:
[Lay to] = ta,p] tla + (=1)®'Latp = Lans
where we used the graded commutators on the LHS.

A precalculus is a calculus when there exists a derivation d of degree —1 on M such that
[d» La] = (_] )‘0‘71 La.

The natural contraction operation between L-differential forms and £-polyvectorfields is given
by

b, w(v2) = w1 Av2),  w€EQg, v1, v2 € Thyy

Proposition 1.1.14. The de Rham differential dz on L-forms turns (Qg,t,dg, L) with the
negative grading into a sheaf of calculi over the sheaf of Gerstenhaber algebras (Tpcoly, Ny D)

The proof of this proposition in the smooth case can be found in [Xu99] or [ELW], although
there the notion of a calculus is not mentioned. Again it extends to the general case without
difficulties.

Remark 1.1.15. The latter structure is, for this thesis, merely a convenient way to summarize
all the structures on the £-forms and L-polyvectorfields that we will use.



20 CHAPTER 1. PRELIMINARIES

1.1.3 Lie algebroid cohomology

Given a Lie algebroid £ over (X, Ox), the cohomology of £ is given by the hypercohomology of
the complex of sheaves

d dg d
Ox =5 QL =502 25

which we denote by H*(£) = H*(Q%,dc). As the case of Lie algebras already shows, this
complex is not locally acyclic. In the smooth case, this implies that the complex is in general

not a resolution of fine sheaves of the sheaf of constant functions.

Example 6.

1) When £ is smooth, the sheaves Q are fine. Hence, the cohomology can be computed as
the cohomology of the complex of global sections of the sheaves.

2) Let (L,R) be a Lie-Rinehart algebra such that L is projective over R. One can define
the complex of differential forms as Homg (A®L,R) and the differential by the standard Koszul
formula. Note that A®LY is not the right notion if L is not finitely generated. In [Rin], Rinehart
showed that the cohomology H®(L, R) of this complex is equal to Extyr (R, R), where UL is the
universal enveloping algebra (see §1.2.1), i.e. the cohomology theory forms a part of homological
algebra.

3) For a holomorphic Lie algebroid £, the Dolbeault resolution of [LSX12] can be applied. We
discuss this below. An alternative is provided by the standard Cech resolution of sheaves which

also applies in the more general setting of sheaves of Lie algebroids over ringed spaces.

Given an L-module &, i.e. an Ox-module with a flat L-connection, the hypercohomology
H*(QY (€),dy) of the complex

0x 2% ale) 4% o) 2% ...
is defined to be H*(L, &), the cohomology of £ with values in .

Example 7.

1) Let £ = TM for M a smooth manifold. Representations of TM are given by flat vector
bundles E over M. The cohomology with values in E is given by the usual cohomology of M
with local coefficients given by the flat sections of E. In particular, when E is the trivial line
bundle, one recovers the de Rham cohomology of M.

2) When A = g, a Lie algebra over a point, representations of A are the same as Lie algebra
representations of g, and the algebroid cohomology agrees with the Lie algebra cohomology
obtained from the Chevalley—Eilenberg complex. A natural example, besides the trival repre-
sentation, is the adjoint representation of g, which leads to a cohomology theory controlling
deformations of g. In chapter 3 we will discuss a broader notion of representations that encom-

passes the adjoint representation for any smooth Lie algebroid.

Since it will be used in chapter 4, we discuss the example of a holomorphic Lie algebroid in

more detail:

Example 8. The Dolbeault resolution for a holomorphic Lie algebroid A — X over a complex
manifold X was constructed in [LSX08]. Similar to the holomorphic tangent bundle, we consider
the Lie algebroid A as a smooth Lie algebroid Ay together with an almost complex structure,
i.e. a bundle map

J: Ap — Agr

which squares to —1 and is compatible with the anchor map and the bracket. The complexified
Lie algebroid Ag ® C splits into Ag @ C = AT% @ A%1 according to the +1i eigenvalues of ], and
(A10 A%T) forms a matched pair, i.e. a pair of Lie algebroids such that A1° is an A%!-module
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and A% is an A°-module. The module structures and the anchor map need to satisfy a
number of compatibility relations, see [LSXO08].

It is a well-known fact that a holomorphic structure on a vector bundle is equivalent to a
flat T%'X-connection on the bundle (the holomorphic sections are given by flat sections), hence

A1 is a representation of T'X. The formula
VS(X) :prlyo([p{s)»xnv S EA]‘O» XGTOJX

gives T%TX the structure of an A'-representation, and these two representation give (T%1X, A":0)
the structure of a matched pair.

A crucial property of matched pairs is that their direct sum admits the structure of a Lie
algebroid, which is, in the case at hand, denoted by T%'X 1 A%, The cohomology of the

latter Lie algebroid is equal to the cohomology of the total complex associated to the following

dwT dﬂT

double complex:

DL 25Dl 2,

dL‘OT dl{oT

DY 25 POt 2, .,

where Di‘q = AP(ATO)Y @ AI(TOTX)V, and the differentials are induced by the module
structures. In this particular case the flat TQJ—connection on A0 gives rise to the Dolbeault
differential 9 for A, hence the 0-Poincare lemma shows that the double complex above is a
resolution of

d d d
Ox 4 0l S5 04 4 .
and one has:

Theorem 1.1.16 ([LSXO08]). Let A be a holomorphic Lie algebroid. Then we have

1. The holomorphic de Rham isomorphism: H®(A) = H'(TQ" >a A10), where the LHS is
the hypercohomology of the complex of holomorphic de Rham forms, and the RHS is the
cohomology of the smooth Lie algebroid T)%] pa A0,

2. The Dolbeault isomorphism: H9(QF) = H9(D"*,9), where the LHS is the sheaf coho-
mology of QF (X).

1.2 Noncommutative geometry of Lie algebroids

The universal enveloping algebra of a Lie algebra

First we describe the construction of a universal enveloping algebra associated to a Lie algebra
g over a field K D Q. The universal enveloping algebra of a Lie algebra g is defined as quotient
of the tensor algebra:

U(g) :==T(g)/1

where I is the ideal generated by the set {i(x) ® i(y) — i(y) ® i(x) — i(Ix,yl), %,y € g} and
i: g — T(g) is the natural inclusion. The universal property of the universal enveloping
algebra is a bijection Homy,;e(g, Lie(A)) ~ Hompgs(U(g), A), where Lie(A) is A equipped with
the commutator bracket. When the Lie bracket on g is trivial, the universal enveloping algebra
of g is the symmetric algebra of g, denoted S(g). The symmetric algebra can also be realized

as the subalgebra of the tensor algebra consisting of symmetric tensors.
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The natural filtration on the tensor algebra descends to the universal enveloping algebra,
denoted by U(g)°  U(g)' C .... Let Gr(U(g)) be its associated graded algebra: Gr(U(g)) :=

B2, Ulg)/u(g)!

Theorem 1.2.1 (Poincaré-Birkhoff-Witt). The composition of the maps
S(g) — T(g) — U(g) — Gr(U(g))

given by the symmetrization map

1
X1 Xk > Xe(1) @+ @ Xo(k) (1.2.1)
oeSk

and the natural projections, is an isomorphism of graded algebras.

A proof can be found in [Se]. Because its associated graded algebra is commutative, the uni-
versal enveloping algebra is called almost commutative. The associated graded algebra inherits
a Poisson structure from the commutator bracket on U(g) as follows: Let x € Gri(U(g)) and
y € G (U(g)), and choose representatives X € U(g)t and § € U(g)’. We have [X, §] € UHT—T(g)
because U(g) is almost commutative. Then the Poisson bracket between x and y is defined as
the class of [X,y] in Gr*~1(U(g)), and it is straightforward to show that this definition does
not depend on the choice of lifts.

1.2.1 The universal enveloping algebra of a Lie algebroid

Let £ be a sheaf of Lie algebroids over a ringed space (X, Ox). The sheaf Ox @ £ is a sheaf of
Lie algebras with the bracket defined by

[(f1,11), (f2, L2)] = (L1 (f2) — L2(f1), [L1, L2])

for f; € Ox and 1l; € £. The sheaf of universal enveloping algebras of this sheaf of Lie algebras
has a subsheaf which is generated by (O @ £), and the quotient of this sheaf by the relation
fe(gael) =fgaflfor f € Ox and 1 € £ is defined to be the sheaf of universal enveloping
algebras, sometimes abbreviated by universal enveloping algebra, and denoted by U(L).

The universal enveloping algebra is unital and is equipped with a K-algebra morphism
1:O0x — U(L), and a morphism 1: £ — Lie(U(L)) of K-Lie algebras, subject to the conditions

(F)X) = i(fX), X)i(f) —i(FiIX) =i(X(f)), feOx, XelL.

The universal enveloping algebra satisfies the following universal property: for any triple
(A, bz, do) consisting of a sheaf of K-algebras A, a homomorphisms ¢o, : Ox — A, and
a Lie algebra morphism ¢ : £ — Lie(A), such that for all f € Ox, L€ £

boy (e (X) = de(fX), G (X)boy (f) — boy (oo (X) = doy (X(F)),

there is a unique morphism ® : U(L) — A of sheaves of K-algebras such that ® oip = ¢ :
Ox > UL) and ©Poiy =¢: L — UL).

Recall that a locally free Ox-module &€ is an (Ox,£)-module iff there exists a flat £-
connection on €. The map £ — Endg(€) given by X — Vx exactly satisfies the universal

property given above, hence the natural functor
Mod(U(£L)) — Mod(Ox, L) (1.2.2)

is an equivalence of categories.
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Example 9.

1) Given a smooth manifold M, the universal enveloping algebra of TM is given by the sheaf of
differential operators Diff (M) on M. Likewise, the universal enveloping algebra of the holomor-
phic tangent bundle TX of a complex manifold X is given by the sheaf of holomorphic differential
operators on X.

2) For G = M a Lie groupoid with associated Lie algebroid A — M, the universal enveloping
algebra of A is a model for the algebra of differential operators which are tangent to the s-fibers
invariant under the right action on the s-fibers. For differential operators of order 1 this is the
correspondence between invariant fiberwise vector fields and the Lie algebroid A.

3) Given a regular foliation of a smooth manifold M with associated Lie algebroid A, the uni-
versal enveloping algebroid of A is given by the leafwise differential operators on M, i.e. the

subalgebra of differential operators on M which are tangent to the foliation.

1.2.2 Hochschild and Cyclic theory
Basic definitions

We briefly recall the basic notions of Hochschild and cyclic homology as well as their dual
cohomology theories of an associative, unital algebra C, to which we will refer by the cyclic
theory of C. Then we give a few examples. An extensive introduction into the subject is given
in [Lo]. We fix a unital algebra C over a field K which is either R or C. The fact that C is
unital allows for considerable simplifications of the definitions, and in this thesis all the algebras
that we consider are unital. Let M be an C-bimodule and write C := C/1-K. If C and M are
graded, one has to apply the Koszul sign rule in all the definitions that follow. Set

Co(C;M) =M ® C®*
C*(C; M) := Homg (C®*,M).

Let a; € C and m € M. As one can easily check, the formula

by(mMRa; ®...Qax):=m-a1 ®a; ®...® ax

k—1
+) ((DN'mea ®...0aan ®...@a+ (-Da mea ®... 0 a;
i=1

defines a differential by of degree —1 on Co(C; M), and the formula
qu)(a] Yooy ak) = d)(aly ceey ak)

k—1
+) (10l @iy @) + (1) a )k
i=1

endows C*(C; M) with a differential b™ of degree 1. The resulting homology of the first complex
is called the Hochschild homology of C with values in M, written He(C; M), and the second
complex defines the Hochschild cohomology H®(C; M) of C with values in M. When M = C,
the Hochschild homology complex is denoted by C4(C) := Co(C, C) and the Hochschild homol-
ogy by HH4(C) =: He(C;C). The Hochschild cohomology H®*(C;C) is called the Hochschild
cohomology of C and denoted by HH®*(C). The formula

k
Blag®...0a) =) ()" ®ai®a...0 ax@ao@...® a1
i=0
defines a differential of degree 1 on the Hochschild chain complex C4(C; C). Besides the relation
B2 = 0 it satisfies [b,B] = 0. The dual of B, which we also denote by B, defines a differential
of degree —1 on C*(C, C*), the Hochschild cochain complex with values in the dual of C. To
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define the chain complexes for the various versions of cyclic homology, we introduce, following
[GJ], a formal variable u of degree 2 and a formal variable u™! of degree —2 and set

CCY(C) == Co(C; O] @1y W

CCW(C) :=C*(C; C)[u]] @k W.
and equip them with the differentials by + u~'B and b" + uB. Here, W denotes a Ku']-

module in the first line and a K[u]-module in the second. Various choices for W lead to the

following theories, of which the last three are homology theories.
1. W =K gives the Hochschild homology of C and the Hochschild cohomology with values
in C*.
2. W = K((u")/u"K[u""] = K[ul leads to (ordinary) cyclic homology, denoted by
HC,(C).

3. W =EK((u™")) leads to periodic cyclic homology, denoted HP4(C). It has period 2 with
periodicity operator induced by multiplication by u.

4. W =K[u '] leads to negative cyclic homology, denoted HC; (C).

Short exact sequences of K[u]-modules lead to long exact sequences in homology. For example,

the usual SBl-sequence is induced from the short exact sequence
0 — K((u™))/Klu" — K((u")/u'Klu'l] — K — 0.
On the other hand, the short exact sequence
0 — uw 'Kl — K(u ™) — K((uw ")/ u K[ '] — 0
leads to the long exact sequence
... — HC,5(C) — HPR(C) — HCr(C) — HC; — ...

relating negative and periodic cyclic homology.

Additional structures on the Hochschild (co)complex

We define a few operations on the Hochschild and cyclic (co)chain complexes that we will use
in chapter 4. They are part of the set of operations which defines the structure of a calculus on
the associated (co)homology complexes, c.f. [DTTs]. Let a € C.

1. The insertion operator tq : Co(C) — Cqy1(C) is defined by

k
@@ ®ak:=) (-N"Ma® - ®a®a®am ® @ a).
i=0
2. Let Lie(C) be the Lie algebra given by C equipped with the commutator bracket. The

formula

La = [byia} (123)
equips Co(C) with a structure of a Lie algebra module over Lie(C). Explicitly, it is given
by the following formula:

k
La(ao® - @a) =) (a0® - ®a,al®...,a).
i=0

The dual formulas induce actions on C*(C, C*).
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3. The shuffle product on the Hochschild chain complex is defined by the formula:
(a0®"'®ap) X (b0®"'®bq) :aOb()@Sh'p,q((h ®"'®ap®b1 ®"'®bq)a

where ap ®---®ap, € Cp(Cland by ® - ®bg € Cq(C) and S, g C Sp4q consists of the
P, q shuffle permutations in the group of permutations S, 4.

Remark 1.2.2. Recall that Hochschild (co)homology can be computed using methods of ho-
mological algebra. Given an algebra C as above, and an C-bimodule, one has:

Ho(C,M) = Tor® (M, C)
H*(C,M) = Ext%. (C,M).

Here, C¢ := C®C°P is the enveloping algebra of C, which has the property that left C¢-modules
are equivalent to C-bimodules. A proof can be found in [We|. As we will see in the examples,
sometimes it is convenient to find the appropriate projective or injective resolution to compute
the Hochschild (co)homology.

Example 10. (Algebraic HKR theorem) In this example we discuss the Hochschild homology
of a commutative, unital algebra C over a field K such that Q@ C K. We will see that it is given
by the algebraic de Rham forms, which indicates that the Hochschild homology can serve as a

model for de Rham theory for noncommutative algebras.

The C-module of algebraic de Rham forms of degree 1 of a commutative algebra, denoted
by Q]C‘K, is defined to be the C-module presented by elements da where a € C, subject to the

relations

dA=0 d(a; + az) = da; +day d(ajaz) = ajdaz + axda;

for all A € K and a; € C. They are also referred to by Kéhler differentials. The algebraic de
Rham forms in degree n are defined as

Qg =ALQg,

and the natural derivation

1
C— Q¢ arda

can be uniquely extended to a derivation d of degree 1 on Qg given by
apdag ---dn = dapday ---dan

which satisfies d> = 0. The resulting complex is called the algebraic de Rham complex of C
and the cohomology of this complex is the algebraic de Rham cohomology of C, denoted by
Hgg (C). There are two natural maps relating the Hochschild chain complex and the complex
of algebraic de Rham forms:

€n: E‘K — Cn(C) en(apday -+ -day) == Z (—1)'“‘(10@(16[”®---®a0(n)
oesn

1
Hn: Cu(C) — QF), wlapa) ® -+ @ an) == ;aodal -o-dan.
One can show that the map p, defines a morphism of complexes
w: (CCV(C), b+u™'B) — (QF, 0+u~'d)

where ng = Qcj, Qg—1) W. If the algebra C is smooth, see [Lo] for the precise definition,

one has the following theorem.
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Theorem 1.2.3 ([HKR, LoQ]). If C is a smooth algebra over K, the map € induces an iso-
morphism
Qg — He(C).

Moreover, if Q C K, one has canonical isomorphisms

HC.(C) = QY,/d0%, @ Hip*(C) e HIR (O & ...

HP,(C) = O H(C)

iez

where HCq stands for cyclic homology and HP, stands for periodic cyclic homology.
Example 11. (Connes’ theorem.) When the algebra C admits a topology which is compatible
with the algebra structures, the Hochschild complex is defined using a different version of the
tensor product, which takes the topology into account. This is done because the cyclic theory

is rather hard to compute with the algebraic definitions, e.g. in the case of smooth functions

on a manifold M. In this case, the Hochschild complex can be defined as
Ce(C?(M)) =C=(M**)

but also as the complex of germs or even jets of functions on the diagonals in M*®. Connes

proved the following theorem.

Theorem 1.2.4 ([Co]). Let M be a smooth compact manifold and let Q% (M) be space of smooth

k-forms on M.. Then one has isomorphisms

HH, (C*(M)) = Q*(M)
HP,(C*(M)) = H3F™ (M) & Hgg' (M).

Dualizing both complexes yields the space of de Rham currents, i.e. the continuous linear
functionals on the de Rham forms, and the Hochschild cohomology with values in the continuous
dual C*®(M)* respectively. The dualized morphism of complexes pu* is a quasi-isomorphism on
these complexes. The extension of the HKR theorem to multivector fields will be discussed later,
and we also define other, smaller, Hochschild complexes, namely the polydifferential operators
and jets. In fact, the HKRC theorem is proved by considering a stable subcomplex of the given
Hochschild complex consisting of jets along the diagonal M € M*k.

Example 12 (Almost commutative algebras). This computation was done in [Ka] by Kassel.
Let C be an associative, unital algebra with a filtration ... C F,C C F,,1C C ... such that

UFR,C=C and NFC,=0.
The algebra C is called almost commutative if the associated graded algebra

Gr(C) = P FuC/FnC

n+1

is isomorphic to the symmetric algebra Sym(V) of V, where V = F;C/FyC. As in the case of
the universal enveloping algebra of a Lie algebra, Gr(C) is a Poisson algebra. The bracket is
defined by the same formula:

{fy 9} = Om+4n—1 ([(1, b])a
where 0y, is the projection oy, : FC — F,C/F,,_1C and a and b are lifts of f and g, i.e.

ola)=f and o(b)=g.
The algebraic de Rham forms of the algebra Sym(V) are given by

gym(V) = Sym(v)) ® A.V,
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and in [Br, L] it was observed that the Poisson structure on Sym(V) can be used to define the

Poisson homology differential & of degree —1 on the de Rham complex:

S(fodfy...dfn) =Y (—1)"{fo, fildfr ... fi...dfy
i=1

(—) ¥ fodlfs, fi}dfy ... df; ... dF ... dfy.

+

1

N

i<jisn

This differential anti commutes with the de Rham differential d, hence one can form a mixed

oW
Sym(

following theorem:

complex (Q V) 5, u! d). This mixed complex is related to the cyclic theory of C by the

Theorem 1.2.5. For C an almost commutative algebra one has the following isomorphisms:

Ho(C) = H.(ngm(v)» 6)
HC.(C) = HCW(Q8yn(v)y 8 u'd)
HP,.(C) = HP,( vy & u'd).

.
Sym

Remark 1.2.6.

1) The universal enveloping algebra U(g) of a Lie algebra g and the Weyl algebra, which is
defined in appendix §B.1, are particular examples of almost commutative algebras. This gives
an easy way to determine the cyclic theory of the Weyl algebra, because the associated Poisson
structure is symplectic. The computation of the RHS in the case of the universal enveloping
algebra is more intricate.

2) The essential part of the proof that Kassel gave is the observation that the following formula

defines a map of complexes

$:(Q3),8) = (Ca(U(g)), b)) G(Pdx...dxn) = Y (=1)M(P)xe(1) @ ... @ Xo(n),
0ES,

where j is the symmetrization map of (1.2.1) induces a quasi isomorphism of complexes. In
chapter 3, we will construct a similar map in the case a smooth Lie algebroid using the formality
theorem that Kontsevich proved in [K].
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Chapter 2

The Poincaré—Birkhoff—-Witt

theorem

The core of this chapter is the dual Poincaré-Birkhoff-Witt theorem for sheaves of Lie alge-
broids. Recall from the previous chapter that the PBW theorem for Lie algebras states that
er(U(g)) = Sym(g), and that, if Q C K, one can define the symmetrization map Sym(g) — U(g)
inducing an isomorphism on the associated graded spaces. In [Rin], Rinehart proved that
gr(U(L,R)) = Symg(L) for a Lie-Rinehart pair (L,R) under the condition that L is projective
over R. However, he did not construct a map Symg(L) — U(L, R) inducing this isomorphism.
In [NWX] the authors used the concept of a local integrating groupoid to define a local expo-

nential map, which induced a lift
Sym(A) — U(A)

of the PBW theorem in the case of a smooth Lie algebroid A — M. In this chapter we generalize
this result to locally free sheaves of Lie algebroids £, provided they are equipped with a global
L-connection on L. Roughly speaking, we replace the local integrating groupoid by J(£), the
sheaf of L-jets associated to £. Then, using the L-connection, we define the exponential map
jv of the dual version of the PBW theorem:

Theorem. Let £ be a locally free sheaf of Lie algebroids of constant rank v together with an

L-connection V. There exists an Ox-linear isomorphism of sheaves of algebras
jv: dL) — SymOX(LV)
with respect to the first Ox-module structure on J(L).

For the definition of J(£) and its two Ox-module structures we refer to §2.1.2. The algebra
structure on J(£) is induced by the coalgebra structure on U(L), thus it follows that the dual

map

jv i Symo, (£) — U(L), $(v(X)) =jv(®)(X)
where X € Symg, (£) and ¢ € J(£), is an isomorphism of filtered coalgebras in the category of
Ox-modules. Both the induced maps on the associated graded spaces are isomorphisms.

Now we briefly discuss the different subsections. To prove the PBW theorem we need parts
of the structures that are defined on U(L) and J(£), and we recollect them in §2.1. These
structures are described in more detail in [KP] and [CRvdB10]; the unversal enveloping U(£) is
a sheaf of so-called left Hopf algebroids, and J(£) is a sheaf of Hopf algebroids. Although not
formulated in this language, most of the structure maps of the (left) Hopf algebroids U(£) and
J(L) were already contained in [NeTs01]. In §2.2 we give the definition of the exponential map

jv and we prove the dual PBW theorem. We also give recursive relations for the definitions

29
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of jv and j\v/~ It turns out that the recursive relation that we find for jg coincides with the
recursive relation that was used in [LSX14] to prove the PBW theorem. Then we discuss the
straightforward extension of the PBW theorem to an isomorphism of differential operators on
J(£) and S/y—ﬁlox(ﬁv), which we use in chapter 4 and the appendix about formality for Lie
algebroids. Finally, we discuss how the PBW theorem depends on a linear combination of

connections and how it can be twisted by a locally free Ox-module &.

Recently there has been an increased interest in the PBW theorem, see [LiS, LiSX, SX].
The application of the PBW theorem to the formality theorem that the authors consider is very

close to our appendix.

2.1 The universal enveloping algebra and the jet algebra

2.1.1 The universal enveloping algebra revisited

Let £ be a locally free sheaf of Lie algebroids of constant, finite rank over a ringed space (X, Ox).
The (sheaf of) universal enveloping algebra(s) U(£) has both a natural left and right Ox-module
structure defined by left and right multiplication respectively. This leads to different notions of

tensor products, which we will denote as follows:

UL) @ UL)
U(L) @™ UL)

(U(L) ®x U(L))/ (D ® E — D @ D)
(U(L) ®x U(L))/ (Dr @ E — D ®1D).

This should make the general rule clear. In addition to the algebra structure on U(L), there
also exists a counital, cocommutative and coassociative Ox-coalgebra structure on U(L). The
comultiplication A : U(L) — U(L) @ U(L) is defined by

Alr)=r®1, T € Ox

(2.1.1)
AX)=X®1+10X, Xl

by an application of the universal property of U(£). The counit € : U(L) — Ox is defined by
e(D) =D(1), D e U(L).

Remark 2.1.1. The multiplication on U(L)®"U(L) by the obvious formula is not well-defined.
However, on the subspace of U(L) ®" U(L) which satisfies D @ E(f® 1 —1® f) = 0, the naive

product is well-defined. One can easily show that

Alf)(g®1—-1®g)=0
AX)(g®1-1®4g) =0,

hence the map A takes values in the subspace of U(L) @' U(L) where the multiplication is
defined, thus one can apply the universal property to obtain A : U(L) — U(L) @' U(L). For
elements D, E € U(L) it is given by A(DE) = A(D)A(E) = D(1)E(1) ® D(2)E(2) using Sweedler

notation.

The anchor map p : £ — Der(Ox) extends, again by the universal property, to a map
p:U(L) — End(Ox). In fact, the image of this map is contained in the differential operators
of Ox, i.e. p:U(L) — Diff(Ox), therefore the algebra U(L) is sometimes called the algebra of
L-differential operators. This map will be used in chapter 3. The universal enveloping algebra

admits a natural ascending filtration, denoted by

FUL) c FuL) c..., (2.1.2)
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where elements of degree zero are given by i(Ox) and U(L)P is defined to be the Ox-submodule
of U(L) which is generated by elements of i(£)P. Because £ is locally free, the associated

graded algebra is isomorphic to Symg, (£).

Remark 2.1.2. The universal enveloping algebra is a so-called left Hopf algebroid, c.f. [KK].
The notion of a left Hopf algebroid is weaker than the notion of a Hopf algebroid, as the authors
explained in [KPJ; the difference being that left Hopf algebroids are not required to have an
antipode. Let us summarize the structures of the left Hopf algebroid U(L).

1. The universal enveloping algebra is endowed with a multiplication m. The unit is given

by the natural inclusion of Ox in U(L).

2. The comultiplication
A: UML) — UL) @ UL)

which is defined in (2.1.1), is an Ox-bimodule morphism, where both the left and right
module structures are given by left multiplication. The image of this map is contained
in the subspace on which the entrywise multiplication is defined. The counit for the

comultiplication is the composition of p : U(L) — End(Ox) and the evaluation in 1:
e: U(L) — Ox, D +— D(1).

It is an Ox-bimodule morphism, where both the left and right module structures are given

by left multiplication.
3. The coproduct is multiplicative, i.e.

A(DE) = A(D)A(E).

4. The Hopf-Galois map:
B: UL)R™UL) — UL)@"MUL), DRE~ D @Dyt

is an isomorphism.

2.1.2 The jet algebra

The structures

The jet algebra is simply defined as the dual of the universal enveloping algebra:
J(£) :== Homp, (U(L), Ox),
To be more precise, recall the ascending filtration
L CFRUL) c FTUL) c .,

on U(L). Define F*J(£) := Homp, (FU(L), Ox), where the Ox-linearity holds with respect to
the left Ox-module structure on U(L). The jet algebra J(£) is defined as the projective limit:

J(£L) = proj lim F*J(L).
k

The jet algebra is a Hopf algebroid, c.f. [CvdB, KP, NeTs01]. Let us discuss the structures of
this concept. We can dualize the cocommutative coproduct on U(L) to obtain a product on
I(L):

(¢192)(D) == d1(D(1))d2(D(2)), d1,d2 € (L), D € U(L). (2.1.3)
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This defines a commutative algebra structure on J(£). The dual of the counit € of U(L) is the
unit
e: Ox — J(L), 1~ (D~ D(1)).

Analogous to the right and left Ox-module structures on U(L), there exist two Ox-module
structures on J(£), defined by

o2(r)(D) := e(Dr) =D(r), re 0x, DeUL).

Remark 2.1.3. We will use the different Ox-module structures on J(£) frequently throughout
this thesis. When they occur in tensor products or homomorphisms, we will write this as

follows:
HOmoXl(H(L),S) B(L)®Oxi 8)

where € is an Ox module. In the rare occasions that we consider the tensor product of J(£)
with itself, we will either explicitly mention which Ox-module structures we use, or we will
write

3(L)a, Ou, (L),

These Ox-module structures can be upgraded to two U(L)-module structures. We formulate
this using the notion of a flat connection, since we have seen in (1.2.2) that U(L)-modules

corresponds to flat £-connections.

Lemma 2.1.4. There are two flat L-connections V) and V2 on J(L) with respect to the
two Ox-module structures o1 and x2. They are defined by
v d(D) := ¢(XD) — X(d(D)) (2.1.4a)
V& $(D) := ¢(DX) (2.1.4b)
for X € £, & € §(£), D € U(L), and act by derivations. As V) is compatible with o

and V2 with &3, the flat connections define two commuting W(L)-module structures on J(L),

written -1 and -3, which are explicitly given by

D1 ¢(E) =D_(¢(D)
D -2 $(E) =$(ED)

Proof. In the literature, the connection V(') is sometimes denoted by VC and referred to as

the Grothendieck connection. To prove that V(1) are connections, we have to show that

V(D) =i (1) VE b(D) (2.15)
Vi o (1)(D) = (X(1))(D) + o (1) Vi (D). (2.1.6)

First we give some useful identities:

a1 (r)(D) = (1) (D(1y)$(D(2)) o2(1)p(D) =2 () (D 1)) d(Dy2))
=ro1 (D(1))d(D2)) =(Dr)(1) (N (D7) (2))
=r¢(D) =¢(Dr).

For both identities we used that «; is the unit for J(£), and on the RHS we also used A(r) = r®]1.
Let us now prove Equation (2.1.5):

v 6(D) =r(v{ (D)) v2¢(D) =4(DrX)
=1 (1) VY & (D) =0 (1)V (D).
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Before proving that Equation (2.1.6) holds, we show that Vg(i ) act by derivations. We use that
A(XD) = XD(]) ® D(z) + D[]) ® XD(Z) and A(DX) = D(])X & D(Z] + D(]) & D(Z]X.

Vi (0162)(D) =X(b162(D)) — b1h2(XD)
=X(¢1(D1))2(D(2))) — $1((XD) (1)) $2((XD) (2))
=X($1(D1)))d2(D(2)) + 1(D1))X($2(D2))

= $1(XD(1))$2(D2)) — $1(D1))$2(XDy2))
=(V{01)d2(D) + b1 (v 92)(D)

and

Vi (01$2)(D) =1 ¢2(DX)
=01(D1)1X)P2(D(2)) + d1(D (1)) d2(D2)X)
=(ViId1)b2(D) + d1 (Vi b2)(D).

These properties, together with the easy fact that Vg(i)oci(‘r) = oi(X(r)) for i = 1,2, imply
Equation (2.1.6):

VI (ai(1)$)(D) =V i (1)d(D) + o (1) Vi (D)
=0 (X(1) (D) + o (1) VY b (D).

The fact that both connections are flat is straightforward and is omitted. The expression for the
second U(L)-module structure is obvious, an the expression for the first U(L)-module structure
follows from the fact that it holds on degree 0 and 1 terms, and the fact that the action factorizes
through U(L) ®™ U(L), together with the universal property. This finishes the proof. |

We give a very easy, but important lemma that finds its application in the Fedosov resolu-
tions of chapter 4 and the appendix.

Lemma 2.1.5. The two U(L)-module structures on J(L) that were defined in the previous

lemma commute. In particular this implies that for all v € Ox the following holds:
VW (aa(r)) =0 V@ (a(1)) =0.
Proof. Left to the reader. (|

The filtration
The ascending filtration on U(L) can be dualized to a descending filtration:

IL)YD L)1 DI(L)2D ...,

where J(L) : {d € J(L) : (D) =0 forall D € F*'U(L)}. An alternative description of
this filtration is given by the following: The unit € : J(£) — Ox satisfies ker(e) = J(L)1,
and a computation shows that (ker(e))* = J(£)x. The inclusion to the right is fairly easy
if one uses that the coproduct on U(L) respects the filtration. For the left inclusion a local
argument suffices. We say that the descending filtration on J(£) is equal to the adic filtration
with respect to ker(e). It is easy to see that the associated graded algebra to the filtration on
d(£) is isomorphic to Symg (£Y). The adic filtration on J(£) defines the adic topology. The
open sets in this topology are given by J(£)x. One easily sees that the map

H: U(L) — Hom{}" (3(£),0x), D= (& (D))

is well-defined, and we have
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Lemma 2.1.6 ([CRvdB10], lemma 5.1). The map H is an isomorphism of Ox-bimodules.

Let us now summarize the Hopf algebroid structure on J(£) that is defined in [KP] and, in
a slightly different way, [CRvdB10]. We combine the two results:
Theorem 2.1.7 ([KP, CRvdB10]). The commutative, associative algebra J(L£) is a Hopf alge-
broid, i.e. it has the following structure maps

1. A counit € : J(L) — Ox, defined by €(d) := (1), which is an algebra morphism of

Ox-bimodules.
2. Two unit maps o; : Ox — J(L) which are algebra morphisms. They satisfy eoo = id|oy .

3. A comultiplication A : J(L) — J(L)a,®u, (L) which is a coassociative Ox-bimodule
morphism, with the the left Ox-module structure defined by &1, and the right Ox-module
structure by oz, both on J(L£) and J(L) — H(L)M@m J(L).

4. An antipode S : J(L) — J(L) interchanging the two U(L)-module structures and satisfying
SZ = 1d|3(£,) .

The structure maps satisfy, for all d € (L),

We omit the proof, but make a few remarks. In [KP] it is proved that the map ¢ ® P
(D ® E — ¢(DW(E))) is an isomorphism

3(L) a, ®x, 3(£) = lim Hom (FP (U(L) @™ U(L)), Ox).

P

Therefore the coproduct on J(£) can be defined by dualizing the product:
G(DE) = & 1)(Dd(2(E))

where we used Sweedler notation. The Ox-linearity of the multiplication on U(L) implies that
the comultiplication on J(£) is Ox-bilinear. The antipode S is defined by

S$(D) :=D.1¢(1)

and it is easy to check that it interchanges the two U(L)-module structures on J(£).

2.2 Incarnations and properties of the PBW theorem

2.2.1 The exponential map

In this section we construct a PBW map for the jet algebra of a Lie algebroid, depending on
the choice of a connection. Recall that Rinehart proved in [Rin] that gr(U(L,R)) = Symg(L) for
a Lie-Rinehart pair (L, R) under the condition that L is projective over R. However, he did not
construct a map Symg(L) — U(L, R) inducing this isomorphism. Such a map is the content
of our PBW theorem. We fix a locally free sheaf of Lie algebroids £ of constant rank r over a
ringed space (X, Ox). We assume that the sheaf £ admits an £-connection V¥, and fix one.

Definition 2.2.1. Consider the sheaf L equipped with the zero bracket and the trivial action:
(L, [, 1=0, p=0) over (X,0x). The symmetric algebra Symy, (L) is defined as the associ-
ated universal enveloping algebra of this algebroid. The associated jet algebra is given by

Homg, (Symg, (£),0x) = lim Symg (LV)/SymOX (LV]>k = S;/EOX Lv).
k
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We denote the descending filtration on this jet algebra by S/yﬁlox(ﬁ) ODJ>J*D.... The
L-connection V¥ on £ induces £-connections on tensor products of copies of £ and £V by the
usual formulas, which we all denote by V*. In particular, we obtain connections on the tensor
algebra To, (£), the symmetric algebra Symg, (£) and on s’;&ox (Lv).

The connection acts by derivations on the tensor algebra and the symmetric algebra. More-
over, the product on S/yzlox (L) is induced by the coproduct on Symg, (£) and the connection
acts by coderivations with respect to this coproduct, as can be easily checked. Hence the connec-
tion acts by derivations on S/y;lox (£V). The connection on S/yr\noX (£V) can be symmetrized;

: 1 - _
VEB(X1 - Xi) = 1 D (VEBIXi+ KX, B € Symo, (£Y), Xee Lo (22)

i=1
We claim that this is a derivation of S/y?no N (L)Y with the property
VE TR e (2.2.2)

The latter fact is clear, and the derivation property follows from the fact that the connection

V#* acts by derivations. It is explained in more detail in the lemma below. Consider the algebra
(L) ®o,, Symo, (£Y)
with entrywise multiplication. We define a connection D on this algebra by the formula:
Dx(¢®B) = Vb © B+ VKB.
It is well-defined because
Dx(2(r)$ ® B) =02 (X(r)) @ B+ 02 (1) Vi b © B+ ca (1) © VKB

—pRX(MB+ VP @B+ b @TVER
=Dx (¢ @ 1B)

and acts by derivations since both V(?) and V# both act by derivations. Let us remark that

the connection can be viewed as the natural connection on Homo,, (Symg, (£),d(L)).
Lemma 2.2.2. The symmetrized version of this connection, denoted by Ds and defined by
3
D(d®B)(X1 - Xi) =Y Dx, (¢ @ B)(Xy -+ X+ Xy,
i=1

is a derivation with the property (2.2.2) for the component in S/yr\nox(ﬁv).

Proof. We will compute the left and right hand side of Ds((d @ B1)(P @ B1)) = (Ds(d @
B1))(p®B2)+ (¢ ®PB1)Ds(p ® B2) evaluated on elements X; € £. Using that

BiB2(Xy---Xy) = Z B1(Xe(1)  Xo@))B2(Xe(i41) - Xo(k))

oesk

for B1,P2 € S/yﬁloX (£V) and the fact that D acts by derivations it follows that
Ds((¢®B1)( @ B2)) (X7 - Xi)
k
=) Dx, (b ®B1)W®B2)) (X1 X+ Xi)
i=1
= Z ((ngmﬁb ® B1))(Xo2) Xo)) (W @ B2) KXo(is1)  Xo()

oeSk

+ (P @ B1)Xe(1)* Xo(i-1))(Dxy iy (b @ B2)) Ko(ivr) - Xc(k))>~
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Moreover, we have
(Ds(d @ B1)) (Wb @ B2)(Xq -+ Xk)
= Z (Ds(d @ B1))Xo(1) - X)) (0 @ B2) Xo(it1) - Xo(k))

oesk
= Z (Dxei1y (@@ B1))(Xo2) + Xo(1)) (W ® B2) KXo (iv1) -+ Xo(i)),
oeSk
and a similar expression for (¢ ® 3)(DyP ® ). This proves the lemma. O

The PBW map jv is now defined as the composition
— ~ D S ev i
3(L) =2 4(L) oy, Symo, (£Y) <5 3(L) R0y, Symo, (£Y) <5 Syme, (£Y),  (223)

where evy means evaluation of a jet in 1T € U(L). Note that this map is well-defined since the
operator D has property (2.2.2) and hence the exponent eP is well-defined. To be precise, we
pair the image of an element ¢ € J(£) under the PBW morphism with Xy --- Xy € Symg, (£):

1

T ()0 ++X) = i (0)0X1 X = (DX @ 1)(1,X5 -+ Xi) = D)X -+ X

We introduced some notation along the way. We describe a recursive formula for this map in

the following proposition:
Proposition 2.2.3. For all k € N the following identity holds:

k—1
o (@)X - Xi) = % > VEGET@ONX Ko X
i=1

] (2.2.4)
1 IS VR 90 R Xa).

i=1
Proof. This follows by a straightforward computation:

S

k
DE@IOG - X)(1) = ¢ Y VD 100G -+ R X)) (1)
i=1
1 e o
fEZD‘;ﬂq))(vﬁi(x]---xi---xk))(n
im1
1 o
:E;XNDL“](P()G--'Xi"'Xk)(U)
1 o
— D DR R X))
i=1

k
_%Znywq))(vﬁi(xl o Ri X)),
i=1

where we see that the first and third part of the last expression combine to the first part of
Equation (2.2.4), and the middle part of the last expression is equal to the second part of
Equation (2.2.4). O

Theorem 2.2.4. Let L be a locally free sheaf of Lie algebroids of constant rank v together with
an L-connection V*. The map

jv i (L) — Symg, (£Y),
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defined in (2.2.3), is an Ox-linear isomorphism of sheaves of algebras with respect to the first

Ox-module structure on J(L). The dual map
jv i Symo, (L) — WKL) G¥(X) =jv(d)(X),

where X € Sym(L), ¢ € J(L), is an isomorphism of filtered coalgebras in the category of

Ox-modules. Furthermore, the induced map
gr(jv) : Symo, (£) — gr(U(£))
is the canonical morphism defined considered by [Rin].
Proof. The Ox-linearity of jy follows from the fact that the actions of V() and a1 commute

on J(£). Since the maps —® 1, evy and the exponent of a derivation on an algebra are algebra

morphisms, jy is an algebra morphism. Recall the adic filtrations on J(£) and S/y?no (L)
JL)DIDP ..., Syme, (L)D]DJ*D...

Note that J(£) and S/y?nox (L) are complete with respect to those filtrations. Moreover, they
induce topologies on J(£) and Symg, (£) and in [CRvdB10, lemma 5.1] it is shown that

U(L) =Hom§ (3(£),0x),  Symp, (L) = Hom{r* (Symo, (£), 0x).
Explicitly, it means that D € Homg’)‘zlt (J(L), O0x) if and only if there exists an n such that
D(¢) =0 for all ¢ € I". Now we show that jv respects these filtrations. Let ¢ € J(£). Using
Proposition 2.2.3 it is easy to prove the euqation

iv(@)(Xy - X)) =

1
T K

- (2.2.5)
D OXe) Xapg) = Y GV, Ko2)+ Xapo) + 6(X) |

oesk oeSk

where X € FK=2U(£) is a complicated term involving the connection. In the remark after this
proof we give a more explicit inductive formula from which the previous one can be deduced.
Hence, if ¢ € I, i.e. $p(D) =0 for all D € Fy._1U(L),

je(@)(Xy - Xm) =0, forall m < k,

ie. jv(d) € J'. Because jyv respects the filtrations, the dual map % is well-defined. Moreover,
jg respects the coalgebra structures because jy respects the product structures and it is Ox-
linear because jy is. This leaves us to show that jv and its dual are isomorphisms, which follows
once we show that the associated graded morphism gr(j%) is an isomorphism. According to

[Rin], the canonical morphism
Symg, (£) — gr(U(L)),  Xi-- X [UX7) - - 1(Xic)]

is an isomorphism, hence if we show that gr(j\v/) is the canonical morphism, the required state-
ments follow. Equation (2.2.5) shows that the morphism j¥ is given by

. 1 -
e Xy Xy) = W Z (Xom o Xok) — Vﬁgm(xa(z) . 'Xo(k))) +X],
" \oesk
and this shows that gr(j%) is indeed equal to the canonical morphism. (]

Example 13. The adjoint representation ad of a Lie algebra g is a g-connection on g. For
elements Xj - -- Xy € Sym*(g), the PBW map is inductively defined by

k
. 1 . > . N
alXie X = 3 (X g X R X =i (ad(X) 0 -+ R+ X))
i=1
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see Equation (2.2.6). We claim that the second term vanishes for each k. This follows easily from
the observation that each term Xy - - - [Xy, Xj] - - - Xy is cancelled by the term X - - - [Xj, Xi] - - X
because the connection is symmetrized. The PBW map Sym(g) — U(g) induced by the adjoint

representation is therefore equal to the symmetrization map.

2.2.2 Compatibility with the smooth approach

Our approach to the PBW theorem via the dual map defined on jets can be related to that of
[LSX14]. There, the authors work in the smooth category and consider pairs of Lie algebroids,
which we will define below. First we relate our definition of the dual PBW map to their recursive
definition of the PBW map. Consider X := Xj --- Xy € Sym*(£) and ¢ € J(£). Then

1
= DR X))
1

==Y VIO Xy Ko X)) (1) = DT (VR (X Ko Xao))

S

k
=Y (G0 Gy X R+ X)) = DY VE, (X -+ Ri X))

k
WO Xi) = 1 3 (X de X R X)) =9 (Tx X R X)) - (226)
This is precisely the definition of the PBW morphism in [LSX14, Remark 2.3] for the inclusion
of the trivial Lie algebroid into £.

For the remaining part of this subsection we work in the smooth category. As mentioned in
the introduction of this chapter, in [NWX] the authors use the concept of a local Lie groupoid
to define an exponential map in a geometrical way. The fact that each smooth Lie algbroid
admits a local integration implies that this construction works for all smooth Lie algebroids. In
[LSX14], the authors showed that their algebraic recursive definition for a map

Sym(A) — U(A)

coincides with the exponential map that is provided by the local Lie groupoid of [NWX]. We
shortly discuss the geometrical construction from [NWX] and [LSX14]. To be precise, we work
in the setting of [LSX14] and we use their notations for this subsection. Their initial data

consists of an exact sequence of smooth, integrable Lie algebroids
0—B—A—A/B—0,

together with a splitting j : A/B — A and an A-connection on A/B which extends the Bott

connection. The Bott connection is the B connection on A/B defined by
VEO“q(a) = q([b,al) ac A, beB.

Standard examples of such exact sequences come from holomorphic Lie algebroids and foliations.
They first observe that, given a vector bundle E — M, an A-connection on E can be defined as

a horizontal lifting h: L xpm E — TE using the formula:

h(am) em) =e.(plam)) — Tem((vae)m)-
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In the above formula, m € M, a and e are extensions of a,, € A;, and e, € Ep, e, is the
pushforward along e, and T.,, is the identification of E, with its tangent space at the point
em. This interpretation gives rise to the geodesic vector field = on A/B, defined by

= =h((x),x), x€A/B (2.2.7)

where h: A xp A/B — T(A/B) is the horizontal lifting of the A-connection on A/B extending
the Bott connection. Before we describe how the geodesic vector field is used to define the
exponential map, let us relate it to the degree one derivation on S/yEl(AV) that we defined to
construct the PBW map. The formula for the derivation on S/y?n(Av) can be generalized to a

formula for a derivation on S/yr\n((A/B)\/):
D(B)(x1 -+ xn) = Y Vjx)B(X1-+-Ri+-Xn) (2.2.8)

for x; € A/B and B € Sym((A/BY). Note that Sym((A/B)Y) maps injectively into C*(A/B)

by the standard formula
L(B)(Xm) = <[3)Xm e 'Xm>
mn times

for B € Sym™((A/B)Y) and xm € (A/B)m. For degree 0 elements it is given by
t=m":C®(M) - C*(A/B).
The completion ng?n((A/ B)V) however, does not have this property, hence we can only relate

our derivation to the geodesic vector field on the subalgebra of polynomial functions. The

following lemma was suggested by Ping Xu.

Lemma 2.2.5. On the subalgebra Sym((A/B)Y) C C®((A/B), the geodesic vector field as
defined in (2.2.7) is equal to the derivation defined in (2.2.8).

Proof. Since both the geodesic vector field and the derivation act by derivations, and since
Sym((A/B)Y) is generated by degree 0 and 1 elements, we only have to check the claim for
these degrees. Let t*(f) € C*°(A/B), where w: A/B — M denotes the projection. We have to
prove that =y (7" (f))(xm) = (D(f))(xm), where x,, € A/B. We compute the action of the
geodesic vector field:
S (T (1) (xm ) =4 (PG (3 )) (7 (£)) () — T, (V502 (70 (F)) (%m)
=p(j(xm)) (7" (f) 0 x)(m)

=" (p(j (xm)) (f)) (xm)
where we used that the second term on the RHS involves a vector tangent to the fiber (A/B)m,
which annihilates 77 (C*(M)), and where x stands for a section of A/B extending x,,. On the
other hand, Equation 2.2.8 immediately gives that
UD(f)) (xm) = (D(f), xm) (M)
=p(j(xm))(f)(m)
=" (p(j (xm) () (xm).
Now we turn to de degree 1 case. Let € Sym'((A/B)Y). We have to prove that =, ((B))(xm) =
UD(B))(xm), which is shown by the following computation:
Sxn (LB (xm) =% (P (xim)) (L(B))) (xim) — T (V) X) (L(B)) (Xm)
(i (xm)) (LB) o x) (M) — (B, Vj(x)x) (M)
(G (xm))({By xm)) (M) — (B, Vj(x)x) (M)
(D(B)y xm @ xm) = UD(B))(Xm)-

(
(
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Hence, the lemma is proved. |

Now we briefly discuss the exponential map using integrations. Let </ be a Lie groupoid

integrating A and % be a Lie groupoid integrating B.

Definition 2.2.6. Let o/ be a Lie groupoid integrating a Lie algebroid A.

1. An s-path is a smooth curve y : I — & emanating from a point in M C & and fully

contained in an s-fiber.

2. A p-path is a smooth curve 3 : 1 — A satisfying

Every p-path  uniquely determines an s-path vy and vice versa, by the following formula:

_4
T dt

Now we describe the exponential map as defined in [NWX, LSX14]. Let x be an element in A/B
in the neighborhood of the zero section. Consider the integral curve B4 (t) emanating from x

B(t) (v Oy (0)e

defined by the geodesic vector field. The composition j(f(t)) is a p-path in B, hence it lifts to an
s-path gx(t) in «/. The composition of this path with the canonical projection p : &7 — o7 /B,
and finally the evaluation in t = 1, defines the exponential map, i.e. expVJ(x) := p(gx(1)).
It is proved in [LSX14] that it induces a local diffeomorphism A/B — &7/% around the zero
sections.

Given a smooth submersion p : P — M together with a section €, consider the space
D(P,M), which are maps C*(P) — C*®(M) given by the composition of a differential operator
on P tangent to the fiber, and €*.

To relate the exponential map to the PBW map Sym(A/B) — U(A)/U(A)T(B), the following
two identifications are used:

e The algebra I'(Sym(A/B)) is isomorphic to the algebra D(A/B, M).

e The algebra U(A)/U(A)T(B) is isomorphic to the algebra D(«/ /%, M) with respect to
the smooth submersion s : .«//% — M.

Theorem 2.2.7 ([LSX14]). The local diffeomorphism of fiber bundles
expVI: A/B = o /B

induces an isomorphism of coalgebras D(A/B,M) — D (/' /B, M). This isomorphism coincides
with the isomorphism that is defined by the recursion (2.2.6).

2.2.3 The noncommutative PBW theorem

In this subsection we describe a noncommutative version of the PBW theorem for Lie algebroids.
It is also contained in the appendix, but we include it here because it is used in chapter 4. Given
a locally free sheaf of Lie algebroids of constant rank v, the inclusion «; : Ox — J(£) can be

extended to inclusions

L — 3(L) oy, £, X on(1) @ X
U(L) — J(L) ®oy, UL, D (1) ®D.
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Lemma 2.2.8 ([CvdB], Lemma 4.3.2). Given a locally free Lie algebroid over Ox, one has the

following isomorphisms:

(L) ®oy, £ = Deroy, (3(£)) dX = (b V)
(L) ®oy, U(L) = Diffo,, (3(£)) b@D = (b DoY)

where D.; indicates the U(L)-module structure (2.1.4b) on J(L). The first is a J(£)-module

isomorphism of Lie algebras, and the second is a J(L)-linear isomorphism of algebras.

It is proved by studying the associated graded spaces with respect to the filtrations on U(L)
and J(£). The composition of differential operators in Diffo,, (d(£)), which is the algebra
structure, corresponds, under the isomorphism above, to the product

(¢®D)- (h®E):= D)) ® D E (22.9)
on J(£) ®ox, U(L). The PBW map, defined in 2.2.4, is an Ox-linear isomorphism
J(£) = Sym,, (£Y)

with respect to the first Ox-module structure on J(£), hence the map jv (K)(B) =jv (K(j§1 (B)))

induces an algebra isomorphism
jv : Diffo,, (3(£)) > Diffo, (Sym, (£)
for K € Diffo,, (4(£)) and B € Symy, (£Y). This proves the following theorem.

Theorem 2.2.9. Let £ be a locally free Lie algebroid of constant, finite rank over a ringed
space (X, 0x). Any L-connection V on L induces an isomorphism of sheaves of algebras

jv 1 3(£) ®oy, U(L) — Diffo, (Symg, (£V))

2.2.4 The derivative of the PBW map
In subsection we study the time-dependence of the PBW map on the family of connections
Vi=V1+ty, te[0,1].
where y € QL (End(L)). Clearly, this family of connections induces a family
=, : 81L) — Symo, (£Y)

of PBW isomorphisms. We define 0, via the equation:

d

¢ Ut(@)) = 0:(je()).

One has the following isomorphism for the Ox-linear derivations on S/y.ﬁlox (LV):
Derg, (Symg, (£Y) = Symg (£Y) ® L.

Derivations X € Derg, (S/y.aox (£Y) decompose as
o0
X=X

i=—

where X; raises the degree of elements p € Symg (£Y) by 1.
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Proposition 2.2.10. The map 0y is an Ox-linear derivation of S;fﬁlox(ﬁv). If we write

0: = p_, 0% as above, the formulas
0,'=0=07, and 0] =v°
hold for all t € [0,1].

Proof. The fact that 0 is an Ox-linear derivation follows from the fact that j¢ is an algebra
morphism which is Ox-linear. Now recall that j. = evy o exp(D{) o —® 1, where

D = (v(z) @141 ®Vt>s

is a derivation of degree 1 on J(£) Rox, S/y_ﬁlox (£Y) with respect to the degree in S/yTnoX (LV).
The derivative of exp(D3) is given by the following general formula, which follows from a

straightforward computation:

expadp; —1 /dD§
d

i(expr) = ¢ > oexp Df. (2.2.10)

dt adDi

Note that D and dD§/dt do not commute in general. It is easy to see that the derivative dD§/
dt =id ® y*, where y* is the Ox-linear derivation of degree 1 on S/y?nox (£Y) that corresponds
toy € QL (End(£)) = (£Y)®? ® £ via the natural projection (£Y)®? ® £ — %éx(ﬁv) ®L.
Hence, since D§ has degree 1, y® is the term with the lowest degree in 0, and the statement
follows since the evaluation map evy intertwines id ® y* and y*. |

2.2.5 Twisting by a locally free sheaf

In the final section on the PBW theorem, we discuss how to incorporate a locally free sheaf €
of Ox-modules of finite, constant rank into the theory. Following [CvdB], we define the sheaf
of L-jets of € of order k as

35(£;€) == 5(£) ®oy, E.

We denote the full sheaf of infinite jets of €, which is a projective limit, by J(£; €), and define

the universal enveloping algebra with coefficients in € as
U(L; €)= Homfé)‘):: (3(£;¢),¢8).

The following lemma follows directly from the definitions.
Lemma 2.2.11. The sheaf J(£;E) of L-jets of & has the structures of:

1. An Ox, -linear J(£)-module by the assignment (d,p ® s) — P @ s.

2. An Ox, -linear J(£)-comodule by the assignment @ s — b1y Q@ d2) ® s.
Remark 2.2.12. The first oder jets fit into a short exact sequence

0LV ®E—7(L;8) = &0,

and a splitting o : € — J'(£; &) of this sequence in the category of sheaves of Ox,-modules is

equivalent to an L-connection on €&.

Lemma 2.2.13. The universal enveloping algebra with coefficients in L admits a product by

the following formula:
DoE(¢®s)=D(bn) ®@E(dp)®s)), d®sed(L;€), D,EeUL;E)

where & (1) ® G2y = A(P) is the coproduct on J(L).
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Proof. The fact that D o E is Ox, -linear follows from the the fact that the coproduct
A J(L) —IL)®I(L)
is Ox, -linear with respect to the Ox,-module structure on the left copy of J(£) on the RHS. [
One should think about U(L; &) as L-valued differential operators acting on &, with the
product simply given by composition. In fact, there is an equivalent definition of U(L; €) which
is based on the Atiyah algebroid which is closer to this interpretation. It seems however easier

to generalize the PBW theorem to the twisted case via the approach above. Recall that the
Atiyah algebroid Atz (€) of € with values in € fits into the following diagram

0 —— End(&) —— Atz (&) — L —— 0

with exact rows and At (&) defined as in Example 1.1.1. One can also define At (&) as the
subsheaf Endk(€) of elements Y such that

Y, fl=ov(f) fe€Ox,

for oy € L. It is easy to check that the commutator and the morphism Y — oy together with
the anchor map endow At (€) with the structure of a Lie algebroid.

Lemma 2.2.14. Given a Lie algebroid £ over (X,0x) and a locally free Ox-module &, we have

the following canonical isomorphism:
U(Atg (&) =U(L; ).
Proof. The proof is based on the universal property for U(At;(€)). We define maps

Ox — UL &) frs (f: d@s— fp(1)s)
Atz (&) — UL E) Y (Y: d@s— d(1)Y(s)+ dloy)s).

It is easy to see that fe U(L; &) and that Y is Ox, -linear. Moreover, we have

Y(oa(f)d @ s) = f(1)Y(s) + d(ovf)s
= f(1Y(s) + b(1)ov(f)s + fdp(ox)s
= $(1)Y(fs) + b(fox)
=Y(¢p @ fs),

thus Y € U(L; &). To apply the universal property, we have to show that

— — —

fY="FoV, ov(f) = [V, 1], Y, X] = [V, X].
The first equality is a straightforward check. We compute:

Yof(b@s)=Y(dn) @ da)(1)fs)
=dm(MY(d ) (Mfs) + by (oy)d ) (1)fs
= (¢(1)(1)0Y( (1)) Hiov)d) (1) fs
+ oy (M) (MIFY(s) + b1y (N d2)(1))ov(f)s
= d(oy)fs + (1 ) (S]+d>( Jov(f)s
=foY(o®s)+ov(Nd®s),
where we used the definition ¢(1y(Dd2)(E) = ¢(DE) for the coproduct where D, E € U(L) in
the fourth equality. This implies the second equation. For the third equation we compute:
YoX(p®s)=Y(bn) @ (b)(1)X(s) + b (U )s))
= ¢ (1) (ov(d)(1))X(s ) 2)(MYX(s) + oy (d(2)(0x))s + d(2)(0x)Y(s))
+ d1y(ov) (b2 (DX(s) + Ux) ).
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The terms in the commutator [\?, X] which end with s are given by

Sy (Dov(dz)(ox))s + d)lov)d 2 (ox)s
—dy(Mox(d2)(oy))s —d)lox)d2)(oy)s

= ¢(oyox — ox0y)
where we applied the rule
d(oxoy) =d1)(oxd(2)(oy))
=pm(ox(d2)(ov))) + dyox)d2)(ov).

The terms ending with Y(s) and X(s) vanish as can be shown by a similar computation, and
the terms ending with YX(s) and XY(s) are

S(NYX(s) — d(1)XY(s).

Since the commutator [Y, X] in the Atiyah algebroid has opy,x; = [0y, 0x] as associated elements
in £, this proves the third equality. The universal property implies that there exists an algebra
homomorphism

U(Atg (E)) — U(L;E).

The RHS has a natural ascending filtration defined by the descending filtration on J(£), and
the LHS has a filtration which is defined by defining

DeFkU(L;E) ifD=X; - X{Yix1---Y, i<k

where oy, = 0 for all j. It is easy to see that the map on the associated graded spaces is an

isomorphism . |
Lemma 2.2.15. Let V€ be a flat L-connection on €. Then there exists an algebra morphism.:
aye : UL) — UL, E).
Proof. Since a flat connection is given by a morphism of Lie algebras
VE: L — Atg(8)

which is compatible with the Ox-module structures and the action on Ox, this follows from the

universal property. |

Theorem 2.2.16. Let £ be a Lie algebroid over a ringed space (X,0x), and & a locally free
Ox-module of constant finite rank. Any pair (V*,V€) of L-connections on £ and & induces

an Ox, -linear isomorphism
jve,ve :3(4;€) = Symo, (£Y) @0y €

such that
jveve (@b ®e) =jye(d)jve ve (P @ e) (2.2.11)
holds for any ¢ € J(L), b ®@e € J(L£;€).

Proof. The connections V*, V¢ V(2) define a connection on S/yElOX(LV) ®ox, J(L; &) and

symetrizing this connection leads to a map of degree 1
D, : Symo, (£Y) @o,, 3(£;€) — Symo, (£Y) @o,, I(L;€)
which has the following Leibniz property:

Dy(rs) = Ds(1)s +1D4(s), 1€ Syme, (£Y) ®oy, 3(£), s € Symg, (L) @o,, I(L; E).
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Here Ds(r) stands for the derivation on J(£) ®oy, S/yHmX (L) defined in (2.2.4) acting on T,
and Dg(rs) and Dg(s) stands for the map that we just defined. Moreover, we used the natural
Symg, (£Y) ®o,, 3(£)-module structure on Symy, (£Y) @o,, 3(£;€). The PBW map with

coefficients is now defined as the composition
- D —
3(£:€) 25 Symg, (£Y) @0, 3(£:€) < Symg, (£Y) ®o,, 3(£:€) < Sym, (L) ® €

The Leibniz property of Dy gives property (2.2.11). The Ox,-linearity and the fact that it is
an isomorphism follows in the same way as in the proof of Theorem 2.2.4. |

Corollary 2.2.17. Using the notation from the previous theorem, any pair (V*,VE) of L-
connections on L and & induces an isomorphism

j*v,c‘vg :Symg, (L) ®oy End(€) — U(L; E)

Proof. This follows from Sym(£) ®e, End(€) = Hom%")’(‘t(S/yr\noX (LY)®E, &) and the fact that
jve,ve is Ox,-linear. |

There is also a noncommutative, twisted PBW theorem, which we describe now.

Theorem 2.2.18. The data of L-connections V< and V& on £ and & induces an isomorphism
of sheaves of algebras:

(L) ®oy, U(L; €) — Diffo, (Syme, (£Y) oy &).
Proof. Similar to the untwisted case, there is a canonical morphism

I(L) ®oy, U(L;€) — Diffo,, ((£;€))
(PRe@Df) = W®s— ¢D -2 (o2 (f(s))D) ® e).

Where e,s € &, f € &Y, ¢, € J(L£), D € U(L) and D acts on J(L£) using V(2. Recall
that differential operators of order k on the J(£)-module J(£; &) are endomorphisms of J(£; )
satisfying [do, [. .., [bk, d]...] = 0 where ¢y € J(L) are considered as endomorphisms of J(£; €).
It is straightforward to check that the morphism above is well-defined and has the range that is
indicated. Moreover, it respects the filtrations from U(£L) and J(£) on the LHS and the degree
of differential operators and the J(£) filtration on the RHS. The fact that it is an isomorphism
follows from the same argument as in the untwisted case. Using now that Diff (S/y\m(ﬁv) ®RE) =
Diffoxl (d(£;€)) by the morphism D + jyc ye oD ojg]ﬁ,v€7 the claim follows. |
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Chapter 3

Cyclic theory of the universal

enveloping algebra

This chapter can be divided into two parts. In the first, we relate the linear Poisson geometry
of AV, the dual of a smooth Lie algebroid A — M, to the symmetric powers of the adjoint
representation (up to homotopy) of the Lie algebroid A. The result is an identification between
the polynomial Poisson cohomology complex and the complex of the representation. Moreover,
we show that the Poisson homology complex of AV can be related the tensor product of the
symmetric powers of the adjoint representation and the natural representation Qa -the bundle
of A-densities.

In the second part we compute the Hochschild and cyclic (co)homology of the universal
enveloping algebra U(A) of A. First we define the Hochschild and cyclic (co)homology taking
into account the natural topology on U(A). The natural filtration on the universal enveloping
algebra leads to a spectral sequence that, in principle, allows one to compute the Hochschild
and cyclic (co)homology. However, it is not a priori clear that it degenerates. We solve this
problem by constructing maps on the level of chains from the polynomial Poisson (co)homology
complex to the Hochschild (co)complex of U(A). Finally, we discuss the relation between our
results and the existing literature. More extensive introductions can be found at the beginning

of the two sections.

3.1 Poisson (co)homology and representations up to ho-

motopy

In this section we consider the Poisson geometry of AV, the dual of a smooth Lie algebroid
A — M. Indeed, it is well-known that Lie algebroid structures on a given vector bundle A - M
are in one-to-one correspondence with Poisson structures on AV which are linear along the
fibers, see [CM, prop. 7] for a proof of this fact. Here we shall prove that his observation can be
extended to a correspondence between (symmetric powers of) the adjoint representation (up to
homotopy) of the Lie algebroid A, and the linear (polynomial) Poisson cohomology complex of
the Poisson structure on AY. Moreover, the Poisson homology complex of the Poisson structure
on AY can be related to yet another representation up to homotopy; the tensor product of the
symmetric powers of the adjoint representation and the natural representation Qa -the bundle

of A-densities.

47
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3.1.1 Polynomial polyvector fields and differential forms

First we assume A — M to be a smooth vector bundle. Any section s € I'(A) induces a fiberwise

linear function s on AV by the formula

s(x) = <sﬂ(“),ocﬂ(q)>n(a] , aeAY,

where (, ), denotes the natural pairing between Ay and its dual AY, for any x € M. Sections
of the symmetric algebra bundle Sym A likewise induce fiberwise polynomial functions on A"
by the formula (o) := s7 -+ sy (o) ;=< s7,0t > -+ < Sk, ¢ >, where g =87 ---sx € I'(SymA)
is the symmetric product of sections s; € T'(A). We will sometimes write:

x(AY) =T(A), *(AY) =T(SymA).

It is clear that the functions on AY which are polynomial along the fibers form a graded algebra,
and the degree of elements can be detected as follows. The R~ o-action by scaling A along the
fibers of the projection to the base M is generated by the Euler vector field €, which, choosing
a local frame {e;} for A, can be expressed as

A 0

It acts on C*°(A) using the Lie derivative and detects the degree of a monomial, i.e., Le (g) = kg,
for g € (M, Sym* A).

Although we can identify the sections of A or Sym A with linear, respectively polynomial
functions along fibers on AV, we prefer to only use this observation as inspiration, and to work

with the bundles themselves as well as their sections.

In this way, we can view the pair (M,SymA) as a locally ringed space. Regarding the
notation, we will not distinguish between the vector bundle Sym A and its sheaf of sections.

The R-linear derivations of this sheaf
Derg(SymA) = L

form a Sym A-module. It is the space of sections of a vector bundle Der(Sym A) over M, as the
following lemma shows. It is analogous to [L-BM, prop. 4.1].

Proposition 3.1.1. There is a short exact sequence of sheaves of Lie algebroids over (M, Sym A):
0 — SymA ® AY — Derg(SymA) — SymA @ TM — 0. (3.1.2)

A choice of a splitting of the global sections of this exact sequence is equivalent to a choice of a
TM-connection on A. In particular, Derg(Sym A) is given by the sheaf of sections of a vector
bundle Der(Sym A) over M.

Proof. First we describe the maps in the sequence above. The inclusion SymA ® AV —
Derg(SymA) is defined by the contraction Lo : Sym* A — Sym*~' A for « € AY. The map
Derg(Sym A)®@T*M — Sym A given by D®df — D(f) defines the projection Derg(SymA) —
Sym A ® TM. These maps are Sym A-linear and their composition is equal to 0. The injectivity
of the first map is clear, whereas the surjectivity of the second follows from the fact that
a choice of a connection V on A defines a Sym A-linear splitting by g ® X — gVx where
g®X € Sym A ® TM. In particular, this splitting gives an isomorphism of the C*(M)-modules
Derg(IMN(SymA)) = N'(SymA @ (AY @ TM), and hence Derg (I'(Sym A)) is given by the sheaf of
sections of a vector bundle Der(Sym A). (|

Hereafter we will use the notation L for Derg(Sym A). The grading on Sym A induces a

grading on L. Let us describe the exact sequence of the lemma above in low degrees. It is clear
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that L<~" is zero. In degree —1 it only consists of two copies of A, and in degree 0 it is given

by the short exact sequence
0—AQAY —1°—TM—0

where the middle bundle is the Atiyah algebroid, see equation (1.1.1), which is often used to
define connections as splittings of this sequence.

Recall from proposition 1.1.12 that the Lie algebroid structure on L defines the Schouten—
Nijenhuis bracket [-,-]sn, the de Rham differential d; and the Lie module structure L on the
L-polyvectorfields and the L-differential forms:

(T AL dsn ) 5 (QUAY), A dr) - (3.13)

The notation is slightly inconsistent here; the polyvector fields associated to the sheaf of Lie
algebroids L over (M, Sym A) should be denoted by Tg;oly(M) if we would follow the notation
from the last chapter, but we chose TpLoly(Av) to indicate that the structure sheaf is Sym A,
the polynomial functions on AY. A similar remark holds for Qp (A"Y). Note that we view the
objects as sheaves over M. The isomorphism L = Sym A ® (AY @ TM) from proposition 3.1.1
can be extended to the polyvector fields T;Oly(Av) and the dual of the exact sequence (3.1.2)

gives a similar isomorphism for the L-de Rham forms:

i j
Tooy(AY) ZG} P symAas (AAY @ ATM) (3.1.4)
k itj=k
i j
QL(AV)Z@ P symAe (\Ax \TM), (3.1.5)
k it+j=k

both of which are Sym A-linear. Perhaps this a good point to stipulate that there are two

natural gradings on these algebras; the polynomial one which is given by assigning

deg(A) =1 deg(TM) =0
deg(AY) = —1 deg(T*M) =0

and the ”cohomological” degree which is given by i+ j in equations (3.1.4) and (3.1.5).

It is easy to see that the graded commutative products of the LHS correspond to the products
on the RHS which are given by the natural symmetric product on Sym A and the wedge product
on the graded commuting parts. The insertion operator t of polyvector fields into differential
forms is given by the natural pairings of A and AY, TM and T*M, and the multiplication on
Sym A. The following lemma describes the other natural structures on the polyvector fields
and differential forms of L on the RHS of equations (3.1.4) and (3.1.5)

Lemma 3.1.2. Under the identifications (3.1.4) and (3.1.5), we have the following:
1. The Schouten—Nijenhuis bracket is determined by the formula
[(‘X)X)) (ﬁ:YH = vXﬁ - VYOCJ" [X»Y] + RV(X) YJ:

where X,Y € A'TM and «, p € A'AY, Ry is the curvature and Ry (X,Y) € Sym' A ®
ATAY.

2. The de Rham differential dxv on Qp(AY) corresponds to dy, which, on polynomial
functions, splits as
Sym* A AN Sym* TA@ATA

Ty

Sym* A ® A'T*M
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where & is the Koszul differential on Sym A. On differential forms it is detemined by the
formulas
dm : AT*M — AMTTT*M
and on NA it splits as
AA — Y L ARA @ ATT*M
Ry
Sym' A @ A TA @ AZT*M.

Together with the compatibility with the wedge product this determines the de Rham dif-
ferential.

3. The Lie module structure L is determined by the following formulas:

Lx(s) =Vxs —Rv(X,s) La(s) = Va(s)
Lx(a) :LQA& ch(é) = Oa

where X e N1TM, « e ATAY, s e ATA and & e N'T*M.

Proof. The Schouten—Nijenhuis bracket is determined, using Equation (1.1.3), by the bracket
evaluated on elements of cohomological degree 1, hence the given formula indeed suffices to
describe it. To arrive at the formula one simply computes the commutator of 1, + Vx and
g + Vy, viewed as derivations of Sym A.

Now we compute the de Rham differential. First, we remark that

6::ZLea®e-l

is the standard Koszul differential for the algebra Sym A, expressed in local basis {e;} of A.
Moreover, the curvature Ry € A2T*M®A®AY of the connection naturally induces a morphism

Ry : AKA — Sym' A@ A TA @ A2T*M.
To prove the formulas for the de Rham differential, one uses that it is defined by

dav(g)(Vi) =Vi(g)
dav (Y)(V1,V2) = Vi(y(V2)) = Va(v(V1)) +v([V1, Valsn)

where g € SymA, Vi € Land vy € Q{(M) The fact that the de Rham differential squares to
0 is equivalent to the Bianchi identity. Finally, the Lie algebra module structure on Qg (M) is
determined in low degrees because it is compatible with the wedge product on forms and the

identity [Ly,,Ly,] =Lpy, v, forvi € TL

poly(M). The given formulas are all direct consequences

of the following expression:
Lv(y) = (ydav +davy)V,

whcrcVELandyeQ}_(M). O

3.1.2 The Poisson structure on AY

From now on we assume that w: A — M is a smooth Lie algebroid. It is well-known that
the Lie algebroid structure on A defines a canonical Poisson structure on the total space of the
dual vector bundle A by the following formula:

e f,mgh=0, {fh=m(p(s)(f), {T=[51, feC®(M), stel(A). (3.16)
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This defines the Poisson bracket on functions which are constant or linear along the fibers.
These functions generate the functions which are polynomial along the fibers, which are in turn
a dense subalgebra of the smooth functions on AV, so the Poisson bracket can be extended to
C*®(AVY) using the Leibniz rule.

The properties of the Lie bracket and the anchor map imply that Equation (3.1.6) defines

a Poisson structure, i.e. that it satisfies the Leibniz and Jacobi identities.

Recall that a Poisson structure on AV is equivalent to an element 8 € T2(AV) such that
[0,0]sn = 0. The relation to the Poisson structure is given by

{h,k} = 0(dh,dk), h,ke€ C®(AY). (3.1.7)

Remark 3.1.3. We differ from the usual sign convention for the Poisson tensor defined on A",

since it seems more natural for most of our constructions.

We view the Poisson tensor as element in Tg-éfy(Av), i.e. as a multiderivation of Sym A. It
is important to note that we used the shifted degree on the space of polyvectorfields; i.e. its
cohomological degree as in (3.1.4) is equal to 2. The shifted degree, which gives the bracket
[, Isn degree 0, is conventional in the theory around formality that we will use later.

Given a connection V on A and s,t € T'(A), the formula (s,t) = V)t defines an A-
connection V,(j on A. The A-torsion TS of V,( ) is defined by the following equation:

Té PsAte [s,t]— Vo)t + Vs
We view it as an element in Sym1 A ® A2AY. Also, we view the anchor p as an element of
ATAY @ ATTM.

Remark 3.1.4. In [NeWa] the authors note that one can shift A-connections on A by half of
the torsion to obtain an A-torsion free A-connection. However, the torsion free A-connection
associated to an A-connection of the form V( j does not in general have the form @p( ) for a
TM-connection V on A.

Lemma 3.1.5. The Poisson tensor defined by the Equations in (3.1.6) is, under the isomor-

phism

e

T, oly(A )

. SymA @ (A2AY @ (NTAY @ A'TTM) @ A2TM),

given by Oy = Té +p.

Proof. We use the identification of (3.1.7). Let f,g € C*°(M) and s,t € Sym' A. Tt follows
easily that
Ov(dvf,dvg) = 0v(dmf,dmg) = 0.

Moreover we, have

Oy (dvs, dyf) =0v(5(s) + Vs, dmf)
=p(s)(dmf)
Ov(dys,dvt) =0v(5(s),8(t)) + Bv(Vs,d(t))
+0v(8(s), Vt) + 0v(Vs, Vi)
=lsytl = Vo (s)t + Vs = Vs + Vo)t
=[s, t].

(
)

(s
(s

Comparing this to the Poisson structure defined by the Equations in (3.1.6), the lemma is
proved. 0
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The Leibniz and Jacobi identities for the Poisson bracket, which are concisely captured by
the Maurer—Cartan equation

[ey e} = 0)

imply, together with the Jacobi identity for the Schouten—Nijenhuis bracket on polyvectorfields,
that the map
6, 1: Ty (AY) — TR AY), vy [6,7]

poly poly
squares to 0, and this complex defines the so-called Poisson cohomology. This is explained in

more detail in subsection 3.1.4.

3.1.3 Representations up to homotopy

Let us recall that representations of Lie algebroids A — M are given by flat Lie algebroid
connections on vector bundles E — M. The major drawback of this definition of a representation
is its rigidity, so in general, the category of representations of a Lie algebroid is quite small,
and in particular may not contain anything that can be called the adjoint representation. This
can already be seen in the case of the tangent bundle; any vector bundle which has non zero
characteristic classes does not admit flat connections, so cannot be a TM-representation. As a
remedy, the more flexible notion of a representation up to homotopy was introduced in [AC],
which was based on earlier ideas of, for example, [ELW, CM, Qu]. In this section, we shortly
describe how a representation up to homotopy is defined, for a more thorough treatment we
refer to [AC]. Informally speaking, the vector bundle E is replaced by a complex of vector
bundles ... % Et S i1 & , and the flat A-connection on E is replaced by not necessarily
flat connections on each bundle E' which are compatible with the maps 9, i.e. Vo —0V = 0.
The data is completed by a collection of tensors satisfying relations which imply that, together
with 0 and V, they form a derivation D of degree 1 which squares to zero on the total complex
QA (D E'), which is of course analogous to the fact that flat A-connections on a vector bundle
E induce differentials on QA (E). Since we deal with graded vector bundles, plenty of signs are
introduced, but in fact they all boil down to the usual Koszul sign rule, which says that for any

transposition of elements x, y of degree [x/, |yl, a sign (—1)*IV! is introduced.

Definition 3.1.6. Given a smooth Lie algebroid A — M, a representation up to homotopy of
A is given by a pair (E,D), where E = @iy El is a graded vector bundle, and a map

D: Qa(E) — QAa(E)
which increases the total degree by 1, squares to 0 and is a graded derivation, i.e.
D(wAT) =da(w) An+ (—1)*wD(n), forwe.()}‘\, ne Qa(E).
The cohomology of the resulting complex is denoted by H®*(A;E).
With respect to the degree in E, we can decompose D as a sum

D=0+V+) w,

i>2
where:
1. The map 0 is a degree 1 operator on E turning E into a complex.
2. The map V is an A-connection on E such that [V, 0] = 0.

3. The maps w; are given by tensors w; € Q‘}\(Endpi(E))7 with the usual correspondence

between such tensors and Q-module morphisms QX (E/) — QE\“(EH]"I).
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These maps satisfy, in addition to 9% = 0 and [V, 9] = 0, the relations 8 o w, + Ry = 0 and
dowi+Vwi 14+wrowi2+...+wi 20wz =0

Example 14 (The adjoint representation, [AC]). The graded vector bundle of the adjoint
representation up to homotopy is given by A @ TM, where A has degree 0 and TM has degree
1. Given a TM-connection on the vector bundle A — M the associated basic A-connection on
A @ TM is defined by the formulas

Vgast Z:Vp(t)s + [S, t]
VEaX :=p(Vxs) + [p(s), X]

where X € T(TM) and s,t € I'(A). The basic curvature of the connection is defined by
RS (s, 1)(X) = Vx(ls, t]) — [Vxs, t] = [s, Vxt] = Vgpax (s) + Vigpaex ().

A straightforward check shows that this is a tensor R2s € Q2 (Hom(TM,A)). In [AC] the

following proposition was proved:

Proposition 3.1.7. The basic curvature R%’ds of a TM-connection V on A satisfies the following

identities:

1. For the curvature Ryvas of the A-connection V°* on A one has R%ﬂs o p = Rywas, and for
the curvature Ryvas of the A-connection V"2 on TM one has Ryvas = —p o RE2S.

2. The basic curvature is closed with respect to the differential dgvas on Qa(Hom(TM, A)),
i.e. dygvasRES =0.

The differential of the adjoint representation is now given by
DV =p+ Vbas + Rl%as.

The previous proposition together with the property p o VP® = VP o p are equivalent to the
fact that DZv = 0. The complex thus obtained will be denoted by (Q% (Ad(A)),Dy).

Example 15 (The double representation [AC]). Let E — M be a vector bundle. Any A
connection on E defines a representation of A on E 4, E, where the copies of E have degree 0
and 1 by setting

D =id+ V + Ry.

This representation, called the double of a vector bundle, is denoted by D¢.

As mentioned in the introduction, one can define tensor products of representations. More
generally, one can define direct sums, wedge products, duals, symmetric powers and, given two
representations up to homotopy E and F, the representation Hom(E, F). With these operations
one can construct a wealth of representations up to homotopy, which is done in [AC], but
here we only discuss a few examples which are related to the polynomial polyvector fields and

differential forms. A particular operation, which we will need later, is the following.

Example 16 (Conjugation [AC]). Given a representation up to homotopy E with operator
D, on can form a representation with the same underlying vector bundle E, and the structure
operator given by

D=—0+V—wr+w3—....

This representation is isomorphic to the original one under the map ® given by (—1)™Id on E™.
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Example 17 (Symmetric powers). The k-th symmetric power of the adjoint representation of

the Lie algebroid A — M from example 14 gives rise to the following complex of vector bundles:
0— Sym*A — Sym* TA®TM — ... — Sym' A@ A¥TTM — A*TM — 0,

where the degree of Sym**A ® AI'TM is i. The differential D of the representation acts
on Sym'A by the extensions of p and V" by derivations, on AJTM by the extensions
of VP and R%“‘s by derivations, and on A'AY by da. We denote the representation by
QA (Sym*(ad A)),Dy). The direct sum of representations QA (D Sym* ad A), Dy) admits
a product which is a combination of the symmetric product on SymA, the wedge product
on ATM and the wedge product on AAY. It is clear from the form of the differential that
(QA (B Sym¥ad A), A\, Dy) =: (Qa(Symad A), A, Dy) is a differential graded algebra.

Example 18 (Symmetric powers of the double). The k-th symmetric power of the double
vector bundle representation E 24 E of A from example 15 give rise to the complex

0 — Sym*E — Sym* "EQE — ... — Sym' EQ A TE — A¥E — 0

of vector bundles, where the differential of the complex is given by the extension of the identity
map on E by derivations to Sym* E, which turns out to the be standard Koszul differential for
the bundle Sym E® A®E. The part of D which preserves the degree of the graded vector bundle
is simply given by the extension of the connection V to Sym'E and AJE, whereas the part of D
in Qf\(End_1 (Sym*(E 4, E))) is given by the extension of the curvature Ry € Q%(End(E))
to a map Ry : Sym'E @ NVE — Sym*"E ® NN-TE @ A2AY, which defines an element in
Q%\(Endf] (Sym(E d, E))). The direct sum of representations Sym(E 4 E) = @, Sym"(E q
E) again is a differential graded algebra.

3.1.4 Poisson (co)homology and the modular class

In this section we recall some facts about Poisson manifolds and Lie algebroids, and in particular
the definition of the modular class. The material is standard and can for example be found in
[Br], [ELW] or [CASW]. Let P be a Poisson manifold of dimension n, i.e., a manifold together
with a Poisson tensor 7t € A2TP such that [, Mlsy = 0. The Poisson cohomology complex of P
is given by the polyvector fields on P with differential 0, := [, ], and the resulting cohomology
groups are denoted by H%(P). The differential forms Q(P) over P form a module over the
polyvector fields, and this enables one to define Ly : Q®*(P) — Q®* ' (P), which is the Poisson
homology differential. The resulting homology groups are denoted by HJ(P). For simplicity we
assume that P is orientable i.e., there exists a non-vanishing global volume form p € Q™(P) on

P. The volume form induces an isomorphism
w: A'TP S5 QM *(P), vy Lu (3.1.8)

which can be used to define the modular vector field of P, by comparing the Poisson cohomology
differential to the Poisson homology differential transferred to the polyvector fields, denoted by

p(le):=p'olrop

Definition 3.1.8. Given a Poisson manifold P with a non-vanishing volume form p € Q™(P),

the modular vector field v, is defined by
(1(Lr) = 0n)y = v Ny.

Proposition 3.1.9. The modular vector field v, of a Poisson manifold associated to a volume

form W is well-defined. Moreover, it can equivalently be characterized by:
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1) Given a function f € C®(P) and its Hamiltonian vector field Xt, one has
Lyrpt = vy (f)p.

i) The following relation between the Poisson tensor, the volume form, and the modular
vector:
Lop = Ly, H.

Given two volume forms wy and wy for which w = fuy holds for f € C®(P), one has
Yy, =V, — Xlog\r\)

where X198l is the Hamiltonian vector field of log [f|. The modular vector field satisfies On(vy) =
0, hence it defines a class [v] € HL(P) in the Poisson cohomology, called the modular class.

Proof. Although this lemma is often stated in the literature, explicit proofs are not so abundant,
therefore we decided to give some details. First we prove that the first characterization defines

a vector field. To do this we show that it is a derivation:

Lyrop :fog+gxf = (fLxs + gLxt + df ALxe +dg A Lxs)pn
:(ﬂ_xg + gLXr + Lxo (df) + Lx( (dg))].i
=(fLxs + gLxs)p
where we used the antisymmetric property of the Poisson tensor in the last line. The following
equalities show that the first and second characterization are equivalent:
Lyrp=—di mtt = —dig(df Ap) +d(df A )p=df AL;u
v(flp =ty (df)p = df Aty

The next computation shows that assertion ii) from the proposition and the definition of the

modular vector field are equivalent:

ROxY + Vi AY) =Umy 1+ LyayV
=Latyp—yLap+y0p
=Latyu—Lap+ L
=Lr(n(v)).

Now let py = fuz where py € Q™(P) are non-vanishing. Then we have
La(fur) = din(fi)
= df Atz + fLag
= te(df Apg) + L ettt + L
= —txr1 + L.
Hence it follows that vy, = vy, — X!ogfl For the last part, we compute
rev it = (Laty + W La)p = (L3 + ) =0.

O

In the same way as we did with the Poisson homology differential, we can transfer the de

-1

Rham differential to the polyvectorfields, i.e. p(d) = u~' o d o u. The second characterization

from the last proposition is then also equivalent to

n(d)(m) = vy.
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The modular class of a Poisson manifold is in fact part of a more general story for Lie algebroids,
which we will describe now.

As mentioned in the discussion about representations up to homotopy, Lie algebroids admit
few representations, i.e. flat A-connections on vector bundles. The following construction, in
which a canonical representation on a line bundle is constructed, provides an exception to this
rule. Representations on line bundles give rise to characteristic cohomology classes in H'(A).
In the special case that we consider, these classes are particular examples of the secondary
characteristic classes considered in, for example, [CF2]. Let A — M be a smooth Lie algebroid

of rank 1 over a manifold of dimension n. We define the line bundle
Qa =NARA"T'M.
For simplicity, let us assume that it admits a non-vanishing global section T ® p.
Lemma 3.1.10 ([ELW]). The equation
VA (Tow :=I[5TIop+T&LygH
for s € T(A) defines a representation of A on Qa.

Given a (trivial) line bundle L over M together with a flat A-connection D on L, one can

define the characteristic class [ur] € H'(A) of this representation by the equation
Dl =y} (s)1

where s € T(A), 1 € T'(L) is non-vanishing and p! € T(AY). The fact that pt € T'(AY) is
straightforward, whereas dapu} = 0 follows directly from the fact that D is flat. Given two
non-vanishing sections ly,1, € I'(L) which are related by fl; = 1,, an easy computation shows
that ulLZ (a) = uLL‘ (a) + d(log|f])(a), so up to exact forms the definition is independent of the
choice of a section, hence [ur] € H'(A) is well-defined. Choosing L = Qa, this construction
gives the modular class of the Lie algebroid A. The following proposition gives an interpretation
of the characteristic class of a Lie algebroid which is similar to Definition 3.1.8.

Proposition 3.1.11. Given a representation of A on a trivial line bundle L, the element

ut € T(AY) associated to the non-vanishing section | € T'(L) satisfies
da +utA=D!
where DY is the differential on Qa obtained by transferring dp on Qa(L) to Qa by the iso-

morphism
Qa — Qa(L), x—a®l

Proof. Writing dp =D : T'(L) — Ql\(L), we see that D(1) =: uy ®1 € AV ®L. Then the claim
follows directly from the general requirement for the de Rham differentials with coefficients that

dp(a®@l) =da() @1+ axAdp(l).
0

Let P be a Poisson manifold and A = T*P the Lie algebroid associated to P. There are two
definitions of the modular class; one for the Poisson manifold P and one for the Lie algebroid

T*P. These are related as follows.

Proposition 3.1.12 ([ELW]). Given a Poisson manifold P, the modular class Op of the Poisson
manifold and the modular class O1«p of the Lie algebroid T*P satisfy

1
0p = - O7-p.
P=50TP

Moreover, the bundle A\*PT*P admits a representation which characteristic class is equal to the

modular class of P.
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Let us remark that Qr«p = (A*PT*P)2. The second part of the proposition is a consequence

of the fact that, given a representation on the square of a line bundle L one can define a

representation on L itself. Given p € T'(A*PT*P) and « € I'(T*P), the representation of T*P on
APT*P constructed in this way is given by:

Dap =lot, wlr+p — (de)p (3.1.9)

=\ L. (3.1.10)

The de Rham complex associated with this representation is given by
(QF+p(A"T*P),dp) = (NA*TP @ A"T*P),dp)
where dp satisfies, given y € T(AKTP),
D(y ® p) =dr+py @ u+ (—1)*y ADp)
=[m,ylsn ® w4 (—=1)*y ADp)
The contraction y ® p+ 1, (p) defines an isomorphism
T: Q% p(AMT*P) =5 Q" *(P)
and this isomorphism leads to the following theorem:

Theorem 3.1.13 ([ELW], Thm. 4.5). Fory ® pu € Q%.,(A"T*P) one has
t(dp(y ® W) = (1" Laltly @ p),

hence HY ;o (T*P, AMT*P) = HT_ (P).

3.1.5 Poisson (co)homology vs. representations up to homotopy

In this subsection we finally relate the polynomial Poisson complexes of the dual of a Lie
algebroid A — M to representations up to homotopy. Recall the Lie algebroid L = Derg(Sym A)
over (M,SymA), its polyvector fields and differential forms, and the Poisson (co)homology
differentials.

Theorem 3.1.14. Given a Lie algebroid A — M and a connection V on A, we have the
following isomorphism:
HO(TE, (AY)) = H(A, Sym(ad A)).

poly

Theorem 3.1.15. Let A — M be an orientable smooth Lie algebroid of rank r over an ori-

entable manifold M of dimension n, then we have the following isomorphism:
Hg+T° (Q{(Av)) =H* (A,Sym(ad A) @ Qa).

Before giving the proofs of these theorems, we prove a simple lemma that, given a vector
bundle E — M, relates the polynomial differential forms on E* with the de Rham differential
to the representation up to homotopy from example 18 in the case A = TM.

Lemma 3.1.16. Given a vector bundle E — M and an affine connection V on E, the de
Rham differential dsyme of the polynomial differential forms Qgyme is equal to Dy of the
representation Sym(E d, E) of example 18 under the isomorphism induced by the connection
V of (3.1.5).

Proof. Recall from lemma 3.1.2 that the de Rham differential dy on Sym A ® AA @ AT*M,

which has polynomial degree 0 and cohomological degree 1, is given by:
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1) The sum of the Koszul differential and the connection on the Sym(E) part.
i1) The de Rham differential on the AT*M part.

iii) The sum of the connection and the curvature Ry, considered as a map Ry : AKA —
Sym' A @ AKTAAZ T*M.

This exactly agrees with the discussion of the differential Dy of the symmetric power of the

double vector bundle representation E 295 F in the last example. (]

The following lemma not only proves theorem 3.1.14, but is in fact a stronger statement since
it gives an isomorphism between the two complexes on the level of cochains. This isomorphism

depends on the choice of a connection on A.

Lemma 3.1.17. Given a Lie algebroid A — M and a connection V on A, the Poisson cohomol-
ogy complex (T;OIV(AV), [0, 1) is isomorphic to the symmetric power of the adjoint representation

(Qa(Sym(adA)),Dyv).
Proof. We will prove that, under the identification

v
Thy(AY) = SymA ® AAY ® ATM

the Poisson differential [0, ] translates to Dy, the differential of the conjugate representation
of Sym(ad A). Since representations are isomorphic to their conjugates this proves the lemma.
Note that this lemma is a natural extension of lemma 3.1.2. The differential [0, Jsn on TpLOly (AY)
has polynomial degree —1 and cohomological degree 1, hence, under the isomorphism induced

by V it gives a map

Oy, lsn: @D Sym"AAAY @ATM — P Sym"A@AAY @ ATTM
s+t=j

+t=j
r—s=k }

i 1
—5=k—1

=t

where j and j + 1 indicate the cohomological degree and k and k — 1 indicate the polynomial
degree. Recall from lemma 3.1.5 that the Poisson tensor 8 € TH2(AY) corresponds to Té +p
with T& € Sym' A ® A?AY and p € ATAY ® A'TM under the isomorphism induced by V.

We have to prove that Dy = [0y, Jsn. Let us give two simple but useful formulas from the
Poisson cohomology complex. Let g € SymA, y € TH1(AY) and w; € Q] (AY), then

6, gl(w1) =—06(dg, w1)
0, vI(w1, wz) =—Ly0(w7, w2) (3.1.11)
=—v(0(wr, wz)) +6(Lyws, wz) + (w1, Lyw3)
To compute [0y, ]sn, we evaluate it on one forms using the formula above and the expressions

for the de Rham differential and the Lie bracket from 3.1.2. Let s,t € Sym' A, x € A'AY and
X, Y € A'TM.

e We start with computing the action of [0y, ] on Sym A. This is clearly determined by
the action on Sym' A, thus we have to compute [p,s] € Sym' A ® ATAY & A'TM and
[T, sl € Sym' A@ ATAY:

[p,sl(&) =—p(dvs, &) = —p(ds + Vs, &) = —&(p(s))
[p,8](t) = —p(dvs,t) = —p(ds + Vs,t) = Vy(y)s
[TQ, sl(t) =— T@(dvs,t) = —Té(és,t) =—[s,t]a + Vo(s)t = Vo) s.

These equalities show that [0y, s] = —p(s) + V"?%s.
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e Now we compute the action of [0y, ] on polynomial vector fields. Let o« € ATAVY.
From the expression for the Schouten—Nijenhuis bracket it follows easily that [0y, ol €
Sym' A ® A2AY. The equalities

lp, ad(s,t) = —ta(p(s, 1)) + p(Lu(s), t) + p(s, Lu(t))
=p(V(s), t) + p(s, Va(t))
—p(t)(x(s)) + «(Vpys) + p(s)(x(t)) — x(Vp(s)t) (3.1.12)
(T8, (s, 1) = —ta([s, tIv) + [Las, tly + [s, Latly
= —a([s,t]) + x(Vp(s)t) — a( V) (s))
imply that [0y, ®] = da «, where d is the de Rham differential of Q.
e Finally, let us compute [0y, X]. This time, the expression for the Schouten-Nijenhuis

bracket implies that [Bv,X] € (ATAY @ ATTM) @ (Sym' A @ AZAV). We assume for
simplicity that &; = dyfi = dmfi for fi € C®(M).

lp, XI(s, dvf) = p(s, dvf) + p(Lxs, dvf) + p(s, Lx(dvT)
(8)(f)) + p(Vxs + R(X)(s), dv ) + p(s, dv (X(f))
= [p(s), XI(f) + p(Vxs)(f)
[p, XI(s,t) = p(—Rv (X)(s),t) + p(s, —Rv (X)(t)))

=Ry (X, p(t))(s) — Ry (X, p(s))(t)

= IV Vo)l = Vixo(01) s = (IVx, Vors)l = Vix,p(s) t
T3, XI(syt) = — Vx(T& (s, 1)) + T (Lxs, t) + Ta (s, Lxt)

=—Vx([s, t) + VxVy(s)t = VxVp)s)

+ [Vxs,t] = Vo (vys)t+ Vo) Vxs

+ s, Vxt] = Vo) Vxt + Vo (vy)s

=—Vx([s,t]) + [Vxs, t] + [s, Vxtl

+ [Vx, Vo(s)lt = [Vx, Vo p)ls

+ Vovxt)s — Vowast-

X(
X(p
)

The first equality implies that [0y, X]|a1 aveaiTm = VP2X. Moreover, a careful analysis
of the signs in the second and third equalities reveal that

07, X](s, ) = —R¥(s, 1)(X).

This finalizes, using the expression for Dy from example 17, the proof that Dy coincides with
[Ov, 1. O

The last part of this section is devoted to a proof of theorem 3.1.15. Again, this follows
from a stronger statement on the level of chains:

Lemma 3.1.18. Given a smooth, orientable Lie algebroid A of rank v over an orientable

manifold M of dimension n, we have the following isomorphism:
QP4 (AY), Le) = (QA(Sym adA @ Qn), )
where Dy is the differential of the tensor product of the representations Symad A and Qa.
Loosely speaking, the way to prove this lemma is to:

e use the identification

v
QL(AY) = SymA @ AA @ AT*M,



60 CHAPTER 3. CYCLIC THEORY OF THE UNIVERSAL ENVELOPING ALGEBRA

e and relate the representation of A on QA and the representation of Q! (AY) on Q[°P(AY)
to each other, which also implies that the modular class of the Lie algebroid A lifts in a

natural way to the modular class of the Poisson manifold AY .

The first part is already extensively described in lemma 3.1.2 and 3.1.17, so we focus on the
second part. Recall that the connection on A induces

v
L*=Q](AY)=SymA ® (A®T*M). (3.1.13)
Consider the following maps from A into this bundle:

dy: IMA) — SymA®@ NABATT'M) s dy(s) =8s+ Vs
5: T(A) — SymA® (ANTAGAT*M) s~ bs.

The first map is given by s — d v (s) under the identification from (3.1.13). Note that s is the
Koszul differential of Sym A applied to s € Sym' A, and one has 6s = s € A'A. The following
lemma will be used throughout this section.

Lemma 3.1.19. The natural inclusion (Q%,da) — (T&OIY(AV), [0, ]) defined by o — 1y for
o € T(AY) is a morphism of differential graded algebras.

Proof. This is a direct consequence of formula 3.1.12. |

As we will see in the following two lemmas, the maps dy and t both respect only part
of the structures, i.e. they are not morphisms of Lie algebroids. In the first lemma we will
view I'(A) as a Lie algebra together with a Lie algebra action on C*°(M), and similarly we will
view L* = _QI'_(AV) as a Lie algebra (with the Lie bracket induced from the Poisson structure
0 € T}E(;lzy(Av)) with a Lie algebra action on SymA. We will write dav = d for aesthetic
reasons.

Lemma 3.1.20. The following diagrams define morphisms of Lie algebras and their modules:

T(A) ~*2&s C®°(M) TA) ~2w T(A)
T 6110
L s Sym A L 2K Sym A

Proof. We will not include t in the notation since it is clear from the context where it should
be written. The fact that d is a morphism follows from the definition of the Poisson structure
on AV:

[ds, dtl - = d{s, t} = d([s, t]).
The fact that the first diagram is commutative also follows from the definition:
dS(f) = G(ds, df) = {S)f} = p(S)(ﬂ,

and the equation
p-(ds)(t) = 0(ds, dt) = [s, t]

proves the fact that the second diagram is commutative.
Lemma 3.1.21. The inclusion & is C®(M)-linear and satisfies

(8s,5t]L- = 5([s,t]5) + RE(s, 1)
pr-(8s)(f) = p(s)(f).
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Recall that, given two one forms &y, oz € Q] (AV), the Lie algebroid structure on Q! (AY)
is defined by

locry o2l = —dO(ox1, &2) + Lo(oy, 1%2 — Lo(as, )1

= d0(ot1, x2) + to(a,, yda2 — to(a,, ydX1.

Given s, t € T'(A), we will compute [5(s),5(t)] - —8([s,t]a) using the above formula. We know
from the formulas for 6, the Lie derivatives and dy that

(8(s), 8(t)]r- — 8([s,]a) € ATA @ (Sym' A@ A'T*M),
so we can evaluate in 3 € T(AY) or X € I'(TM). First we compute

de(é(s)vé(t))(ﬁ) = B([Syt] - vp(s)t+ vp(t)s)
to(s, ) dt(B) = dt(p(s), B) = B(Vy(s)t)
—lo(t, )ds(B) = —ds(p(t), B) = —B(Vp()s)

from which it follows that ([5(s),d(t)]L« — 8([s,tla)) [a1ao = 0. Then we evaluate in X:
do(5(s), 8(t))(X) = Vx(Is, t] = Vo)t + Vy(1)s)
to(s, ydt(X) dt(X) + s, 1o dt(X)
= ( p(s)(t) — ([s, Vxtl + Vo (5)Vxt + Vp(vy)s)
—to(t, yds(X) = =R(X, p(t))(s) + ([t, Vxs] + V1) Vxs + Vi (vys)t)

from which it follows that ([5(s),d(t)]L - — &([s,tla)) |Sym AGATTM = Rb“s(s t). (|

Remark 3.1.22. The previous lemma is related to [AC][Section 3.2]. The authors consider
the short exact sequence for the jet bundle of A

0 — Hom(TM,A) — J'(A) — A — 0.

This is the degree 1 part of the short exact sequence for the polynomial differential forms
that is induced by the connection. The splitting j on the level of sections which is defined by
s+ j(s) is not C®(M)-linear, and corresponds in our story to the map induced by the de Rham
differential. In [AC], the Lie algebra structure on J'(A) is defined by requiring j to be a Lie
algebra morphism, which is similar to our definition of the Lie algebroid structure on Q]L(Av).
The splitting jyv = j + V of the short exact sequence for the jet bundle is C®(M)-linear and
corresponds to our map 8. This map does not respect the Lie algebra structures on I'(A) and

I'(J(A)), but satisfies the same equation involving the basic connection.

The maps d and & can both be extended to maps
d: Qa — Q°°(AY)
§: Qa — QP(AY)
defined by

BA AL @I A Al — ) A Adl) @ A Ay
A AL U A A — S A AS(t) @ A A

where t; € T(A), i € T*M. These two maps are equal because the terms involving V(t;) €
Sym' A ® A'T*M cancel for degree reasons. We will denote this map by d. Recall that Qa
is an A-representation with the flat connection denoted by VRA = D, and QT{”(AV) is a

representation of the Lie algebroid Q]L(A\/) with connection D.
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Lemma 3.1.23. The following diagram defines a morphism of Lie algebras and their modules:

MA) —4—— Ql(AY)

b} i

Qn ——— OFT(AY)
Proof. Recall that the action of A on Qa is given by

Ds(T@u) =I[s,TIsn @u+TR L)1

where s € T(A), T € ATA, u € A"T*M. To compute the action of Q] (AY) on Q}_‘“(Av) we
work locally, and write T = t; A--- At, and p = fodf; A--- Adf,, for f; € C°(M). Given
g € Sym A, the action of Q}_(AV] on a section Q € QP"(AY) has the form

Dde = [dg,Q}L»« = I—E)(dg, )Q

which follows from the fact that the Schouten-Nijenhuis bracket on Qp (AV) has the property
that [dg, dh] - = d(6(dg, dh)) = Lg(ag, ydh where g,h € Sym A. Let s,t € T'(A), then

Lo(as, ydt = d(6(ds, dt)) = d([s, ])

from which we can conclude that Lg(qs, y(dt; A---Adt,) = d([s,t; A--- At]a). Moreover,

we have
Lo(as, ydf = d(8(ds, df)) = d(p(s)(f)) = Ly(s)df

from which we can conclude that Lg(qs, )(fodfi A---Adfy) = Lys)(fodfs A---Adfy). Finally

we have

Lo(as, 1 (d(T® ) =d (s, Tlsn @ u+t® Los)n) = d(Ds(t ® p)),

which proves the lemma. |

Corollary 3.1.24. Given a non vanishing section O € Qa, the modular form vgo € Q}\
associated to the Lie algebroid A satisfies

dvo =vaa,

where Vaq is the modular vector field of the Poisson structure on AV associated to the volume
form dQ).

Proof. First we remark that, given o € I(AY) and s € I'(A), one has (ds, dx) = «(s) € Sym® A
where (-, -) is the natural pairing between L* and L.
Using the last lemma and the definitions for the modular vector fields of Poisson structures

and Lie algebroids, we compute:
<ds, dVQ> do :d[VQ(S)Q) = d(DS(Q)) = Dds(dQ) = Le(ds, )dQ = <dS,VdQ> dQ

which proves the lemma. |

Proof of lemma 3.1.18. The differential of the representation Sym(ad A) ® Qa is defined by
Dy ® 1+ 1® D, where Dy is the differential of Sym(ad A) and D defines the representation of
A on Qa. From lemma 3.1.17 we know that under the isomorphism

Q% (Sym(ad A)) I TE (AY)

poly
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induced by the connection the differential Dy corresponds to [0, ] up to signs, and from lemma
3.1.23 we know that the action of A on Qa and the action of L* on Q""" (AY) are intertwined
under the maps d: A — L* and d: Qa — Q'"(AY). It follows that

(03 (Sym(ad A) © Qa), Dy ) 2 (Thr(AY) @ QpiT(AY), [0, 1@ 1+ 1@ Do)

is an isomorphism of differential graded algebras, where Dy is the differential for the represen-
tation Sym(ad A) @ Qa. Finally, the composition of this isomorphism with the isomorphism
from 3.1.13 leads to

Il

(a(Sym(adA) @ Qu), Dy ) = (Qpi™"(AY), Lo)

pol

which, up to signs, intertwines the differentials, and hence induces the desired isomorphism of

complexes. 0O

3.2 Application of formality

In this section we compute the Hochschild and cyclic (co)homology of the universal enveloping
algebra U(A) of a smooth Lie algebroid A over a manifold M. We define the Hochschild and
cyclic (co)homology taking into account the natural topology on U(A). The natural filtration
on the universal enveloping algebra leads to a spectral sequence that, in principle, allows one
to compute the Hochschild and cyclic (co)homology. However, it is not a priori clear that it
degenerates. As discussed in 1.2.6 Kassel circumvented this problem in [Ka] by constructing a

morphism of complexes

it (Q%)Le) — (Ca(A),b)  j(Pdxy---dxn) = D> (1) M(P)xg(1) ® @ Xo(n)

oESH

where 1 is the symmetrization map Sym(g) — U(g), which induces an isomorphism in homology.
It requires a more sophisticated approach to construct a direct morphism in the general case
of smooth Lie algebroids, which relies on the formality map for Lie algebroids, c.f. [D, CJ.
Let us briefly explain this. Given a smooth Lie algebroid A — M, we showed in the previous
subsection that (Derg(SymA),SymA) =: (L,R) forms a sheaf of Lie algebroids over M. In
fact, L is triangular, i.e., there exists a Maurer—Cartan element 6 € /\ZRL = TI}(;l]y(Av), which is
given by the L-Poisson tensor. In the appendix, to which we refer if notations are unclear, we
use the PBW theorem for Lie algebroids to revisit the proof for the formality theorem for Lie
algebroids, which says that there exists an Ly -quasi-isomorphism U = (U;, Us,...)
Ut Ty (AY) =Dy (AY)

with the first component equal to the HKR map. The RHS is given by the L-polydifferential
operators on R, which are the polydifferential operators on AV that are polynomial along the
fibers, viewed as a sheaf over M. This morphism equips Ci (AY), the complex of L-Hochschild
chains, with the structure of an L,,-module over TpLoly (AY), and there exists a quasi-isomorphism
V = (V1,Va,...) of Lo-modules

V: CL(AY) — Qr(AY)

over TpLoly(AV), with Vi equal to the HKR map for chains. It is well-known that Maurer—
Cartan elements in Trl;)ly(A\/) can be used to define Maurer-Cartan elements in D;Oly(Av),
which in turn define an L-deformations of R. We prove that the formality map and 0 define a
deformation Ry of R = Sym A which is isomorphic to U(An), where Ay is (a formal version of)

the adiabatic Lie algebroid discussed in [NWX], and that the product is well-defined for h = 1.
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This is an extension of the discussion for Lie algebras in [K, §8.3.1]. Then we show that the
formality maps twisted by 0 and composed with the natural morphisms induced by the anchor
p of A gives morphisms

(Thafy (AY), 10, 1) — C*(U(A), U(A), b)

(Co(U(A),b) — (QF(AY), L)

Using a spectral sequence argument it is then showed that these morphism induce isomorphisms
in (co)homology. Finally, since the formality map for chains intertwines the de Rham differential

d for Qr(AY) and the cyclic differential B for cyclic homology, we can show that
(CY(UA)),b+u"B) — (QF (AV)W, Lo +u'd)

is a morphism of complexes, where W is a K[u~']-module. This proves the result for the
(periodic) cyclic homology.

3.2.1 Deformation quantization

Recall that a formal deformation quantization of a commutative ring R is given by a K[[h]]-

linear, associative product = on R[[h]] satisfying
Txr=r=r*1, forallreR.

Writing out such a x-product in powers of h,

nk -
Ty *xT2 =T1T2 + Z gBk(Tl s T2) (3.2.1)
k>1

we see that it is given by a formal series B:= Zk>1 7¥By/k! € RC2(R, R)[[R]]. It is well known
that associativity of the product is equivalent to B satisfying the Maurer—Cartan equation in
the (shifted) Hochschild cochain complex:
S B
OB + E[B,B]G =0.
We encounter formal deformations controlled by the Lie-Rinehart algebra L: this means that
we can find By € U(L) ®g U(L) such that p(Bx) = By where p denotes the canonical extension
of the anchor to a morphism of cochain complexes
p: Dty (R)[R]] — C*(R,R)[[h]]

poly

(3.2.2)
P(D1®@ - @Dny1)(r1 ® - @Tng1) :=D1(r1) -+ Dng1(Tns1),

where DII;L‘)TI;,(R) is the degree n component of the L-polydifferential operators as defined in the

appendix. Following [NeTs01], we shall call such deformations L-deformations.

In the remaining part of this section we set R = Sym A and L = Derg(Sym A) for a smooth
Lie algebroid A. Recall the so-called adiabatic Lie algebroid Ay [NWX]. As a Lie-Rinehart
algebra, it is given by (I'(A)[[h]], C*°(M)[[h]] with Lie bracket h[, ] and anchor hp, but it can
also be considered as a sheaf of Lie algebroids over M.

Proposition 3.2.1. Let A — M be a smooth Lie algebroid with associated triangular Lie
algebroid (L, R,0). The formality Lo-morphism for L gives rise to a quantization Ry of R which
is isomorphic to UW(Aw). Moreover, this isomorphism restricts to the subalgebras which are

polynomial in h.
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Proof. Let U : TpLoly[Av) ~ D;Uly(/\v) be the Ly,-morphism defined in the appendix. The
Maurer—Cartan element 0 defines a Maurer—Cartan element in U(L) @z U(L)[[R]] by the formula:

hk
> g Uk(0:-..,0). (3.2.3)

> e
This follows from the general theory for L-algebras as discussed in the appendix. Moreover,
PIR hk/k!By, where By = Uy(6,...,0), defines a deformation quantization on R[[h]] by

(3.2.1). We will denote this deformed algebra by Ry.

The Maurer—Cartan element 6 has polynomial degree —1 and we claim that the bidifferential
operators By have polynomial degree —k. This fact follows from the following observations.

Recall that the polynomial degree is detected by the formula
Le(f) = nf, feSym™A, & = Euler vector field on AV,

The action of the Euler vector field can naturally extended to all the sheaves that are involved
in the proof of the formality morphism in the appendix. To show that the formality map
preserves the polynomial degree, it suffices to note that all the morphism that are used to
define the formality map respect the action of Lg. For the natural resolutions using the jet
bundle this is clear and for the PBW map it follows because we can choose the L-connection

on L, cf. (A.1.1) to be homogeneous:
Le(VXY) = Vi xY + Vx(LeY), for all X,Y € L.

Finally, for the fact that the twisted map preservers the degree we refer to the argument given
in [D] (there the property is described in terms of an action of a smooth Lie group, which is in
this case just the R* action on the fibers of AY).

Concretely, this means that By is bidifferential operator mapping polynomials of degree p
and q to a polynomial of degree p + q — k, which in turn implies that we can restrict the

deformed product to the subalgebra of elements which are polynomial in h.

Now recall that the formal version of the adiabatic Lie algebroid is defined as the sheaf of
Lie algbroids A[[h]] over the ringed space C®(M)[[h]]) with bracket and anchor defined by

[s, tla(ny = hls, 1], Parm) (8)(F) :=hp(s)(f).

We denote it by (An, C®°(M)n). Its universal enveloping algebra U(Ay) is, as an R[[h]-module,
isomorphic to Sym(A)[[h]]), and one can easily see that it is a deformation of the Poisson
algebra (Sym(A),{, }). Because U(A1,) and Ry, are deformations of (Sym(A),{, }), i.e. of the
same Poisson bracket, they are, by an argument of Kontsevich in [K], isomorphic als algebras.

We can restrict the product in both deformations to the polynomial subalgebra, hence the
claim is proved. |

Remark 3.2.2. The core of the proof above, the homogeneity of the bidifferential operators By,
shows that the quantization of the Poisson manifold A" defined by applying the formality map
for the Lie-Rinehart algebra (L, R) to the Lie—Poisson structure, is homogeneous as considered
in [NeWa]. For our purposes, it also shows that we can put h = 1 and consider R itself with the
deformed product defined by B. This is then isomorphic to the universal enveloping algebra
U(A) itself.

3.2.2 The basic complexes

Here we briefly recall the definitions of the (co)chain complexes computing the Hochschild and

cyclic theories of the universal enveloping algebras U(A) of a smooth Lie algebroid A. The
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algebra U(A) has a natural locally convex topology defined as follows: we write U(A) as the
direct limit of the increasing family of filtered subspaces Fr, C U(A), c.f. (2.1.2). By the
PBW theorem 2.2.4, Fy is the space of smooth sections of the vector bundle @lf:o Sym*(A). It

therefore has a natural locally convex topology given by seminorms of the form

[Ifllp,x = sup VX, - Vx, fllsyme (a)x0 K € M compact,

where we have chosen a connection V and a metric on A. With respect to this topology, the
inclusions Fy C Fy1 are continuous and we give U(A) the direct limit topology. As such, U(A)
is a nuclear LF-space, as each of the pieces Fy is nuclear Fréchet. c.f. [Tr] for definitions. By
Proposition 3.2.1, the product fxg of f, g € Fy involves a finite number -at most k- of derivatives
of f and g. For each p € N and K C M compact, we can find p’ = p + k such that

If x gllp,x < Clifllpr xllgllpr,k, for some C > 0.

The product x : U(A) x U(A) — U(A) is therefore continuous for the topology and extends
to a map U(A)QU(A) — U(A), where & denotes the completed projective tensor product, so
U(A) is a locally convex algebra as in [Co][Appendix BJ.

The (topological) Hochschild cohomology is defined as the cohomology of the complex de-

fined on the graded vector space
C*(U(A), U(A)) i= Homers (WA)Z*,W(A))
with differential & := [ ,+]. The dual Hochschild chain complex is given by
Ca(U(A)) = UA)E*HD),

with differential written as b. As U(A) is a unital algebra, the B-operator defining the cyclic
homology of U(A) is given by the usual formula.

3.2.3 Computation of the cyclic theory

In this section we use the previous results to compute the topological Hochschild cohomology
of U(A). The final result is:

Theorem 3.2.3. Let A — M be a smooth Lie algebroid over a manifold M. There is a
canonical isomorphism
H*(U(A)) = H*(A, Sym(ad A)).

Proof. The tangent map of the formality morphism, c.f. A.2 associated to the Maurer—Cartan

element 0 € Tl!-élly(Av) is given by

ToU: (TE

poly

(AV),18, 1) — (Db (AY)I,5+ 16, 1),

poly

where we could restrict to polynomials in h because of proposition 3.2.1. In fact, this morphism
is an Le-moprhism, but we don’t need the Lie algebra structures for this proof. The same
definition as the natural morphism D[E;)Iy(AV] [A] — C*(R,R)[R] from (3.2.2) gives a morphism
of complexes

(Dl (A, 8+ 18, 1) — (CRE, RE), o0 (3.2.4)
This is not entirely obvious, but it follows from a rather straightforward computation relating
the differentials & + [é, ] and &1, -the Hochschild differential for the deformed algebra Rf;’l. We
set h. equal to 1, and use proposition 3.2.1 to obtain a morphism of complexes

(Thoty (AY), 16, 1) — (C*(U(A), U(A)), 8) .

poly
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Let us now consider the filtration on the Hochschild complex induced by the filtration on U(A):
first define

FUA)P) = Y R (UA)®... @ F, (UA)).
And with this we put

Fp(CE(U(A), WA)) = 3~ Homes (R(UA)T9), Fip(W(A)))
1

This induces a spectral sequence with
EDY = F,CPHa/Fy 1 CPHd = Hom?, (R®*9)R) .

The differential do : EJ'? — Eg‘q“ is just the standard Hochschild differential of the commu-
tative topological algebra R. By the topological version of the Hochschild-Kostant-Rosenberg
theorem we therefore find

EP9=T0, (AY).

oly

The differential on this page of the spectral sequence is defined using the first term B; and is, by
the same reasoning as in [Br], equal to the Poisson cohomology differential [0, ]. If we now view

L
(Tpoly
we can see that Tol is a morphism of filtered complexes as follows: The formality morphism

(AY), [0, 1) as a filtered complex on its own, with the filtration by polynomial degree,

preserves the polynomial degree, and the tangent map
ToU = U + terms containing 6

where Uy is the HKR map which is of degree 0, and the terms containing 0 strictly decrease the
degree because 0 has degree —1. Because of this, we see that the induced map on the spectral
sequence is an isomorphism from the first page on. By the comparison theorem for spectral

sequences, we conclude that TgU is a quasi-isomorphism itself.

Finally, the theorem follows from the identification of the polynomial Poisson cohomology

with the Lie algebroid cohomology of symmetric powers of the adjoint, c.f. Theorem 3.1.14. [

Theorem 3.2.4. Let A be a smooth Lie algebroid over a manifold M. There exists an isomor-
phism
He((U(A), U(A)) = HG (QF (AY))

where HY(QF (AV)) is the Poisson homology of the complex (Q3(AY),Lg).

Proof. This follows by an argument which is very similar to the proof of the last theorem, but

here one uses the globalized and twisted version of Shoikhets formality map:
0
(CLAY), b + L) ~= (QF(AY), Lo). (3.2.5)

Moreover, we use the inclusion (Co(U(A),U(A)),by) — (CL(A\/),bH +Lé) which is the

composition of the natural injective map
o0 Co(R,R) — Co(d(L),d(L))

and the projection (A.4.2). The description of the first page of the spectral sequence associated
to the filtrated Hochschild complex of U(A) can be found in [Br]. O

Theorem 3.2.5. Let A be a smooth Lie algebroid over a manifold M. There exists a quasi-

isomorphism of complezes

(Ce(U(A),b+u""B) — (QF(AY), Lo +u""d).
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Proof. This is done in a similar fashion, but now the differentials B and d are involved. We refer
to lemma A.6.1 for the fact that the twisted formality map of modules in (3.2.5) intertwines
the differentials B and d. Moreover, in [BrGe, Wo), the authors proved that the differential on
the second page of the spectral sequence of the cyclic complex of U(A) coincides with the de
Rham differential d. There are no further difficulties. O

For the periodic theory, the homology simplifies:
Corollary 3.2.6. For a smooth Lie algebroid A — M we have

HP (U(A)) = H* (M) ((u™ ).

Proof. Recall that the periodic cyclic homology is computed from the complex Co(U(A))((1™ 1))
with differential b +u~"B. The quasi-isomorphism of the previous theorem extends to a quasi-
isomorphism to the complex _Q{(Av)((u’1 )) equipped with the differential Lo + u~"d. The
invertible map

e OF(AY)((w ) = O (AY)((u )

simplifies the differential to just d. But the cohomology of the complex Qf (AY)((u)) is easy to
compute: Any homogeneous element o € Qf (AV)((u™")) of degree p is an eigenvector of the
Euler vector field: Lex = poe. But this implies that when « is d-closed, it is also exact: « =
p~'die . This argument shows that the inclusion 7* : Q®*(M)((u™")) — QE(AV)((UT‘ )) -the

pull-back along the projection map 7, is a quasi-isomorphism. This proves the statement. [J
3.2.4 Some examples

Trivial Lie algebroids

For the trivial Lie algebroid A = {0} x M, the universal enveloping algebra reduces to the algebra
of smooth functions C®(M). In this case the adjoint representation has only one nonzero
component in degree 1 where it is just TM, so Sym(ad A) = A*TM with zero differential. The
Lie algebroid Derg(Sym A) is equal to TM and the Poisson structure 8 € A?L is given by the
trivial one, hence [0, ] = Lg = 0. Clearly, we have

(QE)]—Q + dL) = (Q(M)) d)y

so in this case our computations reduce to the well-known isomorphisms of Connes [Co]:

HH®*(C®(M)) = A°TM

HH, (C® (M) = Q*(M)

HC.(C®(M)) = H* (Q(M)[w '], u"d)
HP,(C*(M)) = @D HEEZH(M)

Lie algebras

A Lie algebroid over a point is the same as an ordinary Lie algebra g. In this case the adjoint
representation exists on g as an honest representation. The isomorphism between the Poisson
cohomology complex of the Poisson algebra Sym g and the Lie algebra cohomology complex

with values in the symmetric algebra of the adjoint representation is given by:

(Toey (AY),[6, 1) = (C*(g, Sym g), duc)-
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Here L = Sym g ® g*. It has a dual counterpart, namely an isomorphism between the Poisson
homology complex of the Poisson algebra Sym g and the Lie algebra homology complex with

values in the symmetric algebra of the adjoint representation:
(-O*I._v LG) = (C.(Qy Symg)» dLie)'

Our computations of the (co)homology of the universal enveloping algebra U(g) coincide with

the results from Kassel [Ka]

H*(U(g)) = Hi,.(g; Sym(g))
H. (U(g)) = HJ**(g; Sym(g))
HP, (U(g)) = C((u™"))
HC.(U(g)) = Ha (Qf () u "], Lo +u'd)..

Tangent spaces

Consider the Lie algebroid A = TM. The universal enveloping algebra of TM is given by the
differential operators Diff(M) on M. The Lie algebroid L = Derg(Sym TM) has a Poisson
structure which is non degenerate, and this simplifies the discussion. We have the following
lemma:

Lemma 3.2.7. The maps i and 7
(Q(M),d) — (Qr,dp) (Qr,d) —" (Q(M),d)

given by the natural injection and projection are homotopy inverses with respect to the given
differentials. Hence

ar(M) = Hi (L)
Proof. This a copy of the proof of proposition 4.5 from [L-BM]. O

Brylinski proved in [Br] that the ’hodge star’ map for a symplectic manifold gives an iso-
morphism of the de Rham complex with the Poisson homology complex:

(QF,dr) — (Q7"*, Lo).

Since the modular class of a symplectic manifold vanishes, the Poisson homology complex and

the Poisson cohomology complex are isomorphic as well:

Q" Lo) = (Thar,, 16, ]),

poly»

so we conclude that Hiz (M) = H*(A,Sym(ad A)) and H3y (M) = HY, .(SymA), where the
last notation means the Poisson homology of the sheaf of Poisson algebras Sym A over M.

n—e

Hence, in this case our computations reduce to the results of Wodzicki [Wol:

HH* (Diff(M)) = H3x (M)
HH, (Diff(M)) = H3R* (M)

HC.(Diff(M)) = HiR ™9 (M) @ HIR 9 (M) @ ...
HP, (Diff(M)) = H5Y/ (M),
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Chapter 4
The trace density map

In this chapter we construct a trace density map for the universal enveloping algebra of a Lie
algebroid. We assume that £ is either a smooth Lie algebroid or a holomorphic Lie algebroid,
but we think that most of the constructions can be done in greater generality. In the previous
chapter we abstractly identified the cyclic theory of the universal enveloping algebroid U(A)
of a smooth Lie algebroid; the result was that it is given by the cohomology of the symmetric
algebra of the adjoint representation (twisted by the bundle Qa). The trace density map, which

is extensively studied in index theory, gives a more explicit construction.

The trace density in deformation quantization made its first appearance in the fundamental
papers [NeTs95, NeTs96, BNT] on the algebraic index theorem. There, the authors used
Cech methods and an abstract description of the cyclic cohomology of the Weyl algebra to
prove an index theorem. In [FFS] the authors constructed an explicit cocycle in the Hochschild
cohomology of the Weyl algebra with invariance properties and used it to define a map from the
Hochschild homology of a deformation of the smooth functions on a symplectic manifold to de
Rham forms of top degree of that manifold. The canonical trace associated to the deformation
was then defined as the integral of the image of smooth functions with compact support over
M. Using the local Riemann-Roch theorem, c.f. [FT, FFS], which identifies the image of the
Hochschild cocycle under a natural map to the Lie algebra cohomology as certain characteristic
classes, the authors proved that the trace applied to the canonical class of 1 in the Hochschild
homology is equal to the integral of certain characteristic classes, i.e. topological data. In
[EnFe], the Hochschild cocycle was used to define a morphism from the Hochschild homology of
holomorphic differential operators on a complex vector bundle E — X to the sheaf of smooth de
Rham forms on X, and they used it to prove that the supertrace of a holomorphic differential
operator can be expressed as an integral over topological data. In [PoPfTal0] and [W15] the
fundamental Hochschild cocycle was extended to a cyclic cocycle of the Weyl algebra, and
the authors of [PoPfTal0] used it to give a proof of the algebraic index theorem of [NeTs95].
Roughly speaking, given a deformation of the smooth functions on a symplectic manifold, the
algebraic index theorem computes the pairing of the Chern character of an element in the Ko
theory of the deformation with a smooth de Rham form as an integral over topological data.
These ideas were used in [PoPfTal0] to prove the higher index theorem of [CoMo]. Generalizing
to Lie groupoids, in [PoPfTal5] the authors applied similar techniques to construct a pairing
for elliptic elements of the universal enveloping algebroid of a smooth, integrable Lie algebroid.
This pairing was expressed as an integral over A*. The image of our trace density map is given
by the L-valued forms, and it would be interesting to investigate whether similar pairings can

be constructed for our trace density map.

The trace density map that we construct is a morphism from the sheaf complex of cyclic

chains of the universal enveloping algebra to a Cech resolution of the de Rham complex of £-

71
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forms. When £ is smooth, the construction can be performed globally, providing a morphism
from the cyclic complex of (global sections of) the universal enveloping algebra to the complex

of global section of L-forms.

Now we outline our construction. Our trace density map depends on the PBW isomorphism,
and hence on the choice of a connection, which explains that it can be globally defined when £ is
smooth. We show that the associated map in (co)homology does not depend on the choice of a
connection in the smooth case. When £ is holomorphic, global connections do not always exist.
However, we can choose an open cover % such that £ is locally trivial over each U; € %, which
implies that we can choose local connections and we obtain a morphism of sheaves (restricted
to Ui)

Oy :

i

CCo(U(L))|u, — Tot>*Qslu,.

Here Tot*Q = @.120 Q;Zi. Over intersections Uy, .. .1, , we consider an affine connection Vet
depending on a variable t of the k-simplex, and the associated family of PBWisomorphisms.

We use the derivatives of this family, c.f. 2.2.10, to define maps
— TOtzri.QL ‘u"o

This implies that, given a section D of the sheaf CC,(U(L)), we can send it to the Cech
resolution of QY with respect to %, and we obtain a morphism

Dy CCLU(L)) — CTT* (%, Tot Q).

We will show that this morphism intertwines the differentials b +u~'B on the LHS and d +
(—=1)%6 on the RHS, so in fact it is a morphism of complexes of sheaves. Moreover, by the same
reasoning as in the smooth case, this morphism does not depend on the choice of connections
on U;. The hypercohomology of QY coincides with the hypercohomology of C(u, Q%) for any
cover of X and we show that the trace density map on the level of hypercohomology

@ : He(CCo(U(L))y b+u""B) — H*(TotQs w,ds)

does not depend on the choice of a cover and local connections.

In section 4.2 we discuss characteristic classes in the setting of Cech cohomology, in order
to compare them with the image of our trace density map. This construction is a particular
example of the characteristic classes for simplicial manifolds, c.f. [Du]. Then we identify the
image of the canonical class of 1 in the cyclic homology under the trace density map in the
twisted case, i.e., we consider the universal enveloping algebra with coefficients in a vector
bundle €. It is given by the product of the Todd class of £ and the L-valued Chern character
of the vector bundle €. Note that we complexify the bundle in the case where £ and & are
smooth to define the Todd class. Finally, we show that the trace density map is compatible
with the HKR map.

4.1 Definition and properties of the trace density map

4.1.1 The set up

We assume that (X, Ox) is either a smooth manifold with the sheaf of smooth functions, or a
holomorphic manifold with the sheaf of holomorphic functions. Moreover, £ is either a smooth
or a holomorphic Lie algebroid of rank r over (X, Ox). We define the sheaf complex of the cyclic
homology of Ox as the sheaf associated to the following presheaf:

U (CCW(Ox(W), b+u~"B), U cC X open.
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Recall that u™' is a formal variable of degree —2 (so that b-+u~'B has degree —1) and that we
write CCW(Ox(U)) = CCo(Ox (W) [~ T]] ®ku—1) W where W is one of the K ']-modules
discussed in the section about cyclic theory. The usual Hochschild-Kostant—Rosenberg map

HKR: fo ®...® fx — fodfi AL..Adfy, i€ Ox(U), 1=0,...,k, (4.1.1)

sheafifies to define a morphism (CC¥(Ox),b,u""B) — (Q('DX)‘,V,O)LL*1 d) of mixed complexes
of sheaves, where Qf , = Qf Qgp—1 W.

Remark 4.1.1. When X is a manifold, it is customary to complete the sheaf of cyclic chains

k+1)  We do not consider

by taking the germs or jets of functions around the diagonal in X*(
such completions here, neither are we concerned with the question whether the HKR map is
a quasi-isomorphism. However, it is not difficult to prove that in this case our index theorem

extends to the completed chain complexes.

We define the cyclic chain complex of sheaves associated to the sheaf of universal enveloping
algebras for a given Lie algebroid £ in a similar fashion as the sheaf associated to the following
presheaf of complexes:

U~ (CCu(L(w)), b+u'B).

The associated sheaf of chain complexes is simply denoted by (CCo(U(£)), b+u"'B).

The aim of this section is to construct a map between this complex of sheaves and the de
Rham complex of sheaves (Q%,ds). It is the analogue of the so-called “trace density” [BNT]
or “character map” [PoPfTal0, Theorem 3.9] in deformation quantization. In our setting, the
proper formulation is in terms of the derived category D(X) of K-sheaves on X. To state the
precise theorem, we define, QZ)W =03 ([u~" ®gu—1] W, for any Ku']-module W. In the

language of derived categories, the main theorem of this section then reads as follows:

Theorem 4.1.2. Let (£,0x) be a Lie algebroid. There exists a canonical morphism in the
derived category of K-sheaves:

® € Homa(x) ((CCY(UL)), b+u"B), (Tot” *Qe w, de)) .

Recall that the derived category of K-sheaves is constructed out of the category of chain
complexes of sheaves by 1) identifying homotopic chain maps (i.e., going over to the homotopy
category and 2) localization with respect to quasi-isomorphisms. For any cover % of X, the nat-
ural map from the Lie algebroid chain complex (QZ)W, d.) to its Cech resolution C(%, QZ,W)

is a quasi-isomorphism, hence a morphism
@y (CCY(UL)), b+u"'B) — C*2"(%, TotQc w, de + (—1)277°5)
determines a morphism in the derived category:
(D] € Homap(x) ((CCY(UL)), b+u""B), (Tot> *Qs,w, dg)).

The proof of the theorem that we give consists of three steps: 1) The construction of a morphism
@y for any open cover U such that £ is trivial over all Uy € %). 2) We show that @y
intertwines the differential of the complexes of sheaves. 3) We show that the morphism in the

derived category does not depend on the choices that were made.

When £ is smooth, it implies that there exists a canonical morphism on the cohomology
and when £ is holomorphic it implies that there exists a canonical map in hypercohomology.
4.1.2 The Fedosov resolution

In this subsection we assume that £ admits a global £-connection V. We construct the ana-

logue of the Fedosov resolution [Fed] for U(£). In the smooth category, such a resolution was
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constructed in [NeWa| from the point of view of formal deformation quantization of the dual
of a Lie algebroid equipped with the Lie-Poisson bracket. Here we use the PBW theorem of
chapter 2. Recall from this chapter that

ozt U(L) — F(L) @oy, U(L) = Diffoy, (A(L)),

where the first map is given by D — a3 (1) ® D and the second map is defined using the second
U(L)-module structure on J(£). There is a natural product on the RHS given by composition
of differential operators. The flat connection V(') on J(£) induces in a natural way a flat
connection on Diffo, (3(£)), which is given by V(1 ® 1 on J(£) ®oy, U(L). We denote the
associated Chevalley—Eilenberg complex by

Q% (Diffo, (A(£))) i= (30 ®ox, UL)) Boy, AL
and the differential by dy ).

Lemma 4.1.3. The Chevalley—Eilenberg complex <QZ (Diffox1 (H(L))> R dwn) is a sheaf of
differential graded algebras.

Proof. By construction, Q% (Diffoxl (H(L))) is both a graded algebra (combining the multipli-
cation with the wedge product) and a cochain complex. Therefore, the only thing to check is
the compatibility between both structures. The action of V(1) on Diffo,, (d(L)) is defined by

vi'(D)(¢):=[Vv{,Dl(¢), XeL, D e Diffo,, (3(£)) (412)

and hence it follows easily that V(1) acts by derivations on Diffo,, (d(L)), which proves the

lemma. 0

Proposition 4.1.4. The map U(L) — QF, (Dii‘foxl (J(L))) is a quasi-isomorphism of complexes

of sheaves.

Proof. The proof is very similar to the proof of proposition 4.2.4 in [CvdB]. The adic filtration
on J(L), c.f chapter 2, induces a natural filtration on the sequence:

a d
U(L) =2 3(L) @ox, ULL) T3 3L) Boy, U(L) @0y, ALY T3 ...
Note that £V has degree 1. The associated graded exact sequence is given by
UL) -5 Symox(LV) ®oy U(L) —dg Symg, £V ®o, UL) @0, /\I‘JXLV —dg

where —dx is (minus) the standard Koszul differential on SymoX(Lv) Ry Aoy LY given by
> (u, ® 1) in local codrdinates 1; on £, and the identity on U(L). Since —dx is exact, the

original sequence is exact. O

Remark 4.1.5. In the smooth category, it is a well-known fact that the universal enveloping
algebra of a Lie algebroid is isomorphic to the algebra of invariant differential operators on an
integrating Lie groupoid. The preceeding Proposition should be viewed as an algebraic counter-
part of that statement, with the integrating Lie groupoid being replaced by the Hopf algebroid
of jets, and instead of taking invariants, we consider the cohomology of Q3 (Diffoxl gL))).

The PBW theorem, which is a Ox, -linear algebra isomorphism, induces the following natural

isomorphisms:

(0£(3(£)), dyn) — (Qe(Symo, (£Y)), dgon)

(e Diffoy, (A(£)), dyn) — (QeDiffo (Symo, (£¥)), dyin))



4.1. DEFINITION AND PROPERTIES OF THE TRACE DENSITY MAP 75

where avm =jyodym o jgl. This equips the right hand sides with a dg algebra structure.
The L-connection V induces natural derivations of degree 1 on the algebras Q (S/yzlox (Lv)
and Q (Diffo (S;zr\no N (£V))). These derivations, which we denote by V as well, do not square
to 0 unless V happened to be flat. Let us explicitly compare the operators V and avm on
Symg, (£Y):

A(V) :=jv 0 dnapram 0y — V. (4.1.3)

Since &vm and V act by derivations, it follows that A(V) € Q'L(Der(s/y}lox(ﬁv))). The
difference of the two operators V and avm on the graded algebra DiHoX(S;r\nOX(LV))) is
given by

ad(A(V)) = [A(V), ] =jv odya) ojy’ — V.

This follows from the fact that V and dy ) are defined as in (4.1.2). The crucial property of

A(V) is that it satisfies the Maurer—Cartan equation, which is the content of the next lemma.

Lemma 4.1.6. Let A(V) be as defined in (4.1.3). The following formula holds:

1
R(V) +VA(V) + E[A(V),A(V)] =0. (4.1.4)
Proof. This follows from the fact that V4+A (V) is a differential. Note that R(V) is the curvature

of V. |

4.1.3 A proof of Theorem 4.1.2

As explained after theorem 4.1.2, we will define the trace density map as a morphism from the
sheaf complex of the cyclic complex of U(L) to a Cech resolution of the comples of L-forms.
Then we show that the induced morphism in the derived category does not depend on the
choices that are made. Since we apply the PBW theorem, we choose a cover % = {Ui}icr
of X by opens U; such that Ly, is trivial for each U; € % . This implies that there exist
L]y, -connections on Lly,. A concise way to formulate the Cech complex is provided by the

notion of the Cech groupoid:
Xoy = H uiﬂu]‘ = HUL
i,jel iel

For each intersection in the k-th nerve Xo y = Hio,...,ikel Ui, N...NU;, , we define the family

of connections

k 3
V'ﬁﬂio _____ i = Z tiiVij, where (tio .. ~tik) € Ak = {(tio .. ~tik) S RkJr] : Ztii = ]}
j=0 j=0
In the following, we simply write t = (ti,,...,ti,) € A¥. To this “simplicial connection”
aff

U, we can associate the following elements:
0 k

1. The family of connection forms A¥E (t) as in formula (4.1.3).
i,

sy

. . . . . Wiy, i gy -
PBW isomorphisms induced by the affine connection. To be precise, Gj otk (1) is the
t-dependent derivation of Symg, (LV) that satisfies

0 () 0 jgan = (atij - atii ) Yo (). (4.1.5)

These elements, and the cyclic cocycle T2, in the cohomology complex of the Weyl algebra, c.f.
B, appear in the definition of the trace density map. Let D =Dy ® ...® Dy € CC}’V(U(L)).
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Definition 4.1.7. Given a cover % such that L is locally trivial over each Uy € %, the trace
density map
Dy CCLU(L)) = CF (%, TotQy)

is defined by the following equation:

Oy,

ig.aig

(D) = (71)"‘JAk to, - - - to, T2r (1 ® exp(AA* (1)) x D)dt. (4.1.6)

where Ui, i, C Xo k, the k-th Cech nerve of the cover % .
Let us clarify this definition.

1. We suppressed a number of super and subscripts that we used before to keep the notation

readable.

2. The symbol dt indicates the natural volume form on the simplex induced by the standard

volume form on R™.
3. The symbol D stands for jgar (D) € Diff o, (Symg, (£Y)).

4. The cyclic cocycle T2, is a cocycle for the Weyl algebra W(£), thus, to apply it to elements
in Diff o (Syme, (£Y)), we use that Diffo, (Symg (£Y)) = W(L).

5. The product is given by the graded shuffle product of elements in Q ;(W(£)). The grading
is given by the degree of differential forms.

6. The element exp(/AA) is an L-form with values in the Weyl algebra such that

exp(AA) (X1, oy Xn) = A1) Ao AA(Xn)

7. Finally, the sign is given by o= Y * | i+ Z}:] j.
This was step 1 of the proof of theorem 4.1.2; the following proposition deals with step 2.
Proposition 4.1.8. The map @4 defined in equation (4.1.6) is a morphism of complezes:
@y (CCY(UL)), b+u'B) — (CT*(%, TotQr w, d + (—1)%5).
Let us simply write j* for the family of PBW isomorphisms jya« induced by the connection
Viﬂ parametrized by T € A*. We parametrize the k-simplex A* by (t1,...,t) € R™: 4y >

0, 3_t; <1 which allows to write dy; instead of 8, —9¢,_,, c.f. (4.1.5). The following Lemma

is an easy consequence of proposition 2.2.10.
Lemma 4.1.9. The following equations hold true:
atijaﬁ — adei(jaﬁ)
9, AM = adg, (A*T) — vlg; — 9, Vo
0,05 — 0,01 = [64,05].
Proof. This follows from straightforward computations. Let K € DiffoX(S;Elox(Lv). We
compute:

3t 5*(K)) =3¢, 5*F o Ko (5*1) 1)
:ade‘l OjaH(K)y
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which is the first equality. The second equality follows from the identities

g, (A 4+ Vo) =3, (7*F 0 dgr) 0 5*T) 1)

=ade, (j*" 0 dy() o (*1) 1)

=ade, (A2F) — vofg,,
Finally, the chain rule implies that
0t 0¢,ip" = (34,05 + 6;6:)5*"
which gives, together with the same equality where 1 and j are interchanged, the last expression.

O

Next, we need some equalities involving the Maurer—Cartan element A(V) in the sheaf of
unital, graded algebras Q®(W(£)). We set (A)* =1® A®...® A. Consult section 1.2.2 for
the definitions of cyclic homology and the graded shuffle product.

Lemma 4.1.10. For all a = ap ® --- ® ap € Cp(Q*(W(L))) the b operator satisfies the
following equalities:

b((A)* x a) =b((A)¥) x a+ (=1)*(A)* x b(a)
HEDEY (A x (a0 ®... 0 [A il @ ... ay),

b((A)F) =V((A) ).

The cyclic differential B satisfies the following relation:
B((A)* x a) =(—1)*(A)* x B(a).

This lemma holds for any dg algebra with a Maurer—Cartan element.
Proof. Entirely analogous to [EnFe, Lemma 2.5 & 2.6] and [PoPfTal0, Lemma 3.3]. O

In the following remark we provide some details on the identification of the Weyl algebra

with the differential operators, which we will use in the proof.

Remark 4.1.11. Recall that the sheaf of Weyl algebras W(£) is constructed as follows. The
direct sum £ @ £V has a natural symplectic structure, and W(£) is the sheaf of Weyl algebras
with fibers W(£L)|x given by the Weyl algebra associated to the symplectic vector space (£ @&
LY)|y. There is a natural fiberwise identification

Syme, (£Y) @ Symg, (£) = W(£L) = Diff o, (Syme, (£)).

We introduce local codrdinates 1; on £ and dual coérdinates 17 on £V, moreover we denote the
codrdinates on the symplectic vector spaces (£ @ £Y)|x by qi and p;. Under the identification
above we have

1 —1
(lf®li)x'—>Piqi+z) I @1 € Symg, (£Y) ® Symp_ (£).

Proof of Proposition 4.1.8. It suffices to check the proposition on a fixed intersection U;,, . i, .

Unraveling the definitions of the trace density map, we need to show that
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] We denote the coordinates on the simplex A¥ by ti,...... ty, where we used the embedding
A% C R¥. The codrdinates on the simplices corresponding to the intersections LL.LO Ay AT€

denoted by ti,... ,/’Ej, ...yt for j #0 and by ta,...tx for j = 0. Stokes’ theorem implies:

k k
:Z(—])jJ <Z lo, .../L\e‘ ...Leszs(A x D)dt; ...dﬁci...dtk>
k
:J dax ZL61 ...?ei...Leszs(AXD)dh...dti...dtk
Ak

k
:J § Z(—])j+]ati (Le1 .../L\eJ Leszs(A X D)) dty...dtg.
A

The symbol Ty indicates the 2s component of the cyclic cocycle T2, and we wrote A for (A)]
The number j can be deduced from the formula, but sometimes we will write it for clarity.
Hereafter we will be concerned with rewriting the integrand in the last expression. We omit
the term dt; ... dty. First we split the integrand into two terms:

k
Z(—])i” to, ---To, --- Lo, ¢, (T25(A x D)) (%)

+Z ]+] ..Laliei.../fel ...LekatiTzs(AXD) ()
j#A

The relations for the derivatives of j*f and A*® c.f. lemma 4.1.9, imply that
(%) :Z(q)i*‘te, ... T .- .10, T2s(Lo; (A x D))

+Z(—1)i+‘zllel ooy - tgy (T2 ((1 ®A®...®f?ej®...®A) x D)

:Z(—])jJr]LejLeT .../L\eJ e Leszs(A X D))

+Z(*1)j+]Lv9iLe] .../L\el Leszs(A X D)),

where we omitted the terms involving 9, V2 ¢ QL(S/yHl:gX (LV)® Symg%< (£). The reason is
the following: the identification of remark 4.1.11 shows that ativaﬂ corresponds to a constant
term and quadratic terms in the Weyl algebra. The definition of the cocycle shows that the
constant terms vanish, and the quadratic terms are zero because Ty, is basic, c.f. equation
(B.2.3). The relation 0,085 — 0¢,0; = [01, 8;] can be used to show that

(**) :Z[*1)j+] Loy «e Latie.l ...?ei Leszs(/\ X D]
j#AL
—Z Ls1 9”9] Ae ...Leszs(AXD).

i<j

Moreover, we have an equality derived from [Lq, to] = tp,q):

Z(—])j+1 Lo, ...]_ei e Leszs(A X D) :Z(—])j+1l_e Aei . Lek’['zs(A X D)
j
+Z I.e] . ehg ]- Ae ...Leszs(A X D).

i<j
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Collecting the previous formulas amounts to

() + () =D (=1 ige;te, -- . T, -+ - to, T2s ((A)** 757 x D))

j
+) (=1, Lo, e te, T2s ((A) 2T X D).
j

Applying the relation by + 1gb = L, several times gives

Z(*])j+] Lo, ... Le’. ...lg, =blg, ... 19, + (7])k+1 lg, ...lg, b.
j
Moreover, we have the following two equalities, obtained from lemma 4.1.10 and a simple

relation between the shuffle operation to the insertion operator:

b((A)257k71+] X D) :V(A)Zsfkfl xD— (_])k+l(A)Zsfkfl+1 X b(D)

—(=1*Y (AP xDo®...®[A,Di®...® Dy

lgy ... Lekazs(A X D) :(—])szerz(B((ek) X ... X (9]) X A X D))
=(—1)** 0 5 ((8x) X ... x (87) X A x B(D))
=", ... to, T2s+2(A x B(D)).

We know that D is a flat section for the connection V(1. This implies that VD; + [A,Di] =0
and hence the following identies hold:

(#) + () =)o, ... 1vo, - - to, T2s((A)2*F 7" x D))
J+ toy -- - toy (T2s(V(A) X x D) + (=) s (A) 2L x V(D))
+ (=D G e, s (A2 T X b(D))
+ (=1 gt Tas g2 (A5 U X B(D))
=dg (tg, ---to, T2s (A x D)) + (=) g .1, T25(A x b(D))

+ (1 )k+lLe1 e LOkTZS+2(A x B(D)),

which is equivalent to Equation (4.1.7). Of course, the sign « in Definition 4.1.6 has to be taken
into account. O

We are ready to give the proof of the main theorem:

Proof of Theorem 4.1.2. Recall that the derived category of sheaves is constructed out of the
category of chain complexes of sheaves by 1) identifying homotopic chain maps (i.e., going
over to the homotopy category and 2) localization with respect to quasi-isomorphisms. For
any cover 7%, the natural map from the Lie algebroid chain complex (QZ,W» dc) to the Cech
resolution C*(%, Qz w, dg + (—1)k8) with respect to the cover is a quasi-isomorphism, so by
Proposition 4.1.8 the character map @4 defines a morphism in the derived category as stated
in Theorem 4.1.2. It therefore remains to be shown that this map is independent of the cover
and the compatible connections chosen.

Suppose we are given two covers (%,V4 ) and (¥, V) and compatible families of connec-

tions. We can merge the two covers % and ¥ into one cover % | [ ¥ which consists of the
intersections U; N'Vj for all Ui € % and V; € ¥. We denote the cover % [[ ¥ with all the
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connections induced by the connections on % by (Z [ [ ¥,V ), and we write (Z [[¥,Vy)
for the cover % | [ ¥ with the connections induced by the connections on ¥. It is obvious that

the following diagram is commutative:

CCL(UL)) —2% s (C*(%, TotQyz, ds + (—1)%5)

(CT=*(% 11V, TotQy,ds + (—1)%8).

Since the right arrow is a quasi-isomorphism, the morphisms ®g and ®4 1]y v» induce
the same morphism in the derived category. A similar diagram shows the same for @ and
Dy 11v,vr, hence it suffices to show that Oy 11y v» and Oy 1y v» define the same mor-
phism in the derived category. Since the covers of these morphisms are the same we can assume
that the covers are trivial, i.e. we have prove that ®¢1 and ® g2 are homotopic for V' and V2
global L-connections on a space X. This follows if we can write the difference ®g1 — Py2 as
dg(d) — d(b+u""B), but such a ¢ is exactly given by the formula,

(—1)"‘J to, ---to, T2r(1 @ exp(AA (1)) x D)dt
Ak

in the case k = 1, as the proof of Proposition 4.1.8 showed. (|

Example 19. As an example of this construction, let us consider the Weyl algebra W, intro-
duced in Appendix B.1. Indeed, W, is just the universal enveloping algebra of the Lie-Rinehart
algebra (L, O,), where L, = Der(0,) = O, <6/ax1 Seeny 6/6XT>. We denote the dual basis of L
by {dx!}, i € {1,...7}. This Lie-Rinehart algebra admits a canonical flat L,-connection defined

by
0 -
Vait <%>:0, L,j=1,...,1

It is straightforward to deduce that A is given by } ; 1® % ® dxt. The Hochschild and cyclic
(co)homology of W, are known, see B, and the image of the only nontrivial generator ¢, defined

in B is, using equation B.2.2, equal to 1, the only generator of the de Rham cohomology. We
conclude that in this case the character map @ induces an isomorphism for Hochschild and

cyclic homology.

4.2 The index theorem

4.2.1 Characteristic classes

Recall that £ denotes a smooth (resp. holomorphic) Lie algebroid of rank r over a smooth (resp.
holomorphic) manifold X with structure sheaf Ox and that & denotes a smooth (resp. holo-
morphic) vector bundle of rank n over X. The usual Chern-Weil construction of characteristic
classes extends to Lie algebroids in a straightforward manner if € admits a global £-connection.
When this is not the case, which is possible when £ is holomorphic, the construction of charac-
teristic classes for simplicial manifolds can be applied. In our case this approach is favourable
because it is exactly the absence of a global connection that is the reason why the trace density
map maps to the Cech resolution of the Lie algebroid differential forms. Therefore, the charac-
teristic classes that we construct precisely fit to appear as the image of the trace density map
applied to the trivial element 1 as in the index theorem. We remark that smooth bundles will

be complexified in this section.

First we assume that there exists a global £-connection on & and we denote it by V.
We write Rge € Qg (End(€)) for its curvature. For any GL(KK,n)-invariant polynomial Py :
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M, (K) — K of degree k, the form
X(PK)(R(VE)) € QFF

is well-defined (because of the invariance of the polynomial) and closed (because of the Bianchi
identity). The usual arguments of Chern—Weil theory apply verbatim to show that the induced
cohomology class [P (R(V¢))] € HZ*(L) is independent of the chosen connection (in fact this
follows from the simplest application of the simplicial methods). In the smooth setting this

version of Chern-Weil theory has been considered in [Cr, Fer].

The simplicial construction

Now we assume that there does not exist a global L-connection on €. Choose a cover % of X
such that € is trivializes over each U; € %, which implies that there exist local £-connections
Vi on €. Consider the pullback of the restricted Lie algebroid Llu,,

k

uiO\"'yik x Ak —T— u10> coik
as in [MaHi]. The formula
k
vﬁ)iﬁo ..... i ::Ztivly (tOv“-»tk) € Ak
i=0

defines a connection on the pullback 7T*5|u.0 . of the restricted vector bundle E\ulo

The Chern-Weil construction for Lie algebroids is summarized in the following proposition.

Proposition 4.2.1. Let IV be the ring of GL(K,n)-invariant polynomials P: My (K) — K.

1) For P € I'™ homogeneous of degree m, the forms

define a Cech cocycle in the Cech resolution C*(%,Q%,dg + (—1)%5).

il) The cohomology class in the hypercohomology does not depend on the choice of a cover

and the choices of connections.

iii) The resulting map
™ — H{$,(£)

is a ring homomorphism.

Proof. The first claim follows from an application of Stokes’ theorem and the fact that P(R(V{j’fo )
is closed w.r.t. the Lie algebroid differential d . :

gyt ) ) TR T Mg,

tot _ k tot tot
U i -\ s i i i i
«u(J PV J) 0| eV, 0| aa P, )
Ak Ak Ak

To prove the second claim, we argue as in the proof of Theorem 4.1.2. Namely, given two
covers % and ¥, we consider the intersection of this cover; Z [[7#. A diagram such as in

the proof of Theorem 4.1.2 shows that we can reduce to the case of a trivial cover with two
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connections. Then the usual homotopy argument, c.f. [CF2], applies. For the last claim, we
first remark that the product on the Cech resolution of QY is given by the Alexander-Whitney
product, which is graded commutative on cohomology. The Chern—Weil map factorizes through
the complex C(%,Qpz,du), c.f. [Du], and since the Chern-Weil map to this complex is a
homomorphism, the result follows. O

In the following, we only need the following invariant polynomials:

X A~ x/2
= e") , A(X) =det (m> . (4.2.1)

As usual, it is meant that one takes the power series expansion around zero of the analytic

Ch(X) :=Tr (eX), Td(X):= det (

functions used in these definitions, and applies the Chern—Weil construction to each homoge-
neous component. The resulting characteristic classes are called the Chern class Chg(€) and
the Todd class Tdg(€).

4.2.2 The index theorem

Some notes on the twisted case
Before we state and prove the index theorem, we make some remarks about the twisted case.
Recall that the twisted PBW map, which depends on the L-connections V¥ on £ and V¢ on

&, is given by an isomorphism
i€ L) Roy, € — S/y;lox(ﬁv) ®ox E.

It has the property that j& (¢ ® s) = jv (d)i& (b ®s) for ¢ € J(£) and Y @ s € J(£) ®ox, €.
The flat connection V(1) on J(£) extends to J(£) Rox, € in a natural way. We denote the
corresponding connection on ﬁlo N (LY) ® & by D and define the difference

A =D-V*®1-10 V-
Using the property above, one can show that A¢ is a one form with values in

Symg, (£Y) @0, Endo, (€) & Dero, (Symg, (£)) C Diffo, (Symo, (£)) ®o, Endo, (€).
(4.2.2)
This one form can be used in exactly the same way as in the previous section to define the
twisted character map, which we will denote by ®¢. The proof that it is well-defined and does
not depend on the choices that are made applies verbatim.

Back to the theorem.
We are now in a position to state and prove the index theorem for Lie algebroids. Recall that the
character map ®¢ of Theorem 4.1.2 maps -in the derived category- the sheaves of Hochschild
and cyclic complexes to the Lie algebroid complexes. Applied to the cycle 1 € Co(U(L;E)), we
obtain a class

[@F (1)] € H5Y, (£)

in Lie algebroid cohomology which is canonically defined, i.e., an invariant of the Lie algebroid
L and the vector bundle €. The main theorem of this section identifies this class in terms of

the characteristic classes of the previous section:
Theorem 4.2.2. ®¢(1) = Tdg (L) Chg(€&).

Proof. Again we fix a cover % such that £ and € are trivial when restricted to any U; € % . Let
Ui,,....i, be an intersection. We have to compare the following two forms in Qi”_kluic

..... i

J PR(VE ) and (-1)*[ to, ... o, T2r(1 ® exp(AA™ (1)) dE.
Ak to k Ak
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Consider the integrand of the RHS. One can check that the evaluation morphism to Lie algebra
cohomology of Appendix B.3 commutes with the insertion operators tg, on the Hochschild
complex and the relative Lie algebra complex. This fact, and the local Riemann—Roch Theorem

B.5.1, allows us to rewrite this integrand as

L9i1 ...Leiszr(],A,...A) :eV1(L9i1 ...Leiszr)(A,...,A)
= I.eH ...LeikEV](TZT)(A,...,A)) (4.2.3)
= Le.l1 ...Leikx(P)(A,...,A),

where P is the invariant polynomial corresponding to the product of the //-i—genus and the Chern
class. Note that we used the stronger version of the local Riemann-Roch theorem described
in Proposition B.5.2. This is possible because of the specific form of A¢ that we gave in
(4.2.2). Next, in the evaluation of the Chern-Weil homomorphism, three types of curvature

terms appear:
C(A)A)a C(ei)A)a C(eiaej)~

As explained in B, one has C(a,b) = [r(a),7t(b)] — 7([a, b]) where 7t : W' — sp,. @ gl,, is
the projection. Before we give a lemma, applicable in the non-twisted case, that allows us to
compute these terms, we fix some notation for the one form A € QL (Derp, (ng?nox (£V)) that
was defined in Equation (4.1.3). We have seen that Derg, (S/yﬁlox (LV)) = S/y;1@X (LY) ®oy L
and thus we can write

— k1
A= Z Ak Ax € Qf(Symg, (£Y)®L).
k>—1
Lemma 4.2.3. When the L-connection is torsion free, the lowest degree components of A are
given by
A1 =—1®idg Ao =0,

where we view idg as an L-one-form with values in L.

Proof. We will prove this by evaluating A in an element X € £, which gives a derivation of
Symg, (£Y). We apply this derivation to an element o € Symg, (£Y). Since derivations are
determined by their actions in low degrees, we can assume that o € Sym(lj>< (LY). Let us recall

the PBW isomorphism in low degrees:

Jv(@)(1) =¢(1), jv(@)X)=d(X), jvl(dp)XY)= %¢(XY+ YX = VxY —VyX).
This implies that the inverse of the PBW map satisfies
o ()(X) = a(X), jo' () (XY +YX — VxY — VyX) = a(XY) = 0. (4.2.4)
We use these identities to compute:

A1 (X)()(1) =jy 0 dgn) ojg' (2)(1,X)
=X(jg' () (1)) = jg («)(X)
=—a(X).
Ao(X)()(Y) =y 0 dyi 05 (@) (¥, X) = Vx(Y)
=X(j5' (@) (V) = jg' ()(XY) = X(x(Y)) + (VxY)
=X(x(Y)) =g () (XY) = X(at(Y)) + &(VxY).

When the torsion VxY — VyX — [X,Y] vanishes Equation (4.2.4) implies that jgl () (XY) =
o(VxY), and hence the result follows. O
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In the non-twisted case, the previous lemma shows that 7t(A) = 0. For the twisted case, one
can show that the zeroth degree of the first component of A¢ in (4.2.2) can be set to zero by
changing the connection V€. This implies 7(A€) = 0.

We proceed with the proof of Theorem 4.2.2. We assume that the L-connection is torsion
free, hence m(A¢) = 0. In Lemma 2.2.10 we obtained an explicit expression for the low degrees
of 0;:

0;'=0, 00=0, 0 =y
Note that 0 is not a one-form, thus vy is viewed as derivation on S/yElOX(LV]. The other

components of 0 are derivations of higher degrees, hence 7t(8;) = 0. This implies that
C(A,A) = —n([A, A])
C(A,0:) = —m([A, 63])
C(64,05) = =([64, 65]).
Since the commutator of derivations of degree p and q has degree p + q, it follows that
7([81, 85]) = 0. Using the expressions from Lemma 4.1.9 we obtain:
C(A,A) = —([A, Al = (VA + R(V*)) = n(R(VAT) ® ide + R(V2T))

) (4.2.5)
C(61,A) = —7i([8:, Al) = —7(d¢, A + V210, 40, V) = —yF —yE.

We used here that both the operators V2 and 0¢; preserve the degrees of derivations. Let
us now discuss the terms in the Chern-Weil cocycle. We consider the (local) £-connections
V = V* 4+ V¢ on the direct sum £ @ & We can write the total connection in the following

form:
k
V' =dae + Y Vi
i=0

An easy computation shows that
k

R(Vaﬂ) + Z dtiyi.
i=0

Recall that the Chern—Weil cocycle restricted to an intersection is given by
P, . = J PRV )
Ak
Observe that the only terms in the integrand that have a contribution are the ones with exactly
k terms containing a one form dt;. These terms all contribute a term y;. On the other hand,
Equation (4.2.3) shows that the class ®€(1) is given by
of, (1= Lk X(P) Oy, i, Ay ., AYE.

0tk

The Equations in (4.2.5) show that the two integrals coincide. Finally, using the same argument
as in the proof of [W15, Prop. 20], relating the A—genus and the Todd class, the theorem is
proved. (|

4.2.3 Compatibility with the HKR map

In this section we shall refine the index Theorem 4.2.2 of the previous section by showing that the
Lie algebra cohomology class it determines measures the obstruction for our character map to be
compatible with the Hochschild-Kostant-Rosenberg map (4.1.1). Define HKR := p* o HKR,
the pre-composition of the HKR map with the pull-back along the anchor, i.e.,

HKR(fo ®...® fi) :=fodgfo A...Adsfi € QX, fi€0x, i=0,...k

Using the obvious inclusion Ox < U(L), we can compare this map with the character map of
Theorem 4.1.2:
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Theorem 4.2.4. Let £ be a smooth resp. holomoprhic Lie algebroid over a smooth resp.

holomorphic manifold X with structure sheaf Ox. The diagram

(CCa(0x),b+u 'B) — 25— (02,1 "de)

i*l l/\TdL(L)ChL(E)
(CCa(U(L;€)),b+u"B) —2— (QF*,dg)

commutes in the derived category.

Proof. We fix the usual cover % of X. We will show that the trace density map CD% oi* =
Tdg (L)Che(E)l Njz o HKR where jo is the natural inclusion Qf — C(#, Q%). We work
over an intersection Ui, i, . First remark that in the definition of the character map f € Ox
is embedded in the sheaf of Weyl algebras W as

jv () = 3% (F) + % () + ... € Symp (L)

where jy is the PBW isomorphism. Analogous to the proof of Theorem 4.2.4, we now have to

consider the forms
o, ++-lo, T2r(A®--- @A Xjy(fo) ®...®jv(fk)). ()

We will evaluate these forms using the expansion of A(V) from Lemma 4.2.3 and the description
of 6; given in Lemma 2.2.10. Write the cocycle (B.2.1) as Tar = par © Sor 0 2. Fix a local
basis {e;, i = 1,...,7} of £, and denote the dual basis of £¥ by {de;}. Let deg,v(a) and
deg . (a) denote the degree in the first respectively the second component for a € W(L)

Ile

-

S}Elox (LV)®SymOX(L). For elements ap®...®ax we have deg; (ao®...®@ax) = ) ; deg,(ay

and degyv(ao @ ... ® ax) = > ;degyv(ai). Note that py, is the projection on the degy
deg,v = 0 part of ap ® ... ® ayz, followed by multiplication. We claim that we can make, in

the expression of x, the following replacements;

A ~A_q+ A
jv(fo) ~i%(fo)
ju () ~jy(f), 1>1

0, ~0?

without changing the expression. By 9% we mean the deg,v = 2 part of 0y, which is equal to
v1. Consider Ay with k > 2 in the i’th slot. We have deg.(Ax) =1 and deg v (Ax) =k+1,
hence an application of 7, will give an element of either (deg,v,deg.) = (k+1,0) or (k,1).
An application of e**4 will only give a nonzero (0,0) term if the term in the j’th slot has degree
(0,k) or (1,k— 1), and these terms are not present. For 0; an analogous reasoning applies.
Now consider jy(fi) in the i’th slot. The term j%(ﬁ] does not survive m;,, and 712, applied to
terms jlé with k > 2 gives terms of degree (k—1,0), to which an application of e**ii only gives
a nonzero (0,0) term if the term in the j’th slot has degree (0,k —1). Again, these terms are

not present; here it is used that Ag = 0. In conclusion:
() = toz -tz T2r (A + A1) @ @ (Ag + A1) X3 (Fo) @p(f1) @... @ jy(fi))-

We can still eliminate terms from this expression. We have for general elements ap®...® az, €
WL R...0 W(L):

degﬁv(ocij(ao ®...®daz)) :deg,;v(ao ®R...0az)—1
deg,v (mor(ap ®...@ azy)) =degev(ap® ... @ az) —1
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and similar formulas for the £-degree. This implies that the only terms in ap ® ... ® ay, that
have a nonzero contribution after an application of T2, have equal £ and £ degrees. It follows
that

(%) :TZr((eé) X oo (0F) X (A1) r—k—p X (A1)r X j%(f0) @ L (f1) ® ... @ ju(fi)).

The first order jets j]v(fi) = Z]- p(ej)(fi)de;, 1 = 1,...,k of the f; combine with A_; =
> 1 ®e; ® dey, after applying 7y, to the forms p*(dfi), so that we have:

1
(x) = —fop"dfi AL A p*dfimar ((0p) X oo x (07) X 7t x oo X 7T X (A7 )1 X (Aq)r—k—p)

K
#=k
Wk
=fop"dfy N... A\ p*dfite, ... tepf,TZr((Aq Jr—k X (A1) r—x—p)
=fop*dfi A... A p*dfu " [Tdg (L) Ch(&)].
We used the definition of the cyclic cocycle using the insertion t,, and Theorem 4.2.2. |

4.2.4 Holomorphic Lie algebroids

In this subsection we give (a sketch of) an alternative derivation of our main index theorem
using the Dolbeault-type resolution to compute the Lie algebroid cohomology constructed in
[LSX12], c.f. Example 6. We use the notations of that example, e.g. we denote the holomorphic
Lie algebroid by A. Recall the Dolbeault complex

d}l’oT d}l’oT
PLo _9d pl1 3,
h h

d}gﬁ d}f"T
Kl d

DY 25 POt 2,

where D9 := AP(ATO)Y @ A9(T®TX)V. The kernel of the differential 3 : D%° — D% is
precisely the holomorphic Lie algebroid complex (Q$%, d4) and the total complex computes the

Lie algebroid cohomology of A.

To apply this resolution for our construction of the character map, we tensor with the
smooth jet bundle and universal enveloping algebra to obtain the complex

(3(;\“0) ®cg, WA) @eg DP9,V + 5A) ) (4.2.6)

This time the kernel of the differential 0o in degree 0 is precisely the sheaf of dg algebras of
Lemma 4.1.3 for the Lie algebroid A.

Next we choose a torsion free A'°-connection V on A"° Remark that in this C®-setting,
such a connection always exists. By the PBW theorem, this induces an isomorphism

jv: d(AM0) =5 Sym((AMO)V).

The non commutative version of the PBW theorem induces an isomorphism of the total space
of the dg algebra of (4.2.6) with W(AT-0) ®cy DY, also denoted jy, and allows us to introduce

A(V) =jy oV ojg! —(V +3a).

Remark that the flat connection V(1) +9, on IX10 ®CD>?Z U(A"9), when transferred to Wai,o,
does not necessarily have the form jy o V(1) o j? +9a and hence A has both components in
the T%! and A" direction.
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Theorem 4.2.5. Let A — X be a holomorphic Lie algebroid over a complex manifold, and
& — X a holomorphic vector bundle.

1) A pair (VA,VE) of A-connections on A and & compatible with the holomorphic structure,
with VA torsion free, induces a character map

Oy : (CCo(UA;€)),b+u""B) — @ DPA(E) 4 ], A0 + dp
p+q=2r—e

i) For different choices of connections (V*, V%) and (V4, V%), the maps Oy and Qg are
chain homotopic.

iil) (Index Theorem) The following equality of differential forms holds true:

®y(1) = TdACha (E).
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Appendix A

Formality

A.1 Introduction

In this section we revisit the formality theorem for Lie algebroids as developed in a series of
papers [C, CDH, CvdB, CRvdB12, D]. The formality theorems in [CvdB, CRvdB12] are stated
and proven in great generality, namely for locally free sheaves of Lie-Rinehart algebras £ of

finite constant rank over a ringed site X. The version that we will prove reads as follows.

Theorem A.1.1. Let £ be a locally free sheaf of Ox-modules, where Ox is a fine structure
sheaf of a ringed space. There exist an Ly -quasi-isomorphism U = (U, Us,...)

u: 74, (X)—D% . (X)

poly poly

with the first component equal to the HKR map. This morphism equips Cz (X) with the structure

of an Le-module over T=, (X), and there exists a quasi-isomorphism V = (V1,V2,...) of Leo-

poly
modules
V: Cs(X) — Qs (X)
over T}foly(X), with V7 equal to the HKR map for chains.

Here, U is an L,,-morphism from the dg Lie algebra of £-polyvectorfields TpLoly(X] to the dg
Lie algebra of L-polydifferential operators Dﬁoly(X) over X, and V is an Ly-morphism from the
dg module C(X) of £L-Hochschild chains to the dg module of £-differential forms. The first part
of this section will be a brief summary of results about (curved) Ly algebras, their morphisms
and twists. We will prove this theorem in a more restrictive case than in [CvdB, CRvdB12],
since we don’t need it in its full generality and since our proof requires less technical machinery.
Our only application of the theorem is in the following case.

The locally ringed space (X, Ox) is given by (M,SymA), where M is a smooth manifold
and A — M a smooth vector bundle. The sheaf of Lie algebroids £ = Derg(Sym(A)). Local
trivializations of A and the tangent bundle TM, together with the isomorphism

Derg(Sym(A)) = I'(Sym(A) ® (AY & TM))

induced by a connection on A, c.f. §3.1.2, show that £ is locally free of finite, constant rank,
and, given a TM-connection V* on A and a TM-connection V'™ on TM, the following formula

defines an L-connection on £:
Viax) (B, Y) = (VB VIMY),  (,X), (B,Y) € AY & TM. (A.L1)

Finally, the sheaves Sym A and Derg(Sym A) are fine sheaves, because partitions of unity exist.

Hence, this example satisfies the conditions in the theorem.

89
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Considering the second point, the proof that we provide depends crucially on the PBW
theorem for Lie algebroids, which in turn depends on an L-connection on L. Moreover, to

globalize locally defined PBW morphisms, we use that Ox and £ are fine sheaves.

Remark A.1.2. Another important example is of course given by A — M a smooth Lie
algebroid, where Ox = C®°(M), but this case is exactly the result from [C].

Remark A.1.3. Let us finally make some remarks about the terminology. We will be a bit
sloppy when talking about sheaves. Many of the constructions need the process of ’sheafifi-
cation’; e.g. the tensor product of sheaves is not a sheaf but a presheaf, and one defines the
tensor product of two sheaves to be the associated sheaf to this presheaf. We will usually not
mention this. Moreover, operations such as the product, contraction etc. of two given sheaves

are defined locally, i.e. over an open U C X, but again we usually won’t mention this.

A.2 Curved L -algebras

Let g = @, gi be a Z-graded vector space. In the following we write [X| for the degree of a
homogeneous element X € g. We consider the symmetric bialgebra of g, shifted by one; S(g[1]),
with the coproduct A defined on generators by

A: X XR1+10X X e glll].

Since g[1] is graded, there are signs involved in the shuffle products
n
A Xl‘HXnHZ Z EXo(1) Xoi) @ Xo(it1) -+ Xo(n)-
i=0 oceSh(i,n—1)

To be more precise, these signs can be reconstructed from the Koszul sign rule, which says that

for each transposition of two elements X, Y, a sign (—1)!XII! is introduced.

Definition A.2.1. A curved L-structure on g is given by a differential Q of degree 1 on
S(gl1]) which is a coderivation with respect to A.

Remark A.2.2. The décalage isomorphism
decn: S™gll) =AM, Xy oo Xp o (<) ZE (TUIXEDXG AL AX,

allows to define Ly-algebras in terms of the algebra Ag, but with that definition the signs are
less natural. However, when we will discuss the Taylor components, which will be introduced
hereafter, of the coderivation, morphisms of L. -algebras, L,-modules etc., we will use this

identification.

Since the exterior algebra S(g[1]) is cofreely generated by g, The differential Q is completely

determined by its projections
Qn: A"g—gl2—n], n>0,

called multibrackets or Taylor components of Q. These multibrackets have to satisfy identities

of the form
D Qa1 (QpXony A AXop)) AXopin) A+ AXomy) =0,
ptq=n
ocesSh(p,q)

for k > 0, resulting from the condition Q% = 0. The element Qo € g[2] is called the curvature

of the Ly-algebra, and when Qo = 0, we simply speak of a (non curved) Lo -algebra.
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All the curved L-algebras in this work satisfy Qx = 0, k > 3, and are called curved
differential graded Lie algebras (dg Lie algebras). It is customary to write the data as Qo :=

w € gz, a degree 1 map Q7 :=d:g — g and a bracket Q2 :=[-,-] : g x g — g of degree 0. The
L-relations above now amount to the following conditions:

[x, ly, 2]l = [[x,yl,z] + (*1]"‘”‘”[\3, [x,zl] (Jacobi identity) (A.2.1a)

d([x,yl) = [dx,y] + (—=1)*[x, dy] (derivation property) (A.2.1b)

a? = [w, -] (Curvature equation) (A.2.1c)

dw =0 (Bianchi identity). (A.2.1d)

A natural example of such a curved dg Lie algebra is given by Q°(M;End(E)), for a smooth
vector bundle E over a manifold M. The bracket is given by the wedge product of differential
forms combined with the Lie bracket on End(E). The two remaining structure maps are induced
by the choice of a connection V on E: this induces a derivation on the associated bundle End(E)
and the curvature of V gives the element R(V) € Q?(M; End(E)) satisfying the Bianchi identity.

Morphisms of L-algebras.

A morphism of curved Ly-algebras U : g7 — g2 is simply a morphism of coalgebras S(g;[1]) —
S(g2(1]) compatible with differentials. Again, using cofreeness, such a morphism is determined
by its projections

Uy Agy — g2[1 —nl.
As before, compatibility with the differentials imposes conditions on the maps U,,. When g,

and g, are simply curved dg Lie algebras, these take the form U;(w;) = w, and

Unr (W1 AXT A AXn) = £dUn(X1 A AXn)

n
+) HULXG A AAXGA - AXy)
i=1
1
+ 3 Z £ [Up (Xe(1) A+ AXop))y Ug Koprt) A+ AXgmy)]
oEsnlpra)
Y FUn (X, XA AR ARGA - AXn).
i<j
(A.2.2)
If both Ly-algebras are not curved, these relations have a simple meaning in low degrees: for
n =1 we see that U; is a morphism of complexes. For n = 2 we find that the failure of U; to
be compatible with Lie brackets is exact, so it induces a morphism of Lie algebras on the level
of cohomology.

Lo-modules

Let (g, Q) be a curved Ly-algebra and M a Z-graded vector space. An Ly-module structure
on M is given by a degree 1 differential ¢ which is a coderivation on the cofree Ag-module
Ag® M. Again we can write @ out in components

©x : /\kg®M4 M1 —k], k=0,
and the coderivation property is given by the relations
Z j:X(,m/\---/\Xo[p)A(pq(XU(pHJ/\---/\X(,(n]®m)
BENE

+ i(Qp(Xg[]J /\"'/\Xd[p])/\xﬁ('p+1) /\---AXU(n) ®m)) =0.

pH+q=n
o€E€Sh(p,q)
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In degree k = 0 this means that @(m) = £¢@o(m) £ Qo ® m. The fact that ¢ is a differential

leads to the following quadratic relations:

Z £ 0pXo(1) A+ AXo(p) A @qXopsn) A+ AXg(n) @ m))
ueshpq)

+ ) a1 (Qp(Xom) A AXop)) AXo(pin) A AXgm) @ m)) =0.

p+q=n
o€eSh(p,q)

For n = 0 this means that (pé = ¢1(Qo ® —), so M is a complex when the curvature of g

vanishes.

Given two modules M and N over g, a morphism f from M to N of modules is a morphism

of comodules commuting with the coderivations. In components
fi: A¥g@ M — N[—K]
this means that

D EH(QpXo) A AXop) AXopan) A+ AXg(n) @ m)

pH+g=n
oceSh(p,q)

+ Z £ (Xo(1) A AXop) A 0qXopr1) A AXgn) @ m))
chh[Vq)
= Z £0qXo1 A AXoip) AfqXo(pi1) A AXgn) @ m)).

aesn(p,q)

Twisting by Maurer—Cartan elements

Given a curved dg Lie algebra g with structure maps Qo = w, Q; =d, Q2 = [, |, and an

element X € gy, the structure maps can be twisted in the following way:

wx :w—dX—O—%[X,X]

= dt X, ] (A.2.3)
[y ]X :[y IR

These new structure maps define another curved dg Lie algebra, as can be checked by a computa-
tion. A classical example is given by a uncurved dg Lie algebra g together with a Maurer—Cartan

element X € g; which satisfies

1
X+ 31X,X] =0,

which means that the twisted dg Lie algebra also has zero curvature. In a curved dg Lie algebra
(gy,w,d,[, ]) a Maurer—Cartan element is an element X € g satisfying

dX + %[X,X] = w.

In this case the twisted differerential dx := d + [X, | has vanishing curvature: di =0, therefore
the twisted dg Lie algebra (g, dx, [, ]) is uncurved. Given an Ly-morphism U : g ~ b of two
curved dg Lie algebras one can check that the formal sum

- Uk(X, ..., X)
X‘:ZT

k>1

is an element in h' which satisfies the Maurer-Cartan equation if X does, provided the sum
converges. In case it doesn’t converge one can throw in a formal parameter h and work in h[[h]]
instead. Since the twisted codifferential QX is related to the originial codifferential Q by the
equation

Q% = exp(—XA) 0 Q 0 exp(XA),
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we can twist the morphism U to an Le-morphism UX : (g, w$, dx, [, ]) ~ (h,w'}(»dx»[ )
defined by
uX .= exp(—)N(/\) o U o exp(XAN).

Similarly, an Le-module M over (g, w?, d, [, 1) is twisted to a module over (g, w$, dx, [, ]) by
the codifferential
@X = exp(—XA) 0 @ o exp(XA),

and therefore a morphism F: M ~» N of Ly-modules over (g,d, [, 1) is twisted by the formula
FX := exp(—XA) o F o exp(XA)

which is a morphism of (g, w%, dx, [, ])-modules.

The tangent map

Given a Maurer—Cartan element X in g, the underlying cochain complex Txg := g[1] of the
twisted dg Lie algebra with differential dx := d + [X, ] is called the tangent complex. For an
Loo-morphism U : g ~ b the first component of the twisted morphism UX defines a tangent map
TxU: Txg — Tgb of cochain complexes given explicitly by

U (Y, X, ..., X)
TUy) =y b o)
X é k—1)

A.3 Polyvector fields and polydifferential operators

We assume to be given a sheaf of Lie algebroids £ over (X, Ox) as described in the introduction
of this appendix, and an L-connection on £. Recall from the chapter 1 that the L-valued

polyvector fields, which form a sheaf of graded Lie algebras, are defined as

n+1
To, X =P A £,
n>—1 Ox

with the zero differential and the Lie bracket given by the natural extension of the Lie bracket
on L, called the Schouten—Nijenhuis bracket. The Lie bracket has degree 0 due to the shift in
the degree. We denote this dg Lie algebra by (Tlfoly(X), o, [ -}5).

Another natural sheaf of dg Lie algebras associated to a Lie algebroid £ is the algebra of
L-polydifferential operators, defined by

Doy (X) = @ WKL) = P UL)®...aUL),

—Isn —Isn n+1 times

where we use the left Ox-module structure on U(L) in the definition of the tensor products.
On homogeneous elements D := D1 ® ... ® Dpy7 and E := Ey ® ... ® Eq41, one defines
D o; E € D4 (X) by the formula

poly
J - . (1) (p+1) )
DoiE:=D1®...0D:i®D; 1E1®...0 D] "Eqy1 ®Diy2 ® Dy,

where we used Sweedler notation. With this, the Gerstenhaber bracket (of degree 0) is defined
as
[D,Elg:=DoE—(—1)P9E0 D,

where
P

DoE:=) (~1)"Do;E.
i=0
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As for the ordinary shifted Hochschild complex, the Gerstenhaber bracket defines a graded Lie
algebra structure on Dﬁoly(X). The element By = 1® 1 € Dﬁé?y(X) induces the product on
Ox and satisfies [Bg, Bglg = 0. It is easy to check that [Bo,-]g defines a differential, which is

explicitly given by

5(D1®...8Dy) :=19D; ®...® Dy (A3.1)
+) (-1)'D1®...0ADi®...® Dy + (- 'D1®...@ Dy ® 1.

i=1

e triple v ,0,[lg ) is a dg Lie algebra. is dg Lie algebra also admits a cup
The tripl Déoly(X)é[ ] dg Lie algeb This dg Lie algeb 1 d

£

poly(X) the structure of a Gerstenhaber algebra up to homotopy, c.f

product, which gives D
[CRvdB12].

A.4 Differential forms and Hochschild chains

In this subsection we describe two natural dg Lie algebra-modules over the L-polyvectorfields
and L-polydifferential operators. Recall the sheaf of L-differential forms (with an unusual
grading)
Qc(X) =P AL,
n<o
which, equipped with the trivial differential and the Lie derivative of polyvectorfields, defined
by the Cartan formula:

L‘y:dLOL'er(i‘I)kL‘yodla ‘YGTL’k(X])

poly

forms a dg Lie algebra module over Tpﬁoly[X). The complex of Hochschild £-chains is defined
as: ~
Ce(X) =P ace)™x™
n<o

To give this complex the structure of a dg Lie algebra module over Dﬁoly(X), we proceed as
in [CDH, CRvdB12]. There it is explained that the pair (Dgoly(X),CL(X)) can be realized
as the flat sections of a pair of Hochschild cochains and chains of the sheaf of algebras J(£).
The differentials and the module structure of the Hochschild (co)chains commute with the flat
connection, and thus these structures descend to flat sections. First, we consider the Hochschild
L-cochains. The second U(L)-module structure on J(£) defines an injective map

v(2)

T Dsoly(x) — 3('6) ®OX1 D}L):oly(x) = ‘Dpoly(g(ﬁ))) (A41)

where the RHS is given by the polydifferential operators of J(£) which are linear with respect
to the first Ox-module structure. The isomorphism which is decorated by V(?) is given by

d®D = (b= ¢Da(), ¢®DeIL)®o,, WKL), b eI(L)

where D, is the action by the second U(£)-module structure on J(£). The L-connection V(1)

extends to Dpory(J(L)), and the map given above induces an isomorphism of Dﬁuly(X) and

the flat sections of Dyoly,0x, (4(£)). For the Hochschild £-chains we proceed as follows. The
complex of Hochschild chains for the algebra J(£) is given by

€ (X) == g(L) " T,
It is related to the L-chains by the following map:

C(3(L)) = Ce(X)

PN A (A.4.2)
Go® - AP — (Do) P1® - - - DPx.
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Extending V(") to €(J(L)), this map restricts to an isomorphism on the module of flat sections
on the LHS. The dg Lie algebra structure on Dyoly,0, (d(£)) is in the same way defined as for
Dﬁoly(X) and it is clear that the inclusion r from (A.4.1) is compatible with the structures on
the LHS and the RHS. The standard Hochschild differential for chains is defined by

b(ho® - @ bx) == o1 @+ @ b
k—1
+) (Do @ @ hidis1 @+ @ b+ (1) brdo @ -+ @ Py,
i=1

whereas the Dpoly,0x, (3(£))-module structure on the chain complex is defined by

n
Io(bo @ @)= Y ()" ID(hir, oy ) @ Prrin @ ® i
i=n—k+1
n—k )
+) (N)EVE NG @ @ i @ D(irty  Bisk) @ Bigrr1 @+ @ P
i=0

Since V(") acts by derivations on J(£) the differential b commutes with V(') and one can
easily check that the Dyl 0y, (J(£))-module structure L on €(J(£)) defines a D}foly(X) mod-
ule structure on C;(X). These considerations imply that the subpair (Dﬁoly(X), Cc (X)) of
(Dpoly (J(£)), € (X)) forms a dg Lie algebra together with a dg Lie algebra module, i.e we have
a commuting diagram

DE,, (X) —— Doty (4(£))

éL éi (A.4.3)
Ce(X) —— €2(X)

in which the left vertical arrow is the restriction of the right one and in which s is the map to
the flat sections with respect to V(1) such that € o s =id, c.f. [KP]. The wavy arrows indicate
dg Lie algebra module structures.

To summarize, we described the dg Lie algebra of L-polyvector fields T%

poty (X) with the
dg Lie algebra module of L-differential forms Q. (X) over T}foly(X)7 and the dg Lie algebra of

L-polydifferential operators Dﬁoly(X) with the dg Lie algebra module C}foly(X) of Hochschild

L-chains. In a diagram this looks as follows:

T];)Coly(X] Dé’oly(x)
! i (Ad4)
Qe (X) Ce(X)

The next paragraph will discuss the formality theorem, which relates these two dg Lie algebras
and their modules.

A.5 Formality for Hochschild £-(co)chains

In this section we discuss the relation between the L-polyvector fields and the £-polydifferential

operators. There is an HKR type map U; : T4 (X) — D%, (X) given by antisymmetrization

poly poly
1
Ui (Xo A  AXy) i= TES > (D) Xo(0) ® - @ Xo(io)- (A5.1)
" o€SK

This is a quasi-isomorphism of sheaves of complexes, but it is not compatible with the Lie
brackets. There is also a HKR type chain map V7 : C*(X) = Q4 (X) given by

Vi(d1 ®@...® di) == doddr AL A ddy, (A.5.2)
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which is a quasi-isomorphism of sheaves of complexes. However, it is not compatible with the

dg Lie algebra-module structures.

In his seminal paper [K], Kontsevich proved that, in the case of a smooth manifold M and
L = TM, this morphism can be “corrected” to a quasi isomorphism of Ly-algebras with Taylor
components Uy : /\k(TpLO]y(X)) — Dﬁoly(X). Amongst many other consequences, this allows to
relate the Maurer—Cartan elements in the two dg Lie algebras, which gives a correspondence
between Poisson structures and deformations of the product on C*°(M). We formulate the most

fundamental version of the so-called formality theorem, because we need it for our proof.

Local formality results

Consider the trivial Lie algebroid RY — 0 with coordinates y',...,y?. Its algebra of jets is
given by J(R?) = R[[y',...,y%] and the formal polyvectorfields Tpoly(H(Rd)) and the formal
polydifferential operators Dpoly (J(RY)) are defined algebraically, e.g. a formal polyvector field
of degree k can be written as

S 0
X= )Y ay.z—AA Gy, €3(RY).
i <...<ix ayi’ ayi“

The formality theorem [K, §7] reads as follows.

Theorem A.5.1. There exists an Lo -quasi-isomorphism
X: Tpoly(g(Rd)J — Dpoly(g(Rd))
with the following properties:

1. The first structure map X is given by the HKR map (4.1.1) .
2. K is GLgq(R)-equivariant
3. Letn> 1. For any vector fields v1,...,vn € Tyoy (J(R?)) one has

Kn(viy..yvn) =0.

4. If n > 1, then for any vector field v € Tgoly(a(]Rd)) linear in the coordinates y* and any

polyvector fields X2, ..., Xn € Tpoly (J(RY)) one has

Kn(v,X2y...yXn) =0.

The formula for Ky, is given by a sum over certain graphs, with weights that are given by
integrals over configuration spaces. In [K], Kontsevich already globalized the formality map to
a smooth manifold M, and discussed the compatibility of the morphism with other structures

such as the wedge product on polyvector fields.

We denote the differential forms and Hochschild chains related to the algebra J(R%) by
Qyra) and C(J(R%)). Since C(J(R?)) is a dg Lie module over Dyory (J(R?)), the formality mor-
phism X of Kontsevich equips C(J(R9)) with the structure of an Lo-module over Tooly (3 (RY).
The formality conjecture for chains, formulated by Tsygan in [Ts] and proved by Shoikhet in [S],
states that the two Lo-modules Qg ga) and C(J(R%)) over Tpoly (J(RY) are related as follows:

Theorem A.5.2 ([S]). There exists a quasi-isomorphism 8 of Los-modules over Tpory (J(R?))
S: C(H(Rd)) — QH(TR"‘)

with the following properties:
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1. The first structure map 81 is given by the dual of the HKR map (4.1.1) .
2. 8 is GLgq(R)-equivariant

3. If n > 1 then for any vector field v € Tgoly(H(Rd)) linear in the coordinates y' and any

polyvector fields X2, ..., Xn € Tpoly (A(RY)), and any chain j € C(J(R?))

Sn[v) X2y -vxn§j) =0.

Again, the maps 8, are defined using sums over graphs with weights given by integrals
over configuration spaces. The theorem was globalized to the case of smooth manifolds, and
the compatibility between the de Rham differential and the cyclic differential B was studied by
Willwacher in [W15].

Theorem A.5.3 ([CDH, CRvdB12, C, CvdB, DJ). Let (£,0x) be a locally free, fine sheaf of Lie
algebroids of constant rank v over R. There exist an Ly -quasi-isomorphism U = (Uy, Uy, ...)

U: T3, (X)—DEy, (X)

oly poly

with the first component equal to the HKR map Uy above. This morphism equips C g (X) with the

structure of an Le-module over TZ, (X), and there exists a quasi-isomorphism V = (V1,Va,...)

poly
of Loo-modules

over Trfoly(X), with V1 equal to the HKR map V; for chains.
Proof. The remainder of this subsection is devoted to a proof of Theorem A.5.3. It follows from
the following claim: There exist two sheaves of dg Lie algebras Ly and L, over X, two dg Lie

modules M, M; over L; and L, respectively, and a commutative diagram

TpLoly(X) Ly Ly D}foly(X)
A
Qg (X) My M, Cs(X).

The hooked arrows in the upper rows are quasi-isomorphisms of dg Lie algebras and the middle
arrow in the upper row is an Ly-quasi-isomorphism. The wavy arrows indicate the dg Lie
module structures. The hooked arrows in the lower row are dg Lie module quasi-isomorphisms,

and the middle arrow in the lower row is a quasi-isomorphism of L,-modules.

To be precise, this diagram does not provide a complete proof of the formality theorem as
stated above, since one also needs to invert the upper right and lower left arrows to obtain
the Loo-morphims. This matter is properly dealt with in [D] and [CEW], so we refer to these
articles. The proof for the existence of the diagram is divided into three steps, and we give it
because it differs slightly from existing proofs. Firstly, we stress the role played by the dual

PBW theorem for jets, and secondly, we work with curved L.-algebras.

Step 1: Fedosov resolutions

Detailed proofs for all the statements in this step can be found in [CvdB, section 4]. Recall the
sheaf J(£L) of L-jets, with its two L-module structures from chapter 2. Consider the sequence

o d d d
0% 3(£) T3 3(L) ®ox, £ T3 J(£L) ®o,, A2LY T3 L (A5.4)

where dy 1) is the de Rham £-differential associated to the flat connection V(1). The filtration

on J(£) induces a filtration on the sequence, and the differential induced on the associated
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graded spaces Symg (L) ®9 AL is the Koszul differential for Syme(£Y). Since the Koszul
differential is exact, the sequence (A.5.4) is exact. Replacing the sheaf Ox in this sequence by
TL

IJOly(X), D% (X) or Qg (X), one obtains exact sequences

poly

d a
T2 (X) =25 TE 1 (X) @0y, 3(£) —— T4, (X) ®oy, 3(L) @oy, £ —Z55 ...
d d
DE,, (X) =25 D (X) ®oy, 3(£) —2 DEL(X) @o,, 3(£) oy, £~ ...
o dg(n v dem
Qp(X) —— Qs(X) ®oy, IL) —— Qc(X) ®oy, (L) ®oy, LY ——— ...
(A.5.5)
The mapv: ¢ @ X — (1]) — d)Vg(z]lb) is an isomorphism of J(£)-modules
v J(L) ®oy, £ —> Deroy, (3(£)). (A.5.6)

Again, this is proved by studying the map on the associated graded spaces. Note that the
inclusion X +— V;Z) is a morphism of Lie algebras. This isomorphism can be extended to

isomorphisms of dg Lie algebras:

TpLoly(X) ®OX2 H(L) = Tpoly,Ox1 (3(’6)) = poly(H(L))

" (A.5.7)
Dpoly(x) ®OX2 H(L) = Dpoly,(‘)xl (3(5)) = Dpoly(a([/))~
Dual to the map (A.5.6), we have the isomorphism
w02 = Q;,[L)/OX] — (L) ®ox, ALY
which can be extended to an isomorphism of dg algebras
w: () = o), dar) — <H(L) ®ox, ALV,V(Z))- (A5.8)

Recall that the module structure L of Q¢ (X) over T;ﬁ)ly

of the contraction operation and the de Rham differential. The same holds for the module

(X) is defined as the graded commutator

structure of £25(cy over Tphoiy (J(£)). The inverse of the map (A.5.8) preserves the dg algebra
structure, i.e. it commutes with the de Rham differential, and we recall the following commuting
diagram [CvdB, (4.18)]

LVNL— 0

L

93(4)®Derox, (3(L)) ——3(L)

where the horizontal arrows are the natural contractions, and the left vertical arrow is given

by v and u~'. The resolutions of the polyvector fields and differential forms in (A.5.5), the
isomorphisms v and 1~ and the compatibility of the dg Lie algebra module structures with

these morphisms are summarized in the following diagram:

(T2 00,0, [, 1) —2— (Tpry (3(£)) R0, ALY, dgony, 7))
. éL (A.5.9)
uloa
(Q£(X),0) ——22 s (20) oy, ALY, dy) ),

which is a commuting diagram of dg Lie algebras and their modules, such that the horizontal
arrows are quasi-isomorphisms.
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Remark A.5.4. The brackets on the RHS are ALY-linearly extended to the tensor product.

To be more precise, one has
Toowy.nc (318) B0y, ALY) = Ty (31£)) © ALY

where the LHS is given by the polyvector fields of the algebra J(£)) ®oy, ALY which are
ALY-linear, and the corresponding Schouten—Nijenhuis bracket on the RHS is given by the
ALY -linear extension of the bracket on Tpoly (J(£)) to the tensor product.

To define the required structures on the Hochschild £-(co)chains we already realized them
as V(1-flat sections of another dg Lie algebra with a module over it. Let us recall diagram

(A.4.3) and include the relevant operations:

(DL 00,8, [, 1) T (Dpory (A(£)) @ ALY, 8+ iy, 7))
él éL (A.5.10)
(Ce(X),b) ———— (EF(X) ALY, b+dym) .

Step 2: The PBW isomorphism
Recall that the PBW isomorphism is an algebra isomorphism
jv : 3(£) — Symo, (£Y)

which is Ox-linear with respect to the first Ox-module structure on J(£) and depends on the
choice of an L-connection on £. It induces the following commuting diagram of dg Lie algebras
and their modules:

Tpoy (3(L)) =5 Tpory (Syme, (£)) Doty (3(£)) == Dyory (Syme, (£V))
: ) @ ;
Qo) —5— O e(g(£)) —=— €(Syme, (£V))

Sym@X LVv)

where the horizontal arrows are isomorphisms. The flat connection V(') induces a flat connec-
tion V(1 = jgl oV ojy on S/yzlox (£Y), and taking the tensor product of each of the objects
in the above diagram with ALY, the differentials dg (1) and dg 1) can be included in the dg
Lie algebra (module) structures. E.g., we obtain

jv

(Dpory (3(£)) & ALY, 84 dg 1), 1) = (Dpoty (Symo, (£Y)) © ALY, 8+ dg i, by g ) -
Now set
Lt 1= Tpary (Symo, (£¥))®0ALY  Mi= 0 (o)
Lz := Dpoty (Symg, (£Y)@0ALY M = €(Symg, (£Y).
The quasi-isomorphisms from (A.5.9) and (A.5.10), together with the maps induced by the
PBW map that we just discussed, combine to the hooked arrows in (A.5.3). In step 3) we will

prove the existence of the middle arrows in (A.5.3).

Step 3: Twisting the local L,-maps

The final step of the proof is quite similar to [CDH, section 4.1], however, we include the notion

of curved L-algebras, which is different from their approach.
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Using the fact that £ is locally trivial, we can choose a trivializing basis {e;}]_; of £ over an
open U C X. Hence we obtain S/y?nox (LV)u = Olu ® Rf%rmalv and similar local isomorphisms
for the polyvector fields, the polydifferential operators, the differential forms and the Hochschild
chains.

Kontsevich’ formality morphism from Theorem A.5.1 and Shoikhets formality morphisms
from Theorem A.5.2 can be used to define an O|y-linear extension of the formality morphisms
for J(RY). By property (2) of Theorem A.5.1 and property (2) of Theorem A.5.2, these local def-
initions do not depend on the choice of basis, hence they globalize to Ox-linear L.-morphisms:

<{Ipoly(s§'zlox(£v)) ®OX ALV)O» ['y ]) L (‘Dpoly(%(ﬁ)x (Lv)) ®C)x /\Lvy 61 [') 1)

i i

(g, ey Box ALY ) 2 (€(Sying, (£¥)) oy ALY,b).

We will twist these Lo-morphisms locally and argue that the twisted morphisms do not depend
on the local choices and thus define global Ly-morphisms.

We denote the dual basis {e;} of £Y either by {f'} or by {de'}. The first notation is used
when we describe local sections of S/y][\noX (£Y), the second is used when we denote local sections
of ALY. The de Rham differential d for £-forms with values in bundles such as S/yzlox LYv)
is well-defined for L[y, although dependent on a choice of basis of £. Because X and 8§ are

Ox-linear, they commute with the de Rham differential, thus we have local Lo-morphisms

(Toors (Symo, (£Y)) @0, ALY, e, [y]) =5 (Dpory (Symo (£Y)) By ALY, de +8,1,])

b i

(25, (cv) Box ALY, de ) 2 (€(Symo, (£V)) Boy ALY, dc +b).

The horizontal arrows are quasi-isomorphisms, as can be shown by a spectral sequence argument
based on the filtration defined by the exterior degree, c.f. [CDH, section 4]. Locally we can
write the £ connection on £ as the sum of the de Rham differential and an endomorphism
valued one form I' € QL (End(£)):

N R
V=ds+ Fj‘kf’@de .

The element I" can be used to twist the Lo, structures and the L., morphisms, as described in

(A.2.3). This gives a (local) morphism of curved Le-algebras:

(Tooy (S¥mo, (£Y)) B0y ALY, T, 1) = (Dpaty (Symo, (£Y)) Box ALY, 8+ V4, [, )

i b

(O 1) Box ALY, V) 4B (€(Symo, (£Y)) B0y ALY, b+ V),

SymoX (
where the curvature term is, on both sides, given by Ry.

Lemma A.5.5. The morphisms X and 8 in the diagram are global Ly -quasi-isomorphims of

curved dg Lie algebras and their modules.

Proof. Property (4) from Theorem A.5.1 and property (3) from Theorem A.5.2 imply that
K =X" and 8§ = 8", as I' is linear in the fi-coordinates. Hence the moprhisms X and § are
globally defined morphisms of curved L-algebras and their modules. (|
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For the final step we need another twist of the Ly-morphism by a Maurer—Cartan element
in the curved dg Lie algebra on the LHS. In Lemma 4.2.3 it is shown that, for a torsion free
L-connection, one has

doony =V—0k+ ) Ak

k>2
where Ay € Der‘é;1 (S/yr\nox(ﬁv)) and Ok is the Kozsul differential for S/y?nox(ﬁv). Recall
that a given connection can be modified to a torsion free connection. The term B := —bk +
Zk>2 Ay is globally defined and is clearly a Maurer—Cartan element for the curved dg Lie
algebra structure given by (V, [-,:]) because avm is a differential. Hence we can twist the
Loo-morphisms X and 8 by B. This gives global Le-morphisms (of uncurved) dg Lie algebras
and their modules:

(Too (Symo, (£)) ©ox ALY, g, [y1) 55 (Dpory (Syme, (£Y)) @0y ALY, 8+ dgon, [,])
I 3
i . _ i
(stﬁnox(m B0y ALY, dvm> PR L (@(Symox(ﬁv)) ®oy, ALY, b+ dvn;) .

Remark that the Lo-algebra structure on the RHS is twisted by the MC-element

- >
Bi=) 1Kk (B,...,B)
k=1

~

where B is the Maurer—Cartan element of the LHS. In this particular case property (3) of
Theorem A.5.1 implies that B = B. From the general theory, c.f. [D], it follows that, since X
and 8 are quasi-isomorphisms, KB and 8B are quasi isomorphims as well. Thus, X® and 8B
are the middle horizontal arrows of diagram (A.5.3), which existence we showed now. Hence,

apart from inverting certain quasi-isomorphisms, Theorem A.5.3 is proved.

Step 4: Inverting the L, ,-quasi isomorphisms.

Since Ly-quasi isomorphisms are invertible up to homotopy, the upper right arrow and the lower
left arrow in diagram (A.5.3) can be inverted to obtain the Lo-morphisms U and V from the
theorem. However, this is not completely straightforward, and for a discussion of the subtleties
we refer to [CFW, D]. In [D] an explicit inverse is constructed via a recursive procedure. This
explicit choice of an inverse allows Dolgushev to prove that the formality map thus obtained
is invariant under an action of a smooth Lie group, provided the connection is invariant under
this action. We will use this property in our main application to prove that the formality map
preserves the polynomial degrees , c.f . §3.2. |

Remark A.5.6. We would like to make a short comparison with the techniques which are based
on formal geometry that Fedosov, and later for example [C] and [D] used. In that approach,
one starts with the observation that

Ty () — (T, () @ Syme (£¥) @ ALY, 5k ) (A5.11)
is a resolution, where —8x is the fiberwise Koszul differential of Sym (LY). The isomorphism
Trﬁ)ly(X) ® Symox(ﬁv) = poly,oX(SymOX(Lv), equips the RHS with a fiberwise Lie algebra
structure, but the inclusion in (A.5.11) is not a morphism of Lie algebras. Given a torsion free
L-connection on £, the differential —dgner + V can be, using an iterative procedure, adjusted
to a differential

D = —dgpar+ V+A
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where A € QL(DeroX(S/yElOX (£))). Moreover, the inclusion in (A.5.11) can be modified to a
resolution
TS (X) — (T‘ (X) ® Syme,, (£7) ®/\L*,D)

poly poly
which respects the Lie algebra structures. The PBW isomorphism allows for more direct con-
struction of D, which in our case is just given by avm. The constructions are carried out in a
similar fashion for Dfmly
to a symplectic manifold.

(X) etc., and Fedosov applied it to the Weyl algebra bundle associated

A.6 Cyclic L-chains

Finally, let us discuss the extension to cyclic chains. It is a straightforward extension, mostly
based on [W11]. It starts with the observation that the complex €(J(£)) carries an additional
cyclic differential B turning it into a mized complex: we just take the standard B-operator
defined by

Bldo® @)=Y (1)1 @d;j® @ Pn @ Po®@ @ Pj_1
j=0

)

with the remark that ¢_; := ¢,,. Note that we use the augemented complex given by
G(H(L));ukg =J(L) ®ox, (3(L£)/0x, )%, which gives the same homology as the complex €(J(£)),

but has a simpler expression for the cyclic differential B. This operator commutes with the
Grothendieck connection, i.e.,

v Bl =0, forallXec£
since V;”(]) = 0. Thus it defines an operator, which we also denote by B, on C.(X). Recall
from 1.2.2 that cyclic complexes are defined as C (X) ®x [, 1} W, equipped with the differential
b+ u "B where W is a K[u~']-module.

Proposition A.6.1. The u™'-linear extension of V induces a morphism
Vi (CHO ) @cp-11 W, b+u™'B) = (QL I ®cpe-1 W, u'd)
(X).

of Loo-modules over T;ﬁ)ly

Proof. The proof is very similar to the proof of [W11, cor. 4]; we give a sketch. We need to
show that the lower arrows of diagram (A.5.3);

QX)W MY 85 My Co(X)W (A6.1)

intertwine u—'d, on Q‘L{V =Q/ [[u’W]@K[uf] 1W, the Ox-linear de Rham differential u'dgg on
MY =0 (ov) O 11W, the Ox-linear cyclic differential u~"Bon My = C(Symg, (LV) @K1

Symoy

W, and u”'B on Cg(X) ®xp,—1] W respectively.

o The morphism Q¢ (X)W <+ M}V is the composition of the inclusion u™' ooz : Qg (X) —
£24(¢) and the PBW map jy. It is easy to check that u~ " ooy -note that 1! indicates a
morphism, and not a formal variable, intertwines the differentials d; and dgqr, and since

jv is an algebra isomorphism it intertwines dqr for J(£) and dggr for s/yﬁlox (LV).

e The main theorem in [W11] states that the middle arrow commutes with the respective

differentials.
e Finally, the morphism Cg (X)W — M}’V is given by the composition jy o s. The map s
intertwines the differentials by definition, and jy commutes with the differentials because

it is an algebra isomorphism.



Appendix B

The local Riemann—Roch

theorem

In this appendix we describe, following [PoPfTal0, W15] the fundamental cyclic cocycle on the

Weyl algebra and recall the Riemann—Roch theorem for this cocycle.

B.1 The Weyl algebra

Let O = K[x',...,x"] be the polynomial algebra on v generators. The Weyl algebra W,

is, by definition, the algebra of differential operators on O,. Over O, it is generated by the

fundamental derivations 9/dx!, i =1,...,r subject to the well-known commutation relations

9
oxt’

[ x] = dij.

It therefore admits another presentation as the space of polynomials K[q',...,q",P1y...,Pr]

equipped with the Moyal-Weyl product
f*g::moen(f(@g)) f»gGK[ql)--qu)Ph---)Pr]»

where m is the commutative product of polynomials and

~ /9 2 ) 2
m=) (api P gt aqt " api)'

i=1

The isomorphism with W, is simply given by sending x! — qf, p; — 9/0x%.

B.2 The Hochschild cocycle

(B.1.1)

Using the spectral sequence associated to the filtration given by the degree of a polynomial, it

was proved in [FT] that
K e=2r
0 e#£2r.

HH, (W;) =

A generator for the nontrivial class in degree 2n is given by

Cor = Z (=11 ®Yo(1) ® ... Yo(2r), Y2i =i, Y2i—1 =Py, L=1,...,T.
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In [FFS], a dual Hochschild cocycle generating the only nontrivial class was defined by the

formula

tioch(q) = pZTJ H =21 (1 @ P\ (@)dty - - - dtay, (B.2.1)

2
AT ogij2r

where a = ap ® ...az; € WSNZTH) and Mo, (Ao ® ...azr) = ap(0) -+ az.(0) is the evaluation
at zero followed by the commutative multiplication. That this cocycle exists follows simply by

duality, and indeed we have the property that
Tr(car) = 1. (B.2.2)
However, the explicit expression above allows to prove the surprising fact the cocycle TIZ'IrOCh is
gl(r, K)-invariant and basic:
Lythoch =0, aoch(, . /X,...) =0, Xe¢gl(r,K). (B.2.3)
The center of the Weyl algebra is clearly equal to K, and, since every derivation is inner, as

an explicit calculation shows, we have the exact sequence of Lie algebras

0K — W, % Der(W,) — 0. (B.2.4)

B.3 The map to Lie algebra cohomology

Let g be a Lie algebra over K. The Chevalley-Eilenberg cochain complex, written C7; (g), is
a special case of the complex of £-differential forms (1.1.2) in the case £ = g and (X,0x) =
({pt},K). Let C be a unital, associative algebra over K. Consider the cyclic cochain complex
CC3y (C) for a K[u]-module W. The evaluation map

evi(d)(a,...,ax) = Z (101 ®ae1) ®...® ), ai,...ax €C,

oSk

defines a morphism of cochain complexes
evi: (CCy(C),b+uB) — (Cli(gl(C)) [[W)] @k W, drie) (B.3.1)

where gl(C) denotes the Lie algebra associated to C, i.e., C equipped with the commutator.

B.4 The fundamental cyclic cocycle

In [PoPfTal0] and [W15] the Hochschild cocycle Tho" was extended to a full cyclic cocycle in
the (b, B)-complex. Here we follow the presentation of [W15]. Define the insertion operator

.
L= Z Uittt CRH (W, W) — CR2(Wo, WH).
i=1

With this notation, for each choice of w € W\{0}, the cochain
Ty = e Wrrdloh oy e CCIN(W,)

is closed: (b +uB)t¥. =0. For w =1 in ordinary cyclic cohomology one can expand

T}T = TIZJTOC}‘ +UTor 2+ ...+ Ut € CZT(W,)[ul

with To,_ok = (etllech /Kl Tt is possible to perform the integration to obtain an explicit
formula for for the lower degrees T2y as an integral over the simplex A%* analogous to (B.2.1),
c.f. [PoP{Tal0].
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For the twisted case, we need a slight generalization of this cocyle. The algebra W] :=
M, (W,) is Morita equivalent to W,., thus has the same Hochschild and cyclic homology. The
cyclic cocyle can be generalized by the formula

™M ((ap ® Mo) ®...® (ax @ My)) i= T (ap @ ... ® ax)tr(Mp ... My).

The algebra W' contains the Lie subalgebra sp,, @ gl,,, and the cocycle is basic and invariant
w.r.t. this subalgebra, c.f. [W15].

B.5 The local Riemann—Roch theorem

The most fundamental property of the cyclic cocycle T3 is the local Riemann-Roch theorem
which links it in Lie algebra cohomology to the characteristic classes appearing in the index
theorem. This theorem has a long history dating back to [FT, Thm 5.1.1.], where it first
appeared in abstract form for a Hochschild class of T5°h. Other appearances of the theorem
are in [BNT, FFS, PoPfTal0, W15]. We shall state the theorem below as an equality on the
level of chains (the last proposition), the proof follows as in [W15] by evaluating the integrals

appearing in the formula for T3,.

Let us first recall the Chern-Weil homomorphism in Lie algebra cohomology: Let h C g be
an inclusion of Lie algebras, and suppose that there exists an h-equivariant projection 7w: g — .

Then 7 determines, in the language of Lie algebroids, a g-connection on h by the formula
VxZ=mn([X,Z]), forXeg, Zeb,
with curvature R € Hom(AZ2g, b) given by
C(X,Y) = [n(X), n(Y)] = m(IX, Y]), X,Yeg.
The Chern—-Weil construction then leads to a homomorphism
x: (Sym*hY)" = Cli(,b),

where the RHS is the relative Chevalley—Eilenberg complex. Explicitly, it is given by the formula

1
x(P)(X1y...y Xox) = ] Z (=1)P (C(Xo(1)s Xo(2))s - - +» C(Xo(2k—1), Xo(21))) »

2k
c(2i—-1)=0(21)

where Xi,..., X2k € g and P € Sym* Y. For the Riemann-Roch theorem we need this con-
struction for the inclusion
gl @ gl, C W

where gl,. is embedded as diagonal matrices (by the inclusion gl — sp,,.) and gl,, as constant

matrices. Recall the invariant polynomials defining the Chern and Todd classes:

x/2

= Sinhx/2 (B.5.1)

X A~
Ch(X) :=Tr (eX), Td(X):=det <W)’ A(X)

As usual, it is meant that one takes the power series expansion around zero of the analytic func-
tions used in these definitions, and applies the Chern-Weil construction to each homogeneous

component.

Theorem B.5.1 (Local Riemann-Roch). Under the u-linear extension of the morphism (B.3.1),

we have the following equality of Lie algebra classes:

[evt (T™)]2c = (=) [x(A; Chn)l2k € HEE (gl(WF) & gl (0,); gl  gl,) -
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This theorem is proved by the following proposition, which is in fact stronger than the
theorem itself. Let C, ; be the subalgebra of W] consisting of polynomials of the form
Z]-r:l fi(@) ® 1+ 3 551 95(q) ® M; for fj and gj polynomials in q and Mj € gl,,.

Proposition B.5.2 ([FFS, W15]). On the subalgebra Cy » the cocycles evy (™) and x((A; Chy)ax)

agree.
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Samenvatting

Cyklische theorie van Lie algebroiden

Dit proefschrift richt zich op de studie van de cyklische theorie van de universeel omhullende
algebras van Lie algebroiden. Lie algebroiden zijn meetkundige objecten die infinitesimale
symmetrieén beschrijven, en het concept omvat een groot aantal klassieke begrippen uit de
meetkunde, zoals Poisson variéteiten, foliaties en acties van Lie algebras op variéteiten. Het
bestuderen van meetkundige objecten is in veel gevallen equivalent aan het bestuderen van de
algebras van functies op deze objecten, en deze observatie heeft geleid tot de niet-commutatieve
meetkunde, waarbij men niet-commutatieve algebras, die niet noodzakelijk zijn gerelateerd aan
een meetkundig object, bestudeert met technieken die voortkomen uit de meetkunde. Voor
elke Lie algebroide kan men een niet-commutatieve algebra -de universeel omhullende algebra-
definiéren, welke onder andere de algebra van differentiaaloperatoren op een variéteit en de
universeel omhullende algebra van een Lie algebra veralgemeniseert. In dit proefschrift laten
we zien dat de cyklische theorie van deze algebra gelijk is aan de Poisson (co)homologie van de
duale van de Lie algebroide, welke op haar beurt gelijk is aan de Lie algebroide cohomologie
met waarden in de symmetrische algebra van de geadjungeerde representatie tot op homotopy
(gedraaid door een lijubundel). Verder definiéren we een spoor-dichtheid afbeelding van de
cyklische theorie van de universeel omhullende algebra naar het de Rham complex van de Lie
algebroide, wat een veralgemenisering is van bekende resultaten voor de raakbundel van een
variteit. We gebruiken een Cech resolutie van het de Rham complex, wat de constructie ook
toepasbaar maakt op holomorfe Lie algebroiden. Zowel de berekening van de cyklische theorie
van de universeel onhullende algebra als de constructie van de spoor-dichtheid afbeelding is
gebaseerd op de Poincaré-Birkhoff-Witt stelling voor Lie algebroiden, die we dan ook eerst

bewijzen.
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Summary

Cyeclic theory of Lie algebroids

In this thesis we study the cyclic theory of universal enveloping algebras of Lie algebroids.
Lie algebroids are geometrical objects that encode infinitesimal symmetries, and the concept
encompasses many classical objects from geometry, such as Poisson manifolds, foliations and
actions of Lie algebras on manifolds. The study of geometrical objects is in many cases equiv-
alent to the study of the algebras of functions on these objects, and this observation led to the
field of noncommutative geometry, where one studies noncommutative algebras, that are not
necessarily related to geometrical objects, with techniques from geometry. For each Lie alge-
broid on can define a noncommutative algebra, called the universal enveloping algebra, which
generalizes the algebra of differential operators on a manifold and the universal enveloping al-
gebra of a Lie algebra. In this thesis we show that the cyclic theory of this algebra is equal
to the Poisson (co)homology of the dual of the Lie algebroid, which in turn is equal to the Lie
algebroid cohomology with values in the symmetric algebra of the adjoint representation up to
homotopy (twisted by a line bundle). Moreover, we define a trace-density map from the cyclic
theory of the universal enveloping algebra to the de Rham complex of the Lie algebroid, which
generalizes known results for the tangent bundle of a manifold. We use a Cech resolution of
the de Rham complex, which makes the construction suitable for holomorphic Lie algebroids
as well. Both the calculation of the cyclic theory of the universal enveloping algebra as well as
the construction of the trace-density map is based on the Poincaré—Birkhoff-Witt theorem for

Lie algebroids, which we therefore prove first.
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