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Abstract

Group actions on algebras obtained by formal deformation quantization are the main topic of this
thesis. We study these actions in order to obtain an equivariant algebraic index theorem that leads to
explicit formulas in terms of equivariant characteristic classes. The Fedosov construction, as realized
in a deformed version of Gelfand’s formal geometry, is used to obtain the results.

We describe the main points of Gelfand’s formal geometry in the deformed case and show how it
leads to Fedosov connections and the well-known classification of formal deformation quantization in
the direction of a symplectic structure.

A group action on a deformation quantization induces an action on the underlying symplectic
manifold. We consider the lifting problem of finding group actions inducing a given action by sym-
plectomorphisms. We reformulate some known sufficient conditions for existence of a lift and show
that they are not necessary. Given a particular lift of an action by symplectomorphisms to the defor-
mation quantization, we obtain a classification of all such lifts satisfying a certain technical condition.
The classification is in terms of a first non-Abelian group cohomology. We supply tools for computing
these sets in terms of a commuting diagram with exact rows and columns. Finally we consider some
examples to formulate vanishing and non-vanishing results.

In joint work with A. Gorokhovsky and R. Nest, we prove an equivariant algebraic index theorem.
The equivariant algebraic index theorem is a formula expressing the trace on the crossed product
algebra of a deformation quantization with a group in terms of a pairing with certain equivariant
characteristic classes. The equivariant characteristic classes are viewed as classes in the periodic cyclic
cohomology of the crossed product by using the inclusion of Borel equivariant cohomology due to
Connes.

Resumé

Denne athandling handler om gruppevirkninger pa algebraer, der kommer fra formelle deformation-
skvantisering. Vi studerer disse virkninger for at opna en sekvivariant algebraisk index ssetning, hvilket
giver anledning til eksplicitte formler i sekvivariante karakteristiske klasser. Fedosov konstruktionen,
som realiseret 1 en deformeret udgave af Gelfands formelle geometri, bruges til at udlede resultaterne.

Vi beskriver hovedpointerne i Gelfands formelle geometri i det deformerede tilfaelde og viser hvor-
dan det leder til Fedesov connections og velkendte klassifikationen af formelle deformationskvantisering
i retning af en symplektiske struktur.

En gruppevirkning pa en deformationskvantisering inducerer en virkning pa den underliggende
symplektiske mangfoldighed. Vi undersgger lgfteproblemet om at finde en gruppevirkning som in-
ducerer en given virkning gennem symplektomorfier. Vi omformulerer nogen velkendte tilstrackkelige
betingelse for eksistensen af et 1gft og viser at de er overfladige. Givet et lgft af en gruppevirkning gen-
nem symplektomorfier pa deformationskvantiseringenen, klassificerer vi alle sadanne lgft som opfylder
en bestemt teknisk betingelse. Klassifikationen bestar af en fgrste ikke-Abelsk gruppe cohomologi. Vi
giver metoder til at bestemme disse meengder i form af et kommuterende diagram med eksakte raekke
og kolonner. Endeligt gennemgar vi nogle eksempler for at formulere nar de forsvinder eller ikke.

I samarbejde med A. Gorokhovsky og R. Nest, viser vi en sekvivariant algebraisk index seetning.
Den &kvivariante algebraiske index satning er en formel, som udtrykker sporet pa en krydsprodukt
algebra af en deformation quantization og en gruppe i form af en parring med bestemte skvivariante
karakteristiske klasser. De ackvivariante karakteristiske klasser er betragtes som klasser i den periodiske
cykliske cohomologi af krydsproduktet ved brug af Connes’ inklusion af Borel sekvivarant cohomologi.
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CHAPTER 1

Introduction

There are no limits. There are plateaus,
but you must not stay there,

you must go beyond them.

Bruce Lee

As the title of this thesis suggests, it is mainly concerned with the topics of group actions on
deformation quantizations and corresponding versions of the algebraic index theorem. We do not
expect the reader to be immediately aware of the meaning of this title. First of all the theory of
deformation quantization has many wildly varying aspects [105] and we should be more precise about
what we mean by “deformation quantization”. The algebraic index theorem [45, 86] is an adaptation
of the Atiyah-Singer index theorem [2] from a specific quantization, pseudo-differential operators, to
a more general class of deformation quantizations. It deserves an introduction even more, because of
the fact that it is less well-known than its celebrated analytic counterpart.

In this introduction we will motivate why the main objects of study, deformation quantizations
and algebraic index theorems, are of any interest at all. Simultaneously we will fix some conventions
and notations that are used in the rest of this thesis. Finally, we will formulate some objectives that
we pursue in the course of the thesis and give a clear picture of the degree to which different parts of
the thesis are attributable to the author.

In particular, we shall provide all of the motivation coming from mathematical and theoretical
physics in 1.1. We shall provide the definition of formal deformation quantization, some motivation
for this definition and some general remarks about the definition in section 1.2. Section 1.3 is devoted
to a very brief reminder of the Atiyah-Singer index theorem in order to motivate the algebraic index
theorem, which we introduce in section 1.4. The objectives and attributions are handled in section
1.5.

Let us describe the structure of the thesis as a whole. In chapter 2 we set up the framework
of formal geometry. We will use a deformed version of this framework in order to derive the main
results of this thesis. In chapter 3 we will give a rather complete discussion of the formal Moyal-Weyl
algebra. This will allow us to prove a great deal of the statements in the rest of the thesis with
relative ease, since the corresponding formal computations are carried out in chapter 3. In chapter 4
we present the deformed analog of the framework of formal geometry and the Fedosov construction
[46]. In chapter 5 we present the results on existence and, mostly, classification of group actions on
deformation quantizations, these are part of the main results of this thesis. In chapter 6 we formulate
and prove our equivariant version of the algebraic index theorem. Chapter 7 is devoted to a summary of
the main results and a discussion of the further research directions offered by these results. Appendix
A contains the definitions of the various chain and cochain complexes used in the main body of the
thesis, as well as several general results about these complexes. Finally, appendix B contains a brief
summary of the deformation theory of associative algebras.

NoOTATION 1.0.1. Let us collect here some notation that is used throughout the thesis. First of
all, a manifold will almost always mean a smooth, i.e. C*°, finite dimensional real manifold and will

1



1.1. CLASSICAL AND QUANTUM MECHANICS 2

often be denoted M. The algebra of smooth (complex valued) functions will be denoted C*° (M) and
the differential forms on M will be denoted by Q°(M). We shall denote the manifold with boundary
[0,1] by I and shall often denote the natural coordinate on I by t. Given a vector bundle E — M,
we shall denote the space of smooth sections by I'(E). We shall always denote the tangent bundle
of M by TM and the cotangent bundle by T*M. We shall denote tensor products by ® and add a
subscript to indicate a specific ring if this is needed. We shall denote exterior products, i.e. the anti-
symmetrization of ®, by A. We shall denote the pull-back along a map ¢ by ¢* and the push-forward
by ¢.. In the case of smooth maps ¢: M — M’ we shall denote the differential by dep: TM — TM'
or T'y. Let us mention in particular that we will always write the action of a map f: X — Y on an
element € X as f(z) or fx, even when this map is induced by some action of an algebraic object.
For example, if G is a group acting on the set X from the right, we have by definition

g(h(z)) = g(hz) = hgz = hg(z),

for all g, h € G and = € X. Beyond this, we use various well-established conventions that should speak
for themselves, like @ for direct sum and N for the natural numbers.

1.1. Classical and Quantum Mechanics

Although it is not always at the surface, the theory of deformation quantization is about (uni-
fying) the mathematical formalisms behind the theory of mechanics. We mean this in the following
way. Before the beginning of the 20th century (Western calendar), the mathematical formalism behind
mechanics consisted essentially of time-dependent three dimensional Euclidean geometry. A unified,
and extremely powerful, approach was achieved in the form of the Lagrangian and Hamiltonian for-
mulations of classical mechanics. Einstein’s theories of special and general relativity (generalizing
Galileo’s theory of relativity) required adjustments to these formalisms. It speaks volumes to the
power of pure mathematical thought that the needed adjustments had, in a sense, already been made
in the purely mathematical treatment of non-Euclidean geometry. Namely, instead of considering the
time-dependent Euclidean geometry, one considers the full (pseudo)-Riemannian geometry of space-
time. At the same time, however, another form of mechanics began to play a fundamental role in our
understanding of nature: quantum mechanics.

The mathematical formalism behind the (non-relativistic) mechanics of the very small, quantum
mechanics, is, at first sight, completely different from the formalism of classical mechanics. In par-
ticular it does not seem to come with a clean geometrical interpretation like the rest of the theory
of mechanics. At closer inspection, one finds that the kernels of the formalism of classical mechanics
are still very much a part of the formalism of quantum mechanics. This leads to the consideration
of deformation quantization. It is a way of solidifying the fact that, by generalizing our notion of
geometry, as in the case of general relativity, we can clearly frame the theory of quantum mechanics
in a geometric picture. Especially when we consider the more recent development of non-commutative
geometry, we find that, in the formalism of classical mechanics, commutative geometry was used to
approximate non-commutative geometry, just as Euclidean geometry was once used to approximate
(pseudo)-Riemannian geometry.

In this section we shall present a very brief overview of the mathematical formalisms behind
(non-relativistic) classical and quantum mechanics. We do this partly to motivate the following and
partly to fix some conventions and notations. This thesis is not a survey of the philosophy behind
and development of deformation quantization, however. This section is included rather to allow the
reader, should they be so inclined, to consider the contents of the thesis in their broader context within
mathematical physics.

1.1.1. Classical Mechanics. In this section we will discuss the Hamiltonian formulation of
classical mechanics. In particular we will show that the Hamiltonian formulation leads us, in a natural
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way, to consider symplectic and Poisson geometry. As mentioned above, the mathematical formalism
describing classical mechanics can be formulated using either the Lagrangian or the Hamiltonian
formulation. In many cases the two will in fact be equivalent. The theory of quantum mechanics is
usually phrased in terms of the Hamiltonian formulation rather than the Lagrangian formulation. We
should note that this is only true for the non-relativistic quantum mechanics. When one considers
for instance quantum field theories, they are usually phrased in terms of the Lagrangian formulation.
The theory of deformation quantization boils down to a deformation theory, see appendix B, of the
algebra of functions on Poisson manifolds and so definitely considers the Hamiltonian formulation of
classical mechanics. Since this thesis is not an introduction to the mathematical formalism behind
classical mechanics, we shall only present (a small part) of the Hamiltonian formulation. We refer to
the first chapter of the excellent book [107] for a full treatment. In fact we follow the presentation of
[107] for both the classical and quantum mechanical formalisms.

Mathematically, classical mechanics is concerned with finding paths in the configuration space C'
from xg at time ty, to x1 at time ¢;. The configuration space is a smooth manifold in which each
point represents the possible configuration of a number of “point particles”. The phase of a classical
mechanical system is a point s in the cotangent bundle T*C of the configuration space. In the
Hamiltonian formulation, the Newtown-Laplace determinancy principle, one of the main postulates of
classical mechanics, states that the phase of a (closed) classical mechanical system at a certain time
uniquely determines the phase and thus the configuration at all future and all past times.

This means that the Hamiltonian formulation needs to provide a way to select paths v: [ — T*C
that correspond to physical situations. This is done by employing the principle of least action, also
called Hamilton’s principle. This principle postulates that there exists a functional S, the so-called
action functional, on the space of paths in T*C' (with fixed end-points in C) such that the critical
points correspond to physical trajectories in the phase space T*C. The Hamiltonian formulation goes
on to assert that the action functional S has the form

S(y) = /IW*H + (" H)dt (1.1.1)

where 6 denotes Liouville’s canonical 1-form, ¢ is the standard coordinate on the interval I and the
function H € C*°(T*C) is called the Hamiltonian of the physical system. Liouville’s canonical 1-form
is defined by 6, = podn for all p € T*C, where m: T*C' — C denotes the projection. Thus, up
to computation, the Hamiltonian formulation reduces the study of classical mechanics to the careful
selection of the Hamiltonian H.

There are reasons to postulate an action like the one in equation (1.1.1), of course. Essentially,
the reasoning proceeds by interpreting the value of H at a certain phase p as the “energy” of that
phase p. The expected properties of energy then lead us to consider symplectic and Poisson geometry
immediately [115] and the action functional above provides the way of picking out physical trajectories
in the phase space if the energy is distributed according to H.

Starting from the action (1.1.1), the principle of least action yields certain differential equations.

Consider a coordinate system (z!,...,2") on C and the corresponding coordinates on T*C' given by
(€L, 2, ... & a™), where £ := dx’. In these terms the principle of least action leads to Hamilton’s
equations
dg'(v(t) _ OoH da'(y(t)) _ OH
=———(~(t d = —((v(¥)).
= ) and SR = S0 ()

DEFINITION 1.1.1. A symplectic manifold (M,w) is a smooth manifold M equipped with a closed
non-degenerate two-form w € Q2(M).
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By non-degenerate we mean that, for any m € M and 0 # v € T,, M, there exists w € T,,, M such
that wy, (v, w) # 0. Note that non-degeneracy of w implies that the maps

I,: TnM — T M,

given by I, (v)(w) = w(v,w) for all v,w € T,,, M, are isomorphisms for all m € M. Thus we find the
map

;5 QY (M) — X (M),

where X' (M) denotes the space of smooth vector fields on M. The manifold 7*C is the quintessential
example of a symplectic manifold, the two-form df defines the symplectic two-form. This is easily seen
from the formula

n
o =" d¢' A da’
i=1
in coordinates as in the last paragraph. Now we note that Hamilton’s equations correspond to the
requirement that ~ is an integral curve for the Hamiltonian vector field

Xy = I (dH).

Thus the Hamiltonian formulation shows that the formalism of classical mechanics is naturally given
by symplectic geometry. One might say that the discussion above only shows that the formalism of
classical mechanics is given by very specific symplectic manifolds, namely cotangent bundles. However,
when considering specific classical mechanical systems one very often applies various schemes of reduc-
tions and simplifications that constrict the phase space to be a (possibly lower dimensional) general
symplectic manifold. The mathematical formalism outlined above goes under the name Hamiltonian
dynamics. It can be formulated equally well on a Poisson manifold, a symplectic manifold is a special
case of a Poisson manifold. In terms of viewing H as the energy distribution on phase space, the
requirement that the manifold be symplectic instead of just Poisson means that we ask that, for any
two phases p and p’, there is always a sequence of energies H; and times ¢; which changes the phase
from p to p’ [115].

DEFINITION 1.1.2. A Poisson bracket on the k-algebra A is a Lie bracket
{,}A®A— A

such that {f,—} and {—, f}, considered as k-linear endomorphisms, are derivations for all f € A.
A manifold equipped with a Poisson bracket on the algebra of smooth functions is called a Poisson
manifold.

The bracket given by {f, g9} = w(Xs, X,) gives a symplectic manifold (M,w) the structure of a
Poisson manifold. Here we use the notation X; and X, for the Hamiltonian vector fields corresponding
to f and g respectively. Note that for a general Poisson manifold (not necessarily symplectic) we can
still define Hamiltonian vector fields corresponding to functions by X, = {f,—}. Note that, since
w(—, Xy) = —dg defines the Hamiltonian vector field in the symplectic case and X(g) = dg(Xy) in
general, the two definitions agree in the symplectic case.

The observational principle [90] tells us that, if two physical systems return the same value for
every observable quantity, then the systems are the same. In terms of geometry, the observational
principle implies that, although the paths in phase space allow for evaluation of all observables, it is
the observables that matter. The classical algebra of observables is given by the algebra of smooth real-
valued functions on the phase space. This means that observable quantities are determined completely
by the phase of the system. Values of observables become implicitly dependent on time when we
consider the time-evolution of a system along physical trajectories. The Hamiltonian formulation
allows us to write down differential equations for any observable f directly. Namely, since the paths
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that correspond to physical trajectories are integral curves of the Hamiltonian vector field X g, we find
the differential equation

df of
for f as a function of time. In fact it follows from the one-parameter group of diffeomorphisms g (t)
given by the flow corresponding to the vector field Xy (if it exists). Thus we find the time-evolution
operators 1 (t)*: C%°(T*C) — C>(T*C'), which can formally be expressed as “p (t) = e =1,

(1.1.2)

Using the above, we can only consider deterministic systems, not statistical ones. This means
that, in order to apply the formalism, we need to have exact knowledge of the phase of a system at
some time. The formalism must therefore be adapted to allow for more elaborate notions of state.
Namely, a state is given by a map u: C°(T*C) — P(R) to the probability measures on R. Then
for any Borel subset E C R the number u(f)(E) is the probability of a measurement of observable f
returning a value in E. So for the completely deterministic systems we simply consider the state that
sends f to the indicator function of f(p) where p is the phase of the system.

The discussion above is very far from complete. It should serve, however, to indicate that the
main ingredients going into determining the time-evolution of a classical mechanical system are a
symplectic/Poisson manifold M and a Hamiltonian H € C*°(M).

1.1.2. Quantum Mechanics. As mentioned, the mathematical formalism behind the theory
of quantum mechanics is very different from the Hamiltonian formulation of classical mechanics at
first sight. In this section we will show how the mathematical formalism behind quantum mechanics
can be interpreted as a kind of deformed Poisson geometry. In particular we will show that the
Poisson algebra C°(T*C') of classical observables can, possibly, be seen as a first order approximation
to a quantum algebra of observables, see also appendix B and section 1.2. There is a need for a
quantum theory in order to describe the mechanics of physical systems that are so “small” that any
measurement will cause significant disturbance of the system. When we considered the mathematical
formalism of classical mechanics, we started describing the first, least abstract, version. As mentioned,
the formalism can eventually be given in terms of a general symplectic manifold, in other words the
manifold is not necessarily the cotangent bundle of configuration space. Similarly, we will present first
the least abstract version of the formalism behind quantum mechanics and subsequently generalize it.

Mathematically, quantum mechanics is concerned with finding the complex valued wave-function
¥(x,t) dependent on position and time. The square of the norm of the wave-function at time ¢
represents the probability distribution for the configuration of the system. In other words, for all
t € R we have ¢(z,t) € L?(C) and the probability that the system is in a configuration in the subset
A C C at time t is

/ (e )| do.
A

Now the Newton-Laplace determinancy principle makes way for a new determinancy principle. Namely,
instead of the phase of the system determining the future and past configurations of the system, the
state, provided by the wave-function, at the time ¢ provides the future and past states of the system.
In other words, we should be able to formulate a time-evolution equation for the wave-function. Note
however that we do find that all wave-functions must satisfy that the integral of their norm squared
over all of C equals 1.

Instead of doing this, however, let us first consider the mathematical formalism of quantum me-
chanics in the abstract. Instead of the phase space of classical mechanics we have the space of states
given by a separable complex Hilbert space (H, (-,-)). The algebra of observables A is given by the
algebra of linear operators on H. The spectrum of the observables will represent the possible outcomes
of a measurement of that observable. The likelihood of a certain range of the spectrum to be measured
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is determined by the state of the system, which we define below. Since, in nature, observables are re-
quired to produce real values, the physical observables O are given by the self-adjoint linear operators
on H. Note that the self-adjoint bounded operators Ag = O N B(H) form a real vector space. The
states of the quantum system are given by the positive operators S of trace 1, i.e. Tr.S = 1. Note that
the Hilbert space provides the special pure states Py given by orthogonal projection onto the span of
) € H, here ||| = 1. The state S assigns to every observable A the probability measure S4 on R by
the Born-von Neumann formula
SA<E) = TrPA(E)Ma

where £ C R is a Borel subset and Py is the projector valued measure on R associated to the self-adjoint
operator A through von Neumann’s spectral theorem [100].

An aspect of classical mechanics that is only implicitly present in section 1.1.1 is that there are
essentially two ways to consider the time-evolution of a system. Either one considers an evolution of
the state p of the system, for instance in the deterministic systems this corresponds to the phase-flow
directly, or one considers the evolution operators on the algebra of observables. These two points
of view are sometimes referred to as Liouville’s or Hamilton’s picture of classical mechanics [107]
respectively. In the classical case the distinction is not as often pointed out as in the case of quantum
mechanics. The corresponding pictures in the case of quantum mechanics are called the Schrédinger
or Heisenberg pictures of quantum mechanics. Thus, the time-evolution of the quantum mechanical
system in the Heisenberg picture is given by a strongly continuous one-parameter group of unitaries
U(t) through the formula

A(t) =U () AO)U@)",
for any A € Ap. In the Schriodinger picture the states S evolve similarly according to
St)=U)MU(t)".

The analog of the Hamiltonian comes in the form of the ansatz U(t) = e for some constant self-

adjoint operator H € O, called the (quantum) Hamiltonian and where h denotes Planck’s constant
[63]. This leads to the differential equations
dA 27 0A
= 7[ , ] + —
dt ih ot
called Heisenberg’s equations of motion in the Heisenberg picture. Here we have denoted the commu-
tator of operators by square brackets.

(1.1.3)

The problem now becomes to find out what combination of Hilbert space and Hamiltonian to
associate with a given physical quantum mechanical system. Suppose we want to consider a “free
particle” constrained only to lie on a 1-dimensional space. In this case we are immediately led to
consider the Hilbert space H = L%(R) as above. Note that, in essence, the problem of finding a
Hilbert space is solved by finding out the dimension, but, as we will see, a good choice of Hilbert space
simplifies the Hamiltonian. The correspondence principle, which can be formulated mathematically,
states that, if, in units determined by the characteristic dimensions of the system, h ~ 0, then the
quantum system reduces to a classical system. In this case it means simply that, since the classical
Hamiltonian H, for a free particle on a line is given by the kinetic energy and so H, o v?> where
v denotes the velocity, we consider the Hamiltonian H o< —h?92, since in this case the expectation
values of measurements are exactly the classically predicted values.

The last paragraph leads to the notion of quantization. The idea is that one can construct physi-
cally relevant quantum systems from classical systems. This is motivated by the similarities between
the formalisms of quantum and classical mechanics. In particular we note that Ag is a Lie algebra for
the bracket 1[—, —]. So, we see that the equations of motion (1.1.2) and (1.1.3) are exactly the same
when we consider them as equations for evolution of A € g, given a triple (g, L, X) of a real vector
space g with a Lie bracket L and a specific element X € g. Namely in the quantum case g = Ay,
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L =2[,]and X = H, while in the classical case g = C*°(M), L = {-,-} and X = H,. Furthermore,
if we consider the previous example, we arrive at the expression H o p? for p = ihd,. So, denoting the
operator of multiplication by the identity function by Z, which the correspondence principle implies,
we find that

[‘iaﬁ] =th = zh{x,f}
where we denote the canonical coordinates on R? = T*R by (z,£). This motivates the mathematically
rigorous definition of the correspondence principle.

Rigorously then, quantization of the classical mechanical system given by the Poisson manifold
(M, {-,-}) with the Hamiltonian H, is given by injective quantization maps

Q;-L: COO(M) -0

from the classical observables to the quantum observables, i.e. to self-adjoint operators on a Hilbert
space H, satisfying the following properties. First of all the maps @ depend on the variable i > 0
(although the range may be any subset of R that has 0 as a limit point). Secondly, the restriction
of Qp to the subspace C§°(M) of bounded functions is a linear map to Ag. The quantization maps
satisfy the equations

lim Q5" (Qu(/)Qi(9) + Qu(9)Qn()) = fo (1.1.4

and
tin @ (@), (0) = (7.0) (115

for all f,g € C§°(M). This last equation (1.1.5) is the mathematical version of the correspondence
principle.

One way of obtaining quantization maps is by deforming the commutative product on C'*°(M)
along the parameter ii. This can be seen since equation (1.1.4) means that, up to higher than Oth
order in A, the product on Ay behaves like the product on C§°(M). The equation (1.1.5) puts a
constraint on the 1st order behaviour in A. In higher orders the constraints are coming from the fact
that we map into a C*-algebra. The theory of deformation quantization is exactly about this method
of producing quantum mechanical systems from classical mechanical systems. The example of L?(R)
comes from the Moyal deformation of R?? = T*R? with the standard symplectic structure wy = dé.
The deformation is provided by the formula (3.0.2), where (g, p) = (,£). This product is obtained by
considering the quantization maps given by the Wigner-Weyl transform [117].

One can consider the problem of deforming a Poisson manifold to a quantum mechanical system as
a combination of two problems. Firstly, there is the purely algebraic problem of finding an associative
product on C*°(M), which deforms the pointwise product in the direction of the Poisson structure
in the sense of equations (1.1.4) and (1.1.5). Secondly, there is the analytic problem of constructing
a Hilbert space such that the deformed product is actually realized as the product of operators on
that Hilbert space. Formal deformation quantization concerns itself only with the first problem. This
means that it is about studying the formal deformations of C*°(M) as explained in appendix B and
section 1.2. There is a very large body of work on this topic, see [105, 42, 65] for nice surveys of and
notes on the field, or [114] for an introductory textbook.

In this thesis we will concern ourselves only with formal deformation quantizations. Let us point
out, however, that, as can also be seen in chapters 2 and 4, a solution of the full problem follows
from a formal solution, if one has an adequate way to check which formal solutions correspond to
full solutions. In the chapters 2 and 4 this way is provided in the form of the Grothendieck and
Fedosov connections respectively. We should mention, as does Fedosov in [48], that the algebraic
index theorem, see sections 1.5 and 6.1, provides a way to show that a formal solution cannot be
obtained from full solutions.
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REMARK 1.1.3. The discussion of the formalism behind quantum mechanics above is, of course,
very far from complete. We should mention in particular that we have not said anything about the
domains of operators. It has, sadly, become rather common practice in physics courses to ignore
a discussion of domains of operators on Hilbert spaces. We will do the same, however, since the
(functional) analytic aspects of quantum mechanics will not play any role in the thesis. Let us refer
again to [107] for an in-depth treatment of the mathematical formalism behind quantum mechanics.

1.2. Formal Deformation Quantization

In this section we will introduce the main object of study of this thesis. Namely, the algebras
obtained by the process of formal deformation quantization of the algebra of smooth functions on a
manifold. We will see how this always induces the structure of a Poisson manifold. So, we note that
from this point of view the appearance and importance of the Poisson structure in the Hamiltonian
formulation of classical mechanics are explained by the fact that it yields a first order approximation
to the corresponding quantum mechanical algebra of observables.

We saw in the previous section 1.1 how the Hamiltonian formulations of classical and quantum
mechanics lead naturally to the consideration of deformation quantization. We should mention that
the notion was introduced in the influential paper [4] and has taken on a vibrant life afterwards. As
mentioned, the first step one may take in considering the problem of deformation quantization is to
consider the problem of formal deformation quantization. In this thesis we will concern ourselves only
with this formal deformation quantization. We will therefore frequently drop the word “formal” and
sometimes we will even drop the word quantization for reasons that should be evident from appendix
B. Let us point out that in some cases, for instance in the case of index theorems [88], it is in some
sense enough to consider the formal case.

The notion of formal deformation quantization follows from the notion of (deformation) quantiza-
tion in section 1.1.2 by considering the expansion of Q, ' (Qn(f)Qn(g)) in powers of h. In this way the
quantization will provide an associative product on C*°(M)[#A], formal power series with coefficients
in C*°(M). The equation (1.1.4) implies that this product is a deformation of the algebra C> (M)
in the sense of appendix B. We do consider one more constraint on the kind of deformations we con-
sider. The constraint arises from the notion of locality in physics. It is expressed by the fact that,
given a deformation quantization of the classical mechanical system (M, {-,-}), restriction to an open
submanifold U C M should give us a deformation quantization of the restricted classical mechanical
system (U, {-,-}) as well. In mathematical terms we could say we want to deform the sheaf of algebras
C%2, it is given by C2(U) = C>(U) for all open subsets U C M. These considerations lead to the
following definition.

DEFINITION 1.2.1. A formal deformation quantization of the manifold M is given by a sequence
of linear maps
Bi: C*¥(M)® C*(M) — C*(M)

for all k € N satisfying the following conditions. Firstly the C[h]-linear product x on the vector space
C>*(M)[r] := C*(M) ® C[h], given by the formula

fxg=rfg+> (ih)*Bi(f,9) (1.2.1)

k>0

for all f,g € C*°(M), is associative. Here C[h] denotes the ring of formal power series in the formal
variable i with coefficients in C. Secondly the maps g — By(f,g) and g — Bi(g, f) are differential
operators for all f € C*(M).
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NoTATION 1.2.2. Note that when we consider a deformation quantization of M we are considering

the complexr valued smooth functions on M, since we want to find the relation
[—, =] = ih{—, =} + O(h?).

In the rest of this thesis C*°(M) shall denote the complex valued smooth functions, similarly we will
denote by Q°*(M) the complex valued differential forms on M. An exception is the chapter 2 where
we consider undeformed formal geometry and can therefore always consider real valued functions. We
should note however that the definition still makes sense for real functions, if we replace ¢h by A in
the formulas. In other words the difference is only a rescaling of the formal variable. In fact most
considerations in this thesis would still makes sense for real valued functions. The convention comes
from the fact that we would like the real momentum (vertical coordinate in T*C') to correspond to
the self-adjoint operator ih0,,.

NOTATION 1.2.3. Note that a deformation quantization defines the algebra (C°(M)[h],*). In
fact, this is the main point and therefore we shall often refer to this algebra as a deformation quan-
tization, or sometimes a deformation quantization algebra, of M. Bilinear operators that satisfy the
second property that the By above should satisfy are called bidifferential operators. Note that the
multiplication f ® g — fg is also a bidifferential operator. Setting Bo(f,g) = fg we find that the
*-product gets the form

fxg="> (ih)*Bi(f9).

k>0

Note that the requirement that x defines an associative product can be interpreted as a series of
equalities involving the bidifferential operators By. Namely, we find that

> Bw(f,Bilg,h) = > Bi(Bi(f,9),h)
k+l=n k+l=n
for all f,g,h € C°(M) and all n € Z>o. For n = 0 this just reflects the associativity of the pointwise
product on C°°(M). The first non-trivial condition is therefore given by the equation

Bi(f,gh) + fBi(g,h) = Bi(fg,h) + B:(f, g)h
for all f,g,h € C°°(M). From this equation it follows that 2B; defines a Poisson structure, here By

is the anti-symmetric part of By, i.e. By (f,9) = 5(B1(f,g) — Bi(g, f)). Of course it was expected,
since the commutator defines a Poisson bracket and

[f,9] = 2ihBy (f,9) + O(h?).
Thus, a deformation quantization induces the structure of a Poisson manifold on M. When {By}
defines a deformation quantization we will say it is in the direction of the Poisson structure 2B; .

DEFINITION 1.2.4. A gauge equivalence is a sequence T}, of differential operators such that Ty = Id
and
D (@h)F Ty (C=(M)[R], %) — (C=(M)[A], )
k>0
is an algebra isomorphism for some deformation quantizations x and *’.

Note that it is simply the definition of gauge equivalence in definition B.1.3 with the added
requirement that the gauge equivalence is given by differential operators. In fact it is precisely the
same definition, since the requirement that the linear operators T} yield an algebra isomorphism
between deformation quantizations implies that they are differential operators [77, 30]. When we
consider deformation quantization in the framework of deformation theory of associative algebras as in
appendix B, we see that the bidifferential operators define a Maurer-Cartan element in g(C'*(M)), see
definitions B.4.4 and B.3.6 specifically. Note that the formal deformation { By} induces the C[h]/(h?)-
deformation given by f ® g — fg + hB1(f,g), in the language of appendix B. The Maurer-Cartan
equation in definition B.3.6 over the ring R = C[A]/(h?) is simply the cocycle condition for a Hochshild
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2-cochain. Let us be a bit more precise here and mention that we are actually considering an adaptation
of the Hochschild cochain complex presented in section B.4, see remark B.4.6. Namely, instead of
considering all multi-linear maps C*°(M)®P — C°°(M), we shall consider only those that are given by
multi-differential operators. Now it is well-known that the inclusion of the poly-vectorfields F(/\' M),
equipped with the trivial differential, is a quasi-isomorphism [112, 25, 71]. In particular, we see that
it means that B; = By + dI" for some differential operator 7.

COROLLARY 1.2.5. Every deformation quantization is gauge equivalent to one where 2B; is the
induced Poisson bracket.

PRrooF.
This is a corollary of the discussion above since the map ¢t = Id — iAT provides the gauge equivalence.
Note that the inverse is given by > ;= (ihT)". It follows since ||—ihT|| =  for the norm induced by
the & filtration on the space of C[A]-endomorphisms of C'*°(M)[k], see definition 5.3.15. So we find
the gauge equivalent x-product

freg =11 (t(f) xt(9)) = fg +ihBy (f.9) + O(h®).
]

REMARK 1.2.6. In a similar way to the proof above one can obtain normalizations of a deforma-
tion quantization [31], see also [55]. A normalized deformation quantization satisfies the additional
conditions

Ilxf=f and fxl=Ff

forall f € C*°(M). From now on we will always assume that deformation quantizations are normalized.

By corollary 1.2.5, we see that the space of infinitesimal deformations of C*°(M) (up to gauge
equivalence), i.e. C[h]/({h?)-deformations, is isomorphic to the space of Poisson structures on M (up
to gauge equivalence). More loosely speaking, the 1st order neighborhood of C*°(M) in the Moduli
space of algebra structures is the space of Poisson structures on M. One is led to ask whether
the space of formal deformations of C*°(M) (up to gauge equivalence) is isomorphic to the space
of formal Poisson structures (up to gauge equivalence). We note that the space h := F(/\. M)
of poly-vector fields can be equipped with the Gerstenhaber structure given by the wedge product,
Schouten-Nijenhuis bracket and trivial differential [53, 102, 92]. Thus we see that corollary 1.2.5
comes from the fact that the quasi-isomorphism (of cochain complexes) h — g(C>°(M)) induces an
isomorphism Defg(h,0) — Defg(g(C>°(M)), By) for R = C[h]/(h?). Formal Poisson structures are
exactly the Maurer-Cartan elements of b with respect to the local complete ring C[A]. Thus we see that
the formal deformations are indeed parametrized by formal Poisson structures if the dgl algebras h and
g(C*°(M)) are quasi-isomorphic, i.e. there exists a chain map that is also a Lie algebra homomorphism
and such that the induced map on cohomology is an isomorphism. This requirement turns out to be
too strong. However, the same reasoning shows that the formal deformations are parametrized by
formal Poisson structures if the L..-algebras i and g(C*°(M)) are quasi-isomorphic [79]. This is
exactly what was proved by Kontsevich in his celebrated paper [71], see also [70, 108, 109].

Although we would be remiss if we did not mention Kontsevich’s classification result above, in this
thesis we will stick to symplectic manifolds. We will call deformation quantizations in the direction of
a Poisson structure induced by a symplectic structure: symplectic deformation quantizations. In this
case the classification takes on an even better form, since the formal Poisson structures where the first
order term is fixed to be non-degenerate are parametrized by the second de Rham cohomology of the
symplectic manifold M, see definition A.2.18. This result has many incarnations, in this form it was
shown in [50, 74]. We will present a proof, based on [89], in chapter 4. Beyond that, there is also a
(completely different) proof by Deligne in [30]. All of these lead to the definition of a characteristic
class [0] € % + H?(M)[h], see definition 4.3.2, of the deformation quantization. This class also goes
under the names Weyl curvature or Deligne’s class, [48, 65].
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The version of the classification result for symplectic deformation quantizations that we will present
in chapter 4 is based on a slightly earlier result than the full classification of deformation quantizations.
We mean Fedosov’s construction of symplectic deformation quantizations [46], which leads to the
classification results above by the results of [87] and [6]. This construction, which we say a lot more
about in chapters 3 and 4, is closely related, by design, to the algebraic index theorem [45]. Since a
large part of this thesis revolves around the algebraic index theorem, we should introduce it as well.
Before we do that however, we should give a short introduction of the motivation for the algebraic
index theorem, namely the Atiyah-Singer index theorem 1.3.4.

1.3. The Atiyah-Singer Index Theorem

The Atiyah-Singer index theorem is widely seen as one of the most important theorems in modern
mathematics, this is exemplified by the great number of adaptations and generalizations, [104, 3, 110,
56, 28] to name a few. Another reason is that the theorem itself generalizes some very consequential
theorems like the Gauss-Bonnet, see chapter 9 of [75] and Riemann-Roch, see chapter 6 of [83],
theorems. The Atiyah-Singer index theorem is closely related to deformation quantization. This is
shown in particular by the algebraic index theorem [45, 86], which we shall discuss below, and was
the basis of a lot of Fedosov’s work on the subject [48]. The relation is also simply seen by observing
that the example of quantization given in section 1.1.2 yielded (pseudo)-differential operators.

In this section we shall give a very brief overview of the main points of the Atiyah-Singer index
theorem that will come up in the rest of this thesis. For a more in depth discussion of the theorem
we refer the reader to the notes [72, 103] and [91]. We will start by defining the notion of index of
elliptic differential operators and its relation to K-theory. We will then state a version of the index
theorem in K-theoretic terms. From this we will derive the statement in terms of cohomology classes.
We want to phrase the theorem in terms of cohomology, since the algebraic index theorem follows
from a formula in periodic cyclic cohomology and the corresponding homology is a non-commutative
replacement for de Rham cohomology of a manifold [26].

The Atiyah-Singer index theorem provides an expression for the index of an elliptic pseudo-
differential operator in terms of purely topological data. So let us first mention what exactly the
index is.

DEFINITION 1.3.1. Suppose H;1 and Hs are two Hilbert spaces and F is a linear operator between
them. We call F' a Fredholm operator if both the kernel and cokernel of F' are finite dimensional. The
index of F', denoted Ind F, is defined by the formula

Ind F = Dim Ker F' — Dim Coker F.

If we restrict our attention to the bounded operators B(H) on a Hilbert space H we see, by
Atkinson’s theorem [66], that an operator F' € B(#) is Fredholm if and only if its class in the Calkin
algebra Q(H) = B(H)/K(H) is invertible. Here we have denoted the compact operators on H by
K(#). This allows us to consider the Fredholm index as a construction in K-theory immediately by
considering the exact sequence

0—K(H) — B(H) — Q(H) — 0.

This sequence induces a six term exact sequence in (topological) K-theory. We note that Fredholm op-
erators represent classes in Ky (Q(#)) and are therefore mapped to Ko(K(#)) =~ Z under the boundary
map. The image of the class of a Fredholm operator under this boundary map is exactly the index.
This shows, by homotopy invariance of K-theory, that the index is invariant under homotopy of Fred-
holm operators. We also mention the construction above since similar constructions of the index of
elliptic pseudo-differential operators exist. We will not present these construction in any detail here
however, see the last section of [20].
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The Atiyah-Singer index theorem considers certain pseudo-differential operators. A pseudo-
differential operator of order m € Z on R"™ is an operator A on functions f on R™ given by the
formula

1 A
Af(@)i= e [ ale e o)
2m)™ Jgn
where f denotes the Fourier transform of f and the function a(z,&) on R is called the symbol
of A. The symbols of pseudo-differential operators are required to lie in so-called symbol classes
S™ C C>°(R2") satisfying certain decay conditions

0200 alx, €)| < Cap(1 + €)1,

where we use the notation of section 2.1. We note that S™ C S™ whenever n < m. The principal
symbol of the pseudo-differential operator A of order m is defined as the class of the symbol of A in
the quotient S™/S™~1. We can generalize this definition to consider pseudo-differential operators

A:T(E) — T(F)

between vector bundles F and F' over a smooth manifold M. This is done by simply requiring the
operator to be given by a matrix of symbols of the form above on any neighborhood of M that
trivializes both E and F. A pseudo-differential operator is called elliptic if the principal symbol is
invertible away from the (dimension n) submanifold defined by x = 0. We note that the principal
symbols patch together to define a function on the cotangent bundle T*M of M. More precisely, we
obtain the bundle homomorphism
om(A): T E — 7" F,

between the pull-backs of the vector bundles along 7: T*M — M, from the principal symbol of the
pseudo-differential operator A of degree m. We also call this bundle homomorphism the principal
symbol. So we see that, if M is compact, every elliptic pseudo-differential operator A defines the class
[0m(A)] € K°(T*M). In fact every class can be obtained in this way [72].

LEMMA 1.3.2. Elliptic pseudo-differential operators are Fredholm.

Here we consider the pseudo-differential operators as maps L?(M, E) — L?(M, F) for some choice
of Hermitian structure on F and F. A proof of the lemma can be found for instance in [48]. Thus we
find that the index Ind A of the elliptic pseudo-differential operator A is well-defined. On the other
hand we can construct a certain map K°(T*X) — Z as follows. Given an inclusion ¢: X < Y of a
compact manifold into another manifold we can construct the wrong-way (or shriek) map

u: KYT*X) — KO(T*Y),
see [72].

DEFINITION 1.3.3. The topological index map Ind; is defined as the composite

-—1
KY(T*X) 2 KY(T*RY) - 7,

where ¢ denotes the inclusion X — RY for some sufficiently large N and i denotes the inclusion of the
origin in RY.

It turns out that the topological index does not depend on the choice of . The Atiyah-Singer
index theorem states that

Ind A =1Ind ¢([o:m(A)])

for all pseudo-differential operators of degree m. Note that we can also view the analytic index Ind A
as a map from K°(T*X), for compact manifolds at least, by the fact that all classes in K®(7T*X) can
be realized as principal symbols of pseudo-differential operators [72]. So the index theorem essentially
states that two maps from KO(T*X ) to the integers are equal.
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One of the applications of the index theorem is, of course, to be able to compute the index of
certain special operators, which can be very hard in general. Although the statement of the index
theorem in terms of K-theory is illuminating on a conceptual level, the statement of the index theorem
in terms of characteristic classes, see theorem 1.3.4, is more suited to computation. The way to
translate the above K-theoretical statement to a statement about characteristic classes is by using the
Chern character map [68]

ch: K%(M) — H(M),
where HS” (M) denotes the parts of even degree of the de Rham cohomology for compactly supported
forms, and the Thom isomorphisms [48, 12]

KY(T*X) — K°(X) and H,(T*X) — Hip"(X),

where H (T*X) denotes the de Rham cohomology for forms that have compact supports in the
vertical direction. This leads to the following formulation of the Atiyah-Singer index theorem.

THEOREM 1.3.4 (Atiyah-Singer Index Theorem). Suppose A is a pseudo-differential operator with
principal symbol o(A) on the compact manifold X, then we have

Ind A = /X ch (o(A)) Td(X)

where Td(X) denotes the Todd class of the complezified tangent bundle of X .

The appearance of Td(X) is a consequence of the fact that the square
KO(T*X) —— H(T*X)

cv

KO(X) ————— He(X)

commutes only up to multiplication by the Todd class [48]. Note that one consequence of the Atiyah-
Singer index theorem is that the integral on the right hand side in theorem 1.3.4 is forced to be integer
valued.

As mentioned, the connection between the Atiyah-Singer index theorem and deformation quan-
tization can be seen explicitly in the example in section 1.1.2. Namely, the assignment of a pseudo-
differential to its symbol is a quantization of the phase space T*C. In this sense, a deformation
quantization can be seen as a generalized symbol calculus for the pseudo-differential operators [48].
It turns out that there is indeed an index theorem associated to any formal deformation quantization
of a manifold [45, 33, 86]. We will discuss a proof of (the symplectic case of) this algebraic version
of the index theorem in section 6.1. In the next section we will give an introduction to this theorem.

1.4. The Algebraic Index Theorem

The Atiyah-Singer index theorem 1.3.4 has an algebraic analog in the algebraic index theorem
6.1.22. The main observation behind the analogy is that the algebra of pseudo-differential operators is
a deformation quantization of the cotangent bundle by considering the map that associates a pseudo-
differential operator to its symbol [48]. In other words, just as a formal deformation quantization is a
quantization up to certain analytic considerations, so is the algebraic index theorem a version of the
Atiyah-Singer index theorem up to certain analytic considerations. In this section we shall give a short
introduction to some of the main ideas behind the algebraic index theorems. In section 6.1 we shall
present a proof of the algebraic index theorem, inspired by the proof in [14, 15|, which generalizes to
an equivariant version.



1.4. THE ALGEBRAIC INDEX THEOREM 14

The idea for an algebraic index theorem was first formulated by Fedosov in [44]. It was proved
by Fedosov in [47] and, a more general version was independently proved by Nest-Tsygan in [86]. A
similar result was obtained, again independently, in [27]. In essence, it is a theorem expressing an
explicit formula for computation of the trace of certain K-theory classes. In [86] it is stressed that this
means we are considering an instance of the pairing of K-theory and periodic cyclic cohomology, by
use of the Chern-Connes character 6.1.17. Comparing this with a certain proof of the index theorem,
which we shall sketch below, shows that the algebraic index theorem is really an algebraic analog of
the Atiyah-Singer index theorem. Moreover, in the article [88] it is shown that, for the deformation
quantization given by the symbol calculus on the cotangent bundle, one recovers the theorem 1.3.4
from 6.1.22.

Let us present here a sketch of the proof of the Atiyah-Singer index theorem 1.3.4 for R™ which
appeared in [40]. This proof motivates the algebraic index theorem, a sketch also appeared in [86] as
a reason for considering the algebraic index theorem an algebraic analog of the Atiyah-Singer index
theorem. Suppose D is an elliptic differential operator on R", we will assume that D = 1 outside
some compact K C R™. We can naturally associate two projectors to D. First consider the projection
pp: LA(R™) @ L2(R") — L?(R"™) @ L?(R") onto the graph of D, we consider it as a pseudo-differential
operator in the trivial C? bundle on R™. Secondly, denoting by Pp the projection onto the kernel of D
and by @ p the projection onto the cokernel of D, we can consider the projector gp = Pp & (1 — Qp)
(where the @ denotes block sum of matrices). Note that the index of D equals Tr(gp — (061)). It turns
out that one can construct a homotopy of projections ep(t) such that ep(0) = ¢p and ep(1) = pp.
So, one would hope to compute the index of D using the projection pp instead of gp. The problem is
that ep — (0 ® 1) is not trace class. So we try to replace the trace by a suitable “higher trace”, i.e. a
cyclic cocycle. Thus one considers the cocycle © given by

1
O(ao, ..., a2n) = ] Z €(o) Tr (ao[xa(n,aﬂ[)(a@),az] S [XU(Qn)7a2n]) )
€Sy,
for all integral operators ag, ..., a2, and where Sy, denotes the symmetric group in 2n letters, €(o)
denotes the sign of ¢ and x92,42 = x; while x9,41 = 05, for all ¢ = 1,...,n. One proceeds to prove

that © is cohomologous to Tr. This implies that
Tr(qgp — (00 1)) =O(gp,---,49D)-

At this point there are two slight complications. First, one needs to show that the application of ©
to 2n copies of pp still makes sense. Secondly, one needs to show that the computation showing that
the evaluation of a cyclic cocycle along a continuous path of idempotents is constant still holds for the
path ep(t). Let us denote by Dy, the differential operator obtained from D by scaling all the 9,, by
h € R. Then we find that Ind D = Ind Dy, for all h € R. On the other hand we find that

. 1
lim e(popo s apDh) = ) / U(D)dO'(D) - dO’(D)
h—0 n: Jr2n

From this one deduces the Atiyah-Singer index theorem.

When we consider the algebraic index theorem we note that the analytic subtleties disappear.
Thus, the main thing we take away from the sketch above is that the algebraic input entering the
index theorem is simply the equality of certain cyclic cocycles. So suppose Ay (M) is a deformation
quantization of the symplectic manifold M. Fedosov shows in [48] that there is a unique trace, in the
sense of definition 6.1.19, on Ax(M). This trace will be the first periodic cyclic cocycle. In [86] the
authors construct a “Poincaré duality” map

CC._1(A) — CCp(A)

per

from the reduced cyclic homology complex of an algebra A, see [78], to the periodic cyclic cohomology
complex of A, see definition A.2.2, given a trace Tr on A. Another way to see it, especially in the
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case where there is a unique trace, is as an action of the reduced cyclic complex on the periodic cyclic
complex. The cohomologous cocycle is now obtained as the image of the generator of a reduced cyclic
homology complex under this Poincaré duality map. The following theorem 6.1.22 is then shown by
explicit computation of this second cocycle.

THEOREM 1.4.1 (Algebraic Index Theorem). Suppose e, f € My(Ap(M)), for some N > 0, are
idempotents such that e — f € Mn(Ap.(M)). Then we have

Ti(e =) = [ &(eh(oe) = ch (o) (ATADL).

where E: CCP"(C®(M)) — Q*(M) denotes the Connes-Hochschild-Kostant-Rosenberg map [25, 95],
Try denotes the composition of the unique normalized trace on Ap(M) (see proposition 6.1.20) with
the matriz trace, o denotes the map given by setting h = 0 and finally ch denotes the Chern-Connes
map defined in definition 6.1.17.

In this thesis we will consider another proof of the algebraic index theorem, however. This proof,
see [14, 15] and [89], uses the ideas of Gelfand’s formal geometry, see chapter 2, more seriously. We
will develop the framework of formal geometry in chapter 2 and the deformed version in section 4.1.
Using this it can be shown that the algebraic index theorem can already be proved in the formal
neighborhood, leading to the universal algebraic index theorem 6.1.12. The algebraic index theorem
then follows straightforwardly from the application of the Gelfand-Fuks maps constructed through the
framework of formal geometry, see definitions 2.3.9, 4.1.7 and 6.2.9.

1.5. Objectives and Attribution

In sections 1.1, 1.2, 1.3 and 1.4 we have introduced the concept of deformation quantization and
index theorems. These are the main objects of study in this thesis. Let us use this section to elaborate
on what the objectives of (the research behind) this thesis are. As expected, we have tried to add
to the already vast pool of knowledge around the topics mentioned above. Thus, we will also give
an impression of the work (that we are aware of) that has been carried out in the direction of these
objectives.

The objectives can be divided into three main projects, namely:

(1) derivation of an algebraic index theorem for crossed products of a deformation quantization
with a group;

(2) classification of the actions of (discrete) groups on deformation quantizations;

(3) concretely realizing the Fedosov construction in Gelfand’s framework of formal geometry.

These three objectives are heavily related to each other, of course. The main objective is objective
(1), one might even say it is the only objective and the other two are simply prerequisites. The relation
between objectives (1) and (2) comes from the simple fact that, in order to understand the crossed
product of a group with a deformation quantization algebra, one should first understand the action
of the group on the algebra to some extent. The classification of such actions is a consequence that
is of independent interest. The relation between objectives (1) and (3) comes from the proofs of the
algebraic index theorem given in [86] and [14], in both proofs certain essential ideas from Gelfand’s
formal geometry are used, although it may be hard to realize. On the other hand it can be hard to
conceptualize the ideas behind the Fedosov construction [46]. One way to do this is by considering it in
the framework of formal geometry and, while many people must certainly be aware of this [21, 8, 86],
a straightforward treatment of the relation between the Fedosov construction and formal geometry
seems to be missing.

In this section we shall say a little bit about the three objectives above and how they relate to the
established body of research. We shall conclude this section with an account of precisely which parts
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of the thesis can be attributed to the author and which parts of the thesis are partly or wholly the
work of others.

1.5.1. Objective (3). We shall start our discussion of the objectives of this thesis in reverse
order. We do this since, as was mentioned, the ordering above is by reverse dependence. Of the three
objectives, it is perhaps hardest to determine the degree of success in the case of objective (3). This
is because objective (3) is essentially about supplying an adequate conceptualization of the Fedosov
construction. Thus the degree of success depends greatly on the reader. The objective is therefore,
mainly, to present the Fedosov construction in a way that connects well with the readers whose frame
of mind agrees with Gelfands framework of formal geometry. As mentioned, however, we will also
explicitly use the realization of the Fedosov construction in the framework of formal geometry in the
pursuit of the other two objectives.

The framework of formal geometry is a name that we have given to a set of ideas proposed by
Gelfand at the 1970 ICM in Nice [51, 52] A rigorous formulation and treatment of these ideas is hard
to find, as mentioned for instance in [8], even though the content seems to be well-known among a large
group of mathematicians [86, 8, 21, 71]. In [8] the authors present a (brief) treatment of the theory,
since they use the theory in that paper, they mention that they were introduced to the ideas at B.
Feigin’s Moscow seminar. We have similarly been introduced to the topic through private discussions
with the author’s advisor R. Nest and (as of yet) unpublished notes written by R. Nest. Therefore, we
have taken the opportunity to relay a written account of the main aspects of the framework of formal
geometry in chapter 2.

The framework of formal geometry consists of two main parts. First, one considers the geometry of
the formal neighborhood of a point in some higher dimensional space (also called the formal polydisc
[8]). Secondly, one finds a way of globalizing the results of the first step, i.e. “gluing together
the formal neighborhoods”. We shall perform the first step in the deformed case in chapter 3 by
studying the formal Moyal-Weyl algebra. This algebra appears in all the sources considering the
Fedosov construction [114, 89, 46] in the symplectic setting, although there are essentially two ways
to construct it. Our discussion in chapter 3 is mainly based on the treatment of the Moyal-Weyl
algebras in [14] and [89].

Objective (3) is carried out in chapter 4. There we consider the second part of the framework of
formal geometry in the deformed case. We note that it is expected that the framework generalizes,
partly because of the ideas of non-commutative geometry. Namely, one expects the deformation
quantization to behave algebraically like a manifold, except that it is not commutative. In chapter
4 we first show how the process of globalization applied in the undeformed case can be translated to
the deformed case and yields Fedosov connections [114, 89], this is done in section 4.1. Secondly, in
section 4.2, we present the Fedosov construction as carried by B. Fedosov in [48]. We conclude by
considering the characteristic class of the deformation quantization in section 4.3.

We should note that, as mentioned, the ideas of formal geometry can be found, in varying degrees,
in many works on deformation quantization, notably [71, 32, 8, 86, 46]. We would like to mention
the paper [21] specifically. In this paper the authors consider an analog of Kontsevich’s construction
of x-products on Poisson manifolds by means of a Fedosov-like construction using the framework of
formal geometry.

1.5.2. Objective (2). Objective (2) arose from the need to understand the notion of group
actions on deformation quantizations well. The topic of group actions on deformation quantizations is
historically well-studied [65, 7]. Especially in the case of Lie groups, where one tries to generalize the
notion of momentum map [41] and perform symplectic reductions [81, 41]. We shall only seriously
consider actions by discrete groups, although some results do apply to the Lie group setting as well.
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When one considers the action of a group on a deformation quantization algebra it is split essen-
tially into a deformed part and an undeformed part. The action will induce an action on the underlying
Poisson manifold. So one would like to know how much of the action is encoded by this induced action.
By classification we mean classification of the different group actions on the deformation quantization
that induce the same action on the manifold. Thus, we reduce the problem to considering actions by
Poisson maps and existence of a lift of such actions to the deformation quantization. In chapter 5
we consider first the question of existence of lifts and proceed to find a classification of the actions
inducing a fixed (liftable) action on the underlying (symplectic) manifold. We phrase the question of
classification of group actions completely in the setting of the Fedosov construction and the framework
of formal geometry. Although we should take care to be clear about the generality of the obtained
results.

We should note that a lot of work had already been carried out towards objective (2). Notably,
one can consider the (somehow reversed) question of invariance of x-products. In other words, one can
try to parametrize those x-products that are invariant under the action on the underlying manifold. In
the article [7] a complete parametrization of such x-products up to equivariant equivalence is provided.
In the, more recent, work [98] these results were extended to include a notion of quantum momentum
map. Another result of interest is the construction of an equivariant formality map in [32], which
works for arbitrary Poisson manifolds.

The main difference between the treatment of group actions in this thesis and the notion of
invariant x-products is that we allow the action to differ in higher orders of % from the action on
the manifold. We do this to create an independence of the treatment from the choice of Fedosov
connection realizing the deformation quantization. This has the benefit that in our treatment of the
equivariant index theorem, in section 6.2, we will not have to impose any restrictions on the action or
the deformation quantization.

1.5.3. Objective (1). The main objective of this thesis is to explain and prove an equivariant
version of the algebraic index theorem 6.2.23. By equivariant we mean that we consider the action of
a discrete (countable) group I' on a deformation quantization Ay (M) and subsequently let the role of
the deformation quantization in the algebraic index theorem 6.1.22 be played by the crossed product
Ap(M) xT, see definition A.3.1. This corresponds roughly to replacing the underlying manifold by the
Borel construction M xp ET. We call this algebraic index theorem for crossed products an equivariant
algebraic index theorem since the periodic cyclic cohomology of the crossed product is identified as
the equivariant version [113, 62, 67] when one compares with K-theory (or rather KK-theory).

The crossed product is a well-known non-commutative analog of the quotient [26]. Suppose a
group I' acts on a manifold M by diffeomorphisms and suppose the quotient M/I' remains a smooth
manifold, eg. the group acts freely and properly. In that case the crossed product Co(M) x IT' is
Morita equivalent to the quotient Co(M/T') = Co(M)F [99]. In general, however, we can not be
assured that M/I" is a smooth manifold and the functions Cy(M)" do not accurately describe the
(non-commutative) geometry of the quotient. It turns out that the crossed-product still does. Note
also that we can sometimes realize the crossed product as the convolution algebra on the action
groupoid M x T

Since the algebraic index theorem is essentially a statement about periodic cyclic cocycles, the
hypothesis naturally arises that there exists a formula, similar to the one in theorem 6.1.22, for the
crossed product algebra Az (M) xT. A consequence of the Fedosov construction of deformation quan-
tizations [48, 89] is that there exists a quasi-isomorphism from the deformation quantization Ay (M)
to the complex of differential forms with values in the bundle with fibers given by the formal Moyal-
Weyl algebra equipped with the Fedosov connection, see proposition 4.1.9. This can be combined
with the well-known fact that the Borel equivariant cohomology H} (M) includes in the periodic cyclic
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cohomology of the crossed product C>*°(M) x ' [23, 26]. Thus we try to define a map from the
crossed product Ay (M) x T to a model for differential forms on the Borel construction with values in
the formal Moyal-Weyl algebra equipped with an equivariant version of the Fedosov connection. This
process is executed in section 6.2.

There have been many generalizations and adaptations since the conception of the algebraic index
theorems. Notably there is a version that can be applied to Poisson manifolds [33]. There are versions
tailored to symplectic Lie algebroids [89], complex manifolds [14] and gerbes [15]. Recently there
were adaptations to more general Lie algebroids [9]. The adaptation to the case of symplectic Lie
groupoids and orbifolds carried out in the papers [97] and [96] are of particular interest to us. Such
Lie groupoids can arise from actions on deformation quantizations like the ones that we consider.

1.5.4. Attribution. As is to be expected, the material in this thesis is not exclusively attributed
to the author. In this section we will try to outline, chapter by chapter, to what degree the material
is completely original research and to what degree it should be attributed to other sources.

None of the material in the introduction can be attributed in any way to the author. The material
in section 1.1 is mostly based on (the first two chapters of) the book [107] by L. Takhtajan. The
material in section 1.2 is mostly common knowledge in the field of deformation quantization. Partic-
ularly good surveys of this “common knowledge” can be found in [65] and [42]. The same goes for
the material in section 1.3, we refer the interested readers to the excellent article [72]. A particularly
relevant reference, that we have used extensively, is the book [48] by B. Fedosov. The material in
section 1.4 is mostly based on the articles [86], [14] and the book [48].

As mentioned earlier, the material in chapter 2 is common knowledge for a large group of mathe-
maticians, although finding a comprehensive source is hard. The presentation in this thesis is inspired
nearly exclusively by private discussions with and unpublished notes of the author’s advisor R. Nest.
Most of the proofs were reproduced independently, however.

The material in chapter 3 is well-known as well. Section 3.1 is based in particular on the articles
[89] and [14]. The results of section 3.2 were rederived independently, although some of the results
already appear in the sources mentioned above. The results of section 3.3 are based on the article
[14]. The proofs of section 3.1 and 3.2 were rederived independently, while the proofs in section 3.3
are directly based on the proofs of [14].

The material in chapter 4 is the deformed version of the material in chapter 2. The material
in section 4.1 is based on the article [86] and to a small degree on [89]. The material in section
4.2, including proofs, is simply a rephrasing of sections 5.1 and 5.2 of [48] and is included for the
convenience of the reader. The material in section 4.3 is to some extent a comparison of section 4.1
and 4.2, as such that material is based on [86], [89] and [48].

The material in chapter 5 is based on the preprint [69], written by the author. The material in
sections 5.1 and 5.2 was essentially known, but was rephrased in a way that fits well into the general
structure of this thesis. The results of section 5.2 were rederived independently. The results of section
5.3 were obtained completely independently and are, as far as the author is aware, original. Of course
we mean to exclude supporting lemmas, like lemmas 5.3.23 and 5.3.16, from this statement.

Section 6.1 is an adaptation of the proofs of the universal algebraic index theorem and algebraic
index theorem in [14] and [15]. Section 6.2 on the other hand is based on work carried out in
collaboration with A. Gorokhovsky and R. Nest. A preprint should appear in the near future, possibly
adapted from the exposition given in this thesis. Accordingly the results of this section are original
and the proofs were obtained in collaboration with A. Gorokhovsky and R. Nest.



1.5. OBJECTIVES AND ATTRIBUTION 19

The material contained in appendix A is, of course, well-known and not at all original. Section
A.1 is based for the most part on the appendix of the book [79], although the proofs were rederived
independently. Section A.2 consists of various standard definitions found for instance in [116] or [78]
for section A.2.1; in [17] and [58] for sections A.2.2 and A.3.2; in [12] for section A.2.3 and finally
[116] for section A.2.4. The well-known proposition A.2.12 was relayed to the author by D. Sprehn in
a private discussion and the proof of proposition A.3.4 is based on a similar proof in [12] or [1]. The
content of section A.3 was relayed to the author through private communication with A. Gorokhovsky
and is based further on the articles [1] and [93].

The material contained in appendix B is also well-known and not at all original. This material
is based mostly on the lecture notes [35] and some general knowledge. The constructions and proofs,
especially in the differential graded case, were rederived independently, however.



CHAPTER 2

The Framework of Formal Geometry

In this chapter we will set up the framework of Gelfand-style formal geometry [51, 52, 8, 21].
This is a framework in which one first studies the geometry of the formal neighborhood of a point in
some higher dimensional space and studies a manifold by its associated cover by formal neighborhoods.
By “formal neighborhood” we mean the smallest neighborhood of the point that is large enough to
exhibit the value of every derivative of a function at that point. Thus the algebra of functions on the
formal neighborhood will be isomorphic to an algebra of formal power series, hence the name.

We will start by building up the framework in this sense. It can be generalized however, see [5],
to consider foliated manifolds. This is done by considering the formal neighborhood of a point in a
foliated higher dimensional space, see section 2.4. We will not present this generalization in detail,
however. In the next sections we will present a generalization of the framework of formal geometry
to the context of symplectic formal deformation quantization and show how this leads to a natural
conceptualization of the Fedosov construction and the associated classification of symplectic formal
deformation quantizations.

We choose to present the undeformed case for the trivial foliation first, since it is most easily
understood, while the ideas and proofs carry over mutatis mutandi. The main result and the main
application of the framework in this thesis will be the construction of the Gelfand-Fuks maps

GFy: Cr,e(Wo by L) — Q°(M; L)

from the relative Lie algebra cohomology of a certain (fixed) pair of Lie algebras bh,, C W,, with values
in a module L to the de Rham cohomology of the n-dimensional smooth manifold M with values in a
vector bundle, with fibers given by L, associated to the frames bundle of M.

REMARK 2.0.1. It is helpful to note the similarity to the case of homogeneous spaces. In this
setting the Lie algebra W,, corresponds to the Lie algebra of the Lie group G, b,, corresponds to the
Lie algebra of the subgroup H C G and M would be the homogeneous space G/H. In fact we will see
that the Gelfand-Fuks map arises from a principal bundle M — M that only fails to be a Lie group
if there exists no “global translation” on M. More explicitly the principal bundle M fails to be a Lie
group if certain lowest degree vectors in W,, cannot be integrated globally.

REMARK 2.0.2. When considering (differential) geometric properties of a manifold M, it is often
useful to split up these properties in terms of local data and global data. Cech cohomology, subordinate
to a good cover, offers a tidy way to encode this, for an example see the proof of 5.3.22. A “good cover”
is usually defined as a cover by open subsets that are diffeomorphic to R™/contractible and such that
all non-empty (iterated) intersections of these subsets are also diffeomorphic to R™/contractible. Of
course, for certain problems, different covers may be considered “good”. It is often useful to consider
the framework of formal geometry as a way to make sense of the “cover by formal neighborhoods”.

The chapter is set up as follows. In section 2.1 we will define and analyze the kth order neigh-
borhoods of a point in Euclidean space. This will naturally lead to the definition of the jet bundles of
coordinate charts and eventually the manifold of non-linear frames in the section 2.2. In section 2.3
we will show that this manifold carries a natural Maurer-Cartan type connection and we will show how

20
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this allows us to define the Gelfand-Fuks maps. Finally, we shall provide some rudimentary examples
of the application of the framework in section 2.4. The main example is of course the application in
the deformed case, which will be carried out in the subsequent chapters.

2.1. kth Order Neighborhoods

The notion of a kth order neighborhood of a point is well-known in algebraic geometry. For
instance, the dual numbers over some field L form a 1st order or infinitesimal neighborhood of a
point in the corresponding affine line. In differential geometry the concept seems to be a little less
well-known. As we will see, it can still be quite useful however. In the spirit of non-commutative and
algebraic geometry we define these kth order neighborhoods in terms of their algebras of functions.
Thus, we will study first the algebra of k-jets at a point of a manifold. This is an algebra which
encodes the “up to order k” behaviour of the manifold at a certain point. In particular, we will show
that the k-jets at a point are classified, up to algebra isomorphism, by dimension of the manifold. We
will also determine the automorphisms and derivations of these algebras in explicit terms.

DEFINITION 2.1.1. We define the algebra of k-jets at m € M as
A 1= C=(M) /(Kerevm)kJr1
where ev,, denotes the evaluation at m € M. We shall also denote
Ay =C=(R") /(Ker evo)* Tt = Aok

REMARK 2.1.2. Note that we abuse notation by denoting Ay instead of A, ;. In the following
section we fix the dimension n. Many objects should therefore be considered as implicitly carrying a
subscript n, which may appear if the need for such clarity arises.

NoTATION 2.1.3. We will denote the quotient maps by
JE L C®(M) — Apg

NOTATION 2.1.4. We will often use the symbol « to denote multi-indices, i.e. @ € (Z>0)". When
we do this, we denote

n n n n
la] := E o, T i= Hx;“, al = Hai! and 0y := Hag;,
i=1 i=1 i=1

i=1
where 0, denotes the operator of partial derivative in the direction z;.

The notion of jets of functions is intimately tied up with the notion of differential operators. In
fact, we shall see that the “bundle of co-jets” (a limit of a bundle with fibers given by the k-jets
defined above) is naturally identified as the C°°(M)-dual of differential operators on M. So, let us
give a particularly useful definition of differential operators. It is left to the reader to consolidate this
definition with the definition the reader is familiar with.

NOTATION 2.1.5. Denote by X, the sheaf of Lie algebras on M given by the smooth vector fields
with the Lie bracket given by Lie derivative, i.e. [X,Y] = LxY. Note that X, is a module over the
sheaf of smooth functions Cf;. By abuse of notation, we will often write a € F to mean a section a in
the sheaf 7. By this we simply mean a € F(U) for some/any open set U. As above, we shall denote
in particular Cp° := Cg% and &), := Xgn.

DEFINITION 2.1.6. Let Op;,, denote the sheaf of differential operators on M. It is given by the
following construction. Let T (Xas) denote the sheaf which associates the tensor algebra generated by
C(U) and Xy (U) to an open U, i.e. it is the free R-algebra on those generators. Then Op,, is given
by taking the quotient of T (Xas) by the ideal Zp; generated by the elements

XY -Y®X-[X,Y], X®fY-fX®Y-X(f)Y and f®X—fX
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for all X,Y € Xy and f € C59 (the last relation is also included for X € C§7). We consider the
sections of T (X)) as a graded algebra by assigning C57 the degree 0 and X the degree 1. We denote
the sections of degree k by T (Xar)g. This grading induces a filtration on Op,,;. We will denote the
elements of Op,, of degree lower than p € Z by F,,Op,,, i.e. we have

0= F_lopM C FOOPM Cc...C FpOpM C FP+1OpM cC...,

where F,Op,, is the image of @}_, 7 (Xa)r C T (Xar) under the quotient map. Note that Op,, is a
C%7 module for the module structure induced from 7 (Xar). As above, we shall denote in particular
Op,, := Opgn.

REMARK 2.1.7. Note that every D € Op,, defines a linear operator on C§3} by
(X1®...@Xp)f =X1 (X2 (... (Xp([)))

where X; € X)s acts on functions by the usual [111] identification with derivations and X; € C§7 acts
by multiplication.

LEMMA 2.1.8. Suppose f € C3°, then f € (Kerevo)k+1 iff Df(0) =0 for all differential operators
D € F; Opn'

PROOF.
Suppose f € (Ker evo)kH, then
f= > fifi- fin
21 5eeey Tk+1
for some f;, € Kerevg. Now suppose D € FjOp,,, then, by repeated application of the product rule,
we see that D f will be a sum of terms of the form

(leil)(DinQ) cee (Dk+1fik+1)7
for some differential operators D; such that Dy D5 ... Dy € FOp,,. Thus we see that there is at least
one 0 < j <k + 1 such that D; € FyOp,, (= C;°). Thus D f(0) = 0 since D, f;,(0) = D;(0) f;;(0) = 0,
since f;; € Ker evp.

Conversely, suppose Df(0) =0 for all D € F;Op,,. Keeping this in mind, Taylor’s theorem [111]
says that we have

f(x)= ) Ra(z)a®

|| =k
for all z € R™. Here the R, are smooth functions such that R,(0) = 0. Thus we see that indeed
f e (Ker evo)kﬂ. O

COROLLARY 2.1.9. The algebras Ay, i, are classified, up to isomorphism, by the dimension of M.

PRrOOF. This follows since all n-dimensional manifolds are locally diffeomorphic to R™ by definition

and differential operators are local [111]. O
PROPOSITION 2.1.10. The algebra Ay, is isomorphic to Ay := Rlzy,. .., 25 /(:131, A L for
all k > 0.
PRroOOF.

Consider the inclusion

i: R[zq, ..., 2] — C(R")
given by the standard coordinates on R". Let ¢ := J} o4, then, by lemma 2.1.8, we see that
Ker ¢ = (z1,...,2,)¥"1. So there is an induced map

Dy Ak — Ap.
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On the other hand we can consider the map

() COO(RH) — Ak

given by
1 (63 (03
for | L @n O
|| <k
Again by 2.1.8, we find that Kere, = (Ker evo)kﬂ. So we have the induced map €;. Note that
e = @;1 follows from the definitions. |

From now on we will implicitly equate Ay, and Ay, (using the isomorphism from proposition 2.1.10).

PROPOSITION 2.1.11. The k-th jet group G}, := Aut(Ay) is isomorphic to RNk x GL(n,R) as a
Lie group, for some Ni, € N and some Lie group structure on Rk,

PROOF.
Note that giving an algebra endomorphism (a unital one) of Ay is equivalent to giving the images
©1,-..,pn of the generators x1,...,x,. So suppose ¢ is the endomorphism given by
QDP = Z ap,ot'raa
lo| <k

with ap o € Rforall 1 <p <nand o € (Z>o)".

If the ¢, give a well-defined algebra endomorphism ¢, we have

0=gp(apt!) =it = al;ffé ,,,,, o) T 5

where S € (x1,...,2,). This implies that a, (.0 = 0. Suppose, on the other hand, that the
ap,(0,...,0) vanish for all 1 < p < n and denote by p the map

D Rlxy, ..., zn] — Ay

given by extending B(x,) = ¢, as (unital) algebra homomorphism. One verifies that

k+1

(@1,...,25)"" C Kerp

and thus @ induces an algebra endomorphism of Aj. This endomorphism is exactly given by ¢. So we
see that the ¢, provide a well-defined algebra endomorphism ¢ if and only if a, (o,....0) = 0 for all p.

So consider the algebra endomorphism ¢ given by

J— (6%
Pp = E ap,ad -

0< || <k

Then the condition for ¢ to be (invertible) an automorphism is exactly that the matrix ® with entries
®;; given by the coefficient of x; in ; is invertible. This is apparent since constructing the inverse
is an unobstructed process once one knows that ® has an inverse. Note that the corresponding map
G — GL(n,R), which maps ¢ to ®, is a group homomorphism. Moreover, given an invertible matrix
(ai;)7' ;=1 € GL(n,R), the polynomials p; = >7"_, a;;x; define an automorphism A of Ay and A € Gy,
maps to (a;;)j;—; € GL(n,R). Note also that the map GL(n, R) — Gy, given by (ai;)};—; — A, is a
group homomorphism for all k. So we find that the exact sequences

0 — K — G — GL(n,R) —» 0

split for all k. Since there are no constraints on the coefficients a,,  for |o| > 1, we find that the kernel
K can be parametrized by RV#. The induced group multiplication on R can be expressed in terms
of polynomials and therefore it supplies RV* with the structure of a Lie group (in fact it supplies RVx
with the structure of a smooth algebraic group). (|



2.1. K'TH ORDER NEIGHBORHOODS 24

REMARK 2.1.12. Note that the proof of proposition 2.1.11 makes explicit the implied Lie group
structure on RVx. In fact it also makes clear that

This is because the a, o with |a| > 1 form a coordinate system. For each 1 < p < n there are as many
ap,o as there are elements a € (Z>o)™ such that 1 < |a| < k+ 1. This number is in turn equal to
the sum over 1 <4 < k + 1 of the number of weak compositions ¢, (i) of i into exactly n parts. The
formula for Nj, now follows from the fact that ¢, (i) = ("' ").
DEFINITION 2.1.13. The maps

J: Diff(R™,0)°P? — Gy,
where Diff(R™, 0) denotes the group of those diffeomorphisms ® of R™ such that ®(0) = 0, are defined
by the requirement that the diagram

C=(R)

o= (R")

Ay

Ay
Jk~

commutes for any diffeomorphism « € Diff(R",0), i.e. J¥yo J&¥ = Jk o~*.

PROPOSITION 2.1.14. The Lie algebras Wy, := Der(Ay) of derivations are given by

n
Wk = {Z P,(‘)mL | I:)i € Kerevg C Ak}

i=1

where we view Piam as the composition of the operator 0, given by
Z aqr® — Z 0042,
« (03

where & = (a1,...,a; — 1,...,ap) and the second sum runs over only those a € (Z>o)" such that
a; >0 and || < k+ 1, and the operator of multiplication by P;.

PROOF.
As was the case for endomorphisms, giving the derivation D is equivalent to giving the images D,, of
the generators x,. Again the polynomials

_ «@
D, = g Qp,aT

la| <k
yield a well-defined derivation if and only if a, (o,... o) = 0 for all p. This is since, on the one hand,
0= D(x’;H) =(k+ 1)a:];Dp = (k+ l)x];ap,(ow,’o) + x];S

where S € (z1,...,7,), which implies a, o,...0) = 0. On the other hand, suppose we have that
ap 0,..,00 = 0, then consider the map D: Rlxy,...,2,] — Ay given by composing the derivation
of Rlx1,...,z,] determined by the polynomials D, with the projection to Aj. Then we see that
(x1,...,2,)**! C Ker D and thus D induces an operator Ay — Ag. This operator is exactly D and so
we see that the polynomials D), yield a well-defined derivation. Now note that clearly D = ZZ=1 D0,

and the condition that a, (,...,0) = 0 simply means that D, € Ker evy. O
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2.2. Jet Bundles and the Formal Neighborhood

In this section we will define the bundles of k-jets associated to an n-dimensional manifold M.
These will be principal bundles in which each point is given by the k-jet of a coordinate system centered
at a point m € M. We will also give a description of the manifold structure of the bundles of k-jets.
One then naturally considers the bundle of non-linear frames (the co-jet bundle). This will also lead
to the definition of the algebra of co-jets at a point, i.e. the formal neighborhood of a point. In this
section we will also describe certain automorphisms and derivations of the formal neighborhood, i.e.
formal coordinate changes fixing a point and formal vector fields.

DEFINITION 2.2.1. Let j%(M) denote the kth jet manifold of M defined by
jk(M) = {(pm,kt .Am,k; L> Ak} .

We equip j*(M) with the smooth structure obtained from noting that it is a G-principal bundle
over M. Let us describe the smooth structure more explicitly. First consider the maps

P.: j"(M) — M
given by ¢, 1 — m. We will obtain the smooth structure on §%(M) by providing the bijections
P NU) — U x Gy,
for coordinate charts U C M and showing that they are smoothly compatible for the smooth structure

on G}, given in proposition 2.1.11.

NoOTATION 2.2.2. For each y € R"™ we will denote by T, the diffeomorphism of R" given by
translation by y, i.e. Ty(z) =z +y.

Suppose
VRS UCM
is a coordinate chart. Let
Y R" x G — P Y(U) (2.2.1)
be given by
Ye(x,x) = x0 (VoTy) : Ay — Ak

Note that this is well-defined since, if f € Ker evy(y), then fotoT, € Kerevy. The image is in F* (M),
since T}, is a diffeomorphism while 1) is a local diffeomorphism. Also, since 1) is a local diffeomorphism,
we can consider the inverse given by

Cmk = (VTN M), omp o (T y=1(my 0¥~ 1)) (2.2.2)
where one checks that the map is well-defined, as before. By showing that the maps ¢ are smoothly
compatible we will have defined a smooth structure on the jet manifolds j*(M). So suppose we have
two coordinate charts ¢¥y: R" - U C M and ¢y : R" =V C M on M. We note that the images of
Yy, and Yy, are disjoint if and only if U NV = 0. So let us assume that U NV # (. We find that

Py o Yun: ¥g (UNV) x G — by (UNV) x Gy
is given by
(z,x) — (w‘;l oy(x),xo (YyoTy) o (T_w‘jlwu(w) o 1/)‘;1)*) .

Now it is checked using proposition 2.1.11 that smoothness of 1/1;101/)1] implies smoothness of w;}cowu, k-

REMARK 2.2.3. Note that G; ~ GL(n,R) by proposition 2.1.11, since N; = 0. One verifies that,
as expected, j1(M) — M is isomorphic to the general linear frame bundle of M. In fact, it is easily
verified that j*(M) is a Gy-principal bundle over M for all £ > 0 and a G}, /GL(n, R)-principal bundle
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over j1(M) for k > 1. Note also that by proposition 2.1.11 the Lie groups G%/GL(n,R) ~ R¥* are
contractible and so for £ > 1 we find that

GH(M) = j' (M) x RN
as bundles over j!(M).
DEFINITION 2.2.4. We define the bundle of non-linear frames in M, denoted ]T/f, by
M = j>®(M) := I&H‘]k(M)
k—1

where the inverse system is given by the maps j*(M) — j
©m,k—1 is the unique map that makes the diagram

(M), mapping @, k t0 @ x—1, where

Pm,k
Am,k‘ Ak

A k-1 Ap—1

<;Om,kfl

commute. Here the vertical arrows are given by the induced quotient maps. The uniqueness, and the
fact that this yields an automorphism, derive from the fact that any isomorphism A, ; — Ay must
map the unique maximal ideal Ker ev,,, to the unique maximal ideal Ker evy.

NOTATION 2.2.5. We denote the algebra of co-jets at m € M, defined as h&lAWb by A, We
shall also denote the limit of the maps JE over k by

JX: O (M) — Ap,.
We shall denote in particular
A= @Ak =R[z1,...,z,].

Note that A,, is the algebra of functions on the formal neighborhood of m € M.

REMARK 2.2.6. The algebras A,, are equipped with the Ker ev,,-adic topology. This topology
arises naturally from their definition as a limit. Note that any continuous isomorphism

A %A;:@Ak =R[z1,..., 2]

is given by a compatible sequence of isomorphisms A,, — Aj and thus we find the equivalent
description

M:{gam:fimi)[%}.

REMARK 2.2.7. Since M is given by the sequence (jk(M))]€>0 of smooth manifolds it has the
structure of a pro-finite dimensional manifold. In the following we will consider several differential

geometric objects associated to M. These will always be defined as the appropriate limits of the
corresponding differential geometric objects on the j*(M), for example O (M) = liglCoo (5%(MD)).
In particular we have

T

pm M =1l Ty M.

Jk

Note that, by definition of the limit topology, giving a path in M is equivalent to giving compatible
paths in all the j*(M) and so

T, M~ {’y: | —1,1[— M | 4(0) = @m} J~. (2.2.3)
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Here the equivalence relation ~ is given by
Ny Buf 0qlsmo = Bsf 04 |smo  for all f € O (1\7) .

Note that f € C* (]Tf) is an equivalence class of functions j*(M) — R for the relation that f;, ~ f if

Prft = fr, where py;: G¥(M) — jY(M) for k > [ are the maps in the inverse system. Note that, since
the system is sequential and terminates at j°(M) = M, we can always find the unique representative
fr: g¥(M) = R for f € C> (M) such that there is no | < k with pj ; fi = fi. Let us also denote the

maps M — §*(M) by 7, (they are the ps i if you will). Now we see that the defining equation for ~
simply says that v ~ +/ if for all f € C> (M) we have that

as(fk O Ty © 'Y)‘s:O = as(fk O Tk O'}/)|s:0-

Other geometric objects we will encounter are for instance 7' M and Q° (M ) the definitions of which
should now be reasonably clear. A nice characterization of a smooth map of pro-finite dimensional
manifolds M — N is that it is a map which induces an algebra homomorphism C'*° (]\7 ) — O™ (M )

DEFINITION 2.2.8. We define the pro-finite dimensional Lie group G of oo-jets of diffeomorphisms
of R™ fixing 0 € R™ by
G .= %in Gk

REMARK 2.2.9. Note that, since the maps G — G; for k > [ in the limit above are Lie group
homomorphisms, we find a group structure on G and in fact the multiplication and inverse are smooth
maps in the sense of pro-finite dimensional manifolds. Note that by the same reasoning as remark
2.2.6 we find that @ is the group Aut®A of continuous algebra automorphisms of A.

For any manifold M the group G acts from the left on M by post-composition. One verifies that
this action is smooth, free, preserves the fibers of the map

Po: M — M
which sends ¢, : flm — A tom € M and acts transitively on these fibers. Note also that since the

Py: j*(M) — M are all fiber bundles the same is true for P.,. In other words P, is a é—principal
bundle.

REMARK 2.2.10. Note that the action of G on M and in fact the actions of the Gy, on the G* (M)
are from the left. It is more usual in the literature to require principal bundles to carry right actions.
Note however that in the usual construction of the general linear frame bundle j'(M) the action of
GL(n,R) is directly on the vector space. In our case, we consider the induced action, by pull-back, on
the 1-jets. This explains why we also obtain actions on the left instead of actions on the right in our
definition of the principal bundles j*(M) and M.

NOTATION 2.2.11. As before, we denote the limit of the system of maps J*: Dif f(R™,0)°? — G|,

by
J®: Dif f(R",0)% —s G.
Note that, given a local diffeomorphism ®: (R™,0) — (M, m), we get similarly a continuous isomor-
phism
JXD: Ay — A
So let us denote also
J32: Dif f(R™,0), (M, m)) — Iso®(Ap, A),

where Iso® denotes the set of continuous isomorphisms.
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As for M above, we have that TId(A; = @Tldék, which is a limit of the Lie algebras W}, corre-
sponding to the Lie groups G}. Let us determine in rather clear terms what this Lie algebra is.

DEFINITION 2.2.12. We define W to be the Lie algebra of continuous derivations of A
W := Der’(A).
The degree filtration X ) X ) X
A=FADFHAD...DFADF.1AD...
where FiA := (x1,...,2,)%, induces the filtration
W=F  WOFWDOFWD...DFWDF  W>...

where
F,W = {D € Der®(A) | D(FA) € Fiyph VE > o} .

REMARK 2.2.13. Note that the filtration on A also induces the filtration
GZG()DGleQD...DGkD...

given by
Gy = {(p €G|¢=1Id mod (Kerevo)k+1}.

Note that all the embeddings are normal and Gy ~ Gy /G},.

It is actually quite easy to be more explicit about the Lie algebra W and provide a presentation
of it. Note that, since W consists of continuous derivations, giving D € W is equivalent to giving the
formal power series D(z;) for all 4. In this case there are no conditions at all, so we find that

W~ {anpiam | P € A}

i=1

where 0,, denotes the continuous extension of partial derivative from polynomials to formal power
series. We will therefore also call W the Lie algebra of formal vector fields. From this description it is
clear that the filtration F,W actually derives from a grading given by the linear isomorphism W ~ An
mapping 0, to 1 in the ith copy of A. Namely by shifting this grading by 1 (since 9,, should be of
degree —1). We will denote the space of degree p elements by W,. So we find that

W= [ W,
p>—1
NOTATION 2.2.14. We will denote the formal vector fields vanishing at 0 by
W = H Wk.
E>0

We will denote the induced filtration by F,W and the induced grading by W,,.

Consider the map
gl(n,R) — W
given by (a;;)7 ;=1 — szzl a;;x;0;. Note that it provides the identification gl(n, R) ~ Wy. Thus we
find that

W = (F1W) x gl(n, R).
PROPOSITION 2.2.15. We have
Wy ~ (F,W/F,W) x gl(n,R)
where Wy, denotes the Lie algebra of Gy.
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PROOF.
It follows from the explicit description of W, the proposition 2.1.11 and the remark 2.2.13. O

Note that, since F;W = @F1W/ka, we have deduced that
TG = @Wk ~ FiW % gl(n,R) ~ W.

REMARK 2.2.16. Note that any continuous linear endomorphism of A is obtained as a limit of
a compatible system of linear endomorphisms Ay — Aj. Similarly, as noted above, any continuous
algebra automorphism of A is obtained as a limit of a compatible system of linear automorphisms
Ay — Ay. However, the limits of compatible systems of derivations Ay — Ay will only recover W C W
by proposition 2.1.14. So we see that the derivations 0,, are limits of compatible systems of linear
endomorphisms which are not derivations.

2.3. Gelfand-Fuks Map

In this section we will construct the Gelfand-Fuks map mentioned in the introduction to this
chapter. This will also make the analogy with Cech cohomology and the idea of the “cover by formal
neighborhoods” clear. To do this we will first construct a certain connection one-form on the bundle
of non-linear frames of a manifold. The pull-back of this one-form will yield both the “Cech complex”
and the Gelfand-Fuks map.

We will need the following well-known theorem [85].

THEOREM 2.3.1 (Borel). The map

18 surjective.

COROLLARY 2.3.2. Any continuous isomorphism

Om: Am — A
is induced by a local diffeomorphism ®: (R™,0) — (M, m), i.e. o, = J2P.
PROOF.

It follows from theorem 2.3.1, since, if fi,..., f, € C°°(M) are such that J°f; = ¢ !(z;), then they
form a local coordinate system by the inverse function theorem.

O
We obtain the following well-known theorem [5, 71, 21] providing an action of W on M.
THEOREM 2.3.3. There is a natural isomorphism
Wt (om): Tme — W
for all o, € M. The induced map wys defines a one-form in Q' (M) QW satisfying
1
dwps + §[OJM,WM] =0 (2.3.1)

where d denotes the exterior derivative.

PRrOOF.
Given X € T¢mM we determine wys (¢, )(X) by providing its action on A. Recall (2.2.3) in remark
2.2.7 and let X = L(t)|;—o for some y: | —1,1[— M such that ~(0) = ¢p,. By corollary 2.3.2 we can
pick a coordinate system ¥y : (R™,0) = (U,m) C (M, m) such that J¢y = ¢,,. Then the system of
diffeomorphisms ¢k, given by (2.2.1) for ¢ = ¢y, yields the diffeomorphism

et R" x G =5 PZHU).
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Note that we may assume without loss of generality that the image of v is contained in P_!(U). Let
us denote m., y(t) = pr1 (@[ngoo(v(t))) and ¢, (t) = pro (w(}io('y(t)» Then we set

d

wr(em)X)(f) = = 2 (prw®) 0 I o Th Ly (£)

t=0

for any f € A, here f € C(R") is such that J5°f = f. To make sense of the differentiation note that
by proposition 2.1.10 we have

(p'y,U(t) oJgoT,, U@)(f) = Z % (97f) (mv,U(t))(p'y,U(t)(xa)ﬂ (2.3.2)

«

where we recall that any automorphism of Ais given by the images of the x;’s. Now the differentiation
in t simply refers to differentiation in the coefficients which are smooth in ¢ since « is smooth in t.
Note that, if wys is well-defined, it is automatically natural. One needs to check that:

(1) war(om)(X) is a derivation for any X € T%LM

(2) wam(pm) is a linear isomorphism from T, M to W,
(3) war(m)(X)(f) does not depend on the ch01ce of f,
(4) war(wm)(X) does not depend on the choice of 7,
(5) war(om)(X) does not depend on the choice of ¥y,
(6) war(wm) depends smoothly on ¢,, and

(7) wyr satisfies the Maurer-Cartan equation (2.3.1).

1) This follows directly from the fact that ¢, y(t) o J5° o T7
homomorphisms for all ¢, while ¢, 7(0) = Id and T o) = 1d.

o ® is a composition of algebra

2) Let us unravel the description of wys(¢.m) above. The description can be given in two steps.
First we identify spmM with T{ 14) (R" X @) by means of the local diffeomorphism ¢y . Secondly,
we identify T(g 1q) (R" X CA?) with W by noting that

Too1a) (Rn x é) =TR" BTG = W_; oW =W.
Note that both these identifications are by means of linear isomorphisms.

3) Note that, by linearity, it is enough to show that

L (erutyo I o Ty (@)

=0 (2.3.3)
t=0
for any e such that J§°e = 0. We have 4 (9%¢)(m,u(t))]i=0 = V(05e) where V is the derivation at 0
given by %mw u(t)]t=0 € ToR™ for any a € Z%,. Thus, since 92e(0) = 0 for all 8 € Z~,, we find that
4 (92€)(my,u(t))]t=o = 0 for all a € ZY,-. So, we see that (2.3.3) follows from (2.3.2) and the product
rule.

4) Recall the unraveling of the definition of wy; at 2) above. This clearly also implies that
war (¢m)(X) only depends on the value of v at 0 and the first derivative of 4 at 0. In other words it
only depends on X and not the choice of 7.

5) Suppose that 1y : (R?,0) = (V,m) C (M, m) is another coordinate neighborhood such that
Jy = pm. Note that, since we can shorten the path ~ arbitrarily without loss of generality, we can
assume that V = U without loss of generality. Note that the formula (2.2.2) means that

o)) = 5 (1000 W) 0T o0 o T o)
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which yields explicitly
I L((02) (mo (01 (0) 0 (g (2 = o (0))]
t=0

Then we see from this, the chain rule and the hypothesis that JS°¢y = JP¢y that war(wm)(X) does
not depend on the choice of 9y .

6) Note first that smoothness of wys for any manifold M follows from smoothness of wgn by
naturality. In other words, we may show the smoothness locally. Also, we may identify R” with
R" x G by using the map Id,.. As explained at 2) wps(¢pm) is essentially given by the differential of
the map wU . Going through the identifications mentioned above, this means Id% wgn (x, ) is given
by the dlfferentlal of the map

(5 0) = (@7 (y = 2) ¥ 0 Ty 0 (@) 0 Tya, )

where J§°® = ¢. Note that this differential will depend smoothly on (z, ¢).
7) Using the well-known formula for the exterior derivative we can rewrite the Maurer-Cartan
equation as
Lx(wm(Y)) = Ly (wn (X)) —wn(Lx(Y)) + [war(X), war (V)]
where Lx denotes the Lie derivative along X and the bracket is the bracket of W. This equation can
be checked explicitly by using the expression of Lie derivative in terms of local flows and the definition

ofwM.
]

REMARK 2.3.4. The one-form defined in the theorem 2.3.3 is sometimes called the Kazdan connec-
tion on M. Note that, given any W-module V', we find the cochain complex (Q' (M) QRV,d+ wM/\)
by the Maurer-Cartan equation for wy,. It is easily verified that this also yields the map

(CLae(W5 V), 00i0) — (00 (MiV)  d+wun)
from the Gelfand-Fuks cohomology complex of W with values in V', see remark A.2.33, given by
(Xain. AXp—= (X, X)) = (s I AL AYY) = x(war(m) (Y1), - wae (0m) (Yp)) -

The Gelfand-Fuks map mentioned earlier is supposed to land in the differential forms on M however.
We will need some extra definitions.

DEFINITION 2.3.5. Suppose L is a GL(n, R)-module. Then we denote the vector bundle associated
to the general linear frames bundle j'(M) — M by Ly := j' (M) Xqrmr) L — M. We define the
differential forms on M with values in L, denoted Q*(M;L), by

Q'(M;L) — {,'7 c (Q' (jl(M)) ®L)GL(7L,]R)

Here the superscript GL(n,R) refers to taking the invariants with respect to the action given by
a®uv i gta® g v for g € GL(n,R), the 1y denotes contraction with the vector field X, gl(n, R)
denotes the Lie algebra of GL(n,R) and associated to the vector X € gl(n,R) we consider the vector
field TjqR.(X) also denoted by X, here R, : GL(n,R) — j'(M) is given by R,(g) = g=.

|ixn=0VX € g[(n,R)}.

REMARK 2.3.6. The requirements that elements in 2° (jl(M)) ® IL need to satisfy in order to be
differential forms on M with values in I ensure that they actually only depend on data supported
on the manifold M in the following way. Suppose Xj,..., X, are vector fields on M and suppose
X X and X17 .. X are two sets of lifts along the prOJectlon map P;: j1(M) — M. Then we

find that, for all n € QP(M,IL), we have that 77(X1, - 7Xp) =1 (Xl, .. .,X]’D), since the differences

X, — XZ’ lie in the kernel of TP, and n vanishes on this kernel. Suppose m € M and f,, and f/, are
two lifts of m along P;. then there is a unique g € GL(n,R) such that f,, = gf/, and, since 7 is
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invariant, we find that n(X1,...,X,)(f},) = g(n(X1,...,X,)(fm)). One can prove that the definition
above agrees with the definition Q*(M;L) =T ((/\° T*M) ® }LM), the definition 2.3.5 will be more
convenient for our purposes however.

LEMMA 2.3.7. There exists a GL(n,R)-equivariant section

F:j"(M)— M

of the obvious map 7 : M — GH(M).

Proor.
The map m: M — j1(M) is a principal fiber bundle with the structure group Gi. By proposition
2.2.15 we find that G1 = exp F1W and so by pro-nilpotence of F1W we find that G is diffeomorphic
to a pro-finite dimensional vector space and thus contractible. This means that M trivializes over

jH(M). The GL(n,R)-equivariance now follows from the decomposition G~ Gy GL(n,R) given by
proposition 2.1.11. O

Note that the section F' is not at all unique. Let us simply fix such a GL(n,R)-equivariant section
F. Now we can pull-back the one-form wjy; by F' to obtain

Of := F*UJM S Ql(]l(M)) R W.
Note that Op also satisfies the Maurer-Cartan equation (2.3.1) simply because wy; does.

DEFINITION 2.3.8. We define a (W, GL(n,R))-module L as a W-module such that the induced
action of gl(n,R) integrates to an action of GL(n,R).

It is straightforward to check that, by definition of wy; and equivariance of F, we have that, if
n € QP(M;L) for some (W, GL(n,R))-module L, then dn + Or A 7 is a differential form on M (of
degree p + 1) with values in Ly;. Of course we mean the form given by

1
XiA...A Xerl — = Z G(T)OF(XT(l)) (U(X,,.(Q), ey X‘r(p+1))

TE€Sp41
by Or A n, here S,41 denotes the symmetric group in p + 1 letters and €(7) denotes the sign of 7.
PROPOSITION 2.3.9. Suppose L is a (W, GL(n,R))-module, then the map
GFuy: (Chic (W, gl(n, R); L), Opie) — (Q°(M;L), Vp),
where Vp = d+ OpA, given by

GEy () (X1, Xp) (fm) = X(Or(X2)(fin), -, Or (Xp) (fm)),

for x € C¥, (W, gl(n,R);L), fm € j*(M) and Xi,...,X, vector fields on j*(M), is a well-defined
map of complezes.

PRrROOF.

V2 = 0 by the Maurer-Cartan equation. The rest of the proof follows by straightforward computation.
O

REMARK 2.3.10. The examples in the next section will show in what sense the above complex of
differential forms on M with values in Lj; can be thought of as the Cech complex subordinate to a
cover by formal neighborhoods. Let us make some elementary observations about proposition 2.3.9
above. Note that the power of the proposition is that, although the map GF); and the complex of
differential forms with values in Lj; depend on M, the Lie algebra complex does not. It should be
shown then that the map GF)y is not trivial in general. One can think of the Lie algebra cohomology
as the cohomology of the formal neighborhood of points in the manifold, the Gelfand-Fuks map is then
a way of globalizing cohomology classes along the manifold.
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REMARK 2.3.11. The connection V is sometimes called the Grothendieck connection [8, 65, 89].
When we consider the quintessential (W, GL(n,R))-module A, as we will do in example 2.4.1 below,
we find that the corresponding vector bundle Ap is isomorphic (by use of the section F) to the bundle
underlying the sheaf of co-jets J2°, see definition 3.1.1 and proposition 3.1.15. Under this isomorphism
the connection Vp takes the more usual form of the Grothendieck connection Vg given by

(Val)(X)(D) = X(U(D)) = U(XD)
foralll € J;°, D € Op,, and X € &,,.

2.4. Examples

Let us demonstrate that the framework was set up properly. We will do this by first showing
that the complexes of differential forms with values in (W, GL(n,R))-modules are actually quasi-
isomorphic to well-known interesting objects. Secondly, we will show that the Gelfand-Fuks map is
not trivial in general, by showing that certain Pontrjagin classes lie in the image. After this we will also
say some words about the possible generalization of the framework to consider non-trivially foliated
manifolds. The main example of a generalization, the fact that the Gelfand-Fuks map is not trivial
and the applicability of the framework will however be the deformed case concerning deformation
quantization. This will be developed in the subsequent sections.

EXAMPLE 2.4.1. Let us consider the quintessential (W, GL(n, R))-module A. As mentioned earlier,

we want to view (Q' (M; A), \Y F) as a Cech cohomology complex subordinate to the cover by formal

neighborhoods. The formal neighborhood of the point m € M is defined as the “manifold” with
algebra of functions given by A. Thus the complex associated to the module A has the smooth
functions on M as underlying sheaf. The Cech complex corresponding to the sheaf Cyy and a good
cover is quasi-isomorphic to C°°(M) with trivial differential. So the following result should not be
surprising

PROPOSITION 2.4.2. The map
JX: (C=(M),0) — (Q (M;A) ,VF)

given by f — (p+— F(p)Jf(’p)f) for all f € C>(M) and p € j*(M) is a quasi-isomorphism of differen-
tial graded associative algebras. In other words C*°(M) ~ KerV g as algebras and (Q' (M,A) ,VF)

1s acyclic.

PROOF.
First of all we may reduce this to a local computation since the sheaf (on M) of differential graded
algebras

U (00 (U:4),Vr)

admits a partition of unity. So let us consider the case where M = R™. Note that since the tangent
bundle of R™ is trivial we find that

Q' (R™; A) ~ Q*(R™) ® A.

So O-forms are simply functions f(z, &) = D e fo(x)2* in the variable z on R™ and the formal variable
Z, i.e. we will use hats to differentiate between actual and formal variables. In this case we can be
very explicit about a choice of section F'. Simply take the map

LR S R x GL(n,R) — R™ x G 1 Rn (2.4.1)
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where ¢ denotes the inclusion. Thus we find, by definition of the form wg» and F, that
Op == dr;®0;,
i=1

where we write 0z, for the derivations on A given by 0;,2; = d;;. Then we see that for a 0-form f to
be in the kernel of Vr we must have that 9, f = 0z, f for all 4. In other words f(z, %) = f(z + Z) for
some smooth function f € C*°(R"™). This establishes the isomorphism given in the proposition.

It is left to show that the complex (Q' (R"; A) ,V F) has no cohomology in higher degrees. To
see this we note that we may view Q° (R”; A) as the sections of the (trivial) bundle with fiber given

by /N R, ® S(R,,) where S(R,,) denotes the completion of the symmetric algebra on the dual R,, of
R™ in the R,-adic topology. The formula for Vg above then makes clear that it simply acts as the
dual of the Koszul differential on the symmetric algebra S(R™).

_ To summarize, the proposition follows frgm the calculation of cohomology of the double complex
(C‘(U,}"'),@,VF), where C* refers to the Cech complex (for some good cover U) and F* denotes

the sheaf of graded vector spaces given by (2° (—; A). This sheaf may be identified with the sections

of a vector bundle with fibers given by the Koszul resolution associated to the general linear frames
bundle (as mentioned in the previous paragraph). So, by existence of a partition of unity, the spectral
sequence associated to the above double complex collapses on the first page to the Cech complex of
the sheaf of smooth functions. By existence of a partition of unity this complex collapses to C*° (M)
on the second page. The explicit isomorphism mentioned in the proposition is obtained by paying
attention to the explicit local definition of V.

|

EXAMPLE 2.4.3. The other obvious example of a (W, GL(n,R))-module is the trivial module R.
Since the action is trivial we have that Vg = dqr and so we simply find that (Q*(M;R), V) is the
usual de Rham complex of the manifold M. This means that by considering the trivial module R we
can actually try to construct formal analogs of characteristic classes in the Lie algebra cohomology of
W relative to gl(n,R) with values in R. For example, we can construct the following classes. Consider
the GL(n,R)-equivariant projection

p: W— gl(n,R)
given by sending Za j P,, jxaamj to the matrix with entries P;;. Then we define the curvature defined
by p to be the map
R,: NRW— gl(n,R)
given by R,(X,Y) = [p(X),p(Y)] — p([X,Y]). Note that the map R, measures the failure of p to be
a Lie algebra homomorphism. Denote by Sp(g[Z)GL("’R) the space of invariant symmetric multilinear
functions on gl(n,R) as usual in the Chern-Weil theory of characteristic classes [38]. Then we can
define a map
CW,: SP(gl) LB s 02 (W, gl(n, R); R)
by
Xx—= YVAZLANYaNZo N NY N Zy = x (Ry(Y1, Z4), ..., Ry (Y, Zp))) -
Recall that a symmetric p-linear function y is determined by the values x (v, ..., v) of the corresponding
symmetric polynomial in p variables [38]. We define the degree k symmetric invariant linear functions
P% by the following formula

A & n—k
Det ()Jn— %> =Y Pi(A,..., A\
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for all A € gl(n,R). Now, since p o O defines a gl(n, R)-valued connection form on M, we see by the
Chern-Weil theory of characteristic classes, that the classes of GF(CWy (P% )) in H2%& (M) are exactly
the Pontrjagin classes of the tangent bundle of M. This shows in particular that the Gelfand-Fuks
map is not trivial in general.

REMARK 2.4.4. Note that example 2.4.3 also shows that we can view the framework of formal
geometry as a way to obtain a generalized Chern-Weil theory of characteristic classes.

The theory developed above can be generalized in at least two notable ways. The case concerning
deformation quantization will be discussed at length in the rest of this thesis, but we would be remiss
if we didn’t also mention the case of a foliated manifold, see [5]. One can use the above theory
to define characteristic (secondary) classes of a foliation. The recipe to obtain generalizations is in
principle unchanged. The only thing that we need to do is to construct the corresponding foliated
formal neighborhood, manifold of non-linear frames, Lie group of jets of local automorphisms and the
corresponding Lie algebra.

So suppose we have a codimension k foliation F of an n + k dimensional manifold M. Then the
manifold is locally R™ x R* and we remember that the R™ are leafwise directions. Thus the formal
neighborhood of 0 is given by A, ;; plus a splitting, i.e.

COO(@’\XR’“)O ~ A, ® A ~ Rz, oy Ty A1y ey Ak

where the \; correspond to transversal directions and the x; correspond to leafwise directions. The
manifold Mz of non-linear frames subordinate to the foliation is given by those non-linear frames that
respect the foliation, i.e.

Mz = {gom:ftm%&n@@,&kwm (Afn) CR®A, cAn®Ak}

where Ai is given by the subalgebra of co-jets of functions that are constant along leaves. The group
G is replaced by G in a similar fashion:

GT = {g cG | g(\) € R® A, C An®Ak}.
Finally the Lie algebra W is replaced by the Lie algebra W7, given as
WY o= Wi, x W, [A, .05 A\
with the obvious action of Wy on W,,[A1,...,Ax]. Again one can construct a Kazdan connection
and a section from the “F-adapted” GL(n,R) x GL(k, R)-principal bundle. Since W, is a quotient of
WY we get a map in Lie algebra cohomology which yields the secondary characteristic classes of the

foliation mentioned above. Note that the previous sections in this chapter simply correspond to the
trivial foliation, which yields the usual characteristic classes.



CHAPTER 3

The Formal Moyal-Weyl Algebra

In order to apply the framework of formal geometry developed above to deformation quantization
we will need to go through the process of generalization exemplified by the case of a foliation at the
end of the last section. In particular, we will need to find a deformation quantization of a formal
neighborhood, its automorphisms and the Lie algebra of formal vector fields. In this chapter we shall
describe these in quite a lot of detail. We do this since most of the results in this thesis will be obtained
by careful globalization of the corresponding results for the formal neighborhood. It is also in this
section that we see the great benefit of considering symplectic deformation quantizations. They are
in some sense “flat” for two reasons:

e symplectic manifolds are always locally symplectomorphic to Euclidean space with the stan-
dard symplectic structure, by Darboux’s theorem [19], and

e up to gauge equivalence the symplectic deformation quantizations of Euclidean space are
classified by their dimension [65].

These two results mean that we can consider a constant local model of symplectic deformation
quantizations and this is very useful when applying the framework of formal geometry.

We will consider the Moyal product (3.0.2), introduced by Groenewold in [64], as our constant
local model for symplectic deformation quantization of the 2d-dimensional Euclidean space (R2%, w,;),
equipped with the standard symplectic structure. It is given by

Lo d
ih
(f *g)(Qap) = €xp (2 Zaﬁzayz - 6771'8&) f(xvf)g(yﬂ?) ’ (302)
— r=y=q,
=t e=n=p
where we have denoted by z1,...,24,&1,...,&q, and similar for y,n and g, p, the standard (Darboux)

coordinates on R??. We will call the corresponding algebra of oco-jets at 0: the formal Moyal-Weyl
algebra. Tt is the starting point of Fedosov’s approach to deformation quantization of symplectic
manifolds [46].

We will use this chapter to give three explicit constructions of the formal Moyal-Weyl algebra,
analyze its continuous derivations and automorphisms and present computations of its Hochschild
and cyclic homology. While the first objectives are necessary to even start applying the framework
of formal geometry, the last objective, the computation of homology, is done specifically in order to
provide a proof of the algebraic index theorem 6.1.22 later on.

3.1. Constructions

We will give three constructions of the formal Moyal-Weyl algebra and show that they are equiv-
alent. Each construction will have a specific advantage over the others. We start with the geometric
construction of the formal Moyal-Weyl algebra, which follows the concept sketched above most closely.
In fact this geometric construction is given by supplying the oo-jets of functions on R?¢ with the Moyal
product. The second construction shall be more algebraic and has the advantage that the definition
of the product resembles the definition of the Moyal product (3.0.2) more closely. In this second con-
struction the relation with the symmetric algebra/algebra of formal power series will be clear. Closer

36
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inspection will reveal that it is simply a reformulation of the first construction. The final construction
is most simple and therefore lends itself most easily to explicit computations. It is most simple mainly
because it is closest to naive quantization in the sense that one simply extrapolates the implications
of [v,w] = iA{v, w}. This last construction also resembles the usual construction of the classical Weyl
algebras most clearly.

3.1.1. The Geometric Construction. As mentioned above, this first construction will proceed
by equipping the co-jets of smooth functions at the origin in R?? with the Moyal product. In the second
construction we will do this rather more ad hoc and use the definition A of oo-jets of functions at 0,
given in notation 2.2.5. The following will be made easier by also defining the sheaf (of algebras) of
oo-jets in a slightly more subtle geometric way, however. Our presentation of the first construction is
based on the article [89].

Since the Moyal product is a product on the formal power series in i with coefficients in complex
valued smooth functions, all our constructions will be over the ground field C from now on. Note that
most definitions considered below are equally valid over R however. For the following definitions one
should recall the definition 2.1.6 of the sheaf of differential operators.

DEFINITION 3.1.1. We define the sheaf of co-jets J55 by
J3q(U) = Homce (1) (Opaq(U), C=(U))
on an open set U C R??. Let
J*: O — Joy
be the map given by
J= () (D) = D(f)

for all D € Opyy(U) and f € C53(U) for U as above. We denote by the left inverse of J°°, given by
evaluation at 1 € Opy,, by evy.

The sheaf of oo-jets J37 comes equipped with an algebra structure which is given by the convolution
product corresponding to the usual pointwise multiplication of functions and a coalgebra structure on
Opyg. In the following we will describe this coalgebra structure. To avoid conflict of notation we will
denote the product (given by the tensor product) in Op,,; and T (Xaq) by simple concatenation of
elements.

DEFINITION 3.1.2. Let
Ag: Opyg — Opyg @cgs Opag
be the map descending from the map on 7 (Xaq) given by CS3-linear extension of
Ap(X)=X®1+1®X and Ap(l)=1®1
for all X € X5; and the rule that
Ag(D1D2) = Ag(D1)Ao(D2)
for all Dy, Dy € T (Xaq), i.e. A should be a map of C53-algebras.
ExAMPLE 3.1.3. Note that this means that, for instance,
A XY)=(XY)®1+XQY+Y®X +1® (XY),
for X, Y € Xoy

It can be seen that A is well-defined since it preserves the ideal Zo4 defined in definition 2.1.6,
i.e.
Ao(Z2a) C Toa @cgs T (Xoa) + T (Xoa) ®cgs Laa-
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REMARK 3.1.4. The coproduct Ay actually comes from the fact that Op,, is the universal envelop-
ing algebra of the (quintessential) Lie-Rinehart pair (CS9, Xa4). Such algebras are naturally Rinehart
bialgebras [84].

PROPOSITION 3.1.5. The map Aq supplies Op,y with the structure of a coassociative cocommutative
CSq-coalgebra. Moreover it is counital with counit J*°(1).
PROOF.
It is easily seen, from explicit computation, that
(A ®1d) (Ap (X)) = (Id @ Ag) (Ag (X))
for X € Xyq and X = 1. The coassociativity follows since
(Ao ®1d)(D1D2) = (Ao ® Id)(D1)(A¢ @ 1d)(D2)
for all D1, Dy € Opyy ®cge Opy, and similarly for (Id ® Ag). Denote by 7 the flip endomorphism of
Opyq ®cgs Opyy given by Dy ® Dy +— Dy ® Dy. Again it is easy to see that
T(Ao(X)) = Ao(X) and 7(Ag(1)) = Ao(1)
for all X € X5y4. So the cocommutativity follows since we have
T(Dng) = T(Dl)T(DQ)

for all Dy, Dy € Opyy ®cee Opyy. Finally, suppose we have D € F,Opyy, then D = Y7 Dj, with
D, = Z“” Xiy ... Xy, with X; € A,y for all indices and where the sum is finite. Thus we find

that
P

Ao(D) = Ao(Dy)
k=0
and
Ao(Dy) =1® Dy, + Dy, @ 1 + Ry,
for k > 0, where the rest terms Rj, have X;’s on each leg, while
Ao(D()) =Dy®1=1&® Dy

(since Dy € C55). On the other hand, if Xi,..., X, € Xyq, then we have

JEM)(Xp... X)) =X,... X (1) =0.
So we get

(Id®@ J>*(1))(A¢(D))=D®1 and (J*(1)®Id)(A¢(D))=1® D

for all D € Op,,, which means exactly that J°°(1) is a counit for Ag.

COROLLARY 3.1.6. The map
Joq ®cgs Jag — Jaq
given by convolving Ay and the pointwise multiplication p of smooth functions, i.e.
lllQ :u011®120A0,

gives J39 the structure of an associative commutative C35-algebra. Again we have that J*°(1) is a unit
for this algebra structure. Moreover, the map J*° is a unital C53-algebra homomorphism.

PROOF.
The associativity, commutativity and unitality of the product follow immediately from the correspond-
ing properties of Ag and . Let us prove the last statement. Let [m] denote the ordered set {1,...,m}

for all m € N. For m < n let A (m,n) denote the set of strictly increasing maps from [m] to [n]
and let A4 (0,n) = {e,} and A (n,n) = {f,}. The rest of this proof should be significantly easier to
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follow if one keeps in mind that the maps in A (m,n) can be uniquely described in terms of diagrams
of the form (examples for A4 (3,5) and A4 (2,5)):

—

o——o.

AN

For 0 < m < n and ¢ € Ay(m,n), we denote by ¥ € A, (n — m,n) the complementary map, i.e.
the unique strictly increasing map such that Im ¢NIm @ = ) (note that the diagrams above correspond
to complementary maps), by ¢* the induced map in Ay(m + 1,n + 1) given by ¢t (k) = ¢(k) for
all k <m and ¢T(m+1) =n+1 and by ¢* € A(m,n + 1) the composition of ¢ and the inclusion
in: [n] = [n + 1], given by i, (k) = k for all k < n. We also set f, := e, and &, = fn, fif = foi1,
el = epy1, fL =1, and finally ;7 € A (1,n+1) is given by ¢,/ (1) = n+ 1. Given X1,..., X, € Xag
and ¢ € Ay (m,n) we set

Xw(m)ti(mfl) ce X<P(1) ifm<n
ti:: Xn... X4 1f§0:fn
1 if p =e,.

Note that we have X, 11X, = X+, X, = X, (whenever this makes sense), ot =% and @ = o.
Note also that for 0 < m < n we have that Ay (m,n)" UA(m + 1,n)" = A(m + 1,n + 1) while
Ai(m,n)TNAL(m+1,n) =0 and Ai(n,n)t =Ay(n+1,n+1).

Using the above notation and identities it is easily shown by induction that

Aog(Xp . X1) =DNo(Xn) .. Ag(X) =) ) X,® X (3.1.1)
m=0 oA (m,n)

On the other hand we obtain similarly that

Xoo Xa(f9) =Y > Xo(H)Xz(9) (3.1.2)

m=0peA(m,n)

using the product rule. The above means that

J=(fg) = J=(f)I>(9),
by definition. 0O

It turns out that the sheaf of commutative C33-algebras J33 is in fact given by the sections of a

pro-finite dimensional commutative C-algebra bundle (associated to M with fiber A in the real case).
The second construction presented below will be a direct consequence of this fact as well as many
other implications in the following. The formal Moyal-Weyl algebra will be given as a deformation
of this commutative algebra structure on the fiber. It is possible to describe the algebra structure on
the sections of the corresponding bundle of non-commutative algebras analogously to the description
of the commutative structure above. Let us first give a description of this deformation of the algebra
structure on oco-jets.

From now on deformation will enter the picture. Let us denote a formal parameter by A and the
sheaf given by F[r](U) = F(U)[h] by F[h], e.g. C59[h] will denote the sheaf of formal power series
in A with coefficients in the smooth functions.



3.1. CONSTRUCTIONS 40

Consider the standard symplectic structure w on R2?, i.e., if {z!,... 2% &', ... &} are the stan-
dard coordinates on R??, we have w = Zle d¢ Adz?. The symplectic structure defines an isomorphism
of the tangent and cotangent bundle given by

T,R* 50— w,(v,—) € TAR?*?  for all 2 € R*? (3.1.3)
and we denote by @ the image of w € F(/\2 T*R??) under the induced isomorphism
r (/\2 T*RQd) ~T (/\2 TRQd) 7
ie. w= Z?:l O¢i N\ Ogi. Consider the map
Alt: N Xog — T (Xaq)
given by

AR A A X)) = — Z . v (3.1.4)
TES,

where we denote the symmetric group in n letters by S,, and by the sign of 7 €(7). Then we can also
consider @ € Opyy ®cge Opyy, i.e. we denote the class of Alt(w) by @ as well. The Moyal deformation
(3.0.2) of R?? is given by
frg=poe™(fog),
for all f,g € C55[h]. Here we have denoted the C[A]-linear extension of the usual product of C55 by
w. This leads us to the following definition.
DEFINITION 3.1.7. We define the product x on J3; by
Iy *lo =poly ®laorgms oAy,
where we have denoted the operation of right multiplication by B € Opyy ®cgs Opyy by 5.

PROPOSITION 3.1.8. The pair (J59[h], x) is a sheaf of associative C[h]-algebras and the C[h]-linear
extension of J* defines a C[h]-algebra homomorphism

I (Cglhl, %) — (g [A], %)

PROOF.
Let us denote F(@) := ", Note that the associativity of x follows from the equation

(Ao @ IA)(E@))(E@)®1) = (Id® Ag)(E@))(1® B(@)). (3.1.5)
Let D € Op,;®O0py, be given by D = 25:1 D;1®Djs, we introduce the following (standard) notation

k
D12:D®1, Dlg:sz1®1®Dj2 and D23:1®D
j=1
Then, if we expand equation (3.1.5) for E(®) and equate the coefficients of different powers of A, we
get the equivalent series of equations

Z i w13 + wa3) W12 Z i w13 + @12)'@ é’;‘”

for all £ > 0. Now note that @;;wpq = Wpel;; for all possible 4, j,p and ¢ and so we can use Newton’s
binomial formula to obtain the equivalent series of equations

o

l

!
1 (=) (k=) =) (k—l
me&a W23W§2 ZZ—,T'w%g )w12w;3 ),
) o == (
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which is easily seen to be satisfied. This shows that x is associative on J35[h].
Note that (3.1.1) and (3.1.2) mean that

D(u(f ®g)) = m(Ao(D)(f ®g)) (3.1.6)

for f,g € C35 and D € Opy,. This still holds when one considers the C[#]-linear extensions on C95[A].
Thus we have

JZ(fx9)(D) = Du(E(@)f ® g) = p((Ao(D)E(@))f @ g) = J=(f) x J=(9)(D)
for all f,g € CSS[h] and D € Opy,. O

REMARK 3.1.9. Note that (3.1.6) together with the proof of associativity of x on J53[A] also gives
the proof of associativity of x on C$5[A].

REMARK 3.1.10. It is worth mentioning that everything we have been considering here can be
done in much greater generality. The exact same constructions as above yield the C§7-algebra of
oo-jets Jy7. One also obtains the unital and injective algebra homomorphism

Jo O — TS

More importantly, given a deformation quantization x of C§3[A], one also obtains a deformation of the
product on J37. The structure is obtained in much the same manner as above for the Moyal product.
Namely, we note that a deformation quantization is given by a sequence of bidifferential operators B

in the sense that
o0

fxg=> (ih)*Bi(f,9).
k=0
Thus we can consider the element

(oo}
B = Z(iﬁ)kBk € (Opy ®@cge Opay)[7]

k=0
and define the product

l1 %1y :/loll ®ZQOTBOA0,
for all I1,ls € Jy[h]. Then, by equation (3.1.6), we find that associativity of x on C§?[A] implies
associativity of = on J§2[A].

REMARK 3.1.11. We should note that, when we consider the differential operators as the universal

enveloping Rinehart bialgebra of the Lie-Rinehart pair (C55, X2q), we find that E(@) from proposition

3.1.8 defines a so-called (formal) Drinfeld twist [43, 36]. A Drinfeld twist B € H ® H in a Hopf
algebra (H, A, €) is an invertible element that satisfies the equations

(AI)(B)(B®1)=(1d® A)B)1®B) and (¢®1)(B)=1=(1®¢)(B).

Note, however, that the equations make sense for any unital and counital bialgebra. A formal Drinfeld
twist is a Drinfeld twist in formal power series that is a deformation of the trivial Drinfeld twist, i.e.
instead of invertibility one asks for the stronger condition that

B=1®1+0(h).

Note that remark 3.1.10 says that all normalized formal deformation quantizations are obtained from
formal Drinfeld twists in differential operators.

To finish our construction of the formal Moyal-Weyl algebra, we should consider the induced
structure on oco-jets of functions at a point. To do this we will use a different yet equivalent definition
of oo-jets of functions at a point.
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DEFINITION 3.1.12. Denote by @z the oco-jets of functions at x € R?4. It is given by the classes
of J$5(R??) for the equivalence relation ~ given by

li ~1ly if evyoly =evzo0ls
where ev, : C(R??) — C denotes the evaluation of a function at the point x.

REMARK 3.1.13. Note that the co-jets of functions at = € R?¢ are naturally a C-vector space. This
is even more clear when one consider that ev, is a C-algebra homomorphism. This means thatMeaning
that the induced map on J$5(R??), given by post composition, is also an algebra homomorphism (to
the dual of differential operators) for the convolution product. Then it is easy to see that

é%x = Jﬁ(RM) /Ker eVy
yielding a natural C-algebra structure.

REMARK 3.1.14. Note that the co-jets of functions at 2 € R?? are a complexification of the
algebras A,. This can be seen by examining the definitions 2.1.6 and 2.1.1 and the lemma 2.1.8.

PROPOSITION 3.1.15. The sheaf of commutative algebras J3; is naturally isomorphic to the sheaf
of sections of the vector bundle with the fiber ngx over x € R?,

PROOF.
We should show that J53 is given by a vector bundle. To do this consider the standard coordinates
{x1,..., 294} of R24. They give rise to the ordered bases {0z, g, - -, Ouyylq} at each ¢ € R21. Given a
differential operator D € F,,Op,,4, we put it in a normal form by using the relations defining Op,; to
make the degree p part of D have the form

E fil,,,ipazil ... (9zip,
i1<i2 <. <idp

where f;, . ; € C55 for all indices. This fixes the degree p part of D and we proceed by induction.
It is part of the content of the Poincaré-Birkhoff-Witt theorem that this normal form is well-defined.
Thus we see that Op,, is generated over C55 by the elements

€q = H L where a=(a,...,q,) € (ZZO)M

i=1 o!
Denote by [, the dual elements in Jg7, i.e. such that

la(ep) = dap

where we denote by a3 = 6ay8; - --9a,8, the product of Kronecker deltas. Note that the formula
(3.1.1) shows that we have

lalg(ey) = pu(la ® lg(Ao(ey))) = (atp)y

(this is why there is the — in the definition above) and thus l,lg = lo+s. We denote by C' the algebra
generated by 1 and the l Wlth the relations that state 1 is the unit and lolg = la4+g. Then C carries
the filtration given by the grading induced by

2d
ol =) o
i=1

We denote by C the completion of C' in the topology induced by this grading. Clearly we have
J55 = 35 @c C
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showing that the oo-jets are indeed given by sections of a vector bundle. Thus we can write every
oo-jet I in the form | = 3" fala, meaning l(ey) = fo. This yields the isomorphisms 65\31 — C for all
r € R?4 given by
L= leq)(@)ly.
|

REMARK 3.1.16. Note that the bundle constructed in the previous proposition is exactly the bundle

with fiber Agyq® C associated to the bundle R2d or, by using the equivariant section F': j!(R??) — H/@,
the bundle j!(R?9).

The fact that the product % of 3.1.8 on J$3[%] is defined in terms of differential operators means
that it will restrict to a product on C3g,.

REMARK 3.1.17. Note that the map
J§°: O (R*) — Cgy
given by
Joo(f) = [I=(f)]

coincides under the natural identification 5\2"30 ~ A ® C with the previous definition of J§°. We will
denote the C[A]-linear extension of J§° by J§° also.

DEFINITION 3.1.18. We define the product x on @O[[h]] as

[lh] % [lo] = J5°(f1 % f2)

where f; € C°(R?%) such that J$°(f;) = [I;] for i = 1,2.
Suppose that
p oo Pi
Ao(D)=> D1y ®Day, E@)=> > (ih)'E1y;® Eay; and J5°(f) = J5°(g)
k=1 1=0 j=1

for f,g € C$5(R??) and D € Op,,. Then we find that

D(f*h)(0) = p(Ao(D)E(@)(f ® h)))(0) = Z Z Z(ih)lDl,kEl,l,j(f)(O)DZkEQ,l,j(h)(O) =
k=11=0 j=1
> Z(ih)lDl,kEl,l,j(9)(0)D2,kE2,l,j(h)(o) = n(Ao(D)E(@)(g @ h)))(0) = D(g * h)(0).
k=11=0 j=1

Note that, since J§°(f) = J§°(g) if and only if D(f)(0) = D(g)(0) for all D € Op,,, this means that
* above is a well-defined associative product.

REMARK 3.1.19. Suppose l1,ls € J55 and f1, f2, fi2 € C55 such that J5°(f1) = [l1], J°(f2) = [l2]
and Jgo(flg) = [ll *lg] then

D(f12)(0) = (1 x 12)(D)(0) = pu((lr ® I2)(Ao(D)E(@)))(0)
while
D(f1x f2)(0) = u(Ao(D)E(@)(f1 @ f2))(0)
for all D € Opy,. Writing these expressions out as above we find that
[ll * 12] = [ll] * [12]

as expected.
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DEFINITION 3.1.20. We define the 2d-dimensional formal Moyal-Weyl algebra Agd as the space
C35,I1] equipped with the product x.

Note that the “2d-dimensional” refers to the dimension of R??, the algebra Agd is infinite dimen-
sional both over C and over C[A].

REMARK 3.1.21. Note that, by Borel’s theorem 2.3.1, the map
Jg%: Cog(R*)[] — AL,

given by mapping f € C55(R??)[A] to the class of J*(f) in Agd, is surjective. This introduces a
filtration

Agd == FOAZCZ D) FlAgd D...D FpAgd D) Fp+1A§‘d D...

given by | € F,Al, if there is f € C55(R2%)[A] such that J5°(f) = I and the Taylor expansion of f at
0 € R?? in standard coordinates does not contain terms of degree lower then p, where we count the
degree of a term as 2 times the power of & plus the order of the monomial in standard coordinates.
For example J§°(h2x3xy + hay a3 + 23) € F,Al, for p < 5. We supply Al, with the topology induced
from this filtration. Note that Agd is complete in this topology. This topology and filtration will be
made more clear in the second and third constructions.

REMARK 3.1.22. Suppose M is a symplectic smooth manifold and « is a star product on C{7[A].
Then we can consider the corresponding deformation of J§7 as explained in remark 3.1.10. We can
also define the co-jets of functions at m € M. Let us denote the corresponding deformation by Amﬁ,
e.g. /loﬁ = Agd for x the Moyal product (3.0.2). The Moyal deformation is the unique symplectic
deformation quantization of R%¢ up to gauge equivalence. From this (and the fact that all symplectic
manifolds are locally symplectomorphic to R?? with the standard symplectic structure) it follows that
(C>(U)[R],*) is isomorphic to the Moyal deformation of R?? (where Dim M = 2d) for any Darboux
coordinate chart U C M (in fact the isomorphism is induced in lowest order by a symplectomorphism
U ~ R?%). Since the deformation of the algebra of oo-jets at a point m € U clearly only depends on
local behaviour, this implies that A,, » ~ A%, In fact, the isomorphism will even be continuous for
the corresponding topologies induced by the filtrations. Note, however, that the isomorphisms are not
canonical.

3.1.2. A Deformed Symmetric Algebra. The second construction of the formal Moyal-Weyl
algebra is motivated by the fact that the sheaf of commutative algebras J5; is in fact given as the
sections of a bundle of algebras, see proposition 3.1.15. Thus we may also define the product directly
on the fiber of this bundle at 0 € R??. Another way to think of this is to note that oco-jets are simply
given by Taylor expansions and the formula for the Moyal product can be extended from polynomials
to formal power series.The following presentation of the second construction is based on the article
[14].

Let (V,w) be a complex symplectic vector space of dimension 2d. Let V* := Homg(V, C) denote
the linear dual of V. Then we can consider the Moyal product restricted to the space of polynomials
onV.

DEFINITION 3.1.23. Suppose W is a vector space over the field L, then we denote the tensor
algebra of W (i.e. the free algebra over L generated by W) by T(W). We define the symmetric
algebra on W, denoted S*(W) as the quotient of 7 (W) by the ideal generated by elements of the form

VRW—wRv

with v,w € W. The o refers to the grading, which is induced from the grading of 7(W), i.e. S*(W)
consists of words of length n in W considered up to order.
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DEFINITION 3.1.24. We extend w to a bilinear form on §™(V) by C-linear extension of

n

1 1~
WV ..V, W W) = Z WHW(UU(i)7wT(i)) = Z EHW(UO(i)?wi)
1 =1

o, TESy =1 c€S, i
and w(1,1) = 1 for S°(V). Here S,, denotes the symmetric group on n letters. We also extend w to a
map
(S (V) @8 (V)¥* — S* (V™)
by C-linear extension of
w(f ®a,g® p) = fgw(a, B).
DEFINITION 3.1.25. For n € Z>(, we define the maps
dp: S (V*) — S(V*) 8" (V)
as follows. Note first that S*(V*) can be identified with the space of polynomial functions V' — C,
see [38]. Now consider the map
d: S (VH)eS(V) — S (V)8 (V)
given by
d=(1®ps)o(1I;' @1)o (dgr ® 1)
where dqr denotes the restriction of the exterior derivative to polynomial functions, I, denotes the
isomorphism V' ~ V* induced by w and pug denotes the symmetric product restricted to V @ S*(V).
Note that we have implicitly identified the tangent space of the vector space V with V. Now consider
the inclusion
t: S (V) =SV eSS (V)
given by «(f) = f® 1 for all f € S*(V*). Then we define

d, =d" ou.
DEFINITION 3.1.26. Let * be the product on S*(V*)[A] (h is a formal variable) given by
— 1 [ih\"
= — | = dnf,dng). 1.
fxg 7;)”!(2) w(dnf,dng) (3.1.7)

PROPOSITION 3.1.27. The product * is a well-defined associative product.

PROOF.
Note that the formula for x above is definitely well-defined, since for all polynomials f there is kK € N
such that di11f = 0 (namely the order of the polynomial). Thus the sum is finite. The associativity

follows from the fact that by choosing a symplectic basis {z1,...,24,&1,...,&q4} for V it becomes clear
that * is simply the restriction of the associative product (3.0.2) (in fact we could have defined it that
way t00). O

As mentioned we want to extend the above formula from polynomials to all Taylor expansions
of functions at 0. Note that, by Borel’s theorem 2.3.1, this means we want to extend the formula to
formal power series.

DEFINITION 3.1.28. Let
evy: S*(V*) — C
denote the map which evaluates a polynomial at 0 € V. Denote
m = Ker evy.
We define the (commutative) algebra of formal power series on V' by
ST = S

n

m’ﬂ
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where the limit runs over the quotient maps
S. V* So V*
(V") ")

mn mk

if k <n.
PROPOSITION 3.1.29. The formula (3.1.7) for x extends to define an associative C[h]-algebra,
denoted W™(V'), with underlying C[h]-module given by S*(V*)[h].

This proposition will be a corollary of the following proposition, which will also justify that we
call W*(V) the formal Moyal-Weyl algebra associated to (V,w).

PROPOSITION 3.1.30. There is an isomorphism gy : All, — S'/(ﬁ) [h] of C[h]-modules satisfying
that
e ©y is an algebra isomorphism for the commutative algebra structures and
o the pushforward of x on A, to S'/(F) [h] agrees with the extension of (3.1.7).

PROOF.
Note that the commutative algebra structure on the C[A]-module underlying Agd is given in the remark
3.1.13. The underlying C[#i]-module is of course unchanged. Let {v1,...,v24} be a symplectic basis
of V with the dual basis {771, ...,724}. Now set

n
Co 1= I |1Ti°‘i
i=1

for all @ = (a1, ..., ) € (Z>0)?? similar to the definition of the l,’s in proposition 3.1.15. Note that

this provides the isomorphism with C' and thus 55\3:5 (see the proof of proposition 3.1.15). Thus by
considering the C[[h]-linear extension of this isomorphism we find the isomorphism ¢y providing the
first item.

It is left to check the second item. Note that it is sufficient to check that
caxcg =ov([laxls]),

since * is clearly C[A]-bilinear and continuous and we have [lo] * [Ig] = [lo * [g] from remark 3.1.19.
Consider also the smooth functions (monomials) fo = [[;-, . Then we have that J°(f,) = lo. We
denote the inclusion

v S*(V)[R] — C=(R*)[A],
given by the identification of V and R?? by way of the symplectic basis {v;}?¢, and the standard
(Darboux) coordinates {z;}2%,, by ty,. Then it is clear that

wca*cp) = fax f3
and we have by 3.1.8 that
I (fa* f3) =la*lp.
On the other hand we note that @y o J§° o vy is simply the inclusion S*(V*)[h] — Sf(%) [1]. So we
find that
ca * cg = v (Jg° (v (ca * cg))) = v ([la x 15]),

which completes the proof.
O

REMARK 3.1.31. Note that the proposition means that A%, ~ W"(V) as C[A]-algebras for all 2d-
dimensional symplectic vector spaces V. The isomorphism is not canonical however and depends on
the choice of a symplectic basis of V in order to identify it with R?? through the standard (Darboux)
coordinates.
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REMARK 3.1.32. Note that we could have started the first construction with an arbitrary 2d-
dimensional symplectic vector space V', considered with the canonical smooth structure. This would
have yielded the corresponding bundle of oo-jets Ji°, the map Jg°: Cy° — Ji© and so on. Had we
done this the corresponding map ¢y in proposition 3.1.30 would of course have been canonical.

DEFINITION 3.1.33. Note that W (V') allows for two filtrations
e WH(V) = FgWh(V) D AW(V) D ... D> F,WV) D F, yWH(V) D ...

given by
FE,WH (V)= > wm'i
i+2j>p
o WH(V) =F}(W") D> FfW"(V)>...D FJW"(V) D F}, Wh(V) D ...
given by

FIWM(V) = iPW™(V).
We supply W"(V) with the topology induced from the first filtration and note that W”(V) is
complete for this topology.

Note that
Ayyh
ERWHY) [ pn wn(v) = S+ (V)
for all p > 0 while
EWNY) [ wiy) = HECeh T m’ & .o = o m?
if p >0 is even and
E,WH(V) / E, i Wh(V) = FrmohZ mde... e mP 2 om?

if p > 0 is odd. Note that this implies that the F,W"(V) filtration comes from a grading. We will
denote the homogeneous elements of degree p € Z by W*(V),. This grading is given by assigning
elements of V* the degree 1 and A the degree 2. This will be more clear in the following construction.

REMARK 3.1.34. Note that the symplectic groups Sp(V) and Sp(2d,C) act on both W"(V)
(through the action on V') and Agd (through the action of Sp(2d,R) on R?? induced up to the com-
plexified tangent space) respectively. These actions respect the filtrations F,W" (V') and F.Agd, SO
the actions are by continuous automorphisms. The continuity is obvious for the case W"(V') and for
Agd it is deduced from the fact that the action of Sp(2d,R) on R?? is by linear transformations. By
picking symplectic bases in the definition of ¢y we ensure that this map is Sp(2d, C)-equivariant (the
basis also yields the isomorphism Sp(V') ~ Sp(2d, C)).

REMARK 3.1.35. Note that ¢y corresponding to any choice of symplectic basis will respect the
filtrations F,Al, and F,W" (V). So these ¢y are in fact continuous Sp(2d, C)-equivariant C[h]-algebra
isomorphisms (as are the ga(/l’s).

3.1.3. The Weyl Construction. Lastly let us present a construction of the formal Moyal-Weyl
algebra that differs from the above two mainly in the fact that the product is not defined using a Moyal-
type formula. It is simply obtained as a quotient of a tensor algebra, as is the case with the classical
Weyl algebra. This last algebra is also where the motivation comes from as it is the algebra generated
by {z1,...,2d,0uy,...,0z,} with the relations given by interpreting them as differential operators,
which is well-known to form a quantization of the algebra of polynomials on a 2d-dimensional vector
space. The following presentation is based mostly on the article [89].

Let (V,w) be a 2d-dimensional symplectic vector space as above and let (V* @) be the dual
symplectic vector space, i.e. @(e, ) = w(va,vg) for all o, f € V*. Here v, € V is defined as the
unique element satisfying the equations w(v,,w) = a(w) for all w € V.
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-

DEFINITION 3.1.36. Consider the tensor algebra 7 (V*) and let 7(V*) be the completion in the

—

V*-adic topology. We define the formal Moyal-Weyl algebra Wg (V') as the quotient of T (V*)[h] by
the ideal Z; generated by the elements

a®f - a—ihw(a, )

for o, B € V*. We consider T (V*)[h] as a graded algebra with the degree given by setting |a| = 1 for
all & € V* and |h| = 2. The grading descends to a grading on Wy(V'), since the generators of Z are
homogeneous. We denote by W (V'),, the homogeneous elements of degree p € Z and by

Wr(V) = FoWi(V) D FAWR(V) D ... D E,Wi(V) D FpiaWg(V) D ...
the corresponding filtration.

REMARK 3.1.37. We consider Wy (V) as a topological algebra for the topology induced by the
grading. Note that Wy (V) is complete for this topology.

—

Note that the definition of 7(V*) is analogous to the definition of S'/(W) We should justify
the fact that we also call Wg (V') the formal Moyal-Weyl algebra of V. To this end we note that the

—

C[Ah]-modules underlying both Wy (V) and W"(V') are quotients of the same algebra 7 (V*)[A]. Thus
we have the diagram

T(V9[A]

(3.1.8)

DEFINITION 3.1.38. Let

Sp: S (V)R] — T(V)[H]
be the map given by C[h]-linear extension of the well-known section
1
a1 ...0p, — ; Z aT(l)®...®aT(n)
TESH
of Ps.

DEFINITION 3.1.39. Let
Qv = Py o Sp: WH(V) — Wy (V).
PROPOSITION 3.1.40. The map Qv is an isomorphism of C[h]-algebras.

PROOF.
Consider the gradings on W*(V') and Wy(V) and note that Qv is a C[A]-linear and degree preserving
map, simply because Py and Sp have these properties. Furthermore, note that, by picking an ordered
basis {a,...,azq} of V* we see that

L5] L5]
Dim W"(V), = Dim Ps | @ 1*(V*)®P~>" | = Dim Py | @ H*(V*)®P~2" | = Dim Wy(V),.
k=0 k=0
So in order to show that Qy is an isomorphism of C[h]-modules we only need to show that it is an
injective C-linear map in each total degree. But then, by C[h]-linearity, it is enough to show that

Qv(ail alk) =0
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implies that a;, ...a;, =0 for all i1 < ... <. Let us denote the product in W (V') by . Note that

Qvag, ...az) = % Z Qi) ¥ oo X Q) = Qg xRy + RO
oc€Sk
where O is a rest term where every term has a tensor degree lower then k. In other words in the last
expression we have written the elements in terms of the basis determined by the ordering mentioned
above. This shows that Qv (o, @, ... ;) = 0 implies that a;, * a;, x...x a;, = 0. Note that, by
writing the elements of Wy (V) in normal form, by considering the ordered basis given above, it is
evident that W;(V') does not contain zero divisors. So we have that a;, * o, * ... * o, = 0 implies
that a;, @, ...z, = 0 and so Qv is a C[h]-linear degree preserving isomorphism.

It is left to show that Qv is also a C[h]-algebra isomorphism. Note that, since Qv preserves the
grading, it is continuous and thus it is enough to show that

QV((a1 .. .ap) * (51 . ﬂq)) = Qv(a1 . ..Oép) *QV(BI . ﬂq)

for a;, B; € V*. Suppose for convenience that p < ¢ (the other case is completely analogous) and note
that we have

n!
n=0

o1 fin\"
(a1 ...ap)*x(B1...0q) = Z — <2> w(dn(ag...ap),dn(B1...584))
since d,, (o ... ap) = 0 for all n > p. Furthermore

W(dn (a1 ... 0p),dn(B1 ... Bg)) = (1) D arefrew(va,, vs,)-
1,J

Here we sum over all cardinality n subsets I and J of [p] and [g] respectively. We have denoted the
complements of [ and J by I and J respectively and we set vq, := vq,, ... Va,, Wwhen I = {i1,--,in}
and similarly for vg,, aje and fSje. In the expression above we have

1 n
W(Uoz17v,3J - Z *' H a"(r(k)’ﬁjk
ceS, k=1
So bringing all of it together and applying Qv we find that Qv ((a1...ap) * (B1...08,)) equals
P . n ~d,J n
Zh va;(l) . "ya‘r(erq ) ~

ocES,
TGSp+q 2n

where we have relabeled 1°U J¢ = {a1,...,aptq—2n} (Where a1,...,ap_ € I°) and vg;" = q,, for all
r<p-—nand .’ =g, forallr>p—n. On the other hand

Qular--ap) xQu(Bi-B) = = 3 oty ek oy * Brty %+ % Briy
pq €S, TES,

To demonstrate that (3.1.9) agrees with this expression let us start with the term with the lowest
power of . Note that the n =0 term in (3.1.9) is

1
(p+q) Z Vr() * -+ * Vr(p+q)

" T€Sptq

where v, = a, if < p and . = S,_, if r > p, so, since the number of (p, ¢)-shuffles in S, is
(’;T;)!, we find that after reordering we get exactly Qv (i ...ap) * Qv(Bi...5;). This is because
the cosets Sptq/Sp X Sy can be labeled exactly by the (p, ¢)-shuffles, here we consider the embedding
Sp X 8¢ = Sp4q corresponding to separate permutation of the first p and last ¢ letters. The terms for

n > 0 will be killed by the reordering as follows. The reordering will produce terms multiplied by a
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factor of ih@w (B, as) when we reorder ..., ...a5...t0 ...as5; ..., note that we only need to reorder
such that a’s end up to the left of 8’s. It will produce every permutation of the factor multiplying
ihw(By, as) exactly % times, since this is the number of (2, p+¢—2)-shuffles. This is because the
permutations that place 8, to the left of ay can be decomposed as the permutation ((p+71),s,1,2,...)
followed by a permutation of the last p + ¢ — 2 letters and then followed by a (2,p + g — 2)-shuffle.
This accounts for all of the n = 1 terms in (3.1.9). More generally, for 0 < m < p, the reordering will
produce terms multiplied by a factor of

(i)™ @B, as)-
=1

As for the case n = 1, it will produce every permutation of the factor multiplying it exactly %

times. This is because we can decompose all the permutations that put 3, to the left of as, for
all 1 <1 < m as the permutation ((r1 + p), s1, (r2 + D), 82, -, ("m + D), Sm, 1,2,...) followed by a

(2,...,2)-shuffle (m times 2) of the first 2m letters followed by a permutation of the last (p + g — 2m)
letters followed by a (2m,p + ¢ — 2m)-shuffle and there are 8?;1)' shuffles of the type (2,...,2) and
% shuffles of the type (2m,p+ ¢ — 2m). This accounts for all the n = m terms in (3.1.9).
So we see that Qv (aq...ap) * Qv (B1...5,) agrees with (3.1.9), which means Qv is a C[h]-algebra

isomorphism.

O

REMARK 3.1.41. Note that the action of Sp(V') on V* extends to an action on Wy (V) since Sp(V)
preserves Zg. This action is by continuous automorphisms since it preserves the grading. Clearly
the isomorphism @y is also Sp(V)-equivariant. Note also that, unlike ¢y and thus Qv o ¢y, the
isomorphism Qy is canonical and thus we are even more justified in calling both Wy(V) and W"(V)
by the same name.

REMARK 3.1.42. Note finally that the map Qv respects the filtration F,W” (V') and the filtration
induced by the grading on W5 (V). Thus Qv and its inverse are in fact continuous Sp(V')-equivariant
C[h]-algebra isomorphisms.

3.2. Derivations and Automorphisms

In this section we will give a rather complete description of the C[A]-linear continuous derivations
and automorphisms of W;(V) for any symplectic vector space (V,w). This description is very useful
when implementing the framework of formal geometry and the Fedosov construction. The following
is based on [14] and [89].

3.2.1. Derivations. We will denote the Lie algebra Der®(Wy(V)) of continuous C[h]-linear
derivations of W, (V) by g" = g}

PROPOSITION 3.2.1. There is an exact sequence of Lie algebras
1 1 Pon p
0— ,—h(C[[h]] — %Wh(v) — gy — 0. (3.2.1)
i i

Here we consider %(C[[h]] as Abelian Lie algebra and on %WH(V) we constider the bracket

1,1 I
where on the right hand side [f,g] denotes the commutator. The first map is given by the inclusion

while

1
Pgﬁ(%

1)) = 15.9].
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PROOF.
Note first that the Lie algebra structures on Wy(V) and Pys are well-defined, since the commutator
always produces a factor of ih. It is easily verified that Py is a map of Lie algebras by using the
Jacobi identity for the commutator bracket.

Let us fix a symplectic basis {z1,...,2q,y1,-..,yq} of V*, ie. s.t.
(T, zj) =w(yi,y;) =0  and  w(yi, z;) = 05 = —0(25,9s),
where §;; denotes the Kronecker delta. Note that we can write every element of Wy (V') as a formal
power series in A and the x; and y; in a unique way, by requiring that all monomials appear in the
ordering
REai iyt Ly,

ie. first the z’s and then the y’s. Here we have denoted the product in Wy(V) by concate-
nation. In fact, this gives us an identification of Wy(V) with the space of formal power series
Clh,z1,...,24,¥1,--.,Yyd]. Note that

(21, (iR)F2it .. .:vi[’y{l .. .y‘;‘i] = —(ih)F gt .. xfidy{l . .yi’“_l . yéd
and similarly

[y, (ih)*zi .. .miﬁy{l . .yé’l] = (iR gt ;Uffy{l . yfid

This invites the notation

1 1

%[xk,f] =: =0y, f and ﬁ[yk, f]=:0g,f. (3.2.2)
In fact, under the identification of Wy (V) and formal power series, mentioned above, the operators
%[mk, —] and %[yk, —] are intertwined with the operators —d,, and 0,, respectively. Here the def-

inition of partial differentiation is simply the C[h]-linear continuous extension of the definition on
polynomials.

Suppose f,g € Wg(V) satisfy
1 1
—[f,h] = =l[g,h
for all h € W, (V). Then, using the identification above, we find that
Oz, f =0z, and 8ykf = 8yk:g

for all indices 1 < k < d. This implies that f — g € 2-C[A], which shows exactness at Wy(V').

The proposition is proved by showing that, for any continuous derivation D € g", we can find an
element F' € Wy (V') such that

1
D(g) = =|[F
(9) =+ [F.g)
for all g € Wy(V). It is enough to verify the equations above on the z} s and yj s since they generate
Wr(V) over C[h] (as a topological algebra) and D is a C[A]-linear continuous derivation. Under the

identification (3.2.2), this means we want to show that the system of differential equations
Op , F'=—D(yr) and 0y F = D(zy)
can be solved for F for any derivation D € g". Let us denote
A7\‘/ = C[[haxlv"'a‘rd7yla"'7ydﬂ Ac /\TV*7

where 0 < r < 2d and for the anti-symmetric powers we denote the basis of V* by dxj and dyi. Also
define

7Ok Ak+1
ddR~ QV —>QV
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as the continuous C[A]-linear extension of the exterior derivative on polynomials. Explicitly

d

k=1

for f a formal power series and n € /\ V*. Finally, for D € g", define

d
D =" D(x;) ® dy; — D(y;) ® da; € Q.
i=1

With this rephrasing, the exactness at g" translates to showing that, given D € g", one can always
find F € QY such that

darF = D.
Now, by the formal Poincaré lemma [76], this is equivalent to showing that
darD =0
for all D € g". Note that, for any D € g" and any a,b € Wy(V), we have
D([a,b]) = [D(a),b] + [a, D()],

since D is a derivation. This implies that

1 1
%[D(mi),xj] = E[D(l’j),xi]
1

1
—ly;, D(yi)l = —vi, D(y;
Wi Di)l = —[yi, D(y;)]
and
s D)) = e, D()
’Lh yj7 xl - Zh .’137,, y]
since D(C[A]) = 0 for all D € g". Using the identification (3.2.2), the above equations are
Oy, D(x;) = 0y, D(x5),  0u;D(y;) = 02, D(y;) and 0, D(x;) = —9,,D(y;),
which implies dag D = 0 for all D € gh. |

REMARK 3.2.2. The short exact sequence above gives rise to a class 0 in the continuous Lie algebra
cohomology (Gelfand-Fuks cohomology) group H?, (g", a), where we have denoted the Abelian Lie
algebra %(C[[h]] by a. The class is represented by the cocycle given by

XAY = s([X,Y]) = [s(X), s(Y)]
where s: g" — %WH(V) is a (continuous) linear section. For instance one may choose s by considering

an ordered symplectic basis for V* and considering the corresponding splitting (as a vector space)

1
—Wi(V) =gl .
i h() g Da

It is an easy standard check that 0 is well-defined. We will call § the formal Weyl curvature. It is the

formal analog of the characteristic class of a deformation quantization (also called Weyl curvature or
Deligne’s characteristic class [48, 65]).

DEFINITION 3.2.3. We denote the filtration on g" induced by the filtration F,W(V) by
g"=F g" > Fyg">... DFpgh DFpthD ceey

i.e.
Fog" ={D € ¢" | D(FxWy(V)) C Fioy, Wy (V) for all k}
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Note that this makes g" a filtered Lie algebra, i.e. [F,g", F,g" C F,;,0", and the g'-module
structure of W (V) respects the filtration, i.e. F,g"F,W(V) C F,,Wx(V). Note that the filtration
on g" actually comes from a grading, i.e., denoting gg = Pgh(%Wh(V)p+2), we have that

o" = [T ok
k=—1
PROPOSITION 3.2.4. There are canonical isomorphisms V =~ g, and sp(V) ~ gk, where we have

denoted the Lie algebra of Sp(V') by sp(V'). Under these isomorphisms the action of gi on g, coincides
with the natural action of sp(V') on V' and we have

gty @y =V xsp(V)
as Lie algebras.

PROOF.
Note that, since gZ =0 for p < —1, we find that the induced bracket on g"; vanishes, so that it forms
an Abelian Lie algebra. Recall that the kernel of Pyr only contains elements of even degree and that
#Wh(V)l = 1ﬁ V*. This yields the sequence of isomorphisms

_z—

1 1
V— —V*— —W, (V)1 — g",.
ih ih (V)1 91
The first map is given by %Iw, where we have denoted the isomorphism V' ~ V* induced by w by
I,, ie. I,(v)(w) = w(v,w) for all v,w € V. Note that the above isomorphism is canonical for the
symplectic vector space (V,w).

For the degree 0 case, we start by noting that we have the usual inclusion sp(V) — V @ V*. Now
we can apply the restriction of I7! ® Id to sp(V) to obtain sp(V) < V* @ V*. We note that the
condition

w(v, p(w)) + w(p(v), w) =0,
defining sp(V'), implies that the image of sp(V) in V* ® V* consists of symmetric tensors. We proceed
by applying the restriction of the map 7Py, where Py is as in (3.1.8), to the image of sp(V) in
V*®@V*. Finally, we follow this map by Py to obtain a map sp(V') — g". Note that the image clearly
lies in g# and thus we find the needed map

sp(V) — gg-
Note that this map is constructed canonically given the symplectic vector space (V,w). Note that
sp(V) — V* ® V* is an inclusion, the image is given by symmetric tensors and Qv from proposition
3.1.40 factors through Py. So we find that sp(V) — %Wh is injective. Since the image does not
intersect +C[n] we find that sp(V') — gl is injective. Thus, since

Dim sp(V) = 2d? + d = Dim g},

we find that sp(V') ~ gl as vector spaces. Since [Fog", Fog"] C Fog" and [Fig", Fig"] C Fag”, we find
that the bracket restricts to gg and it is left to show that the isomorphism above respects the brackets.

To show this, Consider a symplectic basis {Z1,...,%q4,91,...,0a} for V with the corresponding
dual basis {z1,...,%4,91,...,ya}. This induces the basis

Sij=0:i®y; — @i, Yy=0:®z;+§0x and Vy=20y +i;0y
of sp(V) (identified with the image in V ® V*). It gets mapped to the basis
1 1 -1
Sij = %[miyja -, Y= %[mixja -] and Vi = %[yiyja -] (3.2.3)
of gg. Using these bases it is explicitly verified that the isomorphism sp(V') ~ gg respects the brackets.
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Note that, since [gl, g" ;] C g”";, we indeed find an action of gf on g",. Consider the bases given

above and note that
. 1 R -1
girr e, =] and &= —fyi, -]

gives the corresponding basis for g”;. Again it is verified using these bases that the action of gl
on g, coincides with the action of sp(V) on V under the above identifications. Note that, since
[ob, ol C ab, [9",,00] C g", and [g",,¢",] C g",, we find that the bracket restricts to a bracket on
ghogh, = gg’fl. Using the identifications above we find the exact sequence

0V —gh_4—rsp(V)—=0

of Lie algebras. The inclusion g} — ggﬁl provides a section of the sequence above. This shows that
indeed

gg_l ~V xsp(V).
O

The following proposition will deal with the remaining part of g = gg’,l ® Fig" and conclude
our discussion of the Lie algebra of continuous derivations of the formal Moyal-Weyl algebra.

PROPOSITION 3.2.5. The Lie algebra Fig" is pro-nilpotent.

PROOF.
Note that, since [F1g", F,g"] C F, 119", the bracket descends to define the family of Lie algebras

FPgh .= Fig" /Fpgﬁ-

Note also that, given X1, ..., X, € Fig", we have [ X1, [X2,[...,[Xp-1,Xp]]...] € Fpg" and thus F7g"
is nilpotent for all p. It is easily verified that

Figh ~ lim F{ h
p

where the limit runs over the projection maps Figh — Fljgh if j <. (]
COROLLARY 3.2.6. The subalgebra Fyg" C g" decomposes as
F()gh ~ Flgh X EP(V)

PROOF.
Note that Fig" C Fyg” is an ideal. The identification g@ ~ sp(V) yields the exact sequence

0— Fig" — Fog" — sp(V) =0

and so the section sp(V) — Fyg", given by the above identification and inclusion of gf, yields the
result. |

REMARK 3.2.7. Consider the action of g} ~ sp(V) on the Lie algebras a, g", and =W(V).
Proposition 3.2.4 and corollary 3.2.6 show that the exact sequence (3.2.1) is gg—equivariant. Note also
that the sequence (3.2.1) has the subsequence

1
0—>C— EWH(V)Q —gh—o.

Suppose {z1,...,Z4,Y1,-..,Yd} is a symplectic basis for V*. Then define the map

1
o gg — EWh(V)g
by
1 1 —1
o(8ij) = %Y+ 0igs o(Yij) = %%y end o(Vij) = w7 Vi
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where 6;; denotes the Kronecker delta and the S;;, Vi; and Y;; are as in (3.2.3). Note that o defines
a section and so we have

1
EWE(V)Q ~Casp(V)
as Lie algebras. We can extend the section ¢ to a continuous C[h]-linear map
1
~. _h
gt — =Wi(V

o8 — 3 WalV)
by following the procedure laid out in remark 3.2.2. Note that the section s proposed in remark 3.2.2
and ¢ only differ by their action on the .S;;. Now the cochain

lifts to g"/gh A g”/gh. This shows that in fact
é € H%ie (ghv 5p(V)7 a)a
i.e. the formal Weyl curvature is a relative continuous Lie algebra cohomology class.
3.2.2. Automorphisms. We will denote the group Aut’(W,(V)) of continuous C[A]-linear au-

tomorphisms of Wy (V) (with continuous inverses) by G = G". First of all, we will show that @@

can be integrated from Fypg”", by showing the decomposition of (A?‘h/ analogous to the decomposition in
the corollary 3.2.6.

PrROPOSITION 3.2.8. The group Gh decomposes (canonically) as
Gl ~ exp Fig" x Sp(V).
PROOF.
Suppose ¢ € G}, then by continuity it will preserve the filtration F,Wy(V), i.e.
P(FpWr(V)) = FyWr(V).
Let @,: Wi(V),, = Wg(V),, be given by
en(w) = p(w) mod F 11 Wi (V)
for all n > 0. Note that ¢, is a well-defined C-linear map, it is invertible with inverse given by
ot = (p71), and it satisfies ¢, (hw) = kg, (w). Note that, since
Wir(V)n = Wa(V)1Wa(V)n—1
for all n > 0 and
Ontm (VW) = 9y (V)om (W)
for all v € Wy (V),, and w € Wg(V),,, we find that ¢,, is determined by 1.

Consider the map p: Gh - Sp(V) given by ¢ — 1. Indeed, if v,w € V*, we have

ihi(1(v), p1(w)) = [e1(v), 1 (w)] = @1 ([, w]) = tho(v, w),

which shows that ¢1 € Sp(V). Suppose on the other hand that A € Sp(V'), then the natural action
on V* extends to an algebra automorphism of Wy (V) (also denoted A) and we clearly have 4; = A
as elements of Sp(V). Note that this actually defines a section of p. Thus, to show the proposition,
we only need to show that

Kerp = exp Fig".

Suppose ¢ € Ker p, then ¢; = Id and thus ¢,, = Id for all n > 0. This means that
((p . Id)(FpWh(V)) C Fp+1Wh
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for all p. Let us denote

o (D! k
D, :=Log ¢ := ZT((‘D_Id) .
k=1

Note that D,, is a well-defined continuous endomorphisms of Wy (V'), since (¢ — Id) raises degrees. A
routine computation shows that D, is always a derivation. So, since D, raises degrees, we find that
D, e Flgh.

©

On the other hand, suppose D € Fg". Since D raises degrees, the map ¢p € End(Wy(V)) given
by

pp:=expD := Z T
k=0
is well-defined. Another routine computation shows that ¢p(ab) = pp(a)ep(b) and ¢p is invertible
with inverse ¢ _p = (¢pp)~!. Thus we have a map Fig" — G". Note that, by definition of ¢p and
the fact that D € F;g" raises degrees, we find that (¢p); = Id. In other words ¢p € Kerp for all
D € Fig". Now note that, by direct computation,

Log expD =D and expLogp =
for all D € Fig" and ¢ € Ker p. This shows finally that Kerp = exp Fig". So we have the sequence

0 — exp Fig" — G" — Sp(V) = 0

which splits, as noted above. This shows that Gh ~ exp F1g" x Sp(V). |
REMARK 3.2.9. Note that, since Fig" = Pgn(%Wh(V)g) by proposition 3.2.1, we can go a bit
further. Namely, given D € Fyg", there is Sp € F3Wj(V) such that -[Sp,—] = D. For S € FsW(V)
let us set k( )
Ad >~ — k Sn—k Sk
o () @ =23 s e

for all @ € Wy (V). Note that this is a well-defined automorphism, since it is easily deduced that
exp D(a) = Ad exp (Sf[_;> (a).
i
Thus we see that 1
exp F1g" = Ad exp EWE(V);:, cGh
and so

G ~ Ad exp (W) X Sp(V).

DEFINITION 3.2.10. The filtration F,g" of F;g" induces the filtration
GM=GioGln. . >GieGl b
given by GZ = exp Fpgh for p > 0. The remark 3.2.9 shows that the G < GI'_| are normal inclusions.
ProrosIiTION 3.2.11. The group G" has the structure of a pro-finite dimensional Lie group.

PROOF.
As shown above, the map
exp: Figh — G%
is a bijection. Thus we topologize G accordingly. This provides G" with a topology, i.e. disregarding
the group structure we have G" ~ Fyg" x Sp(V). This will also provide the quotients

57 = GG/G?
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with the quotient topology. Note that é? ~ Sp(V) as Lie groups and
éf ~ C" x Sp(V)

i—1
2 +k—1\
’I’Ll:Z( k )Sk}7

k=1

as topological spaces. Here

where ‘
S =#{0<¢<ilg=kmod2 and k <i}.

Note that each of the é:l for ¢ > 0 comes with the quotient map é? — Sp(V). This is a

continuous group homomorphism and allows for the section Sp(V) — G& — @ih where the first map
is as in proposition 3.2.8. Recall the nilpotent Lie algebras FTg" of proposition 3.2.5. Since they
are nilpotent, the Campbell-Baker-Hausdorff formula provides them with the structure of a Lie group
which we will denote G'fp . It follows that we have the exact sequences of topological groups

—h
O—>G§p—>Gp—>Sp(V)—>O
and thus we find that . ‘
G; ~ G x Sp(V)
defines the 2d? 4 d + n;-dimensional Lie group structure on the quotients é?.

Consider the sequence
—>@Z+1 —>§Z — .. —>§Z — Sp(V) — {Id}
of Lie group homomorphisms. Clearly we have

Gy =Gy =1lmG,
P
giving @?, the structure of a pro-finite dimensional Lie group.

3.3. Hochschild and Cyclic Homology

Finally, let us consider some invariants of the formal Moyal-Weyl algebra, namely its Hochschild
and cyclic homologies. They will not play a role in the Fedosov construction or the classification of
group actions on symplectic deformation quantizations. However, since the algebraic index theorem
6.1.22 is essentially a product formula in cyclic cohomology, they will play a key role in the (equivariant)
index theorem. The following is based on the article [14]. In the following we will usually denote the
completed tensor product over C[h] by ®.

3.3.1. Hochschild Homology. Let us start by considering (and computing) the Hochschild
homology of Wy (V). The computation will be greatly simplified by considering a smaller complex
with which to compute the Hochschild homology of W (V) than the one introduced in the appendix
A.2.1. This smaller complex also clearly shows the link between cyclic homology of the formal Moyal—
Weyl algebra (oo-jets) and (formal) de Rham cohomology.

DEFINITION 3.3.1.

e For p € Z>, let
KP(V) = Wi(V) @ N V7,
where the tensor product is over C, and define
di: KP(V) — K2 H(V)



3.3. HOCHSCHILD AND CYCLIC HOMOLOGY 58

by C-linear extension of
p .
wRVIA . Avp = Y (D) v, w] @i AD AL Ay
i=1

where the bracket denotes the commutator in Wy (V) (V* — Wy (V) is given by the inclusion
in the tensor algebra) and the hat denotes omission. Note that d% = 0 yielding the complex
(K;,dr), which we call the Koszul complex of Wg(V).

e Let us denote the commutative algebra S*(V') by Oy. Recall the remark 3.1.32 and note
that it implies that Oy has a C°° (V') module structure through the map

2% oJf;,OO: Cc®(V) — @V

(see remarks 3.1.21 and 3.1.32) and the commutative algebra structure on Oy. Denote by
Q*(V) the C°°(V) module of differential forms on V' and denote by dqr the usual (de Rham)
exterior derivative. We denote
Qy =0y ® Q(V).
o)
Let
dar: Oy — Oy ® Ql(V)

(V)
be defined by

dar (pv (T (F)NX) = @v (I (S () (X))
for all smooth vector fields X € Vect(V). Let

e QYY) @ Q) — QYY)
o> (v)
be given by
emew)=nAw.
Finally, we define
d: QF — Qb
as
d=(1®e€)o (dar ®1) + 1 ® dar.
Note that d is well-defined (although dgr ® 1 and 1 ® dgg are not). It is easily verified that
d? = 0 and we call (Q{,, cz) the formal de Rham complex of V.

Note the similarities between the formal de Rham complex and the objects with the same notation
in the proof of proposition 3.2.1.

PROPOSITION 3.3.2. There is an isomorphism of chain complexes of C[h]-modules
(Kp(V),di) — (Qy°[2d][A], ihd).

PROOF.

Recall the map

Qv: WH(V) — Wy(V)
from definition 3.1.39 and note that it yields, in particular, an isomorphism of the underlying C[A]-
modules

qv: Wi(V) — Ov[h].
Note also that, for the vector space V', we have the canonical identifications T,V ~ V for all v € V.
These yield the isomorphism

ey O°(V) e NV — QUV).
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Putting these two together, we obtain the isomorphism of C[A]-modules

Wh%/\'v*%cf)v[[h]] ® C”(V)%/\'V*%@V[[h]] ® (V).
% (v)

Co (V)

Now consider the isomorphism
Nve— Ny

given by

’Ul/\.../\’Uq|—>L§1...L§qw/\d
where ¢, denotes the interior product with v and 7; is characterized by w(7;, w) = v;(w) for all w € V.
Combining this with the isomorphism above provides the isomorphism

Ki(V) =Wag NV S 0vln]l_® 0" (V) = 07 [A]
(V)

which we denote by Ky . The formula (3.1.7) yields that, under the identification K (V) ~ Q{,, we
have

q
dr(f@vi A .. /\vq:Z 1) M g, df) @ Vi AL AT AL Ay

Thus we have
q

Kyodg(f@uiA...ANvy) = ihZ(—l)kil(bgkéif)Lgl el ..z,ng/\d.

On the other hand
ihdo Ky(f @ v A...Avy) = ihd(fug, ... 15,0 = ih(df)im, .. W™,

q
where the last equality holds since w and the v, are constant. Suppose 0 # f®wviA...Av, and note that
this implies that the vy are linearly 1ndependent Thus we can extend them to a basis {vl, cey V24 )
of V*. Denote the dual basis of V* by {v;}2Z,. Finally, the facts that df = id 1(kadf)vk and
vy, A g, =1, for any differential form 7, imply that

Ky ody = ihd o Ky

PROPOSITION 3.3.3. The natural inclusion
iv: (Ki(V),dg) — (CH"(Wy(V)),0)
i a quasi-isomorphism.

PROOF.
First of all, by the natural inclusion we mean the map

e(T
wRurA... \Nvg — Z (—')w®UT(1)®...®UT(q)
TES,

for all w € Wg(V) and v, € V* where €(7) denotes the sign of the permutation 7. It is easily checked
that this identifies (K3(V),dx) with a subcomplex of (CHo¢"(Wp(V)),b). As noted in the remark
A.2.3, the Hochschild complex represents the left derived tensor product of Wy (V) with itself over
Wr(V)e. In fact it is given by tensoring the normalized bar complex

S Wa(V)E @ WA(V) —s Wa(V)E @ Wa(V) — Wa(V)°

with W (V') over W;(V)e. Note that in this last complex the tensor product is over C[h], completed
and the maps are continuous. Similarly, we have the sequence of free Wy (V') bimodules

S WE(V)E@ RV — Wh(V)E @V — Wi(V)e
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where the maps are given by restriction of the maps in the bar complex (again viewing this as a
subcomplex in the complex above using the equivalent of ¢/). Note that the tensor products are over
C in this complex and that tensoring with Wy (V') over Wy (V)¢ yields the Koszul complex of W (V).
If we can show this second complex is acyclic, this means both define a resolution of Wy (V') and this
proves the statement of the proposition.

In order to determine acyclicity, let us consider the filtration F'Wj (V) (i.e. the filtration given by
powers of /i analogous to FW"(V)). Note that the maps in the sequence above respect this filtration
and all the graded quotients are isomorphic to the (formal) symmetric algebra of V*. This means
that, if we can show that the complex

s SV RV S (V) @V — S (V)
is acyclic, the complex concerning Wy (V) is also acyclic.

o —

The complex concerning S'/(%) is graded by adding the grading of S*(V*) (the o) and of the
exterior powers, i.e.
lf@uiA...Avgl=|fl+¢

_—— e

for homogeneous f € S*(V*) . Considering the corresponding filtration and spectral sequence, we find
that the complex above is acyclic if and only if

o ST VERNVE S ST(VHERVE — SH(VH)E
is. This can be seen more directly as follows. Let us denote by D and D the differentials in the
complexes considering S*(V*) and S'/(W)e respectively. Then if D(3°°  7,) = 0, where we denote by
Tn € S'/(W)e(@/\q V* the homogeneous degree n components, we also have D(7,) = 0 separately. Thus
if the complex concerning D is acyclic we can find homogeneous elements o, such that D(c,) = 7,,
but then D(3°0° 0y) = Y oo T since D is continuous. The complex concerning D is in fact acyclic,

since the Koszul dual of S*(V*) is /A V [79] (also explaining the name of the Koszul complex). This
shows the acyclicity of the above complex, since it is the Koszul resolution of a Koszul algebra. O

COROLLARY 3.3.4. We have
0 if @ > 2d
HH,(Wp(V)) ~ < C[A] if e =2d
T A 2d—(o+1) .
dsyy, if 0 < o< 2d.

The corollary follows for e > 2d since the Koszul complex is finite. For e = 2d it follows from
proposition 3.3.2 and since the formal de Rham 0-cocycles are given by the (oco-jets of) constants C,
while Q;l = 0. For 0 < e < 2d the proposition follows from the isomorphism in proposition 3.3.2
and the formal Poincaré lemma [76]. Note that in this last case we still find the 2d — e-coboundaries
because of the factor iA multiplying d. The results will take a much nicer (and more useful) form if we
get rid of these last cocycles by formally inverting i. In other words, we can extend scalars from the
ring C[A] to the field C[A~!, i] of Laurent series in 4. Note that this means we will be considering the
Hochschild (and later cyclic) homology of Wy(V)[A~!] as a C[A~!, A]-module, i.e. we should replace

the relevant tensor products by tensor products over this field.
PROPOSITION 3.3.5. There is an isomorphism
(Q{/[hila h]]a ZhdA) — (Q{/[h717 h]]7 CZ)

PROOF.
Consider the map
I:Qy [~ h) — Q4 1)
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given by multiplication by (i)~ on QF[h~1 h]. This is clearly an isomorphism that intertwines ihd
and d. O

COROLLARY 3.3.6. The Hochschild homology HH,(W(V)[A~1]) vanishes unless @ = 2d and we
have HHoq(Wy(V)[R™1]) = C[h~*, A].

This corollary follows easily from the above previous propositions and the formal Poincaré lemma.
REMARK 3.3.7. Note that we also find the explicit generator 1 ® ‘*gl—? of HH,(Wp(V)[h™1]) over

C[h~ 1, h]. Note that both @@ and gl act on CHoh (W, (V)[A~1]). However 1 ® “;—T is not a fixed point

for these actions. It is a fixed point for the action of the subgroup Sp(V) < (A;"h/ and Lie subalgebra
sp(V) < g, however.

REMARK 3.3.8. Note that the preceding discussion supplies an explicit quasi-isomorphism

(@1 nl(2d), d) — (CHen (W (V)1 0),

given by the isomorphism (Q*‘[h’l, h][2d], (i) ~ (K3 (V)[h~'],dk) defined above and the inclusion

of the latter complex into CHo"(Wy(V)[A~1]). It does not supply a quasi-inverse automatically. A
quasi-inverse is given by fixing a complementary vector space W such that

Ofloch(wﬁ(v)[hfl}) ~ iy (Kﬁ(v)[hil}) oW

or even fixing a space W complementary to the space spanned by the generator mentioned above. Of
course the quasi-isomorphism then factors through the projection onto the complement of W.

3.3.2. Cyclic Homology. Finally let us compute the cyclic homology of Wy (V)[h~1].

ProroOSITION 3.3.9. We have

0 f e=1 d 2
HOX (Wn(V)[RT)) = {(C[h—l 1] Z =0 ZZd 2.
0 if e=1mod 2

HC; (Wi(V)[h™Y) =~ Clh~ ', k] if e =2p where p<d

0 if @ =2p where p > d.
and
0 if e=1mod2
HC,(Wr(V)[A ') ~ <0 if ® = 2p where p <d
Clh=Y,n] if e=2p p>d.
PROOF.

We can consider the (naive) spectral sequence associated to the double complex used to define periodic
cyclic homology (CHoh(Wy(V)[R~1]),b, B). In other words, suppose

Ap = (ap,uas, ..., uPasy,, ...) € CCYT(WL(V)[A])
is a periodic cyclic 0-cycle. This means we have
BCLQP_Q + bagp =0

for all p > 0, where we set a_s = 0. In particular bay = 0 and the computation of Hochschild homology
implies there exists a; € C{1°" (W (V)[h™!]) such that ba; = ao (unless d = 0). Then we have

b(CLQ — Bal) = Bao + baz =0
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implying existence of az € CH°¢" (W}, (V)[h~!]) such that basz + Ba; = as (unless d = 1). Continuing
in this way we obtain (a1, as, ..., asq—1) such that

basp 1 + Bazp 1 = azp.

Thus we find that b(azq — Baaq—1) = 0. Since the Hochschild homology does not vanish in this degree,
we cannot assume existence of agqt1 € C125 (Wr(V)[h™]) such that

bazas+1 + Baga—1 = azq.

Assume for a moment that we can find such as441, then we are back in the position we were before
and can continue to obtain

) b+uB

(a1,uas, ..., vPagpt1,...) — (ao,uas,...,uPagy,...).

This shows that, if Cy is another 0-cycle, then the class of Cy equals the class of Ag if and only if
the class of asq — Bagg—1 equals the class of cog — Beag—1 in Hochschild homology. If we would have
started with a 1-cycle Ay, there would have been no obstruction at all to finding a 2-chain A, such
that (b+ uB)As = Aj, since the Hochschild homology is generated in even degree. Note that, since
the periodic cyclic homology is 2-periodic, we are done. The computation of the negative cyclic and

cyclic homology is done in a similar way.
|

REMARK 3.3.10. Note that the representative of the generator of Hochschild homology 1 ® “jd—?
also provides the generators for the cyclic homologies (after multiplication by the suitable powers of
u). In other words, we find that

HCZ (W(V) [71]) = k7 @ Cla)[-2d
HCL (Wa(V) [71]) = k™ @c Cla)[-2d]
and
HC, (W (V) [n7Y]) = k ®c Cla)[—2d],
where « represents [1 ® “;—?], i.e. it is a degree 2d element, while
EPer .= C[h™, h]u™, u]
k™ = C[h ™, h][u]
and
k:=Clh ™ ")
We recall that |u| = —2 and we are considering cyclic homology of C[A~!, h] modules.

REMARK 3.3.11. We will not compute the cyclic homologies of Wy (V') without localising at #,
mainly because the result is messy and not very illuminating. It can be computed in much the same
way as above, however one will have to use the Hochschild homology of W (V') instead. Note that,

after localising at A, both the Hochschild and cyclic homologies are directly analogous to the Hochschild
and cyclic homologies of the classical (non-formal) Weyl algebras [78].



CHAPTER 4

Formal Deformed Geometry and the Fedosov Construction

In this chapter we will present the framework of formal geometry in the deformed setting and the
well-known Fedosov construction of deformation quantization algebras [46]. To do this we will show
that the framework of formal geometry, developed in chapter 2, has a counterpart when starting with
a symplectic deformation quantization Aj(M) instead of the smooth functions on a manifold. This
will allow us to define the characteristic class of the deformation quantization as the image of the
formal Weyl curvature, mentioned in the remarks 3.2.2 and 3.2.7, under a certain Gelfand-Fuks map.
After this, we will present the Fedosov construction to show every possible class can be reached by a
deformation quantization. Putting them together, we will have presented a proof of the well-known
result that the characteristic class is a complete invariant of symplectic deformation quantizations up
to gauge equivalence.

We will see that, in a sense, the framework of formal deformed geometry applies the Fedosov
construction in reverse. Starting with a deformation quantization and producing a Fedosov connection
and characteristic class. The Fedosov construction, on the other hand, starts with a class, constructs a
connection from it and produces the deformation quantization from the connection. Both viewpoints
will be relevant in the following chapters.

4.1. Formal Deformed Geometry

In this section we will finish the adaptation of the framework of formal geometry to deformation
quantization. Note that the first three parts of our “dictionary” have been obtained in the previous
section. We replace A by Ah, G by G" and W by g". Note that these replacements have many
properties analogous to the undeformed counterparts. For instance they come with gradings/filtrations,
corresponding topologies and splittings. In this section we will give the rest of the counterparts, i.e.
the manifold of non-linear frames M} and the Kazdan connection wf(/f. We will also show how this

leads to Fedosov connections.

In order to define the framework of formal geometry, we will need to fix a deformation quantization.
So, for the rest of this section (M,w) is a 2d-dimensional symplectic manifold and Ay (M) is a fixed
deformation quantization of this manifold. Many constructions will depend on the specific deformation
quantization we choose, however we will mostly surpress any notation referring to it directly.

DEFINITION 4.1.1. We will denote the principal symbol map, given by setting i = 0, by
o: Ap(M) — C*(M).

Note that o is an algebra homomorphism. Given an algebra homomorphism ¢y : Ap(M) — Ax(X),
where Ap(M) and Ay(X) are both deformation quantizations, we say it extends or lifts the smooth

63
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map p: X — M, if the following diagram commutes:

An(M) — " A(X)

(M) ——— C(X)

An Ap(M)-adapted chart consists of a coordinate chart ¢: R?? — M together with an isomorphism
on from Ay (U) to the Moyal deformation of R?? which lifts ¢.

DEFINITION 4.1.2. We define the manifold of non-linear deformed frames Mh as
My, = {gpmz flm,h = Agd} ,
where we mean continuous algebra isomorphism and we recall the definition of ftmﬁ in remark 3.1.22.

The pro-finite dimensional manifold structure on M, 1 is given in essentially the same way as in the
undeformed case. This is possible because the translations

Tia: (R*,0,0) — (R*, (1,4),w)

are symplectic transformations, for any (I,¢) € R??, and moreover they define algebra automorphisms
of the Moyal deformation by translation invariance of the product (3.0.2). So we construct charts for
Mh, as in the undeformed case, by starting with an Ap(M)-adapted chart U on M and then covering
My, by charts of the form R2¢ x G" as in (2.2.1) and (2.2.2). Note that we have already provided the
manifold structure on G" in proposition 3.2.11.

PROPOSITION 4.1.3. There is a natural homomorphism
WhM(SDm): Ty, Mp — gh>

for all v, € Mh, such that w?, defines a one-form in Q (Mh) ® g" satisfying

1
dwhy + i[w]@,w?/[] =0, (4.1.1)

where d denotes the exterior derivative.

PROOF.
Note that the proposition is simply a duplicate of theorem 2.3.3 where we replaced every object by
their deformed counterpart. The construction of wf, and the proof of the proposition are in fact
identical so we will refrain from writing it here. O

In order to proceed with our considerations of the framework of formal geometry we would like
to know that Mjp is a principal bundle both over the manifold M and over the frames bundle of
M. Instead of considering the general linear frames bundle, we will have to reduce to the symplectic
frames bundle, since the isomorphisms @, : flmﬁ — A;Ld always induce symplectomorphisms of the
complexified cotangent spaces. Note also that we find the complexified cotangent bundle instead of
the real cotangent bundle. Thus, we will need to make the following adaptations to the undeformed
case.

First of all, we adapt the definition 2.3.5 by using the bundle of symplectic frames Sp,; — M
instead of j1(M) and the symplectic group and Lie algebra instead of the general linear one. Suppose
L is a GL(2d, R)-module, then, since Sp(2d,R) C GL(2d,R), it is also an Sp(2d, R)-module. We note
that the two definitions of differential forms on M with values in LL,; coincide. This is to be expected
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due to the remark 2.3.6. To deal with the issue of complexification we note that, if (V,w) is a complex
symplectic vector space such that V = Vg ®g C and w = wr ® 1 for some real symplectic vector space
(Vr,wr), then we have the inclusions Vg — W (V) and Sp(Vx) < Sp(V'). This leads to the following
adaptations.

DEFINITION 4.1.4. Suppose (V,w) = (Vg ®r C,wg ® 1) is a complexified real symplectic vector
space. We define the reduced group G:«i,v = G as the subgroup G" ¢ G" given by

GI' = exp Fig" x Sp(Vr) < exp Fig" x Sp(V) = G,

where we use the canonical decomposition of the lemma 3.2.8 and the inclusion Sp(Vr) C Sp(V') given
by the fact that V' is a complexification.

DEFINITION 4.1.5. We define the reduced manifold of non-linear deformed frames Mh,r - Mh to
be the submanifold given by those isomorphisms ¢,, such that the induced isomorphism

(Sﬁm)1 : T:;LM Qr C — T(TRQd ®r C
is induced by a local symplectomorphism (R2,0) — (M, m).

Now note that, if we denote the symplectic linear frame bundle (as associated to the cotangent
bundle, i.e. with a left action of Sp(2d,R)) by Sp,,, then we have the map 7 ,: My, — Sp,,, which
defines a G"-principal bundle. We have the following lemma analogous to lemma 2.3.7.

LEMMA 4.1.6. There exists a Sp(2d, R)-equivariant section
FT‘: SpM — Mﬁ
of the map my ,: Mrh — Spus-

PROOF.
The proof of lemma 2.3.7 still holds by proposition 3.2.8 and definition 4.1.4. O

Let us fix such a Sp(2d, R)-equivariant section F,., denote the inclusion Mfw — Mh by ¢, and
denote the composition ¢, o F}. by F. Again we can pull-back the one-form wﬁ/l by F' to obtain

Al = Frolh € QY (Spy) @ o™
Note that A% also satisfies the Maurer-Cartan equation (4.1.1) simply because w?, does.

We define the notion of a (g”, Sp(2d,R))-module L analogously to definition 2.3.8, note that we
consider real Lie algebras. Again we find that dqr + A%A defines a square-zero operator on Q*(M;L)
for any (g", Sp(2d, R))-module L.

PROPOSITION 4.1.7. Suppose L is a (g", Sp(2d, R))-module, then the map
GFlp: (Chie (", 59(2d,R); L), Opse) — (Q°(M;L), V),
where Vi = dar + A%LA, given by
GFy 00X, -, Xp) (fm) = X(AR(X1) (fin) - - AE(X) (Fin),

for x € OV, (gh,sp(2d, R);]L), fm € Spyr and X1, ..., X, vector fields on Spy;, is a well-defined map
of complezes.

PROOF.
Again the proof is identical to the proof of proposition 2.3.9. O

NOTATION 4.1.8. We shall denote the most usual W (V), for (V,w) = (R?? ®g C,ws ® 1), simply
by Wh.
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We will see that the differential V% is a Fedosov connection in the sense of [89]. From the point of
view of the Fedosov construction we would assume that the kernel of V% on Q*(M;W},) is isomorphic
as an algebra to Ay (M). From the formal geometric point of view we would expect the same due to
proposition 2.4.2 and the fact that the deformed bundle of jets is easily identified with the bundle
associated to Sp,, (or Mh) with fiber W,

PROPOSITION 4.1.9. The map
TZnt (An(M),0) — (Q° (M;Wy), Vi)
given by f — (p+— F(p)JTffp)f) for all f € Ap(M) and p € Spy; is a quasi-isomorphism of differential

graded associative algebras. In other words Ap(M) ~ KerV"% as algebras and (Q’ (M;Wp) ,V%) 18
acyclic.

PROOF.
Again the proof is essentially identical to the proof of proposition 2.4.2 when one considers the spectral
sequences associated to the h filtrations on Wy and Ay (M). O

REMARK 4.1.10. Suppose for a moment that M = R?? with the standard symplectic structure
and let Aj(R??) denote the Moyal deformation. Then both Spges and R24 are trivial bundles over
R2d. The trivialization is given by the standard (Darboux) coordinates 1, ...,2q4,&1,...,&s. Then
note that, by similar reasoning as in the proof of proposition 2.4.2, we find that

d
= dwi ® 0z, + d&; © 0, = Ap € Q' (M) @ g".
i=1
Or in other words, we have Ap(0s,) = =0y, and Ap(9¢,) = —0,, which can also be expressed as

1
" ih
Now suppose, denoting the coordinates (z1, ..., &q) simply by , we have f(z,2) € Q0(M; W}), then we
see that, in these terms, V}f = 0 simply means that f(x, %) = f(z+2) for some f € C>°(R?%)[h]. Note
that a general symplectic manifold is locally symplectomorphic to R2? with the standard symplectic
structure and deformation quantization is local. This means that we can always find a cover by

coordinate neighborhoods U such that the deformation quantization is given by sections of the form
g(z +2) € QOU, Wp,) for some g € C>(U)[h].

AF(X) [W(X7_)7_]‘

Let us conclude this section on the framework of formal deformed geometry here, even though we
have not yet given any application of the Gelfand-Fuks maps constructed in proposition 4.1.7. These
applications will follow in the last section of this chapter, where we consider the characteristic class of
the deformation quantization, and more intensively in the chapter on the algebraic index theorem. For
now we should like to make the relation between the above framework of formal deformed geometry
and the Fedosov construction of deformation quantization clear. To do this, we will first need to
present the Fedosov construction itself, of course.

4.2. The Fedosov Construction

The Fedosov construction of deformation quantization will be used in this thesis to present the
classification of symplectic deformation quantizations and also to give the classification of group actions
on symplectic deformation quantizations in the following chapter. Thus it is a good idea to recall the
construction here. There are very many excellent sources on this topic however, [114, 48, 89, 65] to
name a few. The Fedosov construction refers to the process of defining a deformation quantization,
given a two-form, by constructing, in an iterative manner, a certain flat connection in the formal Weyl
algebras bundle [48]. One then shows that the flat sections for this connection are isomorphic to a
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deformation quantization of the manifold M. The following, including proofs, is from the book [48]
by B. Fedosov.

DEFINITION 4.2.1. The Weyl algebras bundle W — M is the bundle of algebras associated to
Spjs with the fiber Wy,

We shall sometimes denote the product on W by %. It shall be convenient to work in the setting
adopted in [114] and [48]. This means that instead of the construction W we shall use the (naturally
isomorphic) construction W". Note that, in this setting, we have three (natural) gradings on the
underlying C-module.

e Firstly, we have the degree induced by the weight in the tensor algebra, i.e. the element
hPv; ® ... ® vy is of tensor degree I. We shall denote the homogeneous elements of tensor
degree [ by W@(z)

e Secondly, we have the degree induced by the powers of &, i.e. APv; ® ... ® v; is of degree p.
We shall denote the homogeneous elements of h-degree p by th( )

e Finally, we have the total degree which combines the tensor degree and twice the h-degree,
ie. BPv1 ® ... ® v is of total degree 2p + [. We shall denote the homogeneous elements of
total degree k by Wf(k).

Note that, with the undeformed product, W” is a graded algebra for each choice of grading. For
the deformed product, W" is only a graded algebra when one considers the total degree.
DEFINITION 4.2.2. We define the one-form A_; € Q! (M Wt(1)> as the composition
NTM) —T(T*M) — T (W).

Here the first map is the isomorphism given by the symplectic structure and the second map is given
by the fact that 7*M is the bundle associated to Sp,; with fiber Ry; (the dual of R2?) and Ry
includes, Sp(2d, R)-equivariantly, in W". We define D_; as the one form with values in g" given by
D= Pgn(%A,l).

The following lemma summarizes some facts about A_; and D_;. We will use the Einstein
summation convention in this section.

LEMMA 4.2.3.
(1)
D_y: QF (M Wt(l)) — QM1 (M Wia- 1))

(2) D_1(A_)) =w € Q2 (M Wf(o))
(3) D2, =0
(4) D_4 is an anti-derivation w.r.t. the degree of differential forms.
(5) A1y = w7 @ dat
(6)
o€ g @da AL Nda) ==Y €L S g @datr Ada?t AL A da
p=1
where (U, zt, ..., 2%%) is a coordinate chart on M, w;j is the symplectic form tensor in these coordinates

and £ = dx* as a section of the bundle with fiber W™ over U and the hat signifies omission in 6.

PROOF.
Numbers 1, 3, 4 and 5 follow directly from the definitions, number 6 follows from an explicit compu-
tation and number 2 follows from number 6. ]
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PROPOSITION 4.2.4. Suppose U, ' and &' are as in lemma 4.2.3. The map
Wii: Q (M;Wh) — Q° (M; Wh)

given by | | | |
Warlo (€7 ...6%) @ (da?t A ... A da?t)) =

l
1 o , _ ,
= S (e ) @ (datt AL Adad AL A da))
k41 ( )

where the hat signifies omission, is globally well-defined and satisfies the properties
(1) (W) =0,

(2) Wirs @ (MW ) — 0 (MW )

(3) (D_1oWy1+Wyi0D_1)(a) =a for all a € QF (M, W%(l)> such that k+1> 0.

PROOF.
The fact that W, 1 is globally well-defined follows from explicit computation of behaviour under coor-
dinate transformations. The other properties can all be checked explicitly from the local formula for
W41 and the local formula for D_; given in lemma 4.2.3. O

DEFINITION 4.2.5. We define the symbol map [48]
on: Q (M; W) — Q° (M; W")

by
O = Id — D_1 OW+1 +W+1 OD_1.

Note that oj, = Id on Q9 (M;Wfé(o)) while o, = 0 on QF (M, W%(l)) if k41> 0. Note also that op

factors as
Q* (M;W") — C°(M)[h] = T (W),
where the inclusion comes from the inclusion of scalars in the tensor algebra.

The space of connections in a given bundle is isomorphic to the space of one-forms with values
in the linear endomorphisms of that bundle as affine spaces. This means that, relative to a given
connection, every connection is uniquely determined by such a one-form. The Fedosov construction
proceeds by solving certain equations involving the one-forms used in defining a Fedosov connection
relative to some symplectic connection. Let us first introduce some notation and consider some facts
about such symplectic connections. Given any linear connection, we can, by the usual trick used for
instance in [97], construct a torsion-free symplectic connection. Since a linear connection always exists
[48], let us fix a choice of torsion-free symplectic connection Vg. Recall that a symplectic connection
is a linear connection such that Vow = 0. Note that any symplectic connection defines a connection
in W, since we can extend the action on the generators (T*M) of the tensor algebra to a derivation
and we have

Vo([v,w]) = Vo(ihw(v,w)) = (Vov) @ w + v ® (Vow) — (Vow) @ v — w ® (Vov) — Vo (ihw(v,w)) =
[Vov, w] + [v, Vow] — Vo (il (v, w)) = tho(Vov, w) + thio(v, Vow) — Vo (il (v, w)) = 0.

DEFINITION 4.2.6. We define the two-form Ry € Q2 (M; Wf@)) by the local expression

1 o
ZwimR%l(gl * &) ® (dwk A dxl)7
where again we use the notation of lemma 4.2.3 and R, is given by the usual curvature tensor

corresponding to V.

LEMMA 4.2.7. The symplectic connection V satisfies the following properties:
(1) VoA_1 =0,



4.2. THE FEDOSOV CONSTRUCTION 69

(2) D_1o0Vog+VgoD_1 =0 and
(3) Via = 7[Ro,a] for all a € Q*(M;W").

PROOF.
The first property follows from the torsion-freeness of Vj, the second one follows from the definition of
D_; and the third property follows from the definition of the lifting of the linear symplectic connection

VO to W. O
NOTATION 4.2.8. Given A € Q' (M;W"), we denote
1
= —[A, —].
Va:i=Vg+ zh[ ;=]

We also denote Ay := A — A_1.

By definition, a connection in a bundle of algebras is given by a connection in the underlying
vector bundle that acts by derivations. By proposition 3.2.1, this means that any connection in W is
given by V 4 for some A and some V.

DEFINITION 4.2.9. A Fedosov connection is defined to be a connection V4, for A € Q! (M;Wh),
such that Ay € Q! (M;Wf<>3)> and V2 = 0.

DEFINITION 4.2.10. For A € Q! (M;Wﬁ), we define the curvature 24 of V4 by

1
QA = RO + VO(A) + %A*A

REMARK 4.2.11. Note that we have V4 a = %[Qma], by definition of 24, and V404 = 0 by a
simple computation.

We have the following corollary of lemmas 4.2.3 and 4.2.7 and definition 4.2.9.

COROLLARY 4.2.12. Suppose V 4 is a Fedosov connection, then
1
Q4 =Ro+w+ D_1(An) + Vo(An) + %AN * Ay
and Q4 is central.

DEFINITION 4.2.13. Given a Fedosov connection V 4 we define
1
04 := Ry + D_1(An) + Vo(An) + %AN * AN.

Note that 04 € Q*(M)[A] is a closed two-form by remark 4.2.11.

THEOREM 4.2.14. (Fedosov)
For any closed two-form 6 € Q2(M)[h] there is a Fedosov connection V 4 such that

04 = ih8.
PRrROOF.

Note that the theorem requires us to show that there always exists a solution Ay to the equation

for 84 above. However, let us first show that there exists a one-form B € Q! (M ; Wf'(>3)) such that

1
B = —W+1(RO — Zhe) — W+1(VOB + EB * B)
To show this, let Ag = —W_1(Rp — ¢hf) and consider the recursively defined sequence

1
A, =A)— Wi (VoAn_1 + %An—l *Ap_1),
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for n € N. We will show that (An)nezzo is a Cauchy sequence in the complete metric topology given
by the total degree filtration. Note that this means it is enough to show that

Ay = Ansr € @ (MW, )
for all n € Z>y.

We will show this by 2 inductions. First, note that Ag = —W,1(Ro — ihf) is of degree 3 since
both Ry and ihf are in degree 2 and W, raises degree by +1. Now, suppose Ay is of degree greater
than 3 for all k below some n € N, then A,, = Ag — Wy1(Vodn_1 + %An_l * A1) is also of degree
greater then 3 since all the summands are. In particular A, + A, _1 is of degree greater than 3 for all
n € N.

Secondly, note that
1
Ay — A = W+1(VOAO + %Ao *Ao).

On the other hand VA4, € Q(M; W?(B)) since V| preserves degree and obviously %AO*AO is in degree
4. So, Ay — A; € QI(M;Wf(>4)) (since W1 increases degree) and the base case of our induction is
established. Suppose Ay — Ap41 is of degree greater then k + 4 for all k <n € Z>g. Now

+ %[Anfl +An, A1 — An])a

which must be in degree greater than n + 4, since A,_1 — A, is in degree greater than n + 3 and
An—1+ A, is in degree greater than 3.

An - AnJrl = W+1(VO(A7L - Anfl)

So, the sequence (A;)nez., is Cauchy and we denote A := lim A,. Now note that, since it
= n—oo

increases the degree of two-forms, W, is continuous on two-forms. Similarly, because it preserves the
degree of one-forms, V is continuous on one-forms. Furthermore, the map

* 0. h . h
given by B %B * B, also increases degree and is therefore continuous. Now note that, since A,, is
of degree greater than 3 for all n, so is .4 and so we have

1 1
AO - W+1(VOA + *A*A) = lim AO - W+1(VOAn + 7An *An) = lim An+1 = A
ih n—00 ih n—00
Note that A is completely determined by Ay and therefore by 6 and Ry. In fact, by simply writing
out the degrees of the equation for 4, one sees that A is the unique solution that is of degree greater

than 3. Lastly note that, by construction, W4 = 0, since (Wy1)? = 0.
Denote Ay := A and A := A_; + Ay, we have
W (24 — w — ih8) = War (Ro — ih8 + Vo s + = An Ar) + Wi Doy Ay = —Au + Ay = 0.
Thus we find that, since V4Q4 = 0 and V 4(w + ihf) = d(w + ih0) = 0, we have
Qa4 —w— il = Wi D_1 (s — w — ihf) = Wi (D_y — Va)(Qu — w — ilif).

Thus we see that we can compute Q4 —w — ik recursively, since W1 (D_1 —V4) = =W,V 4, raises
the degree. Now note that the degree 0 and 1 parts of {24 —w — ¢hf vanish since Ay is of degree greater
than 3, but this shows that Q24 —w — ihf = 0. Thus we see that in fact Q4 = w + A0 and thus V 4 is
a Fedosov connection and 04 = ih#. O

The proof implies the following normalization.

COROLLARY 4.2.15. Given a symplectic torsion-free connection Vg and a closed two-form
6 € Q*(M)[n], there is a unique A € Q' (M;W") such that
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V4 is a Fedosov connection,

the degree of Ay is greater than 3,
Wi1An =0 and

04 = ih0.

PROOF.
The fact that 04 = 76 in fact implies —D_1 Ay = Ry + VAN + #AN * An. This last equation and
the condition W1 Ay = 0 imply that Ay = —Wi1(Ro —ih8) — W41 (VoAn + %AN * An), which has a
unique solution of degree greater than 3. (|

The final part of the Fedosov construction consists in showing that the kernel of the constructed
Fedosov connection V4, given by the closed two form 6 and the torsion-free symplectic connection
Vo, is a deformation quantization. Let us fix a closed two-form 6 and let us preemptively denote
Ap(M) := Ker V 4, then we have the following proposition.

PROPOSITION 4.2.16. The map oy is a linear isomorphism onto the image when restricted to
AR(M) and the induced product on C°(M)[h] is a deformation quantization of (M,w).

PROOF.
Let f € C°°(M)[h], we shall also denote the image of f in I' (W), see definition 4.2.5, by f. Consider
the equation
a=f—-W;1(Va—D_q)a.
Note that, since the operator W, 1(V 4 — D_1) raises degree, we find that, if the equation has a solution
a, then this solution is completely determined by f.

As before, consider the sequence defined recursively by
ap = f— W+1(VA - Dfl)anfl

n

and ap = f, i.e. a, = Z(_WH(VA —D_1))"f. So we see that for k > | we have
i=0
k—1
ar—a; =Y (~W41(Va—D_y))"f.
i=1
Thus the degree of aj, — a; is at least greater than [ and the sequence is Cauchy. Denote by a; the
(unique) solution to the equation above. Note that

on(ar) = on(f) = on(Wi1(Va — D_1)ay) =
f=WuD_1+D_ Wy —1d)Wi1(D_y — Va)ay =
fHWi(Doy = Va)ay = Wi (Doy = Va)ay = f.
Note also that
—W+1vAaf = —W+1(VA — Dfl)af — W+1D,1af =ay — f- af+ Uh(af) =0.
Then we see that V 4ay solves the equation
b=-Wi1(Va—D_1)b

for b, but note that, as twice before, if this equation has a solution then it is unique, so we may
conclude that V 4ay = 0.

Thus we have obtained the map 7: C*°(M)[h] — Ap(M) given by 7(f) = ay. Note that 7 is
linear by definition. Moreover, we have shown that o (7(f)) = f. So, note that, if a € Ap(M), then

—Wi1(Va—D_1)a=Wi1D_ja =a— ox(a),

which shows that 7(o4(a)) = a and thus 7 = o, '
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The fact that the product on Ay (M) induces a *-product on C*°(M)[h] follows by construction.
|

This concludes our recollection of the Fedosov construction. In the following section we will
show, using the framework of formal geometry, that the construction actually only depends on the
cohomology class of the two form 6. Moreover, we will show that the class of 6§ provides a complete
invariant of symplectic deformation quantizations up to gauge equivalence.

4.3. The Characteristic Class of A, (M)

In this section we will show the relation between the Fedosov construction, presented in the previ-
ous section 4.2 and the framework of formal deformed geometry presented in section 4.1. To do this,
we should first show that the connection V% defined in proposition 4.1.7 is in fact a Fedosov connection
as in definition 4.2.9. After we have established this, we will proceed to define the characteristic class
associated to a deformation quantization. We will show that it is a gauge equivalence invariant and
we will use the Fedosov construction to show that it is a complete invariant.

Note that the definition of a Fedosov connection can be put into words in the following way. A
Fedosov connection is a flat connection on the Weyl algebras bundle which has values in the continuous
derivations of Wy. This allows us to split up the connection in terms of the grading of g" and a
Fedosov connection should have a specific degree —1 part, while the degree 0 part should be given by
a symplectic connection.

PRrROPOSITION 4.3.1. The operator V} defined in proposition 4.1.7 is a Fedosov connection.

PROOF.
We consider the operator V% of proposition 4.1.7 for the (g", Sp(2d, R))-module Wy, i.e. as an operator
in W. We want to show that it is a Fedosov connection in the sense of the last paragraph. Since it is, by
construction, a flat connection on the Weyl algebras bundle with values in the continuous derivations
of Wy, we actually only have to show that it is given by D_; in lowest degree and by a symplectic
connection in degree 0. To show this, note first that, by proposition 3.2.1, we can give V% relative to
a symplectic connection by providing one-forms with values in %W, ie.

Vi = Vo= Py (Z_lhBl> + Pyn (iliiB()) + Pyn <i1hBl) +...
The one-form corresponding to D_; in this way is simply X — Lw(X,—) € T(W) for all vector
fields X. Now, note that, by remark 4.1.10, we find that locally
d
V?“de = dar — Z dr; ® 0z, +d&; ® 851
i=1

in standard (Darboux) coordinates. More explicitly, we use the section given by
Spgea — R24 x Sp(2d, R) — R x G" — R,

analogous to (2.4.1). Which, by the identification (3.2.2), means that V%|g2a = dar + D_1, where
we note that on R?? the exterior derivative is a symplectic linear connection. Now we see that, by
naturality of w?,; the fact that (#Wh)_2 = £ and the fact that (#Wr)_, = 7 (R* ®@g C)*, the
degree —1 part of V% must be given by D_;. The fact that the degree 0 part of V% is given by
a symplectic connection follows from the fact that it is given by a section from Sp,; to the reduced
non-linear frames Mr, I

O
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In some sense, the framework of formal deformed geometry supplies a reverse Fedosov construction.
Rather than producing a deformation quantization from a Fedosov connection, it produces a Fedosov
connection, given a deformation quantization. Moreover, the produced Fedosov connection recovers
the deformation quantization we started with, in the sense of the Fedosov construction, by 4.1.9. We
will now show how this reverse Fedosov construction also recovers the two-form 6 appearing in the
Fedosov construction.

DEFINITION 4.3.2. The characteristic class, sometimes called Weyl curvature, of the deformation
Ap(M) is defined to be the class of 6 := GFJ(0) where GFY, is the Gelfand-Fuks map defined in

proposition 4.1.7 and the cocycle e C3.. (gh,sp(Qd, R); %) is the formal Weyl curvature defined

in remarks 3.2.2 and 3.2.7, where we construct the map & using the standard symplectic basis of R?,

REMARK 4.3.3. Note that in the remarks 3.2.2 and 3.2.7 the class 6 was actually constructed
relative to sp(R2? @ C). However, the inclusion of Sp(2d, R)in Sp(R?? ®g C) allows us to define the
class relative to sp(2d,R) as well.

(C[[h]]

Note that, similar to example 2.4.3, the fact that the action of g" on is trivial means that the

complex (Q' ( 761[[;]]) ,V%) has cohomology ( )[[ﬁ]]

H2(M)[h]
ih

PROPOSITION 4.3.4. The class [0] € s a gauge equivalence invariant.

PROOF.
Suppose Ap(M)' is another deformation quantization of M and ¢: Ap(M) — Ap(M) is a gauge
equivalence. Note that, in the terminology of 4.1.1, ¢ is a C[h]-linear algebra isomorphism that lifts
the identity on M. Since ¢ is defined in terms of differential operators and lifts the identity, we see
that it also induces continuous isomorphisms
0: Ay — AL
of the deformed algebras of oo-jets at each m € M This allows us to define the diffeomorphism
M — Mj, given by ®(p.,) = ¢m o ¢ (note that it preserves the reduced submanifolds). Since ¢
lifts the identity, this defines the Sp(2d, R)-equivariant map Sp,; — M}, given by ®~! o F. Now, by
naturality of the Kazdan connection, we find that
(@ 0 F) ey = FY((@7 1) ) = Fully
Thus it is enough to show that the class [f] is independent of the choice of section F;.

By contractibility of G? (as a pro-finite dimensional manifold) the map

T (Q'(SPM) ® C}ﬂﬂdR) — (Q°(M ) ® @ ddR)

is a quasi-isomorphism. Since 7, is Sp(2d, R)-equivariant, we find that ‘Mrﬁ/Sp(2d7 R) is a fiber
bundle with contractible fibers over M and so the induced map

o (20 (3065 i) — (01 0 i)

is also a quasi-isomorphism. Now suppose F is another Sp(2d, R)-equivariant section. Then we find
that both F,. and F/ induce maps

—~ Sp(2d)
Y e N (Mr,h) ® —— Cin ydar | — | Q° M;% ydar | -
ih ih

Since 71, 0 F,. = w1, 0 F) = Id, we see that they must induce the same map in cohomology. Now note
that the maps GF Arj[ and GF 1’\5} corresponding to F, and F! are simply the compositions, of F* and
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FE!* respectively, with the map analogous to the one in remark 2.3.4 (using ijgb/[ instead of wys). So

we see that they induce the same map in cohomology and thus [0] does not depend on the choice of
F.

|

REMARK 4.3.5. For degree reasons, only D_; contributes to the HQZ,(;W ) component of [#]. Using the

explicit description of & in remark 3.2.7 and the definition of D_1, one verifies, by local computation,
that this component must equal 7. Thus we find the restriction

6] € = +H>(M)[A]

on the characteristic class or Weyl curvature of a symplectic deformation quantization.

To conclude this chapter we apply the result of the Fedosov construction to show that the char-
acteristic class is indeed a complete invariant of symplectic deformation quantizations. Suppose
[0>1] € H*(M)[A], then we can construct a deformation quantization by picking a representative
0>, and applying the Fedosov construction. This means we construct V 4, along the lines of theorem
4.2.14 and corollary 4.2.15, and identify Aj(M) with Ker V4 using ;. Once we have such a defor-
mation quantization Ay (M), we can construct the corresponding bundles Mh and Mr’h of non-linear
frames and, choosing a section F;., we obtain the Fedosov connection V}. By proposition 4.1.9 the
kernel of V% is isomorphic to the deformation quantization constructed through the Fedosov construc-
tion. This means, by proposition 4.3.4, that the characteristic class of the deformation quantization
defined in 4.3.2 coincides with the class # + [0>1]. So, we have the following result.

COROLLARY 4.3.6. The affine space 5 + H?(M)[Rh] provides a parametrization of the gauge equiv-
alence classes of symplectic deformation quantizations of (M,w).



CHAPTER 5

Group Actions on Deformation Quantizations

The interaction of deformation quantization with groups of symplectic symmetries is interesting for
a variety of reasons, both for Lie groups of continuous symmetries and for discrete symmetries. In the
first case one may study the problem of symplectic reduction of deformation quantizations as is done for
instance in [18]. In general, group actions by automorphisms on a deformation quantization represent
symmetries of a quantum mechanical system these may be exploited in computations or provide further
insight in the algebra itself. In this chapter we shall study group actions on deformation quantizations
in some generality.

Two main topics will be of interest. First of all, it is easily deduced that “quantum symmetries”,
i.e. a group action on a deformation quantization, induce corresponding “classical symmetries”, i.e.
a group action on the underlying symplectic manifold. Thus it is natural to ask whether all classical
symmetries come from quantum symmetries. This question can be phrased in terms of a lifting
problem, which we will do in section 5.2. The second topic is the problem of classification. Since, a
priori, different quantum symmetries may induce the same classical symmetry, it is also natural to
ask whether one can parametrize the quantum symmetries inducing the same classical symmetries in
some meaningful way. We devote section 5.3 to this second topic. In particular, we define a certain
parametrizing object, see theorem 5.3.12, and show in sections 5.3.2 and 5.3.3 that this object can be
determined in familiar terms. We will approach these two topics through the framework of deformed
formal geometry and the Fedosov construction. In section 5.1 we set up a framework of considering
group actions in terms of the Fedosov construction.

REMARK 5.0.7. Some work towards both the classification and existence results of group actions
on formal deformation quantizations of symplectic manifolds was already carried out. First of all,
Fedosov comments on the problem in both the paper [46] and the book [48]. Furthermore, when one
restricts to so called invariant star products (a definition will follow), a classification up to equivariant
equivalence was found by Bertelson-Bieliavsky-Gutt [7] and recently this classification was extended
to include a notion of quantum moment maps by Reichert-Waldmann [98].

NOTATION 5.0.8. We keep using all the conventions of the previous chapter, i.e. (M,w) is a
symplectic manifold of dimension 2d; We will denote by Ap(M) or even A; a fixed deformation
quantization of M; W; = Wp(R2¢ @ C) and W denotes the formal Weyl algebras bundle, i.e. the
bundle associated to Sp,, with fiber Wj,.

5.1. Group Actions Through Fedosov

The Fedosov construction of deformation quantization and the added framework of formal ge-
ometry provide a rigid environment for considering group actions by automorphisms on deformation
quantizations. One of the advantages noted in Fedosov’s original paper is that there is a simple way
to lift any symplectomorphism of the manifold to an automorphism of the deformation quantization.
It pays to keep in mind, however, that these lifts do not obviously respect compositions and are in
general not unique. Since group actions on the symplectic manifold can be interpreted as symmetries
of the classical mechanical system, the question of whether one can lift a group action naturally arises
and Fedosov comments on this in his paper [46].

75
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In this section we will lay some groundwork towards the existence and classification results in
the following two sections. We will set up a language of group actions on deformation quantizations
in terms of actions by symplectomorphisms on the underlying manifolds. More explicitly, we will
define what we understand by the extension of an action by symplectomorphisms to an action on the
deformation quantization and give a motivation for this definition.

Before we consider the case of group actions on deformation quantizations, let us consider the
action of a single automorphism. If ¢ is a C[A]-linear algebra automorphism of Ay (M), the assignment
f = o (f) mod h defines an algebra automorphism of C° (M). Thus there is a map

Aut (A (M)) — Symp (M, w),
given by noting that any automorphism of C*° (M) is given (uniquely) by the pull-back under a
diffeomorphism (see, for instance, chapter 7 of [90]). The fact that the induced diffeomorphism is a

symplectomorphism can be seen by applying it to a commutator. Let us recall for clarity the part of
definition 4.1.1 that will be most relevant in this section.

DEFINITION 5.1.1. Suppose ¢ € Symp (M,w), we say o, € Aut (Ap (M)) extends ¢ if

Qyp (f) =" f+ h‘b]ﬁ
with @5 € Ay, for all f € C* (M) [h]. Here ¢* denotes the C[k]-linear extension of the pull-back
e f=Ffoe.
Before we consider extending group actions, we should know which symplectomorphisms allow for

lifts. It turns out that the Fedosov construction provides a clear answer to this question [46, 89]. So
let us fix a Fedosov connection V 4, given as

1
Va=D_1+Vo+ %[ANa -]

as in section 4.2. It will turn out that automorphisms of the deformation quantization can be split up
into a global part and a fiberwise part. The following definition will be helpful.

DEFINITION 5.1.2. Note that Sp(2d,R) acts on G by conjugation. This yields a sheaf of groups
Gl given by the sections of Sp,, X Sp(2d) G". Here Sp,, X Sp(2d) G" denotes the quotient of Sp,, x G
by the relation (pg,v) = (p,gyvg ') for any g € Sp(2d, R).

PROPOSITION 5.1.3. The map
Aut (Ap (M)) — Symp (M, w) 4

is a surjection. Here [0] € H?(M)[R] denotes the characteristic class of Ay (M) and
Symp (M, w) ) denotes the stabilizer for the obvious (right) action on H2 (M) [A].

PROOF.
Note that the lemma asserts that, for a symplectomorphism ¢ to extend to the deformation, it is both
a necessary and sufficient condition that it preserves the characteristic class of the deformation. So let
us fix a symplectomorphism .

We will begin by showing that, if there exists an automorphism «,, lifting ¢, then ¢ preserves the
characteristic class. Let Ay (M)¥ denote the deformation quantization given by twisting the product
* of A (M) by o, i.e.

frog=0"(0u (f) x4 (9))
where ¢* denotes the pull-back by ¢ and ¢, denotes the pull-back by ¢~'. We note that ¢, is
an algebra isomorphism from Ay (M) to Ay (M)?. Now suppose there exists an extension a, of ¢.
Then we can consider the composition G, := ¢, o a,. By a partition of unity argument (using the
*-product), we find that a, restricts to a map Ay (U) = Ay, (¢~ (U)) for every open U C M. This
shows that G, must in fact be a gauge equivalence and thus the characteristic class of Ay (M) must
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be the same as the class of Ay, (M) by 4.3.4. On the other hand, it is not hard to see that %, is induced
by the Fedosov connection (¢~!)*V 4 and thus we find that preserving [0] is a necessary condition.

Suppose now that ¢ preserves the characteristic class of Ax(M). Note that the pull-back ¢* is a
well-defined algebra automorphism of Q¢ (M; Wy). Clearly, it is an isomorphism

©*: Ker Va4 — Ker ¢p*V 4.

We will show sufficiency, i.e. we will show that there exists a lift a., of ¢, by constructing a map in the
opposite direction given by a section U, of G!. This means that the composite map U, o ¢* extends
¢. The construction of U, can also be found in [89] or section 5.5 of [48]. The construction of U,
is by an iterative procedure. Note that, since ¢ preserves the characteristic class, we find that ¢*V 4
defines the same class. Moreover, since adding any central form to ¢p*V 4 does not change its kernel,
we may as well assume the curvatures (in the sense of 4.2.10), of the connections V4 and ¢*V 4, are
equal.

We have fixed a lift of V 4 to %Wh relative to Vg above, namely A = %(A,l + Ay). This provides
the one-forms

rgi=Ap — p A for k>0 and ro=5(Vo—¢"Vp).
Note that 7, has values in the elements of total degree k in %Wh. Note also that, by lemma 4.2.3,
the form A_; is a diffeomorphism invariant. Now, since the curvatures of V4 and ¢*V 4 are equal,

we find for degree reasons that
1

ih
By acyclicity of the complex with differential D_;, see the proof of proposition 2.4.2 and the remark
4.1.10, we may choose 6; € Q! (M, (%Wh)l) such that

1
= E[
Then, by remark 3.2.9, we can consider the automorphism Ad exp(d;), note that it is a section of GI.
We find that

[A_l,’f‘o] = 0.

To A_l,éﬂ.

Va— Ad exp(d1) 0 9*V4 0 Ad exp(—d;) = 0 mod g”,.

In other words if we replace p*V 4 by Ad exp(d1) o ¢*V4 o Ad exp(—d1) we find that ro = 0. This
means for degree reasons that

1

%[Aflyﬁ] =0,

so we know there exists d9 such that
1

Continuing like this we can iteratively define §; for all i € N. Since the degrees of the §; necessarily
increase we find the well-defined section

1 A,1,52}.

Uy, :=Ad ...expd;expd;_1...expdz exp d;
of GI' such that
USOO(,O*VAOU(;l:VA. (5.1.1)
Note that this implies that
U,: Kerp*V 4 — Ker V4

is a well-defined isomorphism.
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REMARK 5.1.4. Note that the proof of sufficiency in proposition 5.1.3 provides a (highly non-
unique) choice of section of the map from algebra automorphisms to symplectomorphisms preserving
the characteristic class [#]. However, it is not guaranteed that such a section is a group homomorphism.
So let us consider, instead of a single symplectomorphism, a group I' of symplectomorphisms. In other
words, suppose we have a group I' acting (from the left) by symplectomorphisms on M, i.e. a group
homomorphism I' — Symp(M,w). Note that we have, by proposition 5.1.3, a map

Homg, (T'°?, Aut (Ay(M))) — Homg, (F, Symp(M, W)[g]) , (5.1.2)
although we cannot be assured of surjectivity any longer.

REMARK 5.1.5. Note that, by proposition 3.2.8, we find that G = exp F}g", while, by proposition
3.2.1, we have that Fig" = Py (% (Wh)>3). So we find that sections of GI' can always locally be
given as (conjugation by) exponentials of gections of %WE:;.

PROPOSITION 5.1.6. A lift a, of a symplectomorphism ¢ is of the form

ap, =cp,0 0"
where ¢, is a section of G'.
PROOF.

The automorphism a,, of Ap(M) induces isomorphisms

&Spvm: Atp(m)Ji — Amvh
Thus we find the diffeomorphism ¢, of M, given by Colm) = ©m © Gum. Note that (, is Gh-
equivariant, since the action of G" is by pre-composition. We also see that o, preserves M, p since
it lifts a symplectomorphism. Note that we may ~ consider the Weyl algebras bundle as the bundle
with fiber W}, associated to the principal bundle M, j, by choosing the Sp(2d, R)-equivariant section

F,.: Spy — M,.ﬁ. This means ¢, induces an automorphism of the sections of the formal Weyl algebras
bundle, we shall denote this automorphism by
Gy = (0G0 F)".
Suppose U C M is an open subset such that we have trivializations
ty: W|U — U x Wy and tap(U): W‘QO(U) — (p(U) X W.

Then we see that ¢, o dy oty = (p,v,) Where v,: U — G is a smooth map.
O

In order to apply the Fedosov construction in the context of group actions we need to ask for a
certain compatability between the group action and a Fedosov connection. Combining this with the
previous proposition motivates the following definition.

DEFINITION 5.1.7. An extension of the left action of I' on M by symplectomorphisms is defined
to be a right action a: I'? — Aut (A (M)) such that

Qay =cyo", (5.1.3)
for v € I' and ¢, is a section of g{i, such that
107 Va0l =V,

for some Fedosov connection V 4 such that Ker V4 ~ A,(M). Here we have also denoted the sym-
plectomorphism by ~.
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REMARK 5.1.8. In [7, 98] and other sources the authors consider only those extensions where the
¢+ are trivial. These are of course the most natural extensions (if they exist). The reason to consider not
only the most natural extensions of the action to the deformation quantization is that two equivalent
(Fedosov) star products that allow such a natural action are not necessarily equivariantly equivalent.
This means that, when one transports the natural group action from one to the other (using the
equivalence) it will not be of this most natural form. However, there is in general no clear reason to
prefer one (Fedosov) star product over the other, when one starts from a given characteristic class.
Thus, when one considers all extensions, as defined in definition 5.1.7, one becomes free to consider
an arbitrary Fedosov connection with curvature in the characteristic class. Another, more obvious,
reason is that there may be cases where extensions as in definition 5.1.7 exist while the extension with
trivial ¢, does not.

REMARK 5.1.9. Note that the condition of compatibility with the Fedosov connection will be
superfluous in many cases, see [46]. In particular given a symplectomorphism that preserves not only
the class [0], but also a representative 6 of that class we can always lift it in a way compatible with a
Fedosov connection.

5.2. Existence of Extensions of Group Actions

In this section we investigate the problem of lifting a group action I' — Symp (M, w)m to a group
action TP — Aut (A (M)). The question of existence of lifts is exactly the question of surjectivity
of the map (5.1.2). We will rephrase the question in a rather compact form. We will also give some
sufficient conditions for the existence of a lift and show that they are not necessary in general.

So, let us fix the group action I' — Symp (M, w)[e]. As mentioned above, we can, as in proposition
5.1.3, always find a map a: I'? — Aut (Aj (M)) such that oy, — v € Symp(M,w)[e] by the map
mentioned in the previous section. Note also that the proof of proposition 5.1.3 shows that o, := ¢, 07",
where ¢y 0 y*V 4 0 on I = Vv, for some section ¢y of Qf and a given Fedosov connection V 4. The
following observation is also present in Fedosov’s paper [46]. We have

Ay Oy = CyY (Cu) o (M'Y)* )
where the action of ' on sections of G} is by conjugation, i.e. y(¢) = v* o co,. On the other hand
Quy = Cpy © (1y)". So we find that the ¢, should satisfy a cocycle condition in order for a to be a
group homomorphism. Indeed, @ defines a group action exactly when

cyy (ep) c;; =1d (5.2.1)
for all v, €T

COROLLARY 5.2.1. The action I' — Symp (M,w)[e] lifts to an action on the deformation quanti-

zation in the sense of definition 5.1.7 iff there exist sections c, of Gl such that cyoy*Vao c;l =V4
for all v € T, that form a cocycle.

REMARK 5.2.2. Although it is in general not easy to check the cocycle condition (5.2.1), more
can be said about the question of existence in more general terms. As noted above in corollary 4.2.15
and in [48], one can construct a Fedosov connection V4 with characteristic class [0] uniquely, given a
representative § € Q? (M, C[h]) and a symplectic torsion-free connection. Moreover, given an invariant
linear connection, one can construct an invariant torsion-free symplectic connection in a canonical way,
this is done (again) by the trick also applied in [97].

PROPOSITION 5.2.3. Suppose there exists an invariant linear connection Voo on M, i.e. such
that v*Voo = Voo for all v € T'. Then the action extends to any deformation quantization which has
characteristic class in the image of the map

= H (M) [R] — 55 + Hip (M) 1], (5.2.2)
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where we denote by the cohomology of the complex (Q‘ ()" [n], d) by Hy (M) [R] and we denote the
invariants of Hyp(M) by Hyp(M)L.

PROOF.
The proposition follows immediately from the remark above and is also noted in [48]. For the situation
as described in the lemma it is possible to construct a Fedosov connection V 4 such that v*V 4 =V 4
for all v € I'. Then * defines an automorphism of Ker V4 and thus o, = v* extends the action. O

REMARK 5.2.4. Note that the class %% + [w] (and similar classes) will always be in the image of
the map stated above. Note also that proposition 5.2.3 is comparable to the results in [7], there the
authors consider more restrictive extensions (i.e. ay = 7*) and show that any class in the left hand
cohomology induces an invariant star product up to equivariant equivalence. Recently, these results
where extended to include quantum moment maps in [98].

COROLLARY 5.2.5. Suppose ' is a compact Lie group, then any (smooth) action of T by symplec-
tomorphisms can be extended to any deformation quantization by a, = v*.

PROOF.
By averaging an arbitrary linear connection one obtains an invariant linear connection and by averaging
an arbitrary representative of a characteristic class one obtains a representative of the pre-image in
&+ Hi (M) [A]. O

REMARK 5.2.6. Note that the proof of corollary 5.2.5 actually also applies to the case where I is
not itself a compact Lie group, but the action of T' factors through the (smooth) action of a compact
Lie group.

REMARK 5.2.7. It is possible to phrase the first condition in proposition 5.2.3 in terms of a
cohomological obstruction in the following way. Consider the right-action of T on Q! (M, End (T M))
by pull-back. Given an affine connection Vg, we define

D:T — Q' (M,End (TM))

¥+ 7"Voo — Voo
Note that this defines a group cocycle in the group cohomology complex of I'°? with values in the
vector space Q! (M, End (T M)). Clearly, if Vo is invariant we find that D = 0. It is easy to check
that the class of D in H! (TP, Q" (M, End (T'M))) does not depend on Voo and in fact [D] = 0 if and
only if there exists an invariant affine connection on M. The class defined above can be identified as
a certain notion of the Atiyah class [73].

Proposition 5.2.3 gives a sufficient condition for the existence of a lift of a group action. It includes
many group actions on manifolds, so a natural question is whether it is possible to extend actions that
do not satisfy the hypotheses of the proposition. In other words, one might wonder if there exist
actions that allow extension, but do not satisfy the hypotheses of proposition 5.2.3, i.e. one wonders
whether the conditions of proposition 5.2.3 are necessary.

ExaMPLE 5.2.8. Consider the cotangent bundle (T*SQ,dr]) of the 2-sphere with the canonical
symplectic structure dn. Let T' be the group of orientation preserving diffeomorphisms of S? that
fix the equator Eq: S! < S2 pointwise. It is an elementary fact of symplectic geometry, found for
instance in [19], that the group of diffeomorphisms of a manifold lifts to symplectomorphisms of the
corresponding cotangent bundle. Note that

Hax (T°5%) [h] = C[]r (],

where 7 denotes the projection T*S? — S? and w denotes the standard symplectic structure of S2.
Since I" consists of orientation preserving diffeomorphisms we find that the class 7*[w] € H? (T*S2)F
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is invariant. On the other hand, if 3 is any 1-form on T*S? such that 7*w + df € Q? (T*SQ)F, then
we find
w+d(z"B) =2"ff (T"w +dB) = f*2" (T"w+dB) = f* (w + dz"B)

for all f € T, here we have denoted the zero-section of T*S5? — S2 by z and the symplectomorphism of
T*S? induced by f by fy. However, note that any non-zero two-form on S? will have support on some
open U which is disjoint from Eq(S!) and subject to a multitude of “local” diffeomorphisms in I'. So
since w + dz*6 is invariant under all such diffeomorphisms we find that it vanishes identically, but this
implies that [w] = 0. Thus we are led to a contradiction, which shows that [w] is not in the image of
the map (5.2.2), in fact this map is 0. Thus this action does not satisfy the criteria of proposition 5.2.3
and there does not exist any invariant Fedosov connection with non-trivial characteristic class for this
action. On the other hand, we note that, by considering the clutching construction of vector bundles on
S2, we can lift the action of I' to an action on the line bundle corresponding to the inclusion S < C*
(which has Chern class [w]). This means we can extend the action of I" to differential operators on
smooth sections of this line bundle. Thus by the results in [11] we find that the action of ' does lift
to the deformation quantization with characteristic class h[m*w].

By example 5.2.8, we see that although the conditions of proposition 5.2.3 are sufficient to conclude
existence of extended group actions (as defined in definition 5.1.7), they are not necessary.

5.3. Classification of Extended Group Actions

In this section we will turn to the question of classification of extended group actions. We will
show that extended group actions are classified, up to a technical condition, by the first cohomology
of the group I' with values in a certain non-Abelian group Gy. We will finish the classification, by
first providing the essential tools for computing this first cohomology and subsequently considering
some examples. The classification will be carried out relative to a given extended group action. So
for this section we will fix a Fedosov connection V (dropping the subscript A) and an extended action
a: TP — Aut (A (M)).

5.3.1. Abstract Classification. In this section we will give a classification of the lifts of group
actions as in definition 5.1.7 in abstract terms, up to a certain technical condition. We will provide
methods of computation of these abstract objects in the next section. To do this, we will first, following
Fedosov [46, 48], introduce an extension of the Weyl algebras bundle such that a subgroup of the
group of invertible sections surjects locally onto the sections of G} in a natural way. This will allow us
to understand the bundle G} better, in order to provide tools for computation in the following section
and also define a subgroup of the total sections providing the abstract classification.

DEFINITION 5.3.1. Consider the algebra W,y := W ® C[h~, h] where the tensor product is over
C[n], ie. Wy = Wy[h~!]. Note that Wy carries a grading induced by the grading of Wy, i.e.
|h~t| = —2. We define the algebra W} C W) as the subalgebra FyW s of elements with degree
greater than 0. In other words we allow power series with negative powers of i as long as the total

degree is still greater than 0. Similarly, we denote the bundle associated to Sp;, with fibers given by
Wg by W™ and the bundle associated to Sp,, with fibers given by W) by wi.

REMARK 5.3.2. Note that the Fedosov connection V is well-defined on the bundle W/. We will
denote the center of W+ and W by Z. Note that Z ~ C2[h] by the inclusion C[h] < W .

DEFINITION 5.3.3. We define the sheaf of fiberwise transformations by assigning the sections of
W*(U) which are given by exponentials of elements of (7W(U))., to the open subset U. We will
denote this sheaf by 7z. Note that 7z i a sheaf of groups by the Campbell-Baker-Hausdorff formula.

REMARK 5.3.4. Note that there is map

Ad: Tr — G
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given by assigning to the section E of Tr the automorphism of conjugation by E. Note that, by the
proposition 3.2.8 and remark 3.2.9, we find that Ad is locally surjective.

Suppose that, for E,, E, € Tr, U, := Ad E, and U, := Ad E{, both satisfy (5.1.1). Then we
find that, denoting F = E,E_",
AdEoVoAd E~'=V. (5.3.1)
Conversely, if U, satisfies (5.1.1) and E satisfies (5.3.1), then clearly U, := Ad E o U, also satisfies
(5.1.1).

REMARK 5.3.5. The discussion above suggests the following technical condition on the kind of
actions we allow. Namely, we will only consider those actions that are of the form

7= Ad E, 0y,
with E, € T for all vy € I".

REMARK 5.3.6. It serves now to compare the technical conditions in definition 5.1.7 and remark
5.3.5. First of all we note that they are in fact compatible. Secondly we compare them to the notion
of isomorphism (and automorphism) of quantum algebras as defined in [48] section 5.5. We note
that the condition in definition 5.1.7 is in fact weaker than the condition of a connection preserving
isomorphism in [48]. On the other hand, the condition in remark 5.3.5 is, in the terms of [48], exactly
the condition that the action is given, relative to a, by a fiberwise automorphism preserving the
connection V. Thus, if we use the definition of automorphism in section 5.5 of [48], the only technical
condition is preservation of the Fedosov connection V. The reason, also offered in [48], to consider
actions through these kinds of actions seriously is that they correspond to the time evolution operators
through Heisenberg’s equations of motion, see equation (1.1.3).

DEFINITION 5.3.7. We define Fedosov’s fiberwise V preserving isomorphisms by
Gy ={Ee€Tr|V(E")EeQ" (M;C[n])}.
We should mention that, although it is not presented quite in this form, a lot of the following

(excluding the classification) is implicit in the work of Fedosov [48, 46]. We should justify the
nomenclature of Gy .

LEMMA 5.3.8. The section E € Tx satisfies (5.3.1) if and only if E € Gy .
PROOF. Suppose E € Tr satisfies (5.3.1), then for all ¢ € W we find
Vo=E"'(V(EcE'))E=Vo+[E'VE, o],

which implies F € Gy, since E-!'VE = —V(E~})E. The equation above also shows the converse
statement. (]

NoTATION 5.3.9. We denote the group of automorphisms of VW that are given by sections of Tx
and induce automorphisms of Ker V by Loc (W | V).

LEMMA 5.3.10.
(i): Gy is a subgroup of the invertibles W)™ of WT.
(ii): 2* <Gy and (KerV)™ < Gy.
(iii): 9v /zx ~ Loc(W | V).
(iv): Gy forms a sheaf of groups on M.
(v): For any open V.C M such that Hys (V) = 0 we have
Gvlv = Z%|v - Ap(V)™ (5.3.2)

(vi): oy (Gy) C Gy forally€T.
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PROOF.
“(i)” Suppose E, B € Gy, we should show that E~! and EB are also in Gy. We have E~! € Gy, since

ET'VE=AdE(E"'VE)=(VE)E™'=-EVE™".
Similarly, we have EB € Gy, since
B'ET'VEB=AdB ' (E"'VE)+ B 'VB=E 'VE+ B 'VB.

“(ii)” Since Z* is central we see that Vz = dz for all z € Z*| this shows that Z* is a subgroup. It is
a normal subgroup because it is central. Of course Vi = 0 for all k € (Ker V)™ showing that it is a
subgroup. It is normal since

V(EKE™')=V(E)kE™'+ EkVE™' =Ad E ([E"'V (E),k]) =0 (5.3.3)

for all k € (Ker V)™ and F € Gy.
“(iii)” Consider the group homomorphism

Ad : Gy — Loc(W | V)

given by restricting the group homomorphism Ad : 7= — G'. Note that it is well-defined, since 5.3.3
also holds for k € Ker V. Suppose & = Ad B € Loc (W | V), then we find that

0=AdB 'oVoAd B(k)=[B 'V (B),k|

for all k € KerV. So V(B)B~! is in the centralizer of Ker V. Given k, € W, at some x € M
we can (by parallel transport) always find a section k € KerV such that k (z) = k,. This shows
that the centralizer of Ker V is simply the center and so B € Gy. Thus, Ad is surjective and, since
Ker Ad = Z* (another proof of the first part of (ii)), we find that (iii) holds.

“(iv)” This should be clear from the definition of Gy .

“(v)” Suppose V C M such that Hig (V) = 0. Then suppose E € Gy |y and denote the implied central
one-form by 3 = E~'VE. Note that VE = SE. We have

d3=VB=V (V(E)E™')=BAB=0.
So, since Hjp (V) = 0, we find that 8 = da for some o € C* (V) [A]. Then
v (e*O‘E) = —dae”*FE+e *BE =0,

so we find that F = e*e™“FE, i.e. E is a product of a central section e¢* and a flat section e”*FE.
Finally we note that, if af € W™ is flat, then it cannot contain any negative powers of A, since it is
uniquely determined by its image under W;‘: — C[h], by the proof of proposition 4.2.16. So we see
that Ker V ~ Aj, still holds when we consider V as acting on WT.

“(vi)” Suppose v € T and E € Gy, then Ad a, (E) = ay 0 Ad Eoa; ' € Loc(W | V). So, by (iii) and
the fact that the «, define automorphisms of Ker V and of Z, we have o, (E) € Gv. g

NoOTATION 5.3.11. From now on we will be considering group cohomology. Since we are considering
right actions, i.e. I'°?, we should be writing the group cohomology with values in B as H*(I'°P; B).
For notational convenience and since it will not play any role, we will drop the superscript op.

THEOREM 5.3.12. The group cohomology pointed set H* (F;@) classifies the actions of I' on
Ap(M) that extend a given action on M, in the sense of 5.1.7 and satisfying the condition in remark
5.3.5, up to conjugation by a fived element of Loc(W | V). Here we denote Gy := Gy /Z*.

PROOF.
Note first of all that the action « also descends to Gy, since it restricts to an automorphism of the
center (via the identification Z ~ C'* (M) [h] this is simply the action induced by the action on the
manifold). Suppose S:T — Gy is a cocycle for the action a. Pick any lift S of S to Gy. Then we
have
Syory (8,) 8, € 2% Vy,pel.
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We see that
B: TP — Aut (A (M)),
defined by 8, = Ad S, o a,, is a group homomorphism. Note that § is well-defined by point (iii) of
5.3.10 and it is a group homomorphism since
By 0B, =a,oAd a;l (Sy)Spoay =ayo0Ad al’ (Suy) oy, =Ad S,y 0oy 0a, =B,

Note that 8 does not depend on the particular lift of S,

Conversely, suppose 8, = ay o Ad E, where E: I' — Gy and 3 defines an action. Note that §
only depends on the induced map E into Gy. Since Buy = By © By, we find immediately that

Ad ay (Ey) apy (By) = Ad apy (Epuy )

which implies that v — a, (Ew) defines a cocycle. Note that the action corresponding to it by the
construction above is 3.

_ Finally, let us pass to cohomology. So, suppose S and S’ are two cohomologous I'’P-cocycles in
Gv. Denote by 8 and 3’ the corresponding actions. Then there is an element C' € Gy such that

Cay (C71) = 51,
Then, picking any lifts C, S and S’ of C, S and S’ to Gy, we find the equations
Ad CS,ay (C’_l) = Ad S;.
So,
B, =Ad S, oa, =Ad CSya, (C"')oay,=AdCofB,0AdC™!
for all v € I'. Conversely, if 8,8’ are two actions with corresponding cocycles S and S’ and lifts S, S’

and C € Gy satisfies Ad Co3,0Ad C~! = B, for all v € I', then we have Ad C'S, o, (C’_l) =Ad S,
and thus S and S’ are cohomologous. O

5.3.2. Computational Tools. In this section we will provide some tools that should aid in the
concrete computation of the pointed set H* (F; gv) of equivalence classes of extended group actions.
The main burden of proof will be in showing that there exists a surjective map D from Gy to Z*(M)[A]

(formal power series of closed one forms). This will provide the diagram with exact columns and exact
rows

1 1 1
1 ——— A 2 2 feppx —— 1
L A Gy ZNM)[R] ———0 (5:34)
1 . Ap” /(me Go THM) ———0
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where T} (M) = H'(M;C) /Hl(M;Z) @® hH'(M)[R]. This matches well with the appearance of

RT}(M) as a parametrization of equivalence classes of certain formal representations and equivalence
classes of certain formal connections in [11]. Note that, although we will be working with non-Abelian
cohomology, we still obtain (truncated) exact sequences from short exact sequences of coefficient groups
(see section 2.7 of[58]). In the following section we will show how one can exploit this diagram to
compute H'(I'; Gy ).

NoTATION 5.3.13. From now on we will identify Ker V with the deformation quantization Aj.
We will often implicitly identify Z ~ C> (M) [h]. For elements of graded algebras (or invertibles of
graded algebras) a subscript will always refer to the degree in this section.

LEMMA 5.3.14. We have the following short exact sequence of sheaves of groups

1 = A = Gy — ZYW — o0

5.3.5
g — g 'Vg (5:35)

PROOF. )
Note first that D is well-defined since d (g*IVg) =V (g’1Vg) = - (g*IVg) = 0. The proof follows
from the decomposition (5.3.2) and the fact that de Rham cohomology vanishes locally. ]

We will show that the above sequence induces an exact sequence of groups on global sections.
Note that this means we should prove surjectivity of D. To do this we will use Cech cohomology and
some facts about rings of formal power series. So let us fix a good cover U = {U, };cs and recall that
for smooth manifolds this choice will not play a role, see section A.2.3. Recall also that A (M) and
C*> (M) [h] are complete with respect to the fi-adic topology.

DEFINITION 5.3.15. The A-adic topology is given by the norm || f|| = 27%, where k is the smallest
non-negative integer such that f; # 0, it satisfies the (in)equalities ||f + g|| < max{]|f]|,]lg]|} and

gl =1 fI1gll-
We have the following fact (see chapter 3 of [60]).

LEMMA 5.3.16. Suppose R is a commutative unital ring that contains a copy of the rationals, then
(hR[A],+) ~ (1 + hR[R],-) by the maps

8
TS

n
exp (f Z / and Log(1+ f) =

nO n=1

LEMMA 5.3.17. Suppose f € (C>® (M) [h])* ~ Z* and fo = 1, then % is exact.

PROOF.
It is easily verified that d satisfies the product rule on formal power series. This shows that we have
dexp g = (exp g) dg for all g € hC> (M) [h]. But then let g = Log (f) and we see that % =dg. O

PROPOSITION 5.3.18. Let us denote the subgroup of exact forms in Z' (M) [h] by dZ and the
restriction of D to Z* by D. Then we have dZ C Im D and Im D /dZ ~ H (M;Z).

PROOF.
Suppose dg € dZ such that (dg), = 0. Then we may assume that g € hC' (M) [h]. We want to show
that there exists an f € Z* such that Df = dg. Clearly f = exp (g) will do the job. This shows
that every exact form dg with (dg), = 0 is in Im D. Now suppose dg is a general element of dZ, then
3f € Z* such that Df = h(dg), + h*(dg), + ... , but then dg = De% + Df = D (e% f). This shows
the first claim of the proposition.

To show the second claim consider the map
Cy: Im D — H' (U;C) [A]
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where Cy (Df) is represented by 7 (4,7) = g (i) — g (j) if Df|y, = dg (i). We leave the routine check
that this map is a well-defined group homomorphism to the reader. Note that Ker Cyy = dZ and
in fact the map Cy, is simply given by the map which implements the isomorphism of de Rham en
Cech cohomology, see theorems A.2.24 and A.2.22. It is left to show that Im Cj; ~ H! (M;Z). Note
that every element in Z* can be written as a product of a nowhere vanishing function and a function
as in lemma 5.3.17. So we find that Cy (Df) = Cy (Dfo) = [n], where n(i,5) = g (i) — g (j) with
e9® = foly,. So we see that [n] € H' (U;Z) — H' (U;C) [i]. Where the inclusion comes from the
exact sequence of sheaves

2me:

05 ZE5C 5 C* -1, (5.3.6)

since it is also a short exact sequence of groups. So Im Cy; C H' (U,Z). On the other hand consider
the exact sequence of sheaves

0— Z 2% C™ (M) < C™ (M)* — 1. (5.3.7)
Now we see that the ﬁrsvt connecting map 0 in the corresponding long exact sequence in Cech cohomol-
ogy is surjective, since H! (U; C°° (M)) = 0, and 9 (fy) = [\] where X is given by A (4,) = g (i) — g (§)
such that e9®) = fo|y,, but then Dfy|y, = dg (i) so H' (U;Z) C Tm Cyy. To get the result, simply note
that H' (U; Z) ~ H' (M; Z) by theorem A.2.22 and proposition A.2.23. O

REMARK 5.3.19. Note that the arguments in the proof of proposition 5.3.18 above are simply the
standard considerations when one notices the fact that D agrees locally with the differential of the
logarithm and one notices the fact that Cy o D factors through the non-vanishing functions (by noting
that we have the isomorphism Z* ~ C> (M)™ x (1 4+ hC> (M) [A])).

LEMMA 5.3.20. There are maps

P I (U5 27) S5 1 (U0 (M)

Py TN (U ApY) — T (u;coo (M)X)
and

Py: H' (U;1 + hC[R]) = BH (U;C) [A],
where Py has trivial kernel (note that as its domain is not necessarily a group this does not imply that
the map is injective) and Py and Py are induced by the map fo+ hf1 +...— fo.

PROOF.
The proof for P; is analogous to the proof for P» if not simply easier. So we will explicitly show the
proof only for P,. Consider the decreasing filtration given by (Ap*), = 1 + A"A; for n > 0 and
(Ap™)o = Ap™. Then we have that (Ap™)ni1 < (Ap™)n and (Ap™)n % (A" )m C (A™ )min(n,m)- SO
we have the short exact sequence of (sheaves of) groups

1= (Ap), — A" — C® (M) — 1. (5.3.8)

Note that, if f,g € (Ap ), then fxg =1+ h"(f, + g,) mod (Ap”),11 so we also have the short
exact sequences of (sheaves of) groups

1= (An™), ., — (Ax), — C®(M) =0, (5.3.9)

n+1
for all n € N. The map P, is induced in the long exact sequence corresponding to 5.3.8. In order to
show that it has trivial kernel, we should show that ' (i; (A;*);) vanishes. Note first of all that, since
H' (U; C>°(M)) = 0, we find surjections H (U; (Ap*)py1) = H (U; (Ap™),) (which in fact have trivial
kernel). Suppose S: J2 — (Ap™); is a cocycle. Then, by the surjection above, Ja;: J — (Az™); such
that the cochain a; - S: J2 — (Ap™)2 given by

a1+ S (i,j) = a1 (i) * S (i,§) % a1 (j) "
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is a cocycle. Iterating this process yields a sequence ay: J — (A ™)x such that, if we denote

k
br == % aj 1= a *Ap—1 % ... % ay,
j=1
then by - S : J2 — (A" )41 is a cocycle (cohomologous to S). Let us denote Sy := b, - S. Then we
might consider its values in Ay. Suppose k > [ € N, we have

1k (i) = St (o) | = || 00 (D) = b (D)% (5) % bic ()" b0 (1) % () % ()~ = ()7

< max {||bx (1) — bi@)|], [|bx ()" = b)) |} =
] peor

(e g )] oo (20 3,0) )

a=Il+1

This means the sequence Sy (i,7) is Cauchy in Aj (which is complete) and therefore has a limit
Se (i,7) € Ap for all (i,5) € J2 Now note that since all the Sj have values in (Ay*); so does
Seo. Similarly we can show that the sequence by has a limit b: J — (Ap*);. Moreover, by the
same computation, we see that S, = b-S. In particular, S is cohomologous to S, and, since
im (Ar*), =1, we see that [S] = [1] € H'(U; (Ap)1). Since we started with an arbitrary cocycle
this shows that the last cohomology pointed set is in fact trivial. This shows the claim about P; and an
easier version of the same argument shows that P; is injective (since this is a group homomorphism).
Since C> (M) [A]* ~ C> (M)™ x (1+hC>= (M)[h]), in the obvious way, we see that P; is also
surjective.

)

The map P; is simply induced by exp from lemma 5.3.16.
O

REMARK 5.3.21. To show lemma 5.3.20 we have used a method to pass from cohomology of A, to
cohomology of C°°(M)* by showing that H' (U/; (As*),) = {1}, using the fact that, by existence of a
smooth partition of unity, H' (i; C™ (M)) = 0. This method works equally well for group cohomology
when H* (I'; C®(M))) = 0 and we will use it in the next section. When we do this we will simply
refer to the proof of lemma 5.3.20, instead of basically repeating the proof. Note that, in general,
the method provides an indication of how the cohomology of Ay* and C°°(M)[k]* are both given by
infinitely many copies of the cohomology of C°°(M) and the cohomology of C*°(M)*.

PROPOSITION 5.3.22. D s surjective on total sections.

PROOF.
In order to show the proposition, we will show that
ImD,/Im D H'(M;C)
H! (U; 14 hC[R]) — HY(M;Z)
Then, a triple application of the five lemma will show that ImD = Z! (M) [h]. The inclusion of
H' (U; 1 + hC[R]) in [Igg should be evident from the proof.

Note that, if g € Gy and U C M is a coordinate neighborhood (or any other neighborhood such
that Hig (U) = 0), then g|ly = f-k with f € Z%|y and k € Ker VX|y ~ A ™|y by point (v) of lemma
5.3.10. Now let H: Im D — H' (U; C[A]*) be the map given by H (Dg) = [n] where 7 (i,j) = J{((;))
v, = f (i) - k(7). Again we leave it to the reader to check

with the f(¢) given by the decompositions g
that this map is well-defined.

Now suppose Dg € Ker H then g|y, = f () - k () and }c((;)) = ig)) with ¢ (i) € C[A]* for all ¢. This

v, = f@)c@)- ]zég and }C((;;EE?) =1, so 3fc € Z* such that fc|y, = f (i) c(i). On the

means that g
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other hand we have that k (i) - k ()" = z((;%, so 3% € Ap* such that £
g= fc- % and thus Ker H = Im D. So we conclude that
ImD ImD

ImD KerH

U, = 128)) This shows that

~Im H C H' (U; C[A]*).

Now suppose [A] € H (U; C[h]*) such that 3f € COU;2*) and k € C° (U;Ahx) such that
L9 = X(i,j) =k (j) k (i)~" for all (i, 5) € J2. Then £k (i) k ()" = 358 = 1 for all (i, j) € J2. So
Jdg € Gy such that g|ly, = f (¢) - k (i) and H (Dg) = [A]. Conversely, if [\] = H (Dg) for some g € Gy,
then obviously such 0-cochains exist. So we find that Im H = KerI NKerY, for I and Y the maps
induced by the inclusions

A S & 2.

Now, by the lemma 5.3.20, we see that Ker I = Ker P, o I and KerY = Ker P, oY and in fact
these maps agree, i.e. R:= Pjol = P,oY. They agree since they are all simply the map induced by

CIh]* — C>=(M)*
C — Co '

This map factors like R = 9 o P, where P is induced by the projection C[h]* — C* and 0 is
induced by the inclusion of C* in C*° (M)™. Now, since C[h]* ~ C* x (14 hC[A]) in the obvious
way, we see that H! (U; 1+ hC[h]) = Ker P. So, we find that

ImH KerR

KerP  KerP ~ Ker,

If we identify H (U; C> (M) X) ~ H? (U; Z) using the exponential sequence (5.3.7), then we see that 0

H!(U;C)

is simply the connecting map in the exponential sequence (5.3.6) and this shows that Ker 9 ~ )
O

which proves the claim.

In light of various exact sequences that appear in the following section, we will be able to use the
following proposition.

PRrROPOSITION 5.3.23. Let
0A-5F-5G—1

be a T'-equivariant central extension, then we also have the exact sequence
0— A" — E' — G — HY(I;A) — H'(T;E) — H'(T;G) — H*(T; A).

PROOF.
As mentioned we only need to extend the sequence to include H?*(T'; A) (see section 2.7 of [58]). We
simply do the usual (Abelian) construction and show that it still works because the extension is central.
So suppose [] € H'(I';G) and let E., ~ 7, for all ¥ € T. Then (6E), ,, € Kern for all 4, € T, so
a:=0E:T? — A. By writing out and noting that the computation takes place in the Abelian group
A we find

(6‘1)%#»( = (5E);;},X7((6E)#’X)(JE)%MX(6E);,L = E“/MXEW_;}(5E)7_,L’Y(EM)E7EW_MIX =1

So that [a] € H?(T'; A) and we will need to show that this map [n] = [a] is well-defined. First suppose
that E, is another lift of n, for each v € I'. Then note that E,E L and ES 1E, are in A and thus
central for all v € I'; so we have

(5E)'y,u(5E);,L = (5EE)W,# Vy,pel
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where (E’E)7 = EWEW. So both lifts will define cohomologous cocycles in HQ(I’;A). Now suppose
E! lifts y(z)nyz~! for all v € I’ and some x € G. Then, if 7(X) = z, we note that the element
(X - E")y :=~(X)"'E, X lifts n, for all ¥ € I'. Then note that

(5(X - E'))y = Ad (1) (X ")((OE)+ ) = (OE)s . Vy,u el

which shows, when combined with the previous remark (concerning E), that the implied map in
cohomology H(T'; G) — H?(T'; A) is well-defined. Lastly we should show that the sequence is exact at
H'(T; G). So suppose [n] € H'(I'; G) maps to 0 under the map described above. Then there is a lift
E., for every n, for all v € I" such that (0E),,, = (0a),,, for some a: I' = A and all v, € I'. Then
consider Ea~" given by (Ea™'), = Eya " and note that

(6EO‘71)’Y,N = (0E),, u(éa) =1 Vy,pel?
but also Fa~' + 7 under 7. This shows that [] is in the image of HY(T'; E) — HY(T'; G). O

5.3.3. Computations. Let us show in this section how the tools developed in the previous
section can be applied to computation. In particular we will show that, under sufficiently restrictive
assumptions on the cohomology of the group I' and the first cohomology of the manifold M, we find
that there is a unique extension of the action to any deformation quantization. We will also show that
in general the extensions are not unique even when the first cohomology of the manifold vanishes and
the group acts faithfully. Most of the computations here are done by applying group cohomology to
the diagram (5.3.4).

PROPOSITION 5.3.24. Suppose Hyp(M) =0 and |T| < oo, then we have H (T;Gy) = {1}.

PROOF.
By vanishing of HéR(M ) and lemma 5.3.10 we have the exact sequence

1= C[h* — A — Gy — 1, (5.3.10)
since Gy = Z% - A and ZX N A" = C[h]*.
The proof proceeds in two steps. First we show that the connecting map
H' (T;Gv) — H? (T; C[A] ™)
is trivial. Secondly we show that the map
H' (T;C[A]*) — H (T; Ay™)
is surjective. Given these two facts, the proposition is implied by proposition 5.3.23. In the following

we shall denote the differential of the cochain ¢ by dc.

Suppose n: I' = Gy is a cocycle. We will first show that the image of the class of 7 under the
connecting map can be represented by a cocycle ¢ with values in C*. So suppose E: I' — Ay ™ lifts 1.
By proposition 5.3.23 we find that 0F is a 2-cocycle in C[i]* for the trivial action. Then, by the fact
that H? (T;C) = 0 and an analogous argument to the one used in the proof of lemma 5.3.20, we find
A: T — C[h]* such that (6A)(6E) has values in C*. Now note that, if £ denotes the cochain given
by E, = \,E, for all 7 €I, then E also lifts  and §E = (6\)(0E) (since C[A]* is central in Ap*).
But then, 1f we write E = 3. h¥E}, we find that

(5E)v [T (5EO)~/ ut th I

for all v, € T, here we consider §Fy as the boundary of the cochain Ey: T' — C°°(M)*. Now the
fact that §E.Y » € C* implies that S = 0. So we find that 0F = 0FE, as cochains with values in C*.
So, we have found the cocycle ¢ := §Fy representing the image of the class of 7 under the connecting
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map. Note that, since H'(M;Z) = 0, the inclusion of C in C°°(M) and the exponential sequences
(5.3.6) and (5.3.7) induce the commuting diagram with exact rows

H*(T;Z)——— H*(I';C) —— H*(I;C*) ——— H*(T;Z)——— H*(I;C)

H*(I'; 2) H?(I'; C*) —— H* (I (C>)*) —— H (I} 2) H?(I';C)

where we have abbreviated C™ := C°°(M). So, we have H*(T'; C*) ~ H*(I'; C=(M)*) by the five
lemma, but then [¢] is trivial, since it is trivial in H*(I'; C°°(M)*) by construction. So the map
HY(I'; Gy) — H*(T; C[R]*) is the zero map.

Now suppose 1: I' — Ay is a cocycle. Then, writing n = >_ h¥n, we find that
no: I' — C°°(M)* is also a cocycle. As above, we find the commuting diagram with exact rows

H'(T;Z)——— HY(I';C) H'(T;C*) —— H*(T';Z)——— H*(T;C)

HY(Dy Z) ——— H'([;0%) —— /(I3 () %) —— B (I 2) ——— ([ C™)

So, again by the five lemma, we find f € C°°(M)* such that (df)no has values in C*. Denote by 7
the cocycle given by 7, = v*(f)n,f ™', then
7((0f)mo) ™ =1+ hS
for some S: I' — Ay. So, using the exact sequences
1= 14+8mHA, — 1+ 0FA, — C®(M) =0,
the fact that H'(T'; C°°(M)) = 0 and the same reasoning as in lemma 5.3.20, we find that there exists
P € 1+ hAy such that ay(P)(1 4 hS,)P~t =1 for all v € T'. Thus we find that
[n] = [7] = [(6£)mo) € H'(T, An™)
which means that the map H'(T', C[1]*) — H'(T'; Ay ™) is surjective. So, by the sequence implied by
proposition 5.3.23 and (5.3.10), we find that H'(I'; Gy) = {1}. O

COROLLARY 5.3.25. For the conditions in proposition 5.3.24 there is, up to conjugation by a fized
automorphism, a unique extension of the group action to any deformation quantization by proposition
5.8.24 and corollary 5.2.5.

Note that proposition 5.3.24 in particular contains the cases of the actions of Z/nZ, Day,, Ag, Sy
and As (finite subgroups of SO(3)) by symplectomorphisms on S2.

REMARK 5.3.26. Note that the actual properties of the group that were used in the proof of
proposition 5.3.24 are
e HY(T',C) = H(I', C>°(M)) = 0 for i = 1,2 (for the trivial action on C)
e H3(I',C) — H*(',C>(M)) (induced by the inclusion),
all of which are satisfied by finite groups.

REMARK 5.3.27. Let us consider for a moment the group I' acting trivially on the manifold M.
Then of course we can lift this action to the trivial action on any deformation quantization and the
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classification comes down to finding representations of I" as self gauge equivalences of the deformation.
In this case we find that L

H(T'; Gy) ~ Hom(I'”, Gv) /5
where the quotient is taken with respect to the inclusion of Gy in Aut(Gy) as inner automorphisms.
It is to be expected that this yields non-equivalent extensions of the trivial action of I'. However, they
would be rather pathological examples. Let us show that there may be non-equivalent extensions of
the group action even when this action I' — Symp(M) is injective.

EXAMPLE 5.3.28. Consider the action of Z on S? by rotation through an irrational angle # around
the vertical axis. Note that, since Hiz(S?)[h] = C[h][a] where a denotes the standard symplectic
structure on S2, we find that any action by symplectomorphisms that preserves an affine connection
extends to any deformation quantization by proposition 5.2.3. In particular, by uniqueness of the Levi-
Civita connection, any action by symplectic isometries lifts to any deformation quantization. Note
that we have H'(Z; G) ~ G/ ~, where g ~ h if 1(b)gb~" = h, whenever Z acts on any group G. Since
we have H?(Z; C[h]*) = 0 and (5.3.10), we find the sequence

1 CIR* — ()" — Gy~ — C[A)* — ApX/~ — Gy /~ — 0. (5.3.11)

Suppose ¢, € C[h]* such that their images in Ap*/~ coincide, i.e. there exists g € Ap™ such
that erj(g) = ¢’g, where we denote the rotation inducing the action of Z by ry . Then note that, since
the action has a fixed point at the north pole, we can evaluate g there to find that ¢ = ¢/. So we find
that the map C[h]* — A/~ is injective. Now suppose f € Ap™ such that there is ¢ € C[h]* and
¢~ f. Then, if we write ¢ = 3. hfc; and f = S ¥ fy, we find that there exists some gy € C>(52)*
such that cory(go) = fogo (for the undeformed product). Now note that this implies that fo must take
the value cg at both the north and south pole. So, we find that the map C[h]* — A, ™/~ is definitely
not surjective, since there exist many non-vanishing functions on S? that do not have the same value
at the north and south pole. Then exactness of (5.3.11) shows that H'(Z; Gv) ~ Gv/~ # {1} and so
there exist multiple extensions of this action to any deformation quantization.

COROLLARY 5.3.29. Suppose I' = Z acts on (M,w) with HZR(M) = 0 and there is more than 1
fized point, then H'(T'; Gy) # {1}.

Finally let us show that the diagram (5.3.4) allows us to make conclusions about H'(T'; Gy) even
in the case that Hig (M) # 0.

EXAMPLE 5.3.30. Consider the action of Z on T2 = T x T by irrational rotation of one of the
coordinates. Then we find that the induced action on T} (T?) is trivial and so

H'(Z; T, (T?)) = T, (T?)
by the discussion in the beginning of example 5.3.28. Suppose 0 # [ € T}(T?), then we can lift this
to [0] # [2] € HY(Z; ZY(M)[h]) ~ ZY(M)[h]/~, since H*(Z; 2% /C[h]*) = 0. By proposition 5.3.22
we can find g € Gy such that Dg = z. In particular g represents a non-trivial class in H' (Z;Gv). Its

image g in H'(Z; Gy) must, by commutativity of (5.3.4), be mapped the the non-trivial class I and
therefore it cannot be trivial. So we find that H'(Z;Gv) # {1}. In fact this shows that

T;(T?) < H'(Z; Gv).
Note also that, since H*(Z; Z2%) = 0, we find that the map H'(Z; Gy) — H'(Z; Gy) is surjective and,
since H*(Z; C[1]*) = 0, so is the map H'(Z; Ay *) — H'(Z; Ay * /C[1]*). Thus we find that H'(Z; Gy)
is essentially given by T)}(T?) and H'(Z; Ay ) the last of which is given essentially by H'(Z; C>(T?))
and HY(Z; C>=(T?)%).
Many more examples can of course be considered, for instance when T' is finite, but Hig (M) # 0.
We will leave these examples to the reader.



CHAPTER 6

Algebraic Index Theorems

In this chapter we will consider the algebraic analog of the Atiyah-Singer index theorem 1.3.4,
namely the algebraic index theorem 6.1.22. The algebraic index theorem is in essence a certain
product formula for periodic cyclic cohomology classes. By the well-known pairing of K-theory and
cyclic cohomology, given by the Chern-Connes map [78], we obtain the theorem 6.1.22. The algebraic
index theorem was first proved in [86] as stated in 6.1.22, although some results had appeared earlier
[48].

Although the method of proof of the algebraic index theorem in [86] is slightly different from
the proof we will present below, the framework of formal geometry was already present. In the next
section we will present a proof of the algebraic index theorem 6.1.22 similar to the proof presented
in [14]. In the section following it we will adapt this proof to prove the equivariant algebraic index
theorem 6.2.23. The equivariant algebraic index theorem is the analog of the algebraic index theorem
when we consider a group action on the deformation quantization. The main application is in the case
that the action of the group is not “nice” enough to allow for a symplectic quotient manifold.

6.1. The Algebraic Index Theorem

In this section we will present a proof of the algebraic index theorem 6.1.22 similar to the proof
presented in [14]. The proof proceeds in the spirit of formal geometry, by first proving the theorem for
the formal neighborhood of a point in 2d-dimensional Euclidean space and subsequently globalizing
by use of an appropriate Gelfand-Fuks map. Thus we will first prove a certain product formula in Lie
algebra cohomology, which we will call the universal algebraic index formula 6.1.12, and then we will
derive the algebraic index theorem 6.1.22 from this one.

6.1.1. Universal Algebraic Index Theorem. In this section we will present a proof, given in
[14], of the universal algebraic index theorem 6.1.12. Let us first motivate why one expects this kind
of theorem. First of all we note that, since the trace Tr appearing in the algebraic index theorem
6.1.22 is defined in terms of integrals, the algebraic index theorem is actually an equation of densities,
rather than their integrals. In other words the algebraic index theorem equates two maps

HCZ (Ap(M)) — Hir(M)[A].

If this holds for any symplectic manifold (M,w) and any deformation quantization of it, then it should
certainly hold for the formal neighborhood of 0 € R?? and the unique deformation quantization of it.
The global aspect is given in this case by requiring that the classes we equate are equivariant with
respect to the action of the formal vector fields in g”. This leads to the universal algebraic index
theorem 6.1.12.

NOTATION 6.1.1. From now on there will be instances where algebras initially defined over C[#]
will be localized at i and thus defined over C[h~!,h]. To avoid cumbersome notation we will turn
subscripts h into (k) to signify that we mean the localized version of the algebra. So, we denote for
instance W sy := Wy[h™'] and Ay == Ag[h1].

Note that, in section 3.3.1, we proved the following proposition.

92
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PROPOSITION 6.1.2. There exists a quasi-isomorphism
i (CHoM (W) ,b) — (070", A][2d),d)

We will now fix a choice of such a quasi-isomorphism ji;. Note that all choices of quasi-isomorphism
are homotopic. Note that in section 3.3.2 we also show the periodic cyclic counterpart of proposition
6.1.2.

PROPOSITION 6.1.3. There exists a quasi-isomorphism
pnt (CCPT (W) b+ uB) — (Q*-[ufl,u}] L 1] [2d],d) .
where u is a formal variable of degree —2 (i.e. on the right hand side we consider the periodicized
formal de Rham complez).

As before, we will fix such a quasi-isomorphism extending the previously fixed jij in the Hochschild
case. For the periodic cyclic homology of the undeformed formal neighborhood we have another

canonically defined quasi-isomorphism. In the following we will use A to refer to the complexification
of Agd.

PropPOSITION 6.1.4. The map
E: Cccrer (A) — (Q’[u_l,u]],uci>
giwen by i@ f1R...Q0 fn— %focffl A dfg AL A cffn s a quasi-isomorphism.

PROOF.
A direct check shows that £ ob = 0, while £ o B = (Z, so F is a map of complexes. Note that
we can view the periodic cyclic complex as the totalization of a double complex in the usual sense,
see appendix A.2.1, and we can see the formal de Rham complex as the totalization of the double

complex (Q'[u_17u]],0,ci). Comparing the associated spectral sequences, we see that, by the well-
known [78, 79] fact that

HH, (A) ~ 0,
FE is an isomorphism on the first pages. This implies that E is a quasi-isomorphism. O

Note that proposition 6.1.4 is the formal analog of the Connes-Hochschild-Kostant-Rosenberg
theorem [25, 95].

ProPOSITION 6.1.5. The map
J: (Q-[ufl,u}],ud) — (Q*-[h*,h]][ufl,u]]pd],d),

given by fodfl A chn — ud_"focffl A dAfn, is an isomorphism of complexes.

PROOF.
A simple check shows that J o ud = d o J. Now note that the map @, given by

fodfi Ao Ndfp = " fodfy A ... Adfn,
is seen, by a similar check, to satisfy Q) o d=udo Q and clearly Q = J 1. ]

DEFINITION 6.1.6. We define the formal topological trace density

i (CCPT (W), b+ uB) —» (Q*'[ufl,u]] [h*l,h]]pd],d)

as the composite Jo Eorod. Here & denotes the map from CCP¢" (Wp,) to CCPe" (A[[h]]) induced by

the map that sets & = 0; by ¢« we mean the map induced in periodic cyclic homology by the extension
of scalars from C[k] to C[h~!, k] and E and J are C[h~!, h]-linear analogs of the maps in propositions
6.1.4 and 6.1.5.
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NoOTATION 6.1.7. We denote by
L* := Hom™* (cc?er(wh), QO [ut, [, K] [2d])

the hom internal to the category of chain complexes. We will denote the differential on L* by JL.
Similarly, we denote

L* := Hom™* (00?” (W), 0w, 4] [h’l,h]][2d]) .

Suppose D is a derivation of Wy, then we define the derivation D: Ao A by the formula

D(f) = 6D(f), where, on the right hand side, we consider f € W}, in the obvious way. Note that this
means that g" acts by derivations on A and thus also on Q~*[u~", u][h~", i][2d]. Note that the corre-
sponding action of sp(2d, R) integrates to an action of Sp(2d, R), which makes Q~*[u~", u] [, h][2d]
a (g",Sp(2d,R))-module. Note that the actions of Sp(2d,R) and g" on Wj extend to CCPe"(Wp,)
making this an (g", Sp(2d, R))-module also. In particular, we can consider the complex, i.e. the total
complex associated to a double complex,

(Czie (gh7 ﬁp(2d7 R)v L.) ) 6L’ie7 8]L) .
Note that, since the formal topological trace density is g"-equivariant, we find that
[#:] € H® (", sp(2d,R); L*) .

On the other hand, as mentioned in the remark 3.3.7, the quasi-isomorphism pp, is sp(2d, R)-equivariant,
but not g-equivariant.

LEMMA 6.1.8. There are cochains
iy € Y, (o 5p (24, REL 7)),
for all p > 0, such that

A= in Y B
p>0

s a cocycle.

PROOF.
The proof follows from the fact that the cohomology of LL* is one-dimensional, the spectral sequence
associated to the double complex

(Cric (" 5924 R);L7) O, 1)
and an argument very similar to the proof of proposition 3.3.9. (]
DEFINITION 6.1.9. We define the formal algebraic trace density
fa € (CLic (8" 5p(2d, R); L*) , Opic, O1)

as the composite p;% o¢, where ¢ is defined in definition 6.1.6. We denote the analogous cochain starting
from Hochschild homology by 7,.

Now we have the two classes
(7], [7a) € H (9", sp(2d,R); L*) .

The universal algebraic index theorem states that these two classes are related by a certain product
formula, i.e. [7,] is given by the product of [7¢] with a certain class. Another way to say it is that the
diagram
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o . E R
COPr (W) ceper (&) Qfu?, u]
L J
Cerer (W) m Q[ 1, B[, u][2d]

)

is commutative up to a factor in the derived category of (g",sp(2d,R))-modules, see [14]. Let us
construct the needed factor that will make the diagram above commutative.

Recall the Chern-Weil construction of classes in example 2.4.3. Note that this construction can
be applied verbatim to the deformed situation. In other words, consider the Sp(2d,R)-equivariant
projection

p: g" — sp(2d,R)

given by the identification of gh and sp(2d,C) in proposition 3.2.4 and the inclusion of sp(2d,R) in
sp(2d,C). Just as in example 2.4.3, we have the corresponding curvature map

Ry: g" Ag" — sp(2d,R).
Thus we also find the Chern-Weil homomorphisms
CW,: SP(sphyg) PR 5 2P (P sp(2d,R))
defined exactly as in example 2.4.3.

DEFINITION 6.1.10. We define the formal A-hat class A ¢ as the image of the symmetric invariant
polynomial

det ad %
¢ exp (ad 5) —exp (—ad 3)

under the Chern-Weil homomorphism defined above.

Note that we can also view Af as a class in C%%, (gh,sp(Qd, R); a), using the notation of remark
3.2.2. Recall also the Weyl curvature 6 € C%.. (gh,sp(Qd, R); a) of the remarks 3.2.2 and 3.2.7.

DEFINITION 6.1.11. Suppose [A] € H*” (g",sp(2d, R); C[n!, h]) is an even cohomology class and
L is any g™ [u~' u]-module, then we denote by A- the operator

A': Ciie (ghaﬁp(Qda R)? C) — Ciie (gh,sp(Qd, R), ﬁ)

given by
A~c:ZudA2d/\c

k>0
for any ¢ € C},, (gh,sp(2d, R);E), where A = Zkzo Agy, for [Agx] the component of A in the coho-
mology group H? (g", sp(2d,R); C[h~*, A]).

Note that, for any A as in definition 6.1.11 above, the operator A- is of degree 0.
THEOREM 6.1.12 (Universal Algebraic Index Theorem). The cocycle
fu— (Ase?) - 7

is cohomologous to 0.
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The proof of theorem 6.1.12 can be found in [14] and implicitly in [86]. Since the proof uses
some rather involved constructions in cyclic homology we will omit it here. A sketch of the proof is as
follows. First of all one notes that, since both the periodic cyclic complex of Wy and the formal de
Rham complex are one-dimensional in cohomology, the proof only requires computation of up(1). The
proof uses the reduced cyclic complex CC, (W(h)) of the algebra W), see [78, 14] for a definition.
In particular it uses the fact that one can define a certain action

CC1_. (W) ™" ul @ CCYT (Wwy) — CCPT (W)

where 7 is a degree —1 variable such that 72=0, of the reduced cyclic complex on the periodic cyclic
complex. In fact, this can be done for any unital algebra [14]. The proof proceeds by constructing a
certain fundamental cocycle U in the reduced cyclic complex and showing that (U e1) = 1, where we
denote the action of the reduced complex on the periodic complex by e. The theorem then follows from
an explicit computation of U in terms A ¢ and 6. This computation uses the explicit construction, due
to Brodzki [16], of the connecting morphism in the exact triangle defining the reduced cyclic homology
complex.

6.1.2. Globalization of the Universal Formula. The algebraic index theorem basically fol-
lows from the universal theorem 6.1.12 by applying the Gelfand-Fuks map GF},, defined in 4.1.7,
obtained through the framework of formal deformed geometry, see section 4.1. Namely, we note that
the cocycles 7, and 7 provide maps of complexes

Ciic (8" 50(2d, R); CCI (Wy)) — Ci. (9", sp (24, R); Q7 [u™" ol [0, h] (2] )
This means that, by applying the Gelfand-Fuks map, we obtain the maps of complexes
GFYy(7a), GFjy(70): O (M5 CCPT (W) — @ (M; Q7 [u™ ], ] [24))

The algebraic index theorem 6.1.22 then follows from the observation that the left hand complex
is quasi-isomorphic to CCP¢" (Ap(M)), by proposition 4.1.9, and the right hand complex is quasi-
isomorphic to the usual de Rham complex. The only thing that remains to be done is find out what
the images of 7, A £ 6 and 7, under the Gelfand-Fuks map are.

PROPOSITION 6.1.13. We have GFI;EI (é) = 0, the characteristic class, or the Weyl curvature, of

Ap(M) and GFly, (Af) = A(TcM), the A-genus of the complexified tangent bundle.

PROOF.
The proposition follows by the definition of the characteristic class 4.3.2 and the definition of the
A-genus [48]. O

LEMMA 6.1.14. There exists a quasi-isomorphism
Ty (Q'(M; Q[ B fut, u][2d)), Vi + J) — (@ (M) B, B[ u][2d], dar) -

PROOF.
On the left hand side we are referring to the totalization of a (completely) bounded double complex
with the differential V% acting vertically and the differential d horizontally. Let us also view the
right hand side as the totalization of a completely bounded double complex with the differential dgr
acting vertically and the differential 0 acting horizontally. Consider the natural inclusion of the right
hand complex into the left hand complex. If we associate to both double complexes the spectral
sequence arising from their filtration in terms of the degree of Q*, we see that this inclusion induces
an isomorphism on the first pages. Moreover the spectral sequences collapse on the second pages.
Thus the natural inclusion is a quasi-isomorphism. Now we let Ty be a quasi-inverse to the natural
inclusion. (]
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REMARK 6.1.15. Let us consider
GFly(72) € Hom® (CCpe, (Wh), Q37 [ Wllu™" ul[2d] )

per

where Q3 [h~", h][u~",u][2d] is the bundle with fibers Q~*[u~", u][h~", h][2d] associated to Sp,;. It
is given by
GFl (7)) (wo @ ... @ wy) = u "o (wo)do(wy) A ... Ado(w,),

where o sets 1 = 0 as expected. Note that, if f € C°°(M), then locally the oo-jet f of f in W), satisfies
df = df, by the remark 4.1.10. This shows that Tj o GFl (7)o J i, where Jp7, denotes the map that
the map in proposition 4.1.9 induces in cyclic homology and Ty is as in lemma 6.1.14, is exactly the
Connes-Hochschild-Kostant-Rosenberg map defined in [25, 95] (composed with o). We will denote
this Connes-Hochschild-Kostant-Rosenberg map by £.

Determining the image of 7, under the Gelfand-Fuks map is slightly more involved. To do this,
let us return briefly to the class 7. defined in terms of the Hochschild homology instead of the cyclic
homology. Note that (V% 4 b* 4+ d)GFI(7,) = 0 since 7, is a cocycle. Let us denote by L3, the
counterpart of the complex i’, see notation 6.1.7, for the Hochschild complex instead of the periodic
cyclic complex. Note that, since the cohomology of L}, is one-dimensional, we know that the extension
of 7, to a g"-equivariant class is unique up to homotopy. These two observations together with remark
4.1.10 show the following corollary.

COROLLARY 6.1.16. In local Darbouz coordinates (xz1,...,24,&1,...,&q4) on the chart U C M, we
have that GFl, (72',1) (1) is given by

w(z+2) A+ &) Ad(@r + @) AL Ad(za+ Ea)
d'(ih)d d!(ih)d

(6.1.1)

up to an exact form in Q° (U,Q_'[h_l,h]] [u‘l,u]][Zd]).

Although the algebraic index theorem is essentially a theorem about certain periodic cyclic coho-
mology classes, it can be phrased in terms of K-theory by considering the well-known pairing induced
by the Chern-Connes map [78]. Let us recall the definition of this map here and refer to [78] for more
information on the pairing.

DEFINITION 6.1.17. Suppose A is an algebra, then we define the Chern-Connes map
ch: Ko(A) — HC{" (A)
as follows. Suppose [e] € K((A) is represented by the idempotent e € My (A) then

ch ([e]) = |tr [ e+ Z(*U)Z@ (e — ;) @ ||,

i>1
where tr denotes the generalized trace [78]
tr(a®b®®c) = Zaioil ®bi1i2 ®~-~®Ci”i0
for a,b,c € My(A).

In theorem 6.1.22 below we will consider, instead of this map on cohomology, the underlying
assignment which assigns to the idempotent e the periodic cyclic chain underlying the definition of

ch ([¢])-

NOTATION 6.1.18. We shall denote the compactly supported sections by a subscript ¢, for any
bundle over M. In particular Aj.(M) denotes the ideal of compactly supported functions in Ay (M)
and Q¢2(M) denotes the compactly supported differential forms on M.
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The following is a special definition of trace on Ay (M) due to Fedosov [48]. It uses the Fedosov
construction explicitly, so let us fix a Fedosov connection V and identify Ker V with Ay (M).

DEFINITION 6.1.19. A trace on the algebra Ay (M) is defined to be a C[A]-linear functional
Tr: Apo(M) — C[h™ 1, 1]
such that
TrAd E(f) =Tr f
for all f € Ap.(M) and all E € Gy.
Note that the above definition implies the familiar trace identity Tr fg = Trgf.

PROPOSITION 6.1.20. There is a unique normalized trace Tr on any deformation quantization.

The proof of this proposition may be found in section 5.6 of [48]. A sketch of the proof is as
follows. First, the trace is defined locally as

d
Wst

Tef=@n" [ f

r2a” dl

this fixes the normalization. It is shown that this formula defines a trace as in the definition 6.1.19.
Then the formula is globalized by considering a (Darboux) cover and a partition of unity subordinate
to it. Finally it is shown that the globalized formula defines a trace as in definition 6.1.19 and does
not depend on the particular cover, trivialization or partition of unity.

REMARK 6.1.21. It is also shown in [48] that the trace Tr can be given in terms of a density.
Although we shall not explicitly use this fact, we note that the density is implicit in the proof of
the theorem 6.1.22 below. Also note that, since we shall show that the trace Tr is actually given by
globalization of the formal class 7,, existence of a trace density is expected.

The following theorem will now follow easily from the considerations above.

THEOREM 6.1.22 (Algebraic Index Theorem). Suppose e, f € My (Ar(M)), for some N > 0, are
idempotents such that e — f € Mn(Ap.(M)). Then we have

Try(e — f) = /M E(ch (a(e)) — ch (a(f))) (A(TCM)J) ,

where E: CCP"(C*(M)) — Q*(M) denotes the Connes-Hochschild-Kostant-Rosenberg map [25, 95],
Try denotes the composition of the unique normalized trace on Ap(M) (see proposition 6.1.20) with
the matriz trace, o denotes the map given by setting h = 0 and finally ch denotes the Chern-Connes
map defined in definition 6.1.17.

PROOF.
The theorem follows by applying the compositions

OO (hne(0)) 5 Q20 00T (W) ¥ QM0 ™ w0, H2d]) —

oy Qu(M)u ™, ul[h, B)[2d) 25 Clut u] [, Rl[2d).
Here Jg7, is as in proposition 4.1.9, Tj is as in proposition 6.1.14, fM denotes integration over the
manifold M and V is either GF},(7,) (for the left hand side) or GF}, ((Afeé-> 7“}) (for the right

hand side). By proposition 6.1.12 application of both these compositions must agree. Note that the
expression on the right hand side follows from proposition 6.1.13 and remark 6.1.15.

We need to show that the left hand side is indeed the trace. This follows by returning to the
Hochschild complex and 7,, since, if we consider the composition above defined with respect to
the Hochschild instead of the cyclic complex, then we see that we obtain a cocycle in the complex
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Homgjp (Cf{“h (Apo(M)),C[AL, h]]) By construction of the Gelfand-Fuks map, this cocycle is also
invariant under automorphisms lifting the identity, i.e. it is a trace as in definition 6.1.19. This means
we only need to check that it is normalized (or rather non-zero, since in that case we can always adjust
the map 7, to take care of the normalization). Note that we can check this normalization locally and

thus it follows from equation (6.1.1).
]

6.2. An Equivariant Algebraic Index Theorem

In this section we shall formulate and prove the main theorem 6.2.23 of this thesis. It is a
generalization of theorem 6.1.22 to include equivariance under a group action. We mean this in the
following way. Suppose given an action of the group I' on the deformation quantization Ay (M). Then
in particular we find an action of I' by symplectomorphisms of M (see section 5.1). Now suppose
this action is such that there exists a well-defined symplectic quotient manifold M/T', for instance the
action is free and proper, and we find the deformation quantization Ay (M) of the quotient manifold.
Then we could apply the theorem 6.1.22 above to obtain an equivariant algebraic index theorem. This
would be a very special case, however. In the case that there is no symplectic quotient manifold we
can still obtain an equivariant index theorem by considering the replacement Ay (M) x T' of Ay (M).
Here Az (M) x T denotes the crossed product, see definition A.3.1. The crossed product is the usual
non-commutative manifold replacing the quotient manifold [26]. Thus the generalization of theorem
6.1.22 to the equivariant setting is a similar product formula in periodic cyclic cohomology of the
crossed product Ap(M) x I'. Another reason to consider the crossed product as a replacement for the
quotient is that the periodic cyclic homology of the crossed product is the equivariant periodic cyclic
cohomology of the deformation quantization in the sense of [113].

We will adapt the proof of the algebraic index theorem 6.1.22 given above to prove the equivariant
algebraic index theorem 6.2.23 given below. The main difficulty is that since the group acts by global
transformations it will not act on the formal neighborhood. So, in order to use the universal formula
6.1.12, we will have to define an equivariant version of the Gelfand-Fuks maps given in proposition
4.1.7. Once we have obtained the equivariant Gelfand-Fuks maps we will have to define the pairing
of cyclic homology of the crossed product and the Lie algebra cohomology appearing in the universal
algebraic index theorem 6.1.12. Finally, we shall need to evaluate the equivariant versions of the
characteristic classes appearing in the formula 6.1.22.

6.2.1. Equivariant Gelfand-Fuks maps. As mentioned above we will need to define an equi-
variant version of the Gelfand-Fuks maps. We will do this by considering the usual homotopical
replacement for the quotient, namely the Borel construction M xr EI'. However, since we work with
differential forms, we will need a smooth version of the Borel construction. Recall that the usual con-
struction to obtain M xp ET is by taking the geometric realization of the simplicial manifold T'* x M.
Thus M xr ET is a quotient of A®* x I'* x M. So, we will replace the complex of differential forms on
M by a subcomplex of the complex of differential forms on A® x I'* x M consisting of forms that are
constant along the equivalence relations defining M x ET'. This means that, in order for the Fedosov
connection to preserve the subcomplex, we will need to construct sections F,, analogous to the one
used to define V? appearing in proposition 4.1.7, that also respect these equivalence relations. Since
the Gelfand-Fuks maps are defined in terms of the section F', this will also supply the definition of the
equivariant Gelfand-Fuks maps.

Let us fix a symplectic deformation quantization Ay (M) of the symplectic manifold (M,w) and a
countable discrete group I' acting on it by algebra automorphisms for the rest of this section. Note
that this means that I' acts on the underlying manifold M, the symplectic frames bundles Sp,, and

the (reduced) manifold of deformed non-linear frames (M, ) My, see the proof of proposition 5.1.6.
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Fk:AkkaxMﬁAkkax]\Z,ﬁ

satisfying appropriate boundary conditions.

NoOTATION 6.2.1. We denote by

k
AF = {(to,...,tk) >0 | Ztizl} CRkJrl

i=0

the standard k-simplex, viewed as a manifold with corners. We denote

and similarly

M = AF x T x M,
Mﬁp = AF x TF x Mnh

Mfﬁ = AF x T% x M.

100

Note that these actions commute with the actions of the structure groups. In order to define the
equivariant Gelfand-Fuks map, we will first show existence of certain systems of sections

Note that P¥ — MF is a principal Sp(2d, R)-bundle, namely the pull-back via the obvious projection
to Spyy. Similarly My is the pull-back of M,.,. We define Q*(Mg; L) for a (g, Sp(2d, R))-module L
as we did for M in definition 2.3.5 above, replacing j*(M) by PI’f and considering the trivial action of
the symplectic group on AF x I'*.

NOTATION 6.2.2. In the rest of this section we will denote the diffeomorphisms of M, Sp,,, M,

and Mnh defined by an element v € T through the action of T" on Ay (M) simply by .

In order to accurately define the subcomplex mentioned above and the boundary conditions that

DEFINITION 6.2.3. For all £k > 0 and 0 < ¢ < k we define

ef: ALy AF Df: 'k x Spay — k=1 x Spys and C'ik: 'k x Mrﬁ =k x Mrﬁ

to, .. e if 1 =
e (to, - th-1) = (0%, t5-1) ne 0
(to,...,tifl,o,ti,...,tk,]_) 1f0<z§k,
(V25 Y71 (D)) ifi=0
DE(y, oo D) = (V1o Yiitts -0 W p) O <i <k
(71""7’71671717) ifi =k

and finally

PR ’ ifi=0
Cik(’YM e >’7ka<Pm) = (71 T 71(@711)) . i
(713"'37k;30m) 1f0<2§k’.

LEMMA 6.2.4. There exist sections

the sections F} should satisfy, we will introduce the maps used to define the simplicial structure on
the simplicial manifold I'* x M and the corresponding geometric realization.
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such that
Fyo(ef x Idriysp, )=

(IdAk X Cf) o (pr1 X pro X prs) o (Idaryre X Fx—1) 0 ((eic X Idl"k) X ([dAk—l X Df)) ,
i.e. each Fy, satisfies boundary conditions specified by Fy,_1 on each face of A*.

PROOF.
In lemma 4.1.6 we gave the equivariant section

Fy:=F,: PIQ =Spy — Mnh,

note that Fy does not need to satisfy any boundary conditions (as there is no boundary of P?). Now
suppose we have found Fj satisfying the boundary conditions for all [ < k. Note that giving F} is
equivalent to giving

Jr

S Ly
MA

satisfying the corresponding boundary conditions, since Fj has to be the identity on the component
AF xT*. The section F, from lemma 4.1.6 also yields the trivialization of the principal bundle T 1, 1.€.

MT n = Spy, x G Using this, we see that giving f;, is equivalent to giving a map s;: P — G which
is fixed on the boundary OPF by the boundary conditions and Fj_;. Now note that the exponential
map gives us the isomorphism G ~ F;g". So, since this vector space is contractible, we can always
find F}, satisfying the boundary conditions. O

REMARK 6.2.5. Note that, since Mr,h — Sp,, is the pull-back of a é? bundle over M and the
action of ' is by symplectomorphisms, we can extend the sections Sp(2d, R)-equivariantly. From now
on we will assume that we have chosen Sp(2d, R)-equivariant sections Fj, for all k& > 0 satisfying the
conditions in lemma 6.2.4.

Now, as before in section 4.1, we can use the sections F}j to pull back the canonical connection

form from Mfﬁ (which was itself pulled back from M), to define a g"-valued differential form Ap, on
Pk for each k.

NOTATION 6.2.6. Suppose L is a (gh7 éf) -module. Then we denote the bundle over M associated

to Mr,h by Lo, i.e. the bundle with total space MT n Xan L. We will denote the pull-back to the M’c
by the same symbol. Note that, denoting =: Sp,;; — M the pullback 7*LLj is exactly the bundle
associated to Mr’h — Spys with the ( k. G?)—module L, given by G — Giﬂ as fiber, i.e the pull-back
has total space Mr,h Xgn L. Thus we will denote 7*Ly = L;. Again we will use the same notation for
the pull-backs over the Pfi’.

REMARK 6.2.7. Note that, since I" acts on the éf—bundle Mrﬁ — M, we find that I" also acts on Lg

and, since this action lifts to a Sp(2d, R)-equivariant action on M, — Sp,,, we find a corresponding
action on the space Q°* (M;L). Let us be a bit more precise about this action. Note first that the

section Fy (from lemma 6.2.4) yields a trivialization of M,«ﬁ — Spjs- This means that it also yields a
trivialization (denoted by the same symbol)

Fy: Sppy x L= My X L,

explicitly given by (p, £) — [Fy(p), €] with inverse [pp, £] = (7r1(om)s (Pm © Fo(mr,1(9m)) ") (€)). In
these terms the action is given by

Y@ = (v'n) @ (Fy ')y Fl
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where (Fy 1)*y* Fg{ is the section given by

p= (v(p), Fo(p)yFo(v(p)~'0).

We consider the corresponding action of I' on the spaces 2° (M{f, ]L), where we use F}, instead of Fj
(or in fact on Q°* (N x M,L) for any N).

DEFINITION 6.2.8. Note that the differential forms A, define flat connections Vg, on Q* (MF;L)
for all k, as in proposition 4.1.7, and so we can consider the product complex

HQ. (MFkv]L)a@F )
k>0

where

@F = HVFk‘

k>0

PROPOSITION 6.2.9. Suppose L is a (g", Sp(2d, R))-module, then the map

G(F‘I\l_/‘l (Oiie (gh,ﬁp(Qd, R)’ ]L) 78Li€) — H Qe (Ml"kv ]L) 7@F )
k>0
given by
GFyy (X)), = x 0 A, (6.2.1)
for x € C7,. (gﬁ75p(2d, R);L) and where the subscript k refers to taking the k-th coordinate in the

product, is a well-defined map of complezes.

Note that the definition of GFL, is the same as in proposition 4.1.7 only we now use the compatible
system of sections {F}}>o.

PROOF.
This proof is exactly the same as in the non-equivariant setting, see propositions 2.3.9 and 4.1.7,

carried out coordinate-wise in the product.
O

The equivariance of the equivariant Gelfand-Fuks map is demonstrated by the following lemma.

LEMMA 6.2.10. For all x € C},_(g",sp(2d,R); L), we have that the form
GFy;(x) € [[r(Mf;L)
k
satisfies
(€ x Idprycsp,, ) GFy () = (Idar—1 x DF)*GFay(x)k-1
if0<i<keNand

(€6 % Idpixsp,, ) G (X) k| ak—1 s oy xri1x5py, = V((Tdar-1 x DE)*(GFyr(X)k-1))
where v € T' on the right hand side signifies the action on QP(AF~1 x T* x M;L).

PROOF.
The boundary conditions put on the sections Fj in lemma 6.2.4 are meant exactly to ensure this
property of the Gelfand-Fuks map GFL,. The lemma follows straightforwardly from these boundary
conditions. g
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REMARK 6.2.11. The phrasing of the preceding lemma may obscure its nature a bit. Note that
the left hand sides of the equations in the lemma are simply the restrictions of the forms GFL,(x)x
to the various boundary components of P¥. The lemma states that the forms in the image of the
equivariant Gelfand-Fuks map are constant on the equivalence classes of the relation ~ on Mrp :=
[1, A¥ xT'* x M such that Mr/ ~=: ET xp M is the Borel construction (through geometric realization
of the corresponding simplicial manifold).

6.2.2. Pairing with HCL*" (A, (M) x T'). In order to derive the equivariant version of the
algebraic index theorem 6.2.23, we need to pair the periodic cyclic complex of A (M) x T with the Lie
algebra complex with values in

L* := Hom™*(CCP*" (W), Q™ *[u™",u][n", H][2d]),

as in section 6.1.1, in order to interpret the universal formula 6.1.12 in the periodic cyclic cohomology
of Ap(M) x T'. We fix the notation L* to mean the above for the rest of this chapter. We will define
a trace on the crossed product that is “supported at the identity of I'” in a sense that will be clear
in section 6.2.3, see definition 6.2.19. In this section it will mean that, instead of pairing the full
periodic cyclic complex with the Lie algebra complex, we will only pair the so-called homogeneous
chains, see appendix A.3.1. By theorem A.3.6, this means we can pair with the periodic cyclic chains
by constructing a map from the Lie algebra complex to

(T, @ (M; L)),

the group cohomology complex with values in differential forms with values in L*. We will do this
(implicitly) in this section.

NOTATION 6.2.12. We denote the composition of the projection to the homogeneous summand
with the quasi-isomorphism of theorem A.3.6 by

D: CCP" (Ap(M) x T) —» C.(T, CCP" (Ap(M))).

DEFINITION 6.2.13. We define the p-forms ¢ € [],-,Q° (Mllf;]L’) of Sullivan-de Rham type as
those ¢ that satisfy the conditions of lemma 6.2.10 and such that ¢y, is a p-form for all k, but are not
necessarily in the image of GFL;. We denote the space of p-forms of Sullivan-de Rham type by

QP (M xp ET;L*)
and denote by

QO (M xp ET,L*) := @ Q" (M xr ET,L*)
p=>0

the forms of Sullivan-de Rham type.
Since the definition uses lemma 6.2.10, we find the following corollary.

COROLLARY 6.2.14. The image of the Gelfand-Fuks map GFL, is contained in the forms of
Sullivan-de Rham type.

LEMMA 6.2.15. There are quasi-isomorphisms
T (Q-(Mﬁ;Q—'[h—l,h]][u—l,u}]pd])yzk +ci) — (Q(MP)[RY, ] [u™t, u][2d], dur)
for all k > 0.

PROOF.
Note that this is essentially the same lemma as lemma 6.1.14. ]
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DEFINITION 6.2.16. We define the pairing
(+,): Q° (M xp ET;L*) x CCP(Ap(M) xT') — Q°(M)[2d]

as follows. Given a € CCY" (Ap(M) x T') we note that D(a) € C,(I', CCP" (Ap(M))) is given by the
components D(a), € CCy”" (Ap(M)) @ (CT)®? for all p € Zso. Then let us denote

q

D(a), = Z D(a)p,i.n, @ D(a)pir
i=0

with D(a)pir =71, ® ... ® Yy, for some ;, € I" for all j and 4, i.e. both legs of the tensor product
are given by the above. Suppose ¢ € Q% (M xp ET';LL*) then

q
(pa) =33 / Tyon (T3 p(D(@pin ),
p>0 i=0 7 AP X{(Vi,157i,p)

where Jg° ; is the map given by taking the oo-jets of elements of Ap(M) relative to the Fedosov
connection Vg, , i.e. it is given by the analog of the map in proposition 4.1.9 for M{f instead of M.

We note that the pairing (-, -) is well-defined since the integral of ¢ € QF (M xp ET;L*) over any
simplex AP for p > k will vanish.

DEFINITION 6.2.17. Define
C: C1ic(g",5p(2d,R); L*) — CCp.p(Apo(M) x T)
by
Col@) = [ (GFLip)0)

for all ¢ € C3,.(g,5p(2d, R); L*) and a € COP" (Ap(M) x T).

PROPOSITION 6.2.18. The map

C: (C1io(@" 50p(2d,R); L*), Opic + O1) — (CCpep(Ane(M) x T), (b + uB)*)

18 a map of complexes.

PRroOF.
Suppose ¢ € C7,.(g,5p(2d,R); L%) and a € CCY" (Ap(M) x T'). We will show that

C(aLiEJr(,l)rg;L)w) (a) = Cw((b =+ uB)a)
By proposition 6.2.9, we see that

[ (GF @+ —1ron.a) = [ (94 (-170) GF(0.a).

Furthermore
Vi, GFr(0)k(J5, 1 D(a)ikan) = (VE,GEr(9)k) (Jp, 1 D(a)ik,an)

for all ¢ and k since Vp, Jg; , = 0 by definition of Jz7 ;. Now note that

[/ 7 (Ve + (-1 d) GFlen) 0 = [ f (dxTeCFl (9)i) ()
M JAFX{ (15 mr) } M JAFX{(p15esm) }

for any £ > 0, u; € I', ¢ and b, since fM dqr = 0 by Stokes’ theorem. Note that we have used the
decomposition

VE, =dax +dSpM + Ar,,
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where we have denoted the exterior derivative on A* by dax, for all k£ > 0. Combining this with the
previous statements we find that Ciy,, 4+ (—1)ra,)¢)(a) equals

q
ZZ/ / (dAkTkGFjr\;[(‘p)k)(J;?whD(a)i,k,Aﬁ)"F(—l)erGFI\F/I(cp)k((b-ﬁ-uB)J;fl’c,hD(a)i,k’Ah)
k>0 i=0 7 M \YAF{(y1,i57%,0)}

where we use the notation of definition 6.2.16. Now one checks that, since GF},(¢) is of Sullivan-de
Rham type, by corollary 6.2.14 and Stokes’ theorem, the term involving dax equals a term where
the group boundary operator acts on D(a) € C,(I', CC?¢" (Ap.(M))). Combining this with the term
involving the b+ uB operator yields exactly Ci,((b+ uB)a).

O

6.2.3. Evaluation of the Equivariant Classes. In the previous sections we constructed the

map
C: H%(g,sp(2d); L*) — HC),,.(Ap (M) x I).

The last step in proving the main result of this chapter is to evaluate the classes appearing in the
universal algebraic index formula 6.1.12. This will lead to a theorem similar to the algebraic index
theorem 6.1.22. This means that we should expect to consider an ordinary trace on the crossed product
as well as a “higher trace” (the image of the formal topological trace density). In the non-equivariant
setting there was a unique candidate by the result of Fedosov 6.1.20. As mentioned, we will consider
the natural counterpart of this trace “supported at the identity of I'”.

DEFINITION 6.2.19. We define the trace supported at the identity Tre: Apg(M) x T’ — C[h™1, ]
by the formula

Tre(fdy) = b,y Tr(f),
where the J. - on the right hand side is the Kronecker delta.

Now let us consider the equivariant version of the trace density GF};(7,). By the same reasoning
as in section 6.1.2, we see that we get a trace on Ap.(M) x I'. By following the various (quasi)-
isomorphisms from CHo" ((Ap(M) xT)8) to C, (T, CHoh(Ap(M))) constructed in the appendix A.3.1
to obtain theorem A.3.6, we see that this trace comes from the map

7: Co(T, Co(Ano(M))) — C[n~ ", A]
such that 7o (b4 dr) = 0. This condition means exactly that the map
71 Apo(M) — C[h™1, h]

given by 7(f) = 7(f ® e) is a trace. By construction, we see that 7 is also invariant under fiberwise
automorphisms and therefore a trace according to definition 6.1.19. Thus we see that 7 = Tr and so
the trace induced by the equivariant Gelfand-Fuks map GFi, is exactly the map

foy 7 0y Tr(f)
defined in definition 6.2.19 above.

In the previous sections we have used some complexes to represent Borel equivariant cohomology
[37], which are not completely standard. The following proposition shows that they really do represent
Borel equivariant cohomology.

ProroOSITION 6.2.20. We have
H (M xr ET) ~ Hy.(M;C)

where on the left hand side we mean the cohomology of Q*(M xr ET;C) and on the right hand side
we mean the cohomology of the Borel construction M xp ET.

This proposition holds basically by construction (see for instance [37]).
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DEFINITION 6.2.21. The equivariant Weyl curvature r is defined as the image of § under GF T
followed by C[h]-linear extension of the map in 6.2.20. Similarly, the equivariant A-genus of M,

denoted A(M)r, is defined as the image of A; under the equivariant Gelfand-Fuks map GFL, followed
by C[h]-linear extension of the isomorphism in 6.2.20.

NOTATION 6.2.22. In the following, we denote the well-known inclusion of the Borel equivariant
cohomology into the periodic cyclic cohomology of the crossed product, as defined (for instance) in
[26] section 3.2.9, by

®: Hy.(M;C) — HC:_.(C®(M) xT).

per
Finally we obtain the following theorem as a corollary of the previous three sections.
THEOREM 6.2.23 (Equivariant Algebraic Index Theorem).

Suppose p,q € My (Ar(M) xT), for some N >0, are idempotents such that
p—q € My(Ap (M) xT). Then we have

Trx.o(p = q) = (@ (AM)re™ ) e (o(p) = ch (o(0)))

where Try . denotes the composition of the trace defined in definition 6.2.19 with the matriz trace,
o denotes the map given by setting h = 0 and finally ch denotes the Chern-Connes map defined in
definition 6.1.17.

Given the results of the previous three sections this theorem follows from the formal algebraic
index theorem 6.1.12 and a straightforward, but long, calculation that we omit.



CHAPTER 7

Conclusions and Prospects

The theorem 6.2.23 concluding the previous chapter 6 is objective (1) as stated in section 1.5.
Objectives (2) and (3) were “handled” in the chapters 5 and 4 respectively. We should comment on
the degree to which the objectives have been met and provide a clear overview of the main results
of this thesis. In this chapter we will provide such an overview of the main results. We will also
comment on the possibilities of further research offered by these results. We will do these things in a
style similar to section 1.5. So, we shall comment on the degree to which the objective has been met
and the possibilities for further research this offers counting down from (3) to (1).

7.1. Objective (3)

As mentioned in section 1.5, it will be hardest to determine the degree of success for objective (3).
Let us start by giving a quick overview of the results obtained in the pursuit of this objective.

In chapter 4 we have presented a deformed version of the framework of formal geometry presented
in chapter 2. The objective was to show that Fedosov’s construction can be interpreted naturally in this
framework. We have also presented this construction in section 4.2. This led us to proposition 4.3.1,
it shows that the connections obtained as the deformed analogs of the Grothendieck connections,
see proposition 2.3.9 and remark 2.3.11 are Fedosov connections. In section 3.1 we showed that
the formal Weyl algebras bundle appearing in the Fedosov construction [46] is isomorphic to the
deformed bundle of infinity jets, see proposition 3.1.8 and remark 3.1.10. This shows how one can view
(Q*(M;Wp,), V), for a Fedosov connection V, as a replacement for the Cech cohomology complex on M
with values in the (sheaf given by the) deformation quantization, when we consider the cover by formal
neighborhoods. In definition 4.3.2 we define the characteristic class of a deformation quantization in
terms of the framework of deformed formal geometry and the Gelfand-Fuks maps 4.1.7. By remark
4.3.5, the class lands in the affine space £ + H3g (M)[R], as expected. This shows that the Fedosov
construction is obtained by solving the equations that arise from assuming a certain class is obtained
as the characteristic class of a deformation quantization in the sense of 4.3.2.

Now let us consider the further research that may be carried out in the direction of objective
(3). First of all, there are many different generalizations of the Fedosov construction and one could
investigate whether each of them allows for a corresponding framework of formal geometry. Most
specifically one may consider generalizing to the case of general Poisson manifolds, instead of symplectic
manifolds. The problem would be that there is, in general, no constant local model for a Poisson
manifold. Even if there is such a local model, it may allow for several inequivalent deformation
quantizations. Nonetheless, this generalization is done to some extent in the article [21]. In that
article the authors relate certain x-products on Poisson manifolds to connections in jet bundles and
they mention the underlying formal geometry. They do not consider a framework of deformed formal
geometry, however. So, one further direction of research would be to try and combine the results of
this thesis and [21] to obtain an interpretation of that result as we did for the symplectic case here.
Another option in the same vein is to consider the case of dg manifolds [106]. In this article the
authors consider a Fedosov-type construction for dg manifolds, thus one may consider whether there
is a corresponding framework of formal deformed dg geometry. Let us also mention the recent article

107
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[43], the authors consider deformations of the algebra A that correspond to a Drinfeld twist in the
universal enveloping algebra U(g) of a Lie algebra acting on A. They use a Fedosov construction in
order to obtain such Drinfeld twists. If we consider a Lie-Rinehart pair instead, we can associate the
corresponding convolution algebra as a replacement for the algebra of infinite jets, see remark 3.1.4.
Drinfeld twists will also yield deformations of this convolution algebra, see 3.1.8 and the remark 3.1.11.
Thus we may develop a corresponding notion of formal geometry using this, more general, notion of
infinity jets.

Finally, one may use a part of the results summarized above to place the Fedosov construction more
squarely in the framework of deformation theory of associative algebras of appendix B. Namely, the
remark that the formal Weyl algebras bundle appearing in [48] is isomorphic to the deformed bundle
of infinity jets. In particular, this bundle is independent of the class of the deformation quantization
up to isomorphism. In fact, one can already observe in the case of the Fedosov construction that, up
to isomorphism, all deformation quantizations are obtained as subalgebras of the same algebra. When
we consider the framework of formal geometry in the context of deformation theory of associative
algebras, we note the following. We have the quasi-isomorphism of differential graded algebras

J®: (C®(M),0) — (J32 (M) @cee(ary (M), V), (7.1.1)

where V¢ denotes the Grothendieck connection, see proposition 2.3.9 and remark 2.3.11. As men-
tioned in remark B.4.7, this implies that we obtain a bijection between the equivalence classes of the
deformations as A,.-algebras. On the left hand side of (7.1.1) this just means deformation quantiza-
tions, since the differential is trivial. We note that the deformation quantizations of M up to gauge
equivalence can be divided into classes parametrized by the induced Poisson bracket, see corollary
1.2.5. Let us denote the classes that induce the Poisson bracket induced by the symplectic structure
by D, (M). Let us consider now the deformations of the dg algebra on the right hand side of 7.1.1, in
the sense of definition B.1.1. If they lie in the image of J*°, they should be given by (u>1,0), i.e. the
differential remains undeformed. If they even lie in the image of D, (M) under J°°, then we should
be able to normalize the deformed product to obtain the product on the formal Weyl algebras bundle.
This will mean that the differential has to change and thus we obtain the Fedosov connection. A
prospect of research is to carry out the sketch above in detail and in particular deal with the fact (that
we swept under the rug) that the results of [34] show that only the deformations as A.-algebras are
identified by a quasi-isomorphism.

7.2. Objective (2)

The treatment of objective (2) is left entirely to chapter 5. In section 5.1 we recall some well-
known facts about group actions on deformation quantizations. We arrive at the definition 5.1.7 of an
extension of the action by symplectomorphisms, motivated by the result on lifts of symplectomorphisms
in propositions 5.1.3 and 5.1.6.

In section 5.2 we consider the question of existence of lifts of a given group action. The main
reason is that we will carry out the classification project relative to a given lift. We arrive at the
well-known condition that the group action I' — Symp(M,w) should be contained in the stabilizer
subgroup of the characteristic class. Given an action that satisfies this condition, we can associate
(non-uniquely) a cochain ¢ of I' with values in the sections of the bundle G} that satisfies the equations

ey Vet =V,

for some Fedosov connection V (such that KerV is the deformation quantization). At that point
the existence of a lift comes down to the cocycle condition for ¢, see corollary 5.2.1. We proceed to
consider more restrictive conditions, leading to the known result, see [7], rephrased in proposition
5.2.3. To conclude our treatment of the question of existence, we show that there exist examples of
group actions that do not satisfy the conditions of proposition 5.2.3, but can lift nonetheless.
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Finally we come to the question of classification relative to a given lift of I' = Symp(M,w)e to
the deformation quantization. In section 5.3.1 we construct a certain abstract (pointed) set H*(T'; Gy)
that parametrizes the equivalence classes of lifts of the action satisfying a certain technical condition.
In fact, it is given as the first group cohomology with values in the non-Abelian group Gy (M). This
solves the problem in the abstract, but it does not immediately allow for easy conclusions about the
number of equivalence classes of lifts. To obtain such results we should supply a method of computation
of the sets H'(I';Gy). In particular we would like to have a way to relate it to some more familiar
combination of group cohomology and the cohomology of the manifold.

The main obstacle at this point is the fact that we are dealing with non-Abelian cohomology
and thus we cannot employ the usual tools of homological algebra. Nonetheless, we obtain truncated
long exact sequences from short exact sequences of coefficient groups. Using these, we first prove the
existence of a certain commuting diagram consisting of interlocked exact sequences (5.3.4), in section
5.3.2. We obtain these by considering the non-Abelian Cech cohomology, see the end of section A.2.3
in the appendix. We then use this square to obtain vanishing results for H! (T'; Gy ), namely proposition
5.3.24, and non-vanishing results, see examples 5.3.28 and 5.3.30. Especially the last example shows
how one may apply the diagram (5.3.4) in order to compute Hl(F;E).

Let us also consider some prospects for further research concerning group actions on deformation
quantizations and classification. First of all, we may consider the restriction imposed by the definition
5.1.7. Namely, we only consider those lifts of the action on the symplectic manifold that preserve a
given Fedosov connection. Further research may point out how severe this restriction is in practice.
A point of interest is whether there exist actions that do not preserve any Fedosov connection. One
way to proceed is to consider the approach used to prove the equivariant version of the algebraic index
theorem in section 6.2. In this case we do not require the section F' defining the Fedosov connection
to be equivariant with respect to the action of the group, instead we construct a system of sections
Pk — Mllfyr satisfying certain boundary conditions.

Secondly, we can consider the equivariant characteristic class O of the action of I' on Ay (M)
constructed in section 6.2, see definition 6.2.21. The question naturally arises to what degree this class
actually classifies the action. In particular when one considers this class in the light of section 5.3.
For instance, in the case of example 5.3.30, we have that H'(T'; Gv') contains a copy of T}(T?), on the
other hand the equivariant class fp takes values in H*(T? xz EZ)[h] ~ C3[h], this follows from the
fact that H*(T? xz FZ) ~ H*(T?) ® H*(BZ) in this case. The Borel equivariant cohomology comes
with the map H?(T? xz EZ) — H?*(T?) induced by the quotient map T? x EZ — T? xz EZ, which
should map fr + 6. The kernel C? is obtained as K := H'(T?) @ H'(Z;C). At this point we are
tempted to conclude that H'(Z; Gy) = eX. A more conservative statement is that there should be a
more rigorous scheme with which to identify H'(I'; Gy') with some combination of cohomology of the
underlying manifold and group cohomology, of course proposition 5.3.24 also supports this.

7.3. Objective (1)

Finally we consider the results obtained in the pursuit of the main objective of this thesis: the
equivariant algebraic index theorem 6.2.23. In section 6.1 we consider a proof, which appeared in
[14] and [15], of the algebraic index theorem that proceeds by first proving the universal or formal
algebraic index theorem 6.1.12 and subsequently applying a Gelfand-Fuks map, see proposition 4.1.7.

The first problem with incorporating a group action is that the group acts by global transforma-
tions. So there is no hope of obtaining an equivariant formal algebraic index theorem. This implies
that we should try to obtain an equivariant Gelfand-Fuks map. This amounts to finding an equivariant
version of the section F,. in lemma 4.1.6. As mentioned, we do not want to assume that an equivariant
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section F,.: Spy, — Mrﬁ exists a priori. This amounts to fixing special Fedosov connections and ac-
tions of the type of definition 5.1.7. Thus we are led to consider the simplicial manifold I'* x M whose
geometric realization is the Borel construction. We show, in lemma 6.2.4, that one can find equivariant
sections F). in the form of a system of sections for this simplicial manifold satisfying certain boundary
conditions. These yield the equivariance of the Gelfand-Fuks maps, given in proposition 6.2.9, in
the sense of lemma 6.2.10. The rest of the program is carried out by following the usual steps. We
choose to pair the Lie algebra complex with the periodic cyclic chain complex directly to simplify the
computations. Now we can use the well-known results [93, 57, 49], recalled in section A.3.1 of the
appendix, to obtain the equivariant algebraic index theorem 6.2.23.

There is a lot of room for further investigation of the formula in theorem 6.2.23. First of all we
should carry out certain interesting examples, like the irrational rotation of one coordinate on the
torus, or the irrational rotation of the sphere proposed in examples 5.3.30 and 5.3.28. Another large
class of examples is given by the actions on manifolds that do allow for a symplectic quotient and
where the invariants Ay (M)! provide a deformation quantization of the quotient. In this case, we
expect the formula to reduce to the usual algebraic index theorem 6.1.22. In particular, it is of interest
to compute the classes A(M)p and Or, defined in definition 6.2.21, in these cases.

Secondly, we should compare the results of theorem 6.2.23 with similar results. In particular we
should compare with the (formal analog) of the results in [101]. A comparison that would be of
particular interest is with the results obtained in the papers [96, 97], in particular [97]. Although
the actions are restricted to a smaller class, the formulas in these articles are more explicit and it may
lead to a more explicit formulation of theorem 6.2.23. As mentioned above, we should also compare
the class fr from definition 6.2.21 to the results of section 5.3, i.e. the preprint [69].

Thirdly, we may consider generalizing or adapting the proof of theorem 6.2.23 in section 6.2 to
obtain similar results for certain adaptations of the algebraic index theorem 6.1.22. For instance we
may consider the adaptations put forth in section 1.5.3. Namely, we may consider the case of symplectic
Lie algebroids [89], gerbes [15] or general Lie algebroids [9] equipped with an action. The case of a
complex manifold, see [89, 14], should follow particularly straightforwardly from the treatment in
section 6.2. Finally, one may consider the case of more general Poisson manifolds, as in [33], although
this may be more challenging due to the fact that there is no easy classification of the local models.
Another option is to consider an action twisted by a group cocycle instead of an untwisted action.
One can still form the corresponding crossed product and a straightforward adaptation of the proof
in section 6.2 should provide an analog of theorem 6.2.23 for this case. Finally, one may consider the
case of a Lie group acting smoothly rather than a discrete group. In this case the model for the Borel
equivariant cohomology, put forth in section 6.2, would have to be adapted accordingly.

Another project following naturally from this one is to “integrate” in the sense of obtaining a
corresponding analytic index theorem, like in the article [88]. In particular, given a (regular) foliation
of a smooth manifold, we could consider operators on the foliation algebra, see section 2.8 of [26],
which can sometimes be given in terms of a crossed product along an action twisted by a cocycle, that
are (pseudo)-differential along a transversal. The formal analog would be given exactly by the crossed
product twisted by a cocycle of the deformation quantization corresponding to the symbol calculus
in the cotangent bundle of the transversal. Thus, the adaptation of theorem 6.2.23 proposed in the
previous paragraph would yield an algebraic version. This would allow us to obtain explicit formulas
for instances of the transversal index theorem [29].
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APPENDIX A

Simplicial and Cyclic Structures and (Co)Homology Theories

In this appendix we will give definitions of the various (co)homology theories used in the main
body of the thesis. To name them precisely we use

Hochschild (co)homology of associative algebras,

(periodic) cyclic (co)homology of associative algebras,

group (co)homology,

de Rham cohomology,

Cech cohomology (subordinate to a cover),

singular cohomology and

cohomology of (topological infinite-dimensional) Lie algebras.

Note that, of these, the singular cohomology is used in a completely rudimentary way. It turns
out that, by considering the notion of simplicial and cyclic structure, we can obtain many of these
theories by simply considering the right simplicial and cyclic modules. So, we will start this appendix
by giving a recollection of simplicial and cyclic structure. We will then provide the definitions of the
various complexes above as well as some remarks that will be of use in the main body of the thesis.
This appendix is mostly used to fix conventions with regard to the various complexes used to compute
the above homologies, however. Section A.3.1 is an exception. In that section we provide a proof of a
well-known result [93, 57, 49] that is used in section 6.2.

A.1. Simplicial and Cyclic Structures

The notion of simplicial structures unifies a lot of (co)homology theories under a single header. In
fact, if the (co)homology theory is defined by use of a (positive) chain complex, the Dold-Kan corre-
spondence [116] implies that there is an underlying simplicial module. Since most of the (co)homology
theories mentioned above are in fact defined by use of (positive) chain complexes, it will be useful to
present parts of the theory of simplicial modules here, in order to fix conventions.

Simplicial modules are right modules over a certain category /A. It turns out that one can expand
this to a larger category AC, called the cyclic category, in a natural way. Modules over this bigger
category are called cyclic modules and they also give rise to chain complexes. The cyclic homology
theories we use in the main body of this thesis are obtained from certain cyclic modules associated
to associative algebras [24]. In this section we shall first give a description of these categories and
provide a specific presentation of them. This presentation is in essence a convention. So, since the
main aim of this appendix is to fix conventions, the presentation is the main result of this section.

A.1.1. The Simplex and Cyclic Categories. The following section is based on appendix B.5
of [79]. The simplex category A and the cyclic category AC fit into the larger picture of categories
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of finite sets, which is neatly expressed in terms of the commutative diagram

F——— Fin

I ]

JAN AS+——§ — Bij

11

—C

The arrows in this diagram represent functors. Excluding AS — F, all arrows represent inclusions.
In the diagram we have denoted the category of finite sets by Fin; the category of finite sets and
bijections by Bij; the skeleton of Fin given by only considering the objects [n] := {0,1,...,n} for all
n € Zxo by F and the skeleton of Bij with objects [n] := {0,1,...,n} for all n € Z>o by S. We shall
be a bit more precise about the definitions of the other categories, since they define the simplicial and
cyclic structures. Note that
ifn=m

Homs ([n], [m]) = {S”“

0 otherwise,
where we denote by .S, the symmetric group in p-letters.

DEFINITION A.1.1. We define the simplex category A as the category with the totally ordered
sets (n) :={0< 1< ... <n} foralln € Z>g as objects and the weakly increasing maps f: (n) — (m),
i.e. such that ¢ < j implies f(¢) < f(j), as morphisms.

We define the category C as the subcategory of S that has all objects [n] for n € Z>(, but only
those morphisms corresponding to the cyclic subgroups Cj,+1 C S;11.

The cyclic category AC will be generated as the so-called bi-crossed product of the matched pair
(A, C). In order to explain what this means, let us construct the ambient category of non-commutative
sets.

DEFINITION A.1.2. We define the category of non-commutative sets AS as the category with
objects [n] for all n € Z>o and with morphisms f: [n] — [m] given by maps of sets equipped with a
total order on the fibers f~1({i}) for every element i € [m)].

We should note the definition of the composition of two morphisms f: [n] — [m] and g: [k] — [n]
in AS. As a map of sets f o g is simply the composition of the maps f and g, so all we need to specify
is how we supply the fibers with a total order. Suppose i € [m], then, if a,b € g7 (f~1({i})), we set
a < b, if g(a) < g(b) in the ordering on f~'({i}) determined by f, or, if g(a) = g(b) and a < b, in the
ordering on g~!(g({a}) determined by g.

Note that there is a canonical surjective functor AS — F given by simply forgetting the total
order on the fibers. Note also that both S and A embed into AS in the obvious way, however neither
embedding is full.

PROPOSITION A.1.3. Any morphism f: [n] — [m] in AS can be uniquely decomposed as
f=y¢oo

where ¢: [n] = [m] isin A and o: [n] — [n] is in S. Here we have identified the morphisms in /\ and
S with their images in AS.

PROOF.
Suppose we are given a total order on [n], let us denote it (n), e.g. (5) = {3 <2<4<0<1<5}.
We obtain an element o(,) € S, 41 defined by the requirement that

O(n): (TL) — <TL>
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is order preserving. Here we have identified S, 11 = Autg([n]) by shifting 0 to 1, 1 to 2 and so on until
we shift » to n + 1 and then considering the canonical action of S,,41 on {1,...,n}. In the example
given above we would have o(5) = (5)(421)(30) in “cycle” notation. Note that this defines a bijection

o: {total orderings of [n]} — Sp41.

Suppose f: [n] — [m] € AS, then we find an induced total order (n)y given by setting ¢ < j if
) < f(j) in (m) or if f(i) = f(j) and i < j in f~1(f(i)) for all i,j € [n]. Note that (n)g(l) = (n).
Note also that

T(n) f
(n) = (n)y — (m)
is weakly increasing, by definition of (), and (n)f. So, we find the decomposition
f=yoo,
with ¢ € A and o € S for all f € AS, by p = foo(,), and 0 = 0(_nl)f. This proves the existence of
the decomposition.

Now suppose ¥, € A and 0,7 € S such that

YoT=poo
in AS. Then pooor~1 is weakly increasing and so p(o771(i)) < ¢(o771(j)) implies that both i < j and
ot (i) < o7 1(j) while ¢(o771(i)) = p(o771(j)) implies that i < j if and only if o771(i) < o771(4)
by definition of the ordering on the fibers of compositions and the fact that ¢ is weakly increasing.
So we find that i < j if and only if o771(i) < o7 1(j). Since o7~ ! is a permutation, we find that
or 1= Idp,), i.e. 0 = 7. Finally ¢ = po o7~ ! = ¢ shows uniqueness of the decomposition. (|

1

DEFINITION A.1.4. For 0 € S,,,41 and n € Z>¢ let
o« : Homa ([n], [m]) — Homa ([n], [m])

be the map that sends ¢ € Hom([n], [m]) to the unique o.(¢) € Hom([n],[m]) in the decomposition
of o o ¢ given by proposition A.1.3.

For every ¢ € Homa ([n], [m]) let

P Sm+1 — Snt1

be the map that sends o € S;, 11 to the unique ¢*(0) € S;,41 in the decomposition of o o ¢ given by
proposition A.1.3.

A convenient summary of this definition is given by the defining identity

oop=0.(p)op*(o).
The cyclic category AC' is obtained by considering not all morphisms in AS, but only those

morphisms that decompose in terms of a cyclic permutation and a weakly increasing map. In order
for this to be well-defined, we need the following proposition.

PRrROPOSITION A.1.5. We have ¢*(Cpt1) C Crya for any ¢ € Homa([n], [m]).

PROOF.
Note that
p (o) =0a0)
in the notation of the proof of proposition A.1.3. Now, if ¢t € C),41, we see that, since ¢ is weakly
increasing, t(),,., 18 in Cp41, but then its inverse is also in Cp41. O

DEFINITION A.1.6. The cyclic category AC is the subcategory of AS with all objects and those
morphisms f that decompose according to proposition A.1.3 as f = ¢ o ¢ with ¢ in a cyclic subgroup.
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Although it is nice to have a good definition of the simplicial and cyclic categories, it is usually
more useful to consider a certain specific presentation of them by generators and relations. It is
easily deduced and well-known [82] that the simplex category A allows for the presentation given by
generators 0 € Homa ([n — 1], [n]) and ¢} € Homa ([n + 1], [n]), for 0 < ¢ < n, and relations

srept=oranTl it i<y

n_n+1 n_n+1 : - .
oio) =00l if i<y

and

srot Tl i<

o6t =S Idyy, if i =j,j+1

or ot ifi >G4
Here the §7* correspond to the maps given by 5?@) =jif j <iand §7(j) =4+ 1if j > ¢ and the o7
correspond to the maps given by o7'(j) = j if j < i and o7 (j) = j — 1 if j > 4. It is sometimes useful
to consider the maps in A in terms of “dots and bars” diagrams as used in the proof of corollary 3.1.6.
In these terms the generators for n = 3 are

The relation 0367 = 0103 looks like

in these terms.

From the presentation of the simplex category A given above, we obtain the presentation of the
cyclic category AC, by adding the generator ¢,, of the cyclic group of order n + 1 for every n € Z>o.
In other words we add the generator t,, € Homac([n], [n]) for all n > 0 and we add the relations

tnll =0 qta1 if i<,
thoy =0 itnpr  if i<,
tnoy faotflﬂ, ta0n =6y and 0T =1Id,.

Here t,, is the map given by ¢,(j) =7+ 1if j <n and ¢, = 0. Pictorially we have

%%@3

t202
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REMARK A.1.7. Note that we could also have provided the generator ¢, ! instead of t,,. This would
have led to slightly different relations and conventions about the B operator, see equation (A.1.1).
The reader should be careful to realize which presentation is used when considering such expressions
as (A.1.1) for the cyclic operators, which is (partly) why we have included this appendix. For instance
in [93] the generator ¢, ! is used instead of ¢,. Note that the equation (A.1.1) for B as a formal sum
of morphisms in AC' is what matters in the end, the only thing that changes when one uses a different
presentation is the formula.

A.1.2. Simplicial and Cyclic Homologies. As mentioned, modules over the simplex and cyclic
categories give rise to chain complexes. Let us fix our conventions and notations of these chain
complexes here.

DEFINITION A.1.8. For a commutative ring R we define simplicial/cyclic R-modules as contravari-
ant functors from the category A/AC to the category of R-modules. Alternatively we can consider the
Z-graded R-algebras R[A] or R[AC] generated over R by the generators and relations of section A.1.1.
In these terms a simplicial/cyclic R-module is given by a Z-graded right module over R[A]/R[AC].

DEFINITION A.1.9. A morphism of simplicial /cyclic R-modules ¢: M?% — N¥ is given by a natural
transformation of functors or equivalently by a (degree 0) morphism of R[A]/R[AC]-modules.

REMARK A.1.10. Note that the definition A.1.8 means explicitly that a simplicial or cyclic R-
module M? is given by a sequence M?%([n]) of R-modules for each n € Z>0 and R-linear operators

52 MF(fm]) — M¥([n)),
for each f € Hom([n], [m]), such that for f € Hom([n],[m]) and g € Hom([m], [k]) we have

frogh = (g0 )
In order to provide such a structure we actually only need to provide the R-modules M ([n]) and the
operators given by the generators from section A.1.1 above such that they satisfy the relations given
in section A.1.1. When we do this we will always drop the superscript § on the operators induced by
the generators of section A.1.1. Note that, since we are considering right modules, i.e. contravariant
functors, the operators associated to the generators of section A.1.1 should satisfy the relations of
section A.1.1 in reverse order.

DEFINITION A.1.11. Given two cyclic R-modules M? and N%, we define the product MiN as the
cyclic R-module given by MtN([n]) = M*([n]) @z N%([n]) with the diagonal cyclic structure, i.e.

Fi= fi @ fi: MEN([m]) — MyN([n])
for all f € Hom([m], [n]).

Given a cyclic R-module M?, we can consider four different complexes associated to the simpli-
cial/cyclic structure. To define them we shall first define two operators: b and B.

The first is induced through the Dold-Kan correspondence and uses only the simplicial structure.
It is given by

by =Y _(=1)'67: M*([n]) — M*([n —1]).
i=0
By using the simplicial identities above, it is easily verified that b,,_1b,, = 0. To define the “Hochschild”
complex it is enough to have just the operators b,,.

To define the three cyclic complexes we shall use the operator

n

B, =(t,{,+(-1)")oolo (Z(—ni"t;) - M*([n]) — M*([n +1)). (A.1.1)

=0
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Note that B,,+1 B, = 0, since

n+1 n+1
DD o (g + (1)) = D (=) I 4 (= 1) ) = 0. (A1.2)
=0 =0

Vanishing of the expression (A.1.2) follows since the sum telescopes except for the first term t;}rl and
the last term —(—1)"("*V¢"1 which also cancel each other. Note also that

bps1Bn + Bu_1by = 0, (A.1.3)

this can be seen by writing out both operators as sums of operators in the normal form 5,’;0[”_115;.

From now on we will drop the subscripts of the b and B operators. The cyclic module M? gives
rise to a graded module {Mg}nezzo by Mf = M%([n]). Then we see that the operator b turns M? into
a chain complex.

DEFINITION A.1.12. The Hochschild complex (CHo"(M?),b) of the cyclic module M? is defined
as CHoel (M%) := M5([n]) equipped with the boundary operator b (of degree —1). The corresponding
homology shall be denoted HH, (M?).

Note that we have not used the full cyclic structure of M¥ to construct the Hochschild complex.
In fact one can form the Hochschild complex (C’.H och (M A) ,b) of any simplicial R-module M% in
exactly the same way.

Note that, by equalities (A.1.3), (A.1.2) and the fact that b*> = 0, we find that (b + B)? = 0.
This implies that we could consider a certain double complex with columns given by the Hochschild
complex. Note, however, that, if b is of degree —1 on the Hochschild complex, the operator B is
naturally of degree +1. We can consider a new grading for which the operator b + B is homogeneous
of degree —1. In order to make this grading clear, it will be useful to introduce the formal variable u
of degree —2. This leads us to several choices of double complexes.

DEFINITION A.1.13. We define the cyclic complex by
(CC.(MF),87) = (CFOCh(Mh)[U_lvu]] /Cffoch(Mh)[[u]],b+uB),
the negative cyclic complex by
(cc:(Mh),ai) = (CHoM (M) [u], b+ uB)
and finally the periodic cyclic complex by
(CCrem (M), 65,,) = (CHOM(M*)[u™" u],b+uB).

s Yper

Here u denotes a formal variable of degree —2. The corresponding homologies will be denoted
HC, (M%), HC, (M%) and HCP"(M?) respectively. The cyclic cochain complexes, denoted ces., (M%),
CC* (M%) and CC*(M?¥), are defined as the R-duals of the chain complexes.

NotAaTIiON A.1.14. We shall often omit the superscripts § when there can be no confusion as to
what the cyclic structures are.

REMARK A.1.15. Note that every “flavour” of cyclic homology comes equipped with spectral
sequences induced from the fact that they are realized as totalizations of a double complex. The
double complex corresponding to cyclic homology is bounded (second octant) and therefore the spectral
sequence which starts by taking homology on columns converges to HC,. The negative (or periodic)
cyclic double complex is unbounded, but concentrated in the (second,) third, fourth and fifth octant.
This means that the spectral sequence starting with taking homology in the columns converges again
to HC, (or HCP®"). Note, however, that in this case the negative (or periodic) cyclic homology is
given by the product totalization.
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The remark A.1.15 provides the proof of the following well-known proposition.

PROPOSITION A.1.16. Suppose M and N% are two cyclic R-modules and ¢: N® — M" is a
map of cyclic modules that induces an isomorphism on Hochschild homologies. Then ¢ induces an
isomorphism on cyclic, negative cyclic and periodic cyclic homologies as well.

PROOF.
The proof follows since ¢ induces isomorphisms on the first pages of the relevant spectral sequences,
which converge. O

REMARK A.1.17. When considering the Hochschild or cyclic complexes of associative algebras we
will usually use more convenient complexes than the ones defined above, see section A.2.1. In fact they
come from the general process of normalization. By normalization we mean that there is a certain
quotient of the Hochschild complex of any cyclic R-module M that is quasi-isomorphic [61]. This
quotient is obtained by modding out the “degeneracies”, i.e. the submodules given by the union of
the images of the o}'’s.

A.2. Definitions of (Co)Homology Theories

In this section we will finally provide the definitions of the homology theories used in this thesis.
We will also provide some remarks about properties that are used in the main body of the thesis.
The general scheme for defining these homology theories is by defining the relevant simplicial or cyclic
module and then considering the corresponding “Hochschild” or cyclic homologies. Let us fix the
commutative ring k for the rest of this chapter.

A.2.1. (Co)Homology of Associative Algebras. We shall start by giving the definitions of
the Hochschild and various cyclic complexes associated to associative k-algebras. To do this, we shall
first define the cyclic k-module associated to a unital associative k-algebra.

DEeFINITION A.2.1. Given a unital associative k-algebra A, we shall define the cyclic k-module
AP as follows. We let A%([n]) := A®"*+! and the operators corresponding to the generators of section
A.1.1 are given by

0 (ap®...Qap) =@ ...Q a;Ai+1 ® ... ay if 0<i<n
0p(ap®...®ap) =apao®@ a1 @ ...  ap_1

oM ap®...Qa,) =0 ® ..., 1 R®a;11®...Qay, forall 0<i<n
thag®...®a,) =a1 ®... R a, ® ag.

So, going through the definitions of the Hochschild and cyclic complexes given in section A.1.2,
we find that

n—1
blag®...®an) = (—1)"ana0 ®a1 @ ... @ an_1 + Z(fl)iao ®...00i011®...Qan, (A.2.1)
i=0

while B(ap ® ... ® a,) is given by the expression
n .
Z(—l)m(l(@ai®...®an®a0®...®ai_1+(—1)"ai®...®an®a0®...®ai_1®1),
i=0
for all ag,...,a, € A. Now note that modding out the degeneracies, as noted in the remark A.1.17,

we obtain instead the map

B: A A% — A A®"T!



A.2. DEFINITIONS OF (CO)HOMOLOGY THEORIES 119

given by
Blag®...®ay) = (-1)"®a;®...0a, ®ag @ ... D a;_1, (A.2.2)
i=0
for ap € A and ay,...,a, € A:= A/k. So we arrive at the following definitions.

DEFINITION A.2.2. We define the Hochschild and cyclic complexes of a unital associative algebra
A as follows. For p € Z>q set

cloh(4) .= Ag A,
where we have denoted the module quotient
A= Alk
by A and the tensor products are over k. We let
b: CIM(A) — Gl (A)

be the Hochschild boundary given by k-linear extension of formula (A.2.1) for all p € Z>¢. Furthermore
we set

CCr(A) i= Cu(A)[u", u],
CCO7(A) := Ci(A)]u]
and

CC.(4) = C-(A)u™u] [y, ()],

where the e degree is given by the * degree minus 2 times the power of u, i.e. w is a formal variable
of degree —2. Finally we let
uB: CCP(A) — CCgfl(A)

be the operator given by composition of the k-linear extension of formula (A.2.2) with the operation
of multiplication by u, and similar for CC, (A) and CCy(A).

The Hochschild chain complex of the unital associative algebra A is given by (CH°"(A),b), the
periodic cyclic chain complex is given by (CCP"(A),b+ uB), the negative cyclic chain complex is
given by (CC; (A),b+ uB) and, finally, the cyclic chain complex is given by (CC,(A),b+ uB). We
denote the corresponding homologies by HH,(A), HC?*"(A), HC, (A) and HC, (A) respectively.

REMARK A.2.3. Suppose A is a flat k-algebra, then it is well-known [116] that the Hochschild
complex represents A ®£e A in the derived category of k-modules. Here

A= AR AP

denotes the enveloping algebra of A and so the Hochschild complex represents the left derived tensor
product of A with itself over the enveloping algebra. Thus we find that

HH, (A) ~ Tor (4, A).

This follows from the fact that the Hochschild complex is obtained by tensoring the usual bar complex
[116] with A and the bar complex is an acyclic projective resolution if A is flat over k.

DEFINITION A.2.4. Suppose A is a non-unital k-algebra. Then we define the unitalization A™ of
A as the minimal unital algebra containing A, explicitly it is given by

At =Ak,
as a k-module, with the product

(@4 X)(b+ p) = ab+ \b+ pa + M.
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DEFINITION A.2.5. Suppose A is a non-unital k-algebra. Then we define the Hochschild complex
of A as
CHoeh (4) = Ker (CHoh(4%) Ly CHoN (k) )

where the map p is the one induced by the obvious projection p: A — k. The definition of the various
cyclic complexes is similar.

DEFINITION A.2.6. The Hochschild cochain complex of A is defined by
Ciroen(A4) = Homy (C1"(A), k)

with the differential given by the transpose b* of b. The definition of the various cyclic complexes is
similar.

REMARK A.2.7. The definitions above all need to be adjusted slightly to be used in the main
body of the thesis, since we are working mostly with infinite dimensional topological algebras. The
definitions are adjusted by requiring tensor products to be completed (this is unambiguous for the
algebras we consider) and for the cochain complexes we consider the continuous dual.

REMARK A.2.8. Our definition of “the” Hochschild complex is actually the definition of the
Hochschild complex with coefficients in A. One could consider similar complexes with values in other
A-bimodules M, by considering M ® A% instead of A ® A®* . Since we will only use the Hochschild
complex with coefficients in A, we shall not give the definition of these other Hochschild complexes
here. For the Hochschild cochain complex this remark is more important, since the definition we give is
not the Hochschild complex with coefficients in A, but rather the Hochschild complex with coefficients
in the dual of A.

A.2.2. (Abelian) Group Homology. As for the case of associative algebras, we can define the
group (co)homology by means of a cyclic module. Note that this means that we have to choose a ring
over which we consider modules. This means that we will really be considering group (co)homology
with values in Abelian groups only. The group (co)homology with values in non-Abelian groups does
play a role in the main body of the thesis. We will define group (co)homology with values in a
non-Abelian group in section A.3.2.

DEFINITION A.2.9. Given a group G, we define the cyclic k-module G*¥? as the cyclic k-module
given by the modules G*([n]) := (kG)®"*! and the operators

Mg ®...00gn) =G0 ® ... QG R ...® gn forall 0<i<n
MG ® ... ®Gn) =G0 @ .. Qg RGDGis1® ... D Ggn forall 0<i<n
th(go® ... ®gn) =1 ® G2 ® ... gn @ go-

Note that G acts on G** from the right by g- (g0 ® ... ® gn) =9 g0 ®@ ... ® g ' gn.

DEFINITION A.2.10. Suppose (M,,d) is a right kG-chain complex. Then we define the group
homology complex of G with values in M as

(C(G; M), bc, ) = Tot"M, @pc CHoM (GH)

where we consider the tensor product of kG-chain complexes with the obvious structure of left kG-chain
complex on Co¢h(GF%). Note that this means that

Co(GiM) = [ M,@re Cllo" (GM)
p+q=n
and
6(G,]W) =0®Id+1d ® b,

where we use the Koszul sign convention, see notation B.2.1. We denote group homology with values
in F, by H,(G; F).
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REMARK A.2.11. We will often abbreviate the notation (¢, ) to dg or even simply 6, if there
can be no cause for confusion. We should point out that we have the option to choose either product
or sum totalizations in this definition. In the case that M, is bounded below this does not make any
difference of course. We choose to consider the product totalization here because we will need it when
considering the periodic cyclic (unbounded) complex of the crossed product algebra in section A.3.1
below. Although the group cohomology complex can be defined in much the same terms as above, we
shall not do it here since we will never (explicitly) use the group cohomology complex in this thesis.

PRrROPOSITION A.2.12. Suppose M is a right kG-module, then M ® kG with the diagonal right
action is a free kG-module.

PROOF.
Let us denote the k-module underlying M by F(M) and thus by F(M)®kG the free (right) kG-module
induced by the k-module underlying M. Consider the map

M ® kG — F(M) ® kG

given by m ® g — mg~! ® g. It is obviously a map of kG-modules and allows for an inverse, namely
meg—mgg. (I

PROPOSITION A.2.13. Suppose F is a free right kG-module (we view it as a chain complex con-
centrated in degree 0 with trivial differential), then there exists a contracting homotopy

Hp: C,(G;F) — C,11(G; F).

Suppose (F,,0) is a quasi-free right kG-chain complex (i.e. F, is a free kG-module for all n), then
the homotopies Hp, give rise to a quasi-isomorphism

Qr: ((F.)g.0) — (C.(G; F), d(c,r)),
where the subscript G denotes taking coinvariants (modding out the G-action).

PROOF.
Note that F' ~ M ® kG, since it is a free module. So we find that

Cp(G; F) = (M @ kG) @k (kG)*PTH = M @ (kG)#PH

by the map m®gRgr®...®gpIMRg— m®ggo® ...R® ggp. Using this normalization, we consider
the map Hp given by
MmMRIJGX...0 g0 7PMmMRXeRgR...R0 g,
and note that indeed
oL Hp + Hpol, =1d
for all p > 0.

Now for the second statement, we find that F,, ~ M, ® kG for each n, since it is quasi-free. For
each n we have the homotopy Hp, given by the formula above on C,(G; F;,). Then we consider the
map

Qr: (Fp)a — Cp(Gi F)
given by

Qr(lfN) = f —0GHf + ) (~HO)'f —0(~HO)" Hf — 6&" (~HO)'H .
g=1
where we have dropped the subscript from H and we denote by [f] the class of f in the coinvariants Fi.
One may check by straightforward computation that @ is a well-defined morphism of complexes. Now
we note that the double complex defining C, (G; F) is concentrated in the upper half plane and therefore
comes with a spectral sequence with first page given by H,(G; Fy), which converges to H,44(G; F).
Note that, since F, is quasi-free, we find that H,(G; F;) = 0 unless p = 0 and Ho(G; Fy) = (Fy)a-
Thus, since @ induces on isomorphism on the first page, we find that Qr is a quasi-isomorphism. [J
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A.2.3. The de Rham Theorem. Given a smooth manifold X, we can define three chain com-
plexes immediately and, given any vector bundle (or sheaf), we can define them with coefficients. The
three chain complexes are the singular chain complex, the de Rham complex and the Cech complex.
We shall use this section to give a definition of the singular chain complex and the de Rham complex
without coefficients and a more elaborate definition of the Cech complex. We do this since we shall
not really use singular cohomology at all, we give a definition of de Rham cohomology with coefficients
in the main body of the thesis (see definition 2.3.5) and we make use of the definition of the Cech
complex rather extensively in section 5.3.

Recall that we denote the standard (geometric) n-simplex by A”™, see notation 6.2.1. Denote the
nth singular set of X by Sing,, (X), this is the set of continuous maps
o: A" — X.
DEFINITION A.2.14. We define the cyclic module X*# as the cyclic module given by the modules
XFk4([n]) = kSing,,(X) endowed with the operators
(o) = (e)*o forall 0<i<n
oi(0) = (a)o forall 0<i<n
tn(o) = (cn)*o.

Here € is as in definition 6.2.3, al: A"T! — A" is given by
(to, -« ytne1) = (toy sty +tivt, -y tne1)
and finally ¢, : A™ — A" is given by
(to, - tn) = (tnytos b1y . vy tn_1).
We define the singular cochain complex of X with values in k by
(S*(X:K),8) := (Clroen(X"),0%).
We denote the singular cohomology of X with values in k& by H*(X; k).

Now let us also define the de Rham and Cech complexes. Although it is possible to give the
definitions in terms of a simplicial structure, it is in these cases not more convenient to do so.

DEFINITION A.2.15. We define the differential p-forms on X as
QP (X) :=T(NT*X),
where /X' T* X denotes the vector bundle associated to the frames bundle of X with fiber given by the
alternating p-linear functions on RPI™X | Differential forms on X are defined as the direct sum

DimXx

(X)) = P o (X).

The differential forms carry a graded commutative product involved in the definition of the exterior
derivative, i.e. the differential in the de Rham complex.

DEFINITION A.2.16. Suppose ¢ is an alternating p-linear function on R™ and ¢ is an alternating
g-linear function on R™ then we define the wedge product ¢ A1 as the alternating p+ g-linear function
given by

1
2] AN 1/1(1)1, N ,Up+q) = W Z G(T)QD(”UT(U, e ,vT(p))LZJ(UT(p+1), N avT(p+q))a

| TE€Sptq

where S, 1, denotes the symmetric group in p + ¢ letters and €(7) denotes the sign of .
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Note that we can extend the wedge product bilinearly to a graded commutative product on the
differential forms on X.

DEFINITION A.2.17. The exterior derivative
dar : Q.(X) — Q'(X)
is defined to be the unique linear operator satisfying

o dar(aAn) = (dara) A+ (=1)Pa A darn,

e d’z =0 and

o darf(Y)=Y(f)
for all o« € QP(X), n € Q*(X), vector fields Y on X and where we consider the usual action of vector
fields on functions.

It is well-known [111] and straightforward to deduce that dgg is well-defined.
DEFINITION A.2.18. We define the de Rham complex of X as
(*(X), dar)
and we shall denote the de Rham cohomology of X by Hip (X).
Finally let us give a definition of the Cech complex subordinate to a cover U. Suppose that

U = {U,}icr is an open cover of X and F is a sheaf of k-modules on X. We denote by I? C I*P the
set of (i1,...,4p) such that U;, N...NT; # 0.

DEFINITION A.2.19. We define the k-module of Cech p-cochains subordinate to U with values in
F as

CPU; F) = {o = {0 }her | 0(ir, ... ip) € F(Us N...0T;,) L.
We define 6;.’: CP(U; F) — CPHY(U; F) by

(5?0’)(2.0, “ee ,ip) = U(io, SR a%jv NP ,ip),
for all 0 < j < p, where the hat denotes omission and, on the right hand side, we consider the
restriction to the intersection U;, N...NU;,. The Cech cochain complex subordinate to U with values
in F is now given by
(C*W; F),0)
where, on p-cochains, § = Z?zo(—l)j(S? . We shall denote the Cech cohomology subordinate to & with
values in F by H*(U; F).

Note that for all sheaves F and all covers U we have H(U; F) = F(X). Although in the main
body of the thesis it is sufficient to consider Cech cohomology subordinate to a cover, we include the
following definition for completeness.

DEFINITION A.2.20. The Cech cohomology with values in F is defined as the direct limit
0 (X; F):= li_n;l}vl’(u;]:).
The maps in the directed system are induced by refinements of covers. Explicitly, refinements are

given by a cover V = {V;}ic; and a map f: J — I such that V; C Ug(;.

REMARK A.2.21. A good cover U of X is a cover such that all intersections U;, N...NU;, for all
(t1,...,4p) € IP are diffeomorphic to RPIMX 1t i a well-known fact that all smooth manifolds allow
for a good cover [12]. In fact, one can show that every cover has a good refinement [12]. This means
that in order to compute Cech cohomology on a manifold X one actually only needs to consider good
covers. For two opens V C U C X we will denote the restriction F(U) — F(V) by p{/. A partition of
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unity subordinate to a locally finite cover V = {V;};cs of X is given by maps ¢;: F(V;) — F(X) for
all ¢ € J such that

Z @i 0 pys, = ldF(x).-

icJ
A sheaf is called fine if every open subset U C X allows for a partition of unity subordinate to any
locally finite open cover of U. It is also well-known [13] that the Cech cohomology of a fine sheaf
subordinate to a locally finite cover is acyclic, this is shown by constructing a specific homotopy.

Let us also record, without proof, the very useful result called Leray’s theorem.
THEOREM A.2.22 (Leray). If k>0 and U = {U,}ic1 is a cover of X such that
H* (U, N...NU; ; F)=0
for allp >0 and all (i1,...,1p) € I?, then the natural map
H*U; ) — H*(X; F)

p)

is an isomorphism.

The proof goes by constructing a certain resolution of F and applying a spectral sequence argu-
ment, see [13]. From now on we denote the constant sheaf U — k by k.

PROPOSITION A.2.23. There are isomorphisms
H*(X; k) — H(X;k).

A sketch of the proof of the proposition can be found in [13]. Thus we arrive at the following
version of de Rham’s theorem

THEOREM A.2.24 (de Rham). We have isomorphisms
Hyp(X) ~H*(X;R) ~ H*(X;R).

A proof can be found in [12]. Tt follows from the previous proposition A.2.23 and a spectral

sequence argument using the double complex given by considering the Cech complex with values in
the sheaf Q°.

Finally, let us consider non-Abelian Cech cohomology. There is a deep theory of non-Abelian
cohomology theories, see [59, 39]. In this thesis we will only consider two and only in the most naive
sense. We will present the first, non-Abelian Cech cohomology, here and the second, non-Abelian
group cohomology, in section A.3.2. The term non-Abelian refers to the coefficients, while these are
usually Abelian groups (Z-modules), in non-Abelian cohomology one considers coefficients in non-
Abelian groups. So let G be a sheaf of not necessarily Abelian groups on X. Note that, if we would
follow the definition A.2.19, we would no longer have 2 = 0. Thus we cannot define the cohomology as
a quotient Ker §/Im § in the usual way. One could try to obtain a definition with §2 = 0 by reordering
the 67 in the definition of §, but it turns out that no good reordering would be possible. Instead, we
manually define the Oth and 1st cohomologies as follows.

DEFINITION A.2.25. We define
Ho(u;g) = {0 € C’O(U;Q) lo()o(j) ™' =eecGU;N Uj;) ¥V (i,5) € 12}.
Here C°(U;G) is as in A.2.19 and e denotes the neutral element.

Note that this is actually the usual definition. The set H° (U; G) inherits a group structure from G
as is the case for Abelian Cech cohomology. In essence, no problems arise from the failure of G to be
Abelian for the 0th cohomology.
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DEFINITION A.2.26. We define
Z'U;G) == {o € C*(U;G) | 0§, k)o(i, k) o(i,j) =e € GU; NU; NUy) ¥ (i,5.k) € I*}.
Here C'(U;G) is as in definition A.2.19 and e denotes the neutral element. We define
' (U: G) = 21 (U; G) /~,
where ~ denote the equivalence relation given by ¢ ~ 7 if there exists a € C°(U; G) such that

a(i)o (i, j)a(j) " =7(i,4)
for all (i,5) € I*.

Note that this definition does differ (formally) from the previous one, since we need to take the
order into account when we consider the equivalence relation ~. In the Abelian case we recover the
definition of H', given in definition A.2.19 above. Note that, while H' (U;G) is always a well-defined
pointed set (the point is e(i, j) = e for all (i, ) € I?), it is not a group in general.

A.2.4. Lie algebra Cohomology. Finally let us consider the Lie algebra cohomology. If g is
a finite dimensional Lie algebra, then we can consider its universal enveloping algebra U(g). It is
an associative algebra containing the vector space g such that the bracket on g coincides with the
commutator bracket. Then we can simply consider the Hochschild cohomology of U(g) with values
in some module as the definition of Lie algebra cohomology. Let us not give this definition, since we
did not actually define the Hochschild cohomology with values in a general module and we do not use
this complex for Lie algebra cohomology in the main body of the thesis. Instead, we use a different
complex which is defined as follows.

DEFINITION A.2.27. Suppose g is a Lie algebra over the field L and M is a g-module. Then, for
p > 0, we define

C?P..(g; M) :=Homy, (/X' g, M)
and we define Az : OV, (g; M) — C¥T'(g; M) by

(Oriex)(Xo, .- ., Xp) = Z(q)l’xix(xo, X X))

+ Z (—1)i+jx([Xi,Xj],Xo,...7Xi,...,Xj,...,Xp)

0<i<j<p

for all x € C7,.(g; M), Xo,...,X, € g and where the hat signifies omission. By direct computation
we see that 97, = 0. The Lie algebra complex with values in M is defined as

(Clic(g; M), Orie)
and we denote the cohomology by H} ;. (g; M).

REMARK A.2.28. Note that, if g is the Lie algebra of the Lie group G, then the Lie algebra complex
with values in R is very similar to the de Rham complex of G. Writing out an explicit definition of
dar will yield exactly the formula for Jp;. given in definition A.2.27 above. In fact, proposition A.2.29
below will solidify this similarity. Note that the wedge product defined in definition A.2.16 above also
defines a product on the Lie algebra complex.

PROPOSITION A.2.29. Suppose g is the Lie algebra of the compact connected Lie group G, then

Hy(8;R) = Hyp(G).
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A proof may be found in, for instance, [22]. Tt is easy to see that the Lie algebra cohomology
will be the same as the cohomology of the subcomplex of G-invariant differential forms, the harder
part of the proof is to show that the de Rham complex contracts onto the complex of G-invariant
forms. Proposition A.2.29 leads to the more general proposition A.2.31. It describes the de Rham
cohomology of a homogeneous space G/H, for G a compact connected Lie group and H a connected
closed subgroup, in terms of the Lie algebra cohomology of the Lie algebra g of G relative to the Lie
algebra h of H.

DEFINITION A.2.30. Suppose hh C g is an inclusion of Lie algebras over the field L and M is a
g-module, then, for p > 0, we define

C7c(g,b; M) := Homy (/X (a/h), M) .
We define the Lie algebra complex with values in M relative to h as

(Cz,ie(gv b; M)a aLie) )
where Jr;. is as in definition A.2.27. We denote the relative Lie algebra cohomology with values in M

by H.Lie(ga bv M)

PRrROPOSITION A.2.31. Suppose H C G is a connected closed subgroup of a compact connected Lie
group G, then we have
Hyp(M) ~ Hy; (g, b R),
where b C g are the Lie algebras of H C G and M = G/H.

Note that if H is the trivial subgroup we recover proposition A.2.29.

REMARK A.2.32. Proposition A.2.31 motivates the definition of the Gelfand-Fuks maps 2.3.9 (and
also definition 4.1.7). Namely, just as G is an H-principal bundle over M in proposition A.2.31, the
manifold of non-linear frames M is a GL(n,R) principal bundle over M/GL(n, R), where n = Dim M
and this last quotient is homotopic (at least as far as the de Rham theory is concerned) to M. We do
see, however, that, since M is not a Lie group, the Gelfand-Fuks maps are not quasi-isomorphisms.

REMARK A.2.33. As was the case for associative algebras (see remark A.2.7), the definitions
A.2.27 and A.2.30 above are not quite the Gelfand-Fuks cohomology mentioned in the main body
of the thesis. This is (again) since we consider mostly infinite dimensional topological Lie algebras.
So, the Gelfand-Fuks cohomology is actually given by the above definitions, but where we consider
completed tensor products and continuous homomorphisms.

A.3. Replacements for Certain Complexes

In the previous section A.2 we gave definitions of complexes underlying the (co)homology theories
used in the main body of this thesis. In this section we shall provide replacements for a few of these
complexes. Namely, we shall provide a replacement for the cyclic complexes associated to the crossed
product algebra in section A.3.1 and we shall provide a replacement for the group homology complex
in section A.3.2. We shall also give the definition of non-Abelian group cohomology in this last section,
since it is defined by analogy with the replacement given in that section. We use this definition of
non-Abelian group cohomology extensively in section 5.3.

A.3.1. Cyclic Homology of Crossed Products. In section 6.2 we consider the equivariant
cyclic cohomology of Ay (M) with respect to the group I'. In order to prove theorem 6.2.23 we need
the pairing given in definition 6.2.16. This pairing is defined by observing that one can express the
homogeneous summand of the periodic cyclic complex of the crossed product algebra in terms of group
homology with values in the periodic cyclic complex of the underlying algebra. In fact, this is part of
a more general theory of periodic cyclic (co)homology of crossed products, see [93, 49, 57]. We will
now present the various definitions and propositions from this theory that we use in the main body of
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the thesis. For this section we fix the unital associative k-algebra A, for some field k. We also fix a
group G acting on A from the left.

DEFINITION A.3.1. We define the crossed product A x G of A and G as the algebra given, as a
vector space, by

AxG:=AR, kG
equipped with the product given by k-linear extension of
(adg)(bon) = ag(b)dgn,
where we have introduced the notation ad, :=a ® g.
It is easily verified that A x G is a well-defined associative algebra. We should note that, in the
case A = C°(M), the algebra A x G is the convolution algebra of the action Lie groupoid M x G.

Again for the case that A is the algebra of functions on a space X, the crossed product is, in many
cases, a better behaved non-commutative analog of the functions on the quotient X/G [26].

Now let us consider the cyclic module (A x G)! associated to the crossed product algebra in
definition A.2.1. Note that the cyclic structure of (A x G)? splits over the conjugacy classes of G.
Namely, given a tensor apdy, ® a1d4, ® ... ® andg,, the conjugacy class of the product go - ... - gp is
invariant under 67, o7 and ¢,, for all ¢ and n.

DEFINITION A.3.2. Denote by (G) the set of conjugacy classes of G. Then we define the part of
(A x G)* supported at = € (G), denoted (A x G)%, as the span of all tensors agdy, ® . ..® a,dy, such
that go - ... gn € . We shall call (A x G)%, where e is the (conjugacy class of) the neutral element,
the homogeneous summand (as in [93]).

Note that we have the splitting
(AxG)= P (AxG)
z€(G)

as a cyclic module.

What follows is a proof of the well-known fact [93, 49, 57] that one can express the cyclic
homology of the homogeneous summand of the crossed product in terms of group homology of the
cyclic homology of the underlying algebra. We present an adaptation of the proof in [93].

NOTATION A.3.3. We shall use the specialized notation AjG := A#G*.

Note that AG carries a right G-action given by the diagonal action (the left action on A is
converted to a right action by inversion, i.e. G ~ G°P). Thus the quotient, also called module of
coinvariants,

(AG)c = AhG/(a —g(a))
is another cyclic k-module.

PROPOSITION A.3.4. The homogeneous summand of (A x G)¥ is isomorphic to the coinvariants
of AtG as a cyclic module.
(Ax Q) =5 (A1G)g.

PROOF.
Consider the map given by

aglgy ® ... R andg, (gal(a0)®a1 ®91(a2)®...091 ... gn-1(a))i(eR 1 ® 1P R ... g1 ... gn),

it is easily checked to commute with the cyclic structure and allows the inverse given by
(a0® ... ® 0500 ® .. @ g) > g (@0)8,100 © g5 M(@1)8,1,, © .. @ gty ()3

This last tensor can also be expressed as 9 -1a0dg, ® (5g(;1a1(591 ®...® 5g7:1an59". O

-1 .
1 9n—_19n
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As a kG-module, we see that AiG([n]) = A%([n]) ® G*¥([n]) = B([n]) ® kG with the diagonal
action, where B([n]) = A®"T1 @ kG®". So, by proposition A.2.12, we find that the Hochschild and
various cyclic chain complexes corresponding to AjG are quasi-free. Thus, we can construct the quasi-
isomorphisms from proposition A.2.13 for each chain complex associated to the cyclic module AfG.
So, we find four quasi-isomorphisms which we shall denote Q7" @, Q= and QP°" corresponding to
the Hochschild, cyclic, negative cyclic and periodic cyclic complexes respectively.

PROPOSITION A.3.5. The map

ApG — A5,
given by
(a0 ®...@an)(go®@ ... gn) = A ® ... ® ap,
mnduces a quasi-isomorphism on all associated complexes.
PROOF.

Note that, by proposition A.1.16, it is sufficient to prove the statement for the Hochschild complexes.
Let us denote by F(G) the standard free resolution of G [17], note that

F(G) = (C°"(G*9), ).
The map given above is obtained by first applying the Alexander-Whitney map, see chapter 8 of [80],
CHoch(A5) & Cfoch(Gkh) N @ C;{och(Ah) ® Cfoch(Gkh)7
pt+g=n
which yields a quasi-isomorphism
CHoM(A5G) = CHoM (A7) @ CHoN (%),

where we consider the tensor product of chain complexes on the right-hand side. Then one simply
takes the cap product with the generator in H*(F(G)*) ~ k, which is also a quasi-isomorphism. So
we find that the map is a quasi-isomorphism for the Hochschild complexes. O

Note that the map given in proposition A.3.5 is also G-equivariant and therefore it induces a map
C.(G, AiG) — C.(G, AY),

which is a quasi-isomorphism when we consider the group homology complex with values in the various
complexes associated to A”.

THEOREM A.3.6. The composite maps from the Hochschild and various cyclic complexes associ-
ated to (A x G)& to the group homology with values in the various Hochschild and cyclic compleves
associated to A® implied by propositions A.3.4 and A.3.5 are quasi-isomorphisms, i.e. there are quasi-
isomorphisms

(CHoh (A% G)2),b)
(CC. ((Ax G)E),5%)

= C(G;CHoct(A))
— C,(G;CC,(A))
(00: (A% G)) ,5”_) ~, C.(G; CCo (A))

and
(COP™ (A% G)E) ,3,,) 5 CL(G:CO (A))

s Yper

REMARK A.3.7. Note that, since the cyclic and Hochschild complexes are bounded below, the
product totalization in our definition of group homology agrees with the (usual) direct sum totaliza-
tions. In the periodic cyclic and negative cyclic cases they do not agree in general.
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A.3.2. Group Homology and Non-Abelian Cohomology. In this section we will first in-
troduce a more convenient complex with which to compute group homology, see definition A.2.10.
Secondly we will define group cohomology in the non-Abelian case. This non-Abelian group coho-
mology is used extensively in section 5.3. In section A.2.2 definition A.2.10 we defined a complex
representing group homology. In most applications it is more useful to consider a certain isomorphic
complex however. In fact in the main body of the thesis we do use this isomorphic complex, see
section 6.2. One obtains the new complex from the old complex by explicitly modding out the group
action across the tensor product. For this section we consider again the group G and the field k. The
following is based on [17].

DEFINITION A.3.8. Suppose (M,,d) is a right kG-chain complex, then we set
Cu(G M) = ] M, (kG)®P.
pt+g=n
We define the operators 67 : M, @ (kG)®? — M, ® (kG)®P~! by
FMmMRG®...00) =9g1(M) Qg ®...Q0 g,
FMmMR®...00) =mRg®...0 g Q... g
for all 0 < 7 < p and finally
MR ®..0¢g) =mRg®...0 gy 1.

We define (C’,(G’; M), S(G,M)) to be the chain complex given by

Sy =0®@Id+1d® i

where 6%, = 37 (—1)"6? and we use the Koszul sign convention again, see notation B.2.1.

PRrROPOSITION A.3.9. There is an isomorphism of chain complexes
C.(G; M) — C,(G; M).

PROOF.
Consider the map
Cn(G; M) — Cu(G3 M),
given by
m®go@...® g, go(m) @95 g1 @97 92 @ ... @9, gy
Note that it commutes with the differentials and allows for the inverse given by

MmMIGgR..0¢ —~»MmMR®eRg ®G1g2®...Q0g1 ... gp.
a

We will usually use this chain complex when dealing with group homology and thus we will drop
the tilde in the main body of this thesis.

In section 5.3 we consider group cohomology with values in a certain non-Abelian group. As was
the case for non-Abelian Cech cohomology, see section A.2.3, and for the same reasons, we shall only
define the Oth and 1st non-Abelian group cohomologies. As mentioned there is a broad and deep
theory of non-Abelian cohomology (especially in the case of group cohomology), however, since we
don’t have need for the full theory, we shall stick to the most naive considerations. For this section
we shall fix the action of a group G on a (non-Abelian) group H.

DEFINITION A.3.10. We define the 0th group cohomology of G with values in H as
HY(G; H) := {heH|hg(h')=ecH VgeG},

where e denotes the neutral element.
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Note that this simply means that HO(G s H)=H G the invariants of H. Thus, as was the case for
Cech cohomology, the fact that H is not Abelian has no effect on the Oth cohomology. In particular
H°(G; H) is a subgroup of H.

DEFINITION A.3.11. We define
ZNGiH) = {p: G = H | p(91)91(¢(92))p(g192) ' =e € H ¥ g1, 92 € G},
where e denotes the neutral element. We define
H'(G;H) = Z'(G; H)/~
where ~ denotes the equivalence relation given by ¢ ~ 1) if there exists h € H such that

he(g)g(h™") = ¥(g)
for all g € G.
Again we find that this time the definition is different from the Abelian case. In particular we can
no longer be assured that Hl(G; H) is a group. It is still a pointed set, however. The point is given

by e: G — H given by e(g) = e for all g € G. One verifies, as they do in [58], that this means we still
get truncated exact sequences (of pointed sets)

1 — HY — HY — HY — H'(G; H) — H'(G; Hy) — H'(G; H3)
from G-equivariant exact sequences of coefficient groups
1—-Hy — Hy, — H3—1

in the usual way. We show in 5.3.23 that, in case H; — Hs is a central inclusion, we can extend
the induced truncated exact sequence to include H*(G; H;), where this last group is defined using the
complex in definition A.3.8.



APPENDIX B

Deformation Theory of Associative Algebras

The theory of formal deformation quantization is an example of the deformation theory of asso-
ciative algebras. Thus it will be helpful to develop some of this theory here. In this appendix we will
recall some parts of the deformation theory of associative algebras. The field of deformation theory
of algebras (of any type) is far richer than what we will present here, however. For instance, we
will only consider R-deformations of associative L-algebras, where L is a field of characteristic 0 and
R = L[h]/(R*) is a k-truncation or R = L[A] is the ring of formal power series. More loosely speaking,
we will only consider deformations into the k-th or oo-jet (formal) neighborhood of (differential graded)
associative algebras over a field of characteristic 0, see section 2. For a more in-depth discussion of the
deformation theory of algebras see the quintessential papers [54] or, for a more succinct introduction,
[35]. In this appendix we will consider the deformation theory of (differential graded) associative alge-
bras in a completely abstract setting. In the section 1.2 we explain the relation to formal deformation
quantization. The material in this appendix is based mostly on [35] and [79].

B.1. Deformation of DGA Algebras

In this section we will give the most straightforward definition of a deformation of a differential
graded associative algebra (sometimes shortened to dga or dg algebra). As mentioned, we will only
give the definition of deformations over the local Artinian or local complete rings of k-truncations
L[R]/(R*) or formal power series L[R], which will be denoted by R.

DEFINITION B.1.1. An R-deformation of the dg L-algebra (A, uo,dp) is given by a dg R-algebra
(B, i, d) equipped with an isomorphism
B~A®r R
of R-modules and such that there exist R-module maps

p>1: B® B— B
and
ds,: B— B,
of degree 0 and +1 respectively, such that, under the identification B ~ A ® R, we have
w=po+hus, and d=dy+ hds,.

REMARK B.1.2. Suppose (B, u,d) is an R-deformation of (A4, po,dp), then p and d are R-module
maps and so they are determined by their action on A ® 1 < A ® R. This means that we can expand

u:u0+hu1—|—h2ug+... and d:d0+hd1+h2d2+...

where
i AA— A and d;: A— A

are L-linear maps of degree 0 and +1 respectively.

The remark B.1.2 means that we could alternatively view an R-deformation of the dg algebra
(A, po,dp) as the sequences of linear maps {u;} and {d;} (where 0 < i < k or i € N) together with a

131
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list of equations which require i to be associative, d> = 0 and d to be a graded derivation. The first
few (relatively short) equations would read

apr (b, c) + pa(a,be) = pa(ab, ¢) + pa(a, b)e
apz(b, ¢) + pa(a, pa (b, ¢)) + pa(a, be) = po(ab, ) + pa(pa(a, b), ¢) + p2(a, b)e
dy (ab) + dop (a,b) = (dya)b + p1(doa, b) + (=11 (adib + p1 (a,dob))  (B.1.1)
dodia + didga =0
dodaa + d%a + dadpa =0

for all homogeneous a € A of degree |a| and all b,c € A. Here we have found it convenient to denote
o by concatenation of elements, i.e. pg(a,b) =: ab. In general

P

Zm(a, pp—1(b,c)) = ZM (tp—1(a,b),c)
=0

=0

pip—1(dya, b) + (=), (a, d;b) (B.1.2)

M=

p
Z dl/J'p—l(a/7 b) =
1=0 l

p
Z dldp,la =0
=0

for a, b and c as above and all p in the range dictated by the choice of R.

Il
=]

DEFINITION B.1.3. Suppose (B, u,d) and (B, ', d") are R-deformations of (A, ug,dg). We will
say B and B’ are gauge equivalent if there exists an R-linear algebra isomorphism ¢: B — B’ such
that the induced map

0o: A~ B/(hB) — B'/(hB') ~ A

coincides with the identity. We will call such ¢ gauge equivalences. Note that gauge equivalence is an
equivalence relation on the set of R-deformations of a dg algebra A.

In order to parametrize and handle R-deformations of a given dg algebra, it will be useful, first
of all, to write equations like (B.1.2) without reference to any elements of A. Usually one considers
deformation problems (like this one) by considering a suitable differential graded Lie algebra [79]
(sometimes abbreviated to dgl algebra). Writing the equations without reference to elements will
also bring us one step closer to determining such a differential graded Lie algebra. In this case, a
convenient description of this (differential) graded Lie algebra is given in terms of coderivations of a
certain coalgebra.

B.2. Coderivation

In this section we shall show that one can describe the dga algebra structures on a given graded
vector space V' in terms of coderivations that they induce on the tensor coalgebra associated to V.
This will eventually lead us to the dgl algebra that governs the deformation problem we consider.

NOTATION B.2.1. Vertical bars will denote the degree of homogeneous elements (or maps). Let us
also establish that we will apply the Koszul sign convention from now on. Thus, given homogeneous
linear maps ¢: V — V/ and ¢¥: W — W' of graded vector spaces, we shall denote the graded tensor
product, given by

e @Yo @w) = (=DM p) © ¢ (w)
for homogeneous v € V and w € W, by ¢ ®¢. Given a graded vector space V', we shall denote the k-

shift of V, given by V[k]? = VP*¥ by V[k]. We shall denote the degree +1 suspension isomorphism by
1: V — V[—1] and the degree —1 desuspension isomorphism by |: V' — V[1]. Note that [1= Idy =1J.
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In terms of the notation B.2.1, the equations (B.1.2) are equivalent to

P P
Zﬂl o (pp-1 ®1d) = Zﬂl o (Id ® pp—1)

=0 =0
/4 p
S diopyr =Y ppo(d@ld+I1d@d) (B.2.1)
=0 =0

14
Zdl o dp,l =0.
=0

Recall that the equations above are given by writing out the equations
po(p®Id)=po(Id®pu), dop=po(d®Id+Ild®d) and dod=0
in terms of the i grading.

We will describe below how one can associate a coderivation on the tensor coalgebra to every
linear map from tensor powers of a (graded) vector space to this vector space. Doing this to the
map m = pu + d will show that the equations above coincide exactly with the vanishing of the graded
commutator of this map with itself.

DEFINITION B.2.2. Given a graded vector space V', we denote the tensor coalgebra by (TC(V), A).
Here
TC(V) =P Vver

k>1
with the induced grading as a graded vector space, while the coproduct A is given by

k—1
A1 @...0u0)=> (1®..00)8 i1 ®...0u) € TC(V)TC(V)

=1

for all v; € V. We will say v € TC(V) is of weight n, if v € V®™ to avoid confusion with the degree
induced from the grading of V.

Note that A(v; ® ... ® vi) can be described as a sum over all ways to partition {1,...,k} into
two non-empty sets I; and I such that a € I; and b € Iy implies a < b. Then it is easily seen that
both (A ®Id)A(v; ® ... ®vg) and (Id ® A)A(v; ® ... ® vx) can be described as a sum over all ways
to partition {1,...,k} into three non-empty sets I, Iy and I such that a € I,, b € Ig and o < 3
implies a < b. So, A is indeed coassociative, justifying the name tensor coalgebra. The grading on V
induces a grading on TC'(V'), which makes it a graded coalgebra, since A is of degree 0.

NoOTATION B.2.3. For a coproduct A we denote A(Y) := A and we denote
AW = (A@I1d®" A=Y
recursively for n € N. Let us also set A(®) = Id.

REMARK B.2.4. The tensor coalgebra T'C' (V') has the universal property of being a cofree (locally)
conilpotent graded coalgebra cogenerated by V. Note in particular the conilpotent in this description
(it is often omitted, which can lead to some confusion). A coalgebra C' is said to be (locally) conilpotent
if for all ¢ € C there exists n € N such that A ¢ = 0. So, if C' is a coassociative (locally) conilpotent
coalgebra and ¢: C' — V is a linear map, then there exists a unique coalgebra map @: C — TC(V)
such that po @ = . Here p: TC(V) — V denotes the projection onto the lowest weight.
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DEFINITION B.2.5. A degree k coderivation 7 on the coassociative graded coalgebra (C,A) is a
degree k map 7: C' — C such that

Aor=(rIld+Id®7)A.

We shall denote the space of degree k coderivations of C' by Coder®(C). If m e Coder'(C) is a
coderivation and a differential, i.e. m om = 0, we call the triple (C,A, m) a differential graded
coassociative coalgebra (also abbreviated to dg or dga coalgebra).

REMARK B.2.6. Note that, if 7 is a coderivation on the coalgebra (C, A), then it can be verified,
by induction on n € N, that

A o7 = Z (Id®i RT® Id®"_i) o A,
i=0

PROPOSITION B.2.7. Suppose V is a graded vector space and py: TC(V) — V is the projection
onto the lowest weight. The map

pe: Coder®(TC(V)) — Hom*(TC(V), V),

given by T — poT, is a linear isomorphism. Here Hom*(T'C(V), V) simply denotes the space of degree
k linear maps TC(V) — V.

PROOF.
Note first that the space of degree k coderivations is a linear subspace of the vector space
Hom*(T'C(V),TC(V)) and that the map p, is linear and well-defined, since p is of degree 0.

Let us first prove that p, is injective by showing that one may express any coderivation in terms
of its image under p.. Note first that

Ayl yentl

for all n > 0, where on the left hand side V®"*1 — TC(V), while we have VE"+1 — TC(V)®ntl
instead on the right hand side. Nonetheless we see that, as a linear map, this restriction of A
coincides with the identity. This is evident when one notes that A (vy ® ... ®v,,) can be written as
a sum over all the ways to partition {0, ..., m} into non-empty subsets I, ..., I,+1 such that a € I,,
b e Ig and o < 3 implies a < b. Of course there is only one such way to partition {0,...,n} (and
no such ways if m < n). Let us denote the component of a vector in the tensor power V&1 by a
superscript (n). Since the components of 7 that end in V' < TC(V) are given by p.(7), we need only
consider n > 0. Then we find, by the remark B.2.6, that we have

n

(n)
T ® ... Q)™ = (Z ¥ @ reId*" ) o AW (1y ®...® vm)> (B.2.2)
=0

for all 7 € Coder®(TC(V)), since

(n)

(A(")T(vl ®...0 vm)> =AM ®...Qup) ™ =711 ® ... @ vp) ™.

In particular we have 7(v1 ® ... ® vm)(”) = 0 if m < n. Now suppose m > n and write
A @ ... @up) = Zv(o) ®...RUm),

then the equation (B.2.2) says that

n

(n)
T(U1 & ... ®1)m)(n) = (sz(o) ®... ®T(’U(Z‘))(O) &... ®U(n)>

=0
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(we only see 7(v(;))(?) because the left hand side lies in V®"+1). Of course 7(v)(®) = p.(7)(v) for all
v € TC(V) and so we see that p, is injective, since we have shown that 7 can be given in terms of

P« (7).

Finally, let us prove that p, is surjective by constructing a right inverse. Suppose we have the
homomorphism ¢ € Hom"(T'C(V), V), then define 7,: TC(V) — TC(V) by

To(11 ® ... Q)™ = ( (Id* ® p ® Id®" ) 0 A (v ®...®vm)> )
=0

7

It is a straightforward, though long, check that we have 7, € Coder®(TC(V)) and it is deduced easily

that p.(7,) = .
]

REMARK B.2.8. In the proof above we frequently move between V®" as a subspace of TC(V)®"
and as a subspace of T'C(V) without noting it every time. Nonetheless this should not cause any
confusion for the attentive reader.

PRrROPOSITION B.2.9. Suppose C is a graded coalgebra. Then the graded commutator
[1,0) =700 — (~1)Fgor
is a coderivation of degree k +1 for all T € Coder”(C) and 6 € Coder' (C).

PROOF.
Clearly [7,0] is a degree k + [ linear map. Verifying that

Ao[r,0] = ([r,0]@Id +1d ® [7,6]) o A
is a completely straightforward exercise left to the reader. O
Note that the graded commutator bracket supplies the graded vector space
Coder(TC(V)) := @ Coder® (TC(V))
k

with the structure of a graded Lie algebra. It turns out that the equations defining the structure of a
dg algebra on V coincide (up to a shift) with the equations that specify the vanishing of the bracket
of a certain coderivation with itself.

ProprosITION B.2.10. Suppose V is a graded vector space equipped with linear maps
wVe: VvV oand d:V—V

of degree 0 and +1 respectively. Then (V,u,d) is a dg algebra if and only if [m,m] = 0 where the
coderivation m € Coder* (TC(V[1])) is given by

pe(m) =Lopo (L ® )7+ Lodot.

PROOF.
The “if” statement follows from the straightforward, but long, computation of evaluating
1
0= 5pu([m,m]) = p.(m) om

on VO for 0 < n < 4. We leave this computation to the reader.

The “only if” statement follows since p.(m) vanishes on V®" for all n > 2, while, by the fact that
m = T, (m) in the notation of the proof of proposition B.2.7, we see that m lowers the weight by a
maximum of 1. This means that the computation proving the “if” statement is the only computation
that needs to be done. So, if (V,u,d) is a dg algebra, we find that [m,m] is the unique coderivation
such that p.([m,m]) = 0 and therefore [m, m| = 0.
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]

Thus we see that the space of dg algebra structures on a graded vector space V' is exactly the space
of degree +1 coderivations m of TC(V[1]) such that p,(m)(V[1]®") = 0 for all n > 2 and [m, m] = 0.

REMARK B.2.11. Strengthening the last condition to p.(m)(V[1]®") = 0 for all n > 1 recovers the
notion of differential graded vector space (cochain complex). While dropping the last condition that
p«(m)(V[1]®™) = 0 for all n > 2 recovers the notion of A, or strong homotopy associative algebra in
the sense that the space of degree +1 coderivations of TC(V[1]) such that [m, m] = 0 is exactly the
space of As.-structures on V.

Proposition B.2.10 shows that, given a dg algebra (A, uo, dp), the deformations (A®y, R, u, d) will
be given by degree +1 coderivations as specified. If we denote by mg the coderivation corresponding
to (A ®r R, po,do) (R-linear extension of ug, do), we see that (A ®p, R, u,d) corresponds to the
coderivation mg + him>; for a coderivation m>; of degree +1 such that p,(m>1)(A[1]®™) = 0 for all
n > 2 and

0 = [mo + Amz1,mo + hmx1] = 7 (2d(pz1) + hlpz1, p=1]) - (B.2.3)
Here we have denoted d(a) := [my, a] and we recall that [mg, mg] = 0, since (A, ug, do) is a differential
graded associative algebra. Note that equation (B.2.3) is an incarnation of the Maurer-Cartan equation
“dw + 1[w,w] = 07, see (2.3.1) and (4.1.1). We now have all the necessary elements to specify the
differential graded Lie algebra previously alluded to and how it controls the deformation problem.

B.3. Deformation Lie Algebra

In this section we will explain what we mean when we say that the dgl algebra g controls R-
deformations of (A4, i, d).

Note that our choices of R are local rings for the maximal ideal m = (k). In fact, most of the
theory developed here is straightforwardly generalized to the setting of local Artinian rings and local
complete rings R. For simplicity we will stick to the k-truncations and formal power series however.

NoOTATION B.3.1. Given a differential graded Lie algebra (g, [, ],d), we denote the differential
graded Lie algebra given by
In=0®rm, [X®aqY®=[X,Y]®a and d(X®a)=(dX)®a,
with the grading given by (gm)™ = ¢" ®£ m, by (gm, [, ], d).
Note that, since m is either nilpotent or pro-nilpotent (a limit of nilpotent algebras), we find that

gm is also nilpotent or pro-nilpotent respectively. This means that infinite sums such that there are
only finitely many terms of each bracket length always converge in g,.

DEFINITION B.3.2. Given a differential graded Lie algebra g we denote the Gauge group associated
to gm by G(gm). It is given as a set by (gm)". The group multiplication is given by the Campbell-
Baker-Hausdorff formula

1 1
X Y =Log (exp(X)exp(Y)) =X +Y + §[X,Y] + E[X, (X, Y]+ [V, [V, X]]) + ...
where exp(X) = 32 X and Log X = Y277, %(X — 1"t

Note that X -0=X =0-X and X - (—X) =0 = (—X) - X and so the neutral element of exp(gm)
is given by 0, while the inverse of X € exp(gm) is given by —X.

REMARK B.3.3. In the definition B.3.2 we are being a bit sloppy. We mean that X -Y is given by
writing out the formal power series Log (exp(z) exp(y)) of non-commuting formal variables x and y in
terms of (iterated) commutators and subsequently replacing all instances of « by X and all instances
of y by Y. The resulting sum will be well-defined by the comment on nilpotency above.
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DEFINITION B.3.4. Given a differential graded Lie algebra g and m € g', we define the gauge
action with respect to m

mt Ggm) — Auty ((gm)")
by
am(X)(Y) = exp(X)(m +Y) exp(—X) —m.
REMARK B.3.5. Note that we have been sloppy in the same way as before. We mean that
am (X)(Y) is given by writing out the formal power series exp(z)(z+vy) exp(—x) — z of non-commuting
formal variables z, y and z in terms of iterated commutators and then substituting all instances of z

by X, y by Y and z by m. The brackets with m should be interpreted in terms of the obvious R-linear
action of g on (gm)°.

DEFINITION B.3.6. Suppose (g, [, ], d) is a differential graded Lie algebra. Then we define the set
of Maurer-Cartan elements MC(g) by
1
MC(g) := {X cg'ldXx + §[X’X] = O}.

REMARK B.3.7. Suppose (g, [,]) is a graded Lie algebra and m € g! such that [m,m] = 0, then
it is a trivial exercise to verify that

dm: 9 — g,

given by d,,(X) = [m, X], gives g the structure of a differential graded Lie algebra.

PROPOSITION B.3.8. Suppose g is a graded Lie algebra with m € g' such that [m,m] = 0, then
the gauge action with respect to m preserves the set of Maurer-Cartan elements of (g, [, ], dm)-
PROOF.
The proposition follows by direct computation. O

DEFINITION B.3.9. We define the set of R-deformations up to gauge equivalence controlled by the
dgl algebra (g, [, ], dmn) as above, denoted Defg(g,m), as the quotient

Defr(g, m) :== MC(gm) /G(gm)
by the gauge action w.r.t. m.

When we say that the dgl algebra g controls R-deformations of (A, y1,d) we mean that the set of
gauge equivalence classes of R-deformations is isomorphic to Defr(g,m) (in a natural way).

REMARK B.3.10. It should be evident that we have not even begun to present the full story here.
In general one would find, instead of the sets Defg(g, m), a functor

Def(g): C — Grpd,,

where Grpd, denotes the category of 2-groupoids and C denotes the category of local Artinian or
local complete (commutative) L-algebras. Also, the differential in g need not be of the form d,, for
some m € g'. We will not need the full generality of the theory here however.

B.4. Deformation Cohomology

Now we are in a position to provide the dgl algebra g(A) that controls the R-deformations of the
dga algebra (A, po, dp). We should of course be guided by the equation (B.2.3). Let us introduce first
some useful notation.
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NOTATION B.4.1. For i,j € Z>o and 7 > 0, we denote the space of L-linear maps from A% to A
of degree j by
C"(A) := Hom) (A%", A).
For n > 1 we also denote

CM(A):== @ CY(A) and C*(A):=EPC™(A).

i+j=n n>1

DEFINITION B.4.2. For 4,j € Zsq (i > 0) let Tj;: C¥(A) — O~V (A[1]) denote the map given
by

T i(i;l)

() = (1) 5 Lofo et

We shall denote the induced map
T=EPT;: C*(A) — C*(AL)).
‘7]‘

We also denote the map defined in the proof of proposition B.2.7 by
7: C*(A1]) — €D Coder*(TC(A1))).
k>0

REMARK B.4.3. As shown in proposition B.2.7, the map 7 is a linear isomorphism. Clearly the
map T is also a linear isomorphism. If we consider C*(A) graded by the total degree, i.e. C™(A)
are the elements of degree n, and C*(A[1]) graded by the degree of maps, i.e. Hom"(A[1]®, A) are
elements of degree k, then T is a degree —1 map. With this same grading on C*(A[1]) we see that 7
is of degree 0.

DEFINITION B.4.4. Let (g(A), [, ]g,d) be defined as the dgl algebra given by
g(A)" = (A"
ToT([X,Y]g) =[roT(X), 7o T(Y)]
where the brackets on the right hand side are simply the commutator brackets and
dX = [po + do, X|c-

THEOREM B.4.5. The differential graded Lie algebra g(A) is well-defined and controls the defor-
mations of (A, po,do)-

PROOF.
The fact that [-, )¢ is a well-defined graded Lie bracket follows from the fact that the commutator
bracket on coderivations is a well-defined Lie bracket and that the composition

ToT: g(A)™ — Coder™(TC(A[1]))

is a degree 0 linear isomorphism. This last fact is checked by simply going through the definitions.
Thus, by remark B.3.7, we find that g(A) is a well-defined dgl algebra if [o + do, 0 + do]g = 0. This
last identity follows from proposition B.2.10.

It remains to verify that
Defr(g(A), m) ~ {R — deformations of (A, yio,do)} /gauge equivalence
where m = pgy + dg. Note that, again by proposition B.2.10, we find the map
t: MC(g(A)m) — {R — deformations of (A, po,do)}

given by
t(c) = (A®L R, po + ¢, do + c).
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Note also that, by definition, every R—deformation of (A, uo,dy) is of the form
(A®L R, o+ ¢, dy +C)

up to gauge equivalence. By proposition B.2.10, it follows that if (B, pu,d) ~ (A QL R, uo + ¢,do + ¢)
then ¢ € MC(g(A)m). Thus it is only left to check that the gauge group G(g(A)m) acts by gauge
equivalences and that every gauge equivalence between deformations (with B = A ® R) yields an
element of the gauge group G(g(A4)m). Note that

G(g(A)m) C g(A)s = C'(A) @m = P Hom] (A%, A) ® m = Hom} (4, A) @ m,
i+j=1
since ¢ > 0 and j > 0. So, for X € G(g(A)m), the linear map

o Xok
eXpX::Z i AR — A®R
k=0

is well-defined. Clearly, the linear map exp(—X) is also well-defined and an inverse to exp X. Now
note that, if ¢ € MC(g(A)m), then

exp(X): t(c) — t(am(X)(c)),

where m := pp+dp, follows from the definition B.3.4 of «,;,. Note that, by definition, exp(X) is a gauge
equivalence. Thus we find that G(g(A4)m) acts on the set of R-deformations by gauge equivalences.
On the other hand suppose
0: (A®L Ryp,d) — (A®p R, u',d")
is a gauge equivalence of R-deformations. Then ¢ = Id + A¢>; and the map
Log ¢ = i ﬂ(hwx)"ﬂ: AR R— AQr R
- nt 1 =

is a well-defined linear map. Note that Log ¢ € Hom? (4, A) ® m and
am(Log p)(u+d—m)=p' +d —m.

Thus, every gauge equivalence is implemented by an element of the gauge group.
O

REMARK B.4.6. Note that (C*(A),T od,o |) is a subcomplex of the Hochschild cohomology
complex of (A, u,d) with values in the A-bimodule (A,d). The bracket [-,-]g is usually called the
Gerstenhaber bracket and it is part of the Gerstenhaber structure on the Hochschild cohomology of
A with values in A.

REMARK B.4.7. Note that, given an isomorphism A — B of dg algebras, we obtain an induced
isomorphism Defg(g(A), ma) — Defr(g(B), mp). When we consider differential graded algebras, we
are more often interested in quasi-isomorphism than isomorphism however. In order to make a similar
statement about quasi-isomorphisms, we would need to be able to construct a quasi-inverse. This
is not always possible. However, if we consider the differential graded algebras as strong homotopy
associative algebras (A.c-algebra) instead, we can always find such inverse co-isomorphism [79]. Tt is
shown in the paper [34] that a quasi-isomorphism of dg algebras induces a corresponding isomorphism
of the deformation functors. Note, however, that one is required to consider deformations of the dg
algebras as A..-algebras in this case. This amounts technically to allowing j € Z in definition B.4.2.
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