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Introduction

As the title suggests, the main subject of this thesis is the study of symmetries of
noncommutative spaces and related equivariant cohomologies. We focus on defor-
mations of classical geometries coming from the action of some symmetry. A close
relation between the deformation of the symmetry and the deformation of the space
on which it acts is at the heart of our approach; we will use this idea to generate
noncommutative geometries, and to define algebraic models for the equivariant coho-
mology of such actions.

Broadly speaking, action of symmetries on spaces have always played a central
role both in mathematics and in physics. They often are the visible part of a more
hidden and fundamental structure which describes and governs the system studied,
and they frequently provide a beautiful bridge between physical phenomena and their
mathematical formulations.

Historically they have been used as a guiding principle to formulate theories; in
some sense, symmetries can be used to test the internal coherence of a model, the same
way as experiments can be used to test its agreement with reality. From Maxwell’s
equations to special and general relativity, quantum mechanics and quantum field the-
ory, arriving to standard model and string theory just to mention some of the most
popular branches of theoretical physics, symmetries have been taken as the starting
point of the comprehension and mathematical description of the physical world. At
the same time an increasing number of mathematical tools useful to describe systems
acted by some group of transformations was developed by mathematicians, starting
from the the concept of covariance and equivariance, representation theory, conserved
currents and conservation laws, leading to a more systematic and general approach
to the study of the subject.

The other main topic of the thesis is nc geometry. Being a less known argument,
we feel it is worth spending some word to explain in a very informal way what are
nc spaces and where they come out.

The physical interest for noncommuting quantities, such as algebras of noncom-
muting operators, goes back to the early days of quantum mechanics. The replace-
ment of the algebra of function on the phase space of a physical system by algebra
of matrices was the first and crucial step toward the idea that physical observables



Introduction II

in the microscopic world are described by nc algebras. Then some years later math-
ematicians rather remarkably realized that it is possible to describe a space X also
by its commutative algebra of functions C'(X) and further algebraic structures. This
new and prolific point of view may be summarized paraphrasing Manin’s quote of
Grothendieck: to do geometry we really do not need a space, all we need is a cate-
gory of sheaves on this would-be space. Once we have expressed the geometry of the
space X by algebraic data, we can relax all the assumptions on the commutativity
and pretend these in general noncommutative algebraic structures are associated to
some 'nc space’; this is for example the idea of Connes’ spectral triples [Con94]. We
then describe the geometry of nc spaces by studying the algebraic description of this
would-be space. In this sense, as it is often said, the name ’geometry of nc spaces’
is a bit misleading, since there are no spaces at all and what we do is algebra, not
geometry.

In the thesis we focus our attention on symmetries of noncommutative spaces.
The role played by symmetries is actually twofold, and it is reflected in the two main
lines of research of the present work.

The first one is another example of how symmetries can be used as a source for
new ideas and constructions. We start by considering a symmetry expressed by the
action of some compact lie group G on a space X; we pass to an algebraic setting
by looking at the associated action of the Lie algebra g, and more generally of the
enveloping algebra (g), on the algebra of differential forms A(X) on X.

The action of Lie derivative, interior derivative and de Rham differential on A(X)
is encoded in a representation of $4(g), the enveloping algebra of a super or Zs (to
take into account the different grading of the three operators) Lie algebra g natu-
rally constructed from g. This leads to the notion of g-differential algebra (g-da for
short, Def(1.1.2)), introduced (with a different terminology) long time ago by Cartan
[Car50]; for a modern treatment of this approach a beautiful reference is [GS99].

A basic fact is that on g-da’s the action of 4(g) is by (graded) derivations. It is
possible to generalize this property to a generic Hopf algebra H acting on an algebra
A, by requiring the action to be ’compatible’ with the algebra structure of A; this is
the idea of covariant actions (Def(1.2.9)).

This concept provides the link between symmetries and spaces we mentioned at
the beginning. Now we deform the symmetry, i.e. the Hopf algebra $4(g), and we ask
the covariance to be preserved: this forces the multiplicative structure of every g-da A
to be deformed as well (Thm(1.2.17)), and we finally interpret the deformed algebra
as differential forms on nc spaces. In this sense we can construct nc geometries by
deforming classical symmetries.

We consider a particular class of Hopf algebra deformations, those coming from
Drinfeld twists [Dri90a][Dri90b]; this choice, together with some assumption on the
Lie algebra g, allows for quite explicit and manageable expressions for the deforma-
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tions, and at the same time it is general enough to describe an interesting collection
of nc spaces. Using the language of Drinfeld twists we can review isospectral defor-
mations [CLO1] (see also [CDV02]), as well as define noncommutative deformations
of toric varieties [CLS] in the line of [Ing].

The second line of research is aimed to define and study algebraic models for
equivariant cohomology of deformed symmetries acting on nc spaces. When a space
X is acted on by some group G, besides ordinary (singular, cellular, de Rham) coho-
mology H(X) a new tool which takes into account the action of the group is available
as well; it is the equivariant cohomology ring Hg(X). The exact definition depends
on the class of spaces X belongs to; for our purposes we are interested in smooth
differentiable manifolds acted by compact Lie groups.

In this setting equivariant cohomology may be thought as the de Rham cohomo-
logy of the orbit space X/G, but this picture works only for proper and free actions
(otherwise the quotient presents singularities or fails to be Hausdorff). A way to in-
troduce in full generality an equivariant cohomology which gives back H(X/G) when
the latter make sense is via the topological Borel model [Bor60]: Hg(X) is defined to
be the ordinary cohomology of EG x ¢ X, where EG is the total space of the universal
G-bundle (Def(2.1.1)).

It is often convenient to switch to an algebraic description of the Borel model,
replacing the infinite dimensional space EG by a finitely generated algebra repre-
senting its differential forms: the Weil algebra W, = Sym(g*) ® A(g*). It is possi-
ble to define a g-da structure on Wy, and in this way we arrive at the Weil model
for equivariant cohomology, defined as the cohomology of the basic subcomplex of
Wy @ A(X) (Def(2.1.8)). Another equivalent algebraic definition of Hg(X), closer
to the definition of de Rham cohomology of X, is formulated by introducing equiva-
riant differential forms and then taking cohomology with respect to an equivariant
differential operator dg; this is known as the Cartan model (Def(2.1.11)).

These algebraic models are our starting point for the study of nc equivariant coho-
mology. Since the Weil algebra Wy is the universal locally free (graded) commutative
g-da, it seems natural to look for analogous objects in the categories of nc g-da’s and
deformed g-da’s. To the first case belongs the nc Weil algebra W, of Alekseev and
Meinrenken [AMO00], which they use to define a nc equivariant cohomology.

By realizing W, as the super enveloping algebra 1l(g), we can adapt the construc-
tion of [AMOO] to the specific class of deformations of the symmetry we are interested
in. We study in particular the case of Drinfleld twists, so we define a twisted nc Weil
algebra ng (Def(2.3.1)) and twisted nc equivariant cohomology by both deformed
Weil (Def(2.3.6)) as well as deformed Cartan (Def(2.3.15)) models. This construction
of equivariant cohomology applies to the nc spaces obtained by Drinfeld twists, so in
particular toric isospectral deformations and nc toric varieties.

Moreover we emphasize that one can use the same strategy to define nc equivariant
cohomology of all nc spaces obtained by covariance from some deformed symmetry,
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just by deforming the nc Weil algebra Wy in a compatible manner we deformed the
Symmetry.

The thesis is structured in two chapters, which are devoted to describe the two
lines of research mentioned above.

The first chapter contains four sections. In the first one after a short introduction
to the notions of spectral triple and deformed spaces, we review how it is possible
to study the action of Lie groups G' on smooth manifolds in an algebraic language,
formalizing the definition of g-differential algebras (g-da).

In the second section we introduce Hopf algebras and their actions as the algebraic
generalization of symmetries. We define covariant actions and then we consider Hopf
algebra deformations obtained using Drinfeld twists (Def(1.2.13) and Thm(1.2.14));
at the end of the section we make some remark on the generality of this kind of
deformations.

In the third section we present an example of how it is possible to obtain nc spaces
using Drinfel twists on Hopf algebras and their covariant actions. We review toric
isospectral deformations as induced by a Drinfeld twist of the enveloping algebra
of the torus, discussing also the different meaning of deformations of an algebra
when it 'represents’ a space and/or a symmetry. We finally consider a notion of
deformed commutativity for nc algebras, relating this property to the quasitriangular
structure of the twisted Hopf algebra which describes the symmetry responsible for
the deformation (Def(1.3.6)), and prove that toric isospectral deformations satisfies
this generalized definition of commutativity (Prop(1.3.8)).

In the fourth and last section we provide a second example of nc spaces obtained
by Drinfeld twists; this time we consider toric varieties, so we first deform the alge-
braic torus (Def(1.4.1)) and then as usual we use its action to spread’ the deformation
to the whole space. We also propose a definition of nc toric varieties by a general
construction which deforms the fan description, providing a local description and
gluing morphisms in the nc setting. We then present examples and outline a ho-
mogeneous coordinate ring construction for the nc projective spaces (Thm(1.4.8), in
analogy with [Cox95]), and a sheaf theory. The content of this section is work done
in collaboration with G. Landi and R. Szabo [CLS].

The second chapter is organized in four sections. In the first one we review the
classic definition of equivariant cohomology for smooth manifolds acted on by compact
Lie groups. We present the topological Borel model, we introduce the Weil algebra
Wy and its g-da structure, and define the Weil model. We then construct a Kalkman
map which links the Weil model to the equivalent Cartan model.

In the second section we recall a more abstract interpretation of the Weil algebra
as the universal locally free g-da (Thm(2.19)); this result makes possible to define
"deformed’ or ’generalized” Weil algebras when the category of g-da is enlarged. We
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review the construction of the nc Weil algebra of [AMO00], relevant for the category
of nc g-da, and show how this leads to a definition of nc equivariant cohomology
(Def(2.2.8) and Def(2.2.12)). We end the section by discussing how to adapt the
previous construction to deformed g-da, in order to define equivariant cohomology
for deformed symmetries acting on nc spaces.

In the third section we apply the previous ideas to deformations coming from
Drinfeld twists. We define a twisted nc Weil algebra WéX) (Def(2.3.1)), realize its
twisted g-da structure and shows it is possible to rephrase the Weil and Cartan
models construction in this deformed setting (Def(2.3.1) and Def(2.3.15)). Moreover
we explain how the Drinfeld twist affects the ring structure of the complexes defining
the cohomology (Prop(2.3.7) and Prop(2.3.14)) and the relation of our construction
with the nc cohomology of [AMO00] (Prop(2.3.9)). The content of this section is
original work appeared in [Cir].

In the last section we derive further results on twisted nc equivariant cohomo-
logy. We compute some examples, in particular nc spheres and homogeneous spaces,
and prove that our cohomology satisfies a reduction property to the maximal torus
(Thm(2.4.5)) similarly to classical equivariant cohomology; we end by discussing the
consequences of this result. The contents of this section will appear in a revised and
enlarged version of [Cir].

We present in the Conclusions a summary of the results achieved in this thesis
and outline some interesting and open directions for future work on these topics.
In particular we sketch applications for the construction of nc toric varieties and
models for nc equivariant cohomology, and discuss a possible alternative definition of
equivariant cohomology for algebras A, deformed by the action of Drinfeld twisted
Hopf algebras HX by using cyclic homology of the crossed product algebra A, > JHX.






Chapter 1

Deformations of symmetries and
noncommutative spaces

In this chapter we will study symmetries of noncommutative spaces. First of all, we
will begin with a brief discussion of what one means by a noncommutative space. This
will be done without entering too deeply into the formalism, but at least motivating
the general strategy behind the idea to express all the notions concerning spaces,
group actions and symmetries with their algebraic counterparts.

Broadly speaking we will see that the right setting to describe the structure of a
space acted on by some symmetry is the category of Hopf module algebras!. Once we
have in this category a formulation of all the classical constructions we are interested
in, we can start considering deformations of Hopf algebras and the effects of such
deformations in the category of module algebras.

We remark that the role of deformed Hopf algebras, i.e. symmetries in the alge-
braic setting, is twofold. If we are given a noncommutative space, we must deform the
symmetry in a ’compatible’ way in order to have a well defined action; on the other
hand, if we start by deforming a symmetry we can use it to ’generate’ deformations
of all the spaces where the symmetry acts. In a more sophisticated language we are
saying that, in the category of Hopf module algebras, Hopf algebra deformations are
related to module algebra deformations and vice versa.

The class of deformations we will mainly focus on come from Drinfeld twists; this
kind of deformations are quite general (see the discussion about rigidity theorems at
the end of the chapter), they allow for quite explicit descriptions and computations,
and they are behind a large class of interesting noncommutative spaces. In the third
and fourth section we will consider two classes of them, namely toric isospectral
deformations and, using the same ideas with algebraic tori instead of compact ones,
noncommutative toric varieties.

It worths saying however that the philosophy of what we are going to present

LA Hopf module algebra is an algebra carrying a Hopf algebra action compatible with the mul-
tiplicative structure, see Def(1.2.9).
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here applies as well to other class of deformations, for examples Drinfeld-Jimbo or
g-deformations. We will come back on this point in the second chapter, when we will
describe models for equivariant cohomology of such deformed symmetries.

For simplicity we will use throughout the chapter the short notation 'nc’ for
noncommutative.

1.1 Symmetries in the algebraic setting

The interest in generalizing concepts of ordinary geometry to systems of non-commuting
operators or nc algebras has both physical and mathematical origins.

Since the first years of quantum mechanics the idea of a nc phase space where the
coordinates x and p no longer commute lead to the formulation of Moyal-type spaces;
functions on such spaces are promoted to operators, and the coordinates z* (thought
now as operators) satisfy commutation relations [z#, x¥| = i0*, with € usually a real
skewsymmetric constant matrix.

From the mathematical point of view, the celebrated theorems of Gelfand-Naimark
and Serre-Swan showed that it is possible to describe locally compact Hausdorff spaces
with commutative C*-algebras, and complex vector bundles over compact Hausdorff
spaces M with finitely generated projective modules over C'(M).

Following these equivalence of categories, it seems natural to look at nc C*-
algebras and finitely generated projective modules over nc algebras as the correct
generalization for the idea of spaces and (sections of) vector bundles. Much more
can be done if one consider extra structures, and an entire dictionary between topo-
logical and geometrical properties expressed in algebraic terms can be formulated.

A promising definition of a nc geometry is contained in the notion of spectral triple
[Con94].

Definition 1.1.1 An even, real spectral triple, or K-cycle, is the assignment of the
data (A, H, D, J, "), where:

1. A is a pre-C*-algebra;

2. H is a Hilbert space carrying a faithful representation of A in bounded operators;
3. D 1is a selfadjoint operator on H with compact resolvent;

4. J is an antilinear isometry of H;

5. T is a selfadjoint unitary operator on H such that T? = 1.

This quite abstract definition may become more intelligible looking at the way a
compact Riemannian spin manifold M can be described via a spectral triple. The role
of A is to represent the algebra of (a suitable class of sufficiently regular) functions
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on M; then as Hilbert space H one takes square-integrable spinors L*(M,S) and
the faithful representation of A comes from pointwise multiplication of function on
spinors. The operator D in this example is the Dirac operator D of the metric; note
that the condition to have compact resolvent, which implies the discreteness of the
spectrum, is satisfied due to the compactness of M. Finally, if M has even dimension
2n, T" is the grading (or chirality) operator 7,41 and J is the complex conjugation
operator.

To say that the data in Def(1.1.1) describe a geometry, further conditions are
imposed; these reproduce properties of the geometry of M we want to carry on to
nc setting. In this way we can still have at our disposal a definition of a metric
dimension, coming from the infinitesimal order of |D|™!, or the fact that D is a first
order operator in the sense that [[D,a], Jb*J1] = 0, or the existence of a volume form
now described as a Hochschild cycle in Z,, (A, A ® A°).

However we will not enter into a detailed description of the various properties and
conditions satisfied and imposed on spectral triples, since our aim is to focus on the
study of symmetries of quite concrete classes of nc spaces. Thus instead of considering
general abstract nc algebras, the strategy is to start with a (compact, Riemannian,
spin, ...) manifold M, consider its commutative algebra of (continuous, smooth, ...)
functions A = C'(M) and deform the product in A. These deformations usually
depend on some real parameters 6*”, reduce to the classical case for # — 0 and come
from some extra structure, as for Poisson manifolds in the framework of deformation
quantization, or as in the case of toric actions in the class of isospectral deformations.
We will provide in the next sections a general scheme to produce deformed nc spaces
My using deformations of symetries on M.

Before dealing with deformations, we describe the setting we want to deform.
Since in our nc setting one deforms algebraic structures, first of all we want to trans-
late the language of actions of a compact Lie groups G on smooth compact Hausdorff
manifolds M into a purely algebraic formalism. This ideas were first introduced in a
seminal work of H. Cartan [Car50], and belong by now to the classical background
of differential geometry; for a modern detailed treatment a good reference is [GS99].
Let A = Q*(M) be the graded-commutative algebra of differential forms on M, and
g the Lie algebra of G with generators {e,} satisfying [e,, €;] = f,,- A smooth action
of G on M is a smooth transformation ® : G x M — M such that denoting

¢, M—-M ge G
we have a composition rule compatible with the group structure
(I)g o (I)h - (I)gh
This induces a pull-back action p on the algebra of differential forms by

pg(w) = (@;1)*w geG, wed
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which we will denote for simplicity as g >w. For each ¢ € g we denote by ¢* € X(M)
the vector field defined in p € M by

C(p) = S (exp {1} ()

and call (* the vector field generating the infinitesimal action of G along (. The Lie
derivative along the vector field (* is an even (degree zero) derivation of A, i.e. it
satisfies a Leibniz rule

Le(wp) = (Lew)p+ w(Lep) w, 1 €A
The Lie derivatives along generators of g have commutation relations
[Lea’ Leb] = fabcLec

so they define a representation of g on A. Hence the algebraic analogue of a G action
on M is a representation of g on A by even derivations; note that by universality of
the enveloping algebra this representation lifts to (g) and the Leibniz rule of L.,
is equivalent to the fact that e, has primitive coproduct A(e,) =€, ® 1 +1® ¢, in
iU(g). We will come back on this point in the next section.

We then consider interior derivative i¢, defined as the odd (degree —1) derivation
on A given by contraction with respect to ¢*. So, for each ¢ € g we have i : A* —
A*~! and a graded Leibniz rule

ic(wr) = (icw)p 4 (—1)*w(icp) forwe AF ve A

In the same way the (infinitesimal) action of G gives a representation of g (and U(g))
on A, we look now for the algebraic analogue role of i..

Out of g we can construct a super (or Zs-graded) Lie algebra g = g g adding odd
generators {,} that span a second copy of g as vector space, and putting relations
(the brackets are compatible with the degrees)

[6a> eb] = fabcec [éaaéb] =0 [6(17&7] = fabcgc (11>

The structure of g reflects the usual commutation relations of Lie and interior deriva-
tives; indeed denoting with L, = L., and similarly i, = 4, it is well known that

[Laa Lb] = fabch [ia:ib] =0 [Lmib] = fabcic (1'2)

We can then say that L, and i, realize a representation of the super Lie algebra g on
A as graded derivations; once again this representation lifts to the super enveloping
algebra $(g).

To conclude, let us consider also the De Rham differential d : A®* — A**! in this
algebraic picture; this is not directly related to the action of some symmetry but
a unified treatment of (L, i, d) will be relevant in the second chapter, when we will
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construct algebraic models for equivariant cohomology. We can add to g one more
odd generator d, obtaining the super Lie algebra

g=90®{d} =g(-1) ® g0 ®{d}q) (1.3)
with relations (1.1) completed with
[em d] =0 [5(17 d] = €q [d, d] =0 (14)

The structure induced by (L,7,d) on the algebra of differential forms of a manifold
acted by a Lie group may be summarized in the following general definition.

Definition 1.1.2 An algebra A carrying a representation of the super Lie algebra g
by graded derivations will be called a g-differential algebra, or g-da for short.

Note that this definition assumes no requirements on the commutativity of A. In the
following section deformations will touch only the g-da structure, leading to the idea
of deformed symmetries and covariant actions on nc spaces (algebras).

1.2 Deformations of symmetries by Drinfeld twists

Using the language of Def(1.1.2) we will consider a symmetry acting on a graded
algebra A (representing a commutative or a nc geometry) as expressed by a g-da (or
a g-da) structure on A; equivalently, we may prefer to consider representations of
associated enveloping algebras 4(g) and (g).

By deformation of a symmetry we thus mean a deformation of the Lie algebra
structures g, g or a deformation of the Hopf algebra structures of 4(g), (g). To
the first case belong quantum Lie algebras, while in the second case one considers
quantum enveloping algebras.

In both the approaches, and depending on the particular quantization considered,
a general strategy is to relate the deformation of g or 4(g) to a deformation of the
product in every g-da A, and vice versa. When such a link between symmetries (i.e.
Hopf or Lie algebras), spaces (i.e. g-da) and deformations is present, we will speak
of covariant deformations or induced star products.

We can give a detailed presentations of this ideas picking up a particular class of
deformations, the ones generated by Drinfeld twists in Hopf algebras [Dri90a, Dri90b;
we choose to work with Drinfeld twists because they provide the most natural setting
to explicitly describe and study the nc geometries we are interested in, i.e. toric
isospectral deformations and nc toric varieties.

Thus the following exposition will be focused on this specific, even if quite gen-
eral, class of deformations. Of course for different kind of nc geometries, such as
g-deformed spaces, the natural class of quantum enveloping algebras to study would
be different (Drinfeld-Jimbo deformations); we will say something on these possible
different choices when constructing Weil algebras and models for equivariant coho-
mology.
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1.2.1 Hopf algebras and their actions

We start by recalling basic definitions in the theory of Hopf algebras; a standard
reference for these topics is [Majo4|, where the omitted proofs of the theorems of
these introductory sections can be found. We will work with vector spaces, algebras
and all others structures over the field C.

Definition 1.2.1 A coalgebra (C, A\, €) is a vector space with a linear coproduct (or
comultiplication) map A : C — C' ® C which is coassociative

(A ®id)o Alc) = (id® A) o A(c) Veel (1.5)
and with a linear counit map € : C ® C satisfying

(e®id) o A(c) = ¢ = (id ® ) A(c) (1.6)

The coassociativity and counitality conditions for A and e may be obtained by re-
versing the arrows in the diagrammatic representation of associativity of the product
and existence of the unit element in an algebra. We will make use of the Sweedler
notation for the coproduct A(h) = hny ® h(2) with summation understood.

Definition 1.2.2 A wunital bialgebra (H,-, N €) is a vector space which is both a
unital algebra and a coalgebra in a compatible way. In symbols, we ask

Alhg) = AW)A(g), A =11,  e(hg) =€(h)e(g) (1) =1 (L.7)

Definition 1.2.3 A Hopf algebra (H,-, A, S €) is a unital bialgebra equipped with
an antialgebra and anticoalgebra map S : H — H satisfying (we denote with - the
product in H)

(S®@id)o Alh) = - (id® S) o A(R) = e(h) Vh e 9. (1.8)

The standard examples of Hopf algebras are enveloping algebras $4(g) and algebras
of representable functions over a group Fun(G).

Example 1.2.4 Given a Lie algebra g the enveloping algebra $(g) is defined to be
the quotient of the tensor algebra

T(g) = @Zo:og(gn
by the ideal generated by relations
TRY—yQx=z,y] T,YE€Q.

The product is induced by the tensor algebra. With coproduct, antipode and counity
defined on x € g by

Az)=2z1+1®x S(x) =—x e(r) =0 (1.9)
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and extended to the whole $A(g) by the rules
A(ab) = Aa)A(b) S(ab) = S(b)S(a) e(ab) = e(a)e(b) a,b e U(g)
it is easy to verify that (U(g), A\, S, €) is a Hopf algebra.

Example 1.2.5 Given a group G, let Fun(G) be the algebra generated by the entries
pY of finite dimensional representations of G. We write their evaluation as p”(g) =
g7, Give Fun(G) a commutative algebra structure pp* = p*pii  while coproduct,
antipode and counity are defined by

Ap?) = pepY S)(g) =p"(g7") e(p?) =0"  (1.10)

and extended to generic elements by their algebra and antialgebra map properties. It
is easy to verify that (Fun(G), A, S, €) is a Hopf algebra.

Note that 4/(g) is noncommutative (unless g is abelian) but cocommutative, mean-
ing that ToA = A, where 7 is the flip map between the two copies of H, while Fun(G)
is commutative but not cocommutative.

Definition 1.2.6 Two Hopf algebras H and F are said (strictly) dually paired if
there is a (nondegenerate) bilinear map ( , ) : H®F — C satisfying

(hg,a) = (h @ g, A(a)) (1,a) = e(a) (S(h),a) = (h,5(a)) (1.11)
(hyab) = (AR),a®@b) (b, 1) = e(h) (1.12)

Example 1.2.7 For a compact Lie group G the Hopf algebras $(g) and Fun(G) are
strictly dually paired, with

(¢,a) = ¢(a)q (€g,ac€ Fun(G) (1.13)

where in the rhs we mean the evaluation of the left invariant vector field associated
to ¢ € g acting on a € Fun(G).

It is easy to prove that for dually paired Hopf algebras when the first is commu-
tative the other is cocommutative and vice versa; this is for instance what happens

with (g) anf Fun(G).

When one object has a property, it is often possible to relax the condition de-
scribing the property so that it holds only up to some ’cocycle’; the class of objects
having such ’quasi’-property will be larger, but its behaviour will still be in some
sense under control. A first example of this philosophy is given by quasitriangular
Hopf algebras, where the condition to be cocommutative is relaxed up to conjugation
by an element.
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Definition 1.2.8 A quasitriangular Hopf algebra is a pair (H,R) where H is a Hopf
algebra and R = RMW @ R?) is an invertible element in H @ H obeying

7o A(h) = R(AR)R™? (1.14)
(A ® zd)ﬂ% = 92133%23 (Zd ® A):R = :R13:R12 (115)

In (1.14) and in the following we use the notation R;; to describe the element in
H®" who has R (resp R®)) in the ith (resp jth) factor and 1 everywhere else. The
first condition express the lack of cocommutativity of the coproduct, while the last
two constraints on R comes from the coassociativity of the coproduct. A subclass of
quasitriangular Hopf algebras, the most similar to cocommutative ones, satisfy the
additional property R~! = Ry, and they are called triangular.

We now consider actions, or representations, of Hopf algebras. By left action of
H on a vector space V we mean a linear map p : H ® V' — V such that, denoted
p(h,v) with p,(v), we have

Prg(v) = pa(pg(v)) pi(v) =v (1.16)

In the following we will use the short notation p,(v) = h > v; there are of course
analogue definitions for right actions. When H acts on something richer than a
vector space, it is natural to ask for a compatibility of the action with the extra
structures of the space acted. For actions over algebras, this compatibility condition
is referred as covariance of the action.

Definition 1.2.9 Let H be a Hopf algebra acting on a unital algebra A. The action
15 said to be covariant if

h(ab) = A(h) > (a ®@b) = (hy>a) @ (he)>b) he1=e(h) (1.17)
When conditions (1.17) hold, we say that A is a H-module algebra.

Three examples that are relevant to our interests are the following.

Example 1.2.10 Let H be a Hopf algebra. A covariant action of H on itself is given
by the adjoint action
ho g = ady(g) = haygS(he) (1.18)

Note that when H = 3U(g) for some Lie algebra g the adjoint action with respect x € g
reduces to a bracket with x

o h = ady(h) = xh — hx = [z, h] x €g, heig)

Example 1.2.11 Let H and F be two dually paired Hopf algebras. The left reqular
action of H on F, defined by

hba:a(1)<h,a(2)> heH,aedF (1.19)

is a covariant action and makes F into a H-module algebra.
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Example 1.2.12 Let G be a Lie group acting on a manifold M. We already discussed
the action of g, g and their enveloping algebras on A = Q*(M), referring to is as a g-
da (resp g-da) structure (see Def(1.1.2)). We now notice that this action is covariant,
and so the fact that (L,i,d) are (graded) derivations on A is equivalent to the fact
that (€q,&a,d) have primitive coproduct A(z) =z ® 1+ 1® x. Thus to be a g-da is
equivalent to be a U(g)-module algebra.

The category of Hopf-module algebras, denoted by H-mod or 5..# , has a monoidal
structure depending on the quasitriangular structure of H; we will comment on this
later (see Prop(1.3.4)).

Since Hopf algebras are algebras as well as coalgebras, everything we said about
actions can be ’dualized’ and put into a coaction language. A right coaction of a Hopf
algebra H is a pair (5,V) where V is a vector space and §: V — V ® H a linear
map such that

(B®@id)o B = (id® ) o (id®e€)o B =id (1.20)

We will use the shorthand notation 3(v) = v(_1) ® v(g); note that the index of the
component living in the module is underlined. When the coaction is on an algebra
A, the covariance is expressed asking 3 to be an unital algebra morphism

Blab) = B(a)B() B =11 (1.21)

In this case A is called a (right) H-comodule algebra, and the corresponding category
denoted by A% Once again there are analogue definitions for left coactions. More-
over, one could even consider actions and coactions of Hopf algebras on coalgebras,
thus defining categories of H{-module coalgebras and H-comodule coalgebras.

Let us finally remark that given dually paired Hopf algebras H and JF, every left
H-module algebra is automatically a right F-comodule algebra and so on; roughly
speaking the duality between H and F reflects into the exchange of left-right and
action-coaction. The basic example of this phenomenon is for H = 4(g) and F =
Fun(G); we can equally represent algebraically the action of the group G on the space
M either via the action of $(g) and the {(g)-module algebra structure of (M), or
via the coaction of Fun(G) and the Fun(G)-comodule algebra structure of Q(M).

1.2.2 Drinfeld twists

We come now to deformations. As previously announced, we consider deformations
by Drinfeld twists [Dri90a, Dri90b]; given a Hopf algebra H this is a way to introduce
a new Hopf algebra structure on the same H by using 2-(co)cycles. There are two
dual definitions of Drinfeld twists, the first one deforming the coproduct structure
while the second one deforming the product.

Definition 1.2.13 Let H be an Hopf algebra. An element x = xV @ x® € H @ K
is called a twist element for H if it satisfies the following properties:
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1. x 18 wnvertible
2. (1le@x)(dA)x=Kx®1)(A®id)x (cocycle condition)
3. (ild®e)x =(e®id) =1 (counitality)

Theorem 1.2.14 A twist element x = YV @ @ € H @ H defines a twisted Hopf
algebra structure HX with the same multiplication and counit, but new coproduct and
antipode given by

AX(h) = xAh)x™t , SX(h)=USMhU™  with U=xWsx?» (122

When applied to quasitriangluar Hopf algebras (H,R) the twist deforms the quasi-
triangular structure to RX = o Ry~ L.

We point out that the cocycle condition on x is a sufficient condition for the
coassociativity of AX, provided that we start from a coassociative A . A more general
theory of twists where this requirement is dropped out is well defined in the category
of quasi-Hopf algebras [Dri90a|[Dri90b] (or Drinfeld algebras in the teminology of
[SS93]). We will come back on this at the end of this section, discussing rigidity
theorems for deformations of enveloping algebras. Now the dual definition:

Definition 1.2.15 Let H be an Hopf algebra. An element v : H & H — C s called
a Drinfeld twist element for 3 if it satisfies the following properties Va, b, c € H:

1. vy is invertible, i.e. there exists v ' : H ® H — C such that
Yaay ® bay)v ™ ae) @ b)) =7 (ag) @ b)) v(ap) @ b)) = e(a)e(b)

2. v(any ® bay)v(a@be) @ c) = v(bay ® cy)y(a @ beycw))
3. y(a®1) =7(1®a)=e(a)

The second property is called the cycle condition, the third one the unitality condition.

Theorem 1.2.16 A Drinfeld twist element v for H defines a twisted Hopf algebra
structure ., with the same coproduct and counity, but new algebra structure and
antipode given by

@y b=1(aq) @bw)ae by (0@ © be)

- . (1.23)

Sy(a) = Ulaw)S(a@)U™ (a@)  with  Ula) = y(aw) @ S(aw))

Considering the category of JH{-module algebras, a deformation of H generates,

by covariance of the action, a deformation of the algebra structure of every module

algebra. So a Drinfeld twist in H provides a deformed product in each algebra acted
covariantly by (.
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Theorem 1.2.17 If A is a left H-module algebra and x a Drinfeld twist for 3, the
deformed product

a b= (x">(a®b)) Va,be A (1.24)

makes Ay, = (A, -y) into a left HX-module algebra with respect to the same action. If
we consider a right action the formula for the deformed product in A will contain a
X acting from the right.

The analogue result for dual Drinfleld twists concerns a deformation in the algebra
structure of H-comodule algebras.

Theorem 1.2.18 If A is a right H-comodule algebra and v a twist element for H,
the deformed product
a b= a(l)b(gﬂ_l(a(g) & b(2)) (1.25)

makes A, = (A,-,) into a right H,-comodule algebra. If we consider a left coaction
the formula for the deformed product in A will contain vy(a@y @ by).

Given two Hopf algebras H and F dually paired, to a twist element y € H @ H
we can associate a dual twist element v : F ® F — C defined by

Ya®b) = (x,a®b) = (xV,a)(x,b) (1.26)

It should be clear that every deformation obtained using a twist xy of J can be
described as well using the dual twist v of F defined by (1.26).

There is also a nice cohomological classification of Drinfeld twists. An element
x € H ® H is said to be a 2-coboundary if y = v ® v for some v € H, i.e. it
is a group-like element. One can define #?(H,C) to be the equivalence class of
2-cocycles on H modulo 2-coboundaries. The following theorem says that only the
cohomology class of x is non trivially involved in the process of twisting.

Theorem 1.2.19 Let x,v two twist elements for a Hopf algebra H. The twisted
Hopf algebras HX and HY are isomorphic via an inner automorphism if x and 1 are
cohomologous in 7*(H,C). In particular a Drinfeld twist by a 2-coboundary may
always be undone by an inner automorphism.

Summarizing, up to now we have shown that the algebraic essence of the action
of a symmetry G O M lies in the 4(g)-module algebra structure of differential forms;
next, we have described a class of deformation of Hopf algebras which generates
deformations in every H-module algebras.

The idea is then to apply Drinfeld twists to enveloping algebras to deform symme-
tries, and induce a nc deformation in the algebra of differential forms of the manifold
acted on. In this way a deformation of a symmetry generates a nc geometry in each
space where the symmetry acts. Looked the other way around, given a nc algebra we
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can use a Drinfeld twist to deform the enveloping algebra representing some symmetry
in order to restore a Hopf-module algebra structure on the nc space.

So we focus on Drinfeld twists of enveloping algebras $(g). Even if all the result
stated until now are valid for generic twist elements and in principle apply to every
enveloping algebra, to have more explicit computations and a simplified theory we will
restrict to the case of semisimple Lie algebras, in order to use a Cartan decomposition
of g with an abelian Cartan subalgebra . Moreover we will use twist elements y
contained in 4U(h) ® U(h) C U(g) @ U(g); we may refer to this choice as the class of
abelian Drinfeld twists, in the sense that [x, x] = 0. A general theory for Drinfeld
twist deformations of enveloping algebras with non abelian twist elements could lead
to very interesting results and deserves a detailed study in the future.

After these assumptions, let us fix the notations. Given a semisimple Lie algebra
g we fix a Cartan decomposition

{H;, E.} i=1,....,n, r=(ry,...,mn) €72,

where n is the rank of g, H; are the generators of the Cartan subalgebra h C g
and FE, are the roots element labelled by the n-dimensional root vector r. In this
decomposition the structure constants are written as follows:

[HMH]} = 0 [HuEr] = TiEr

[Emer} = erlHl [EraEs] = Nr,sErJrs (127>

The explicit expression of N, s is not needed in what follows, but it worths saying
that it vanishes if r + s is not a root vector.

Now we choose a twist element y, depending on Cartan generators H;. Since we
want to use the Drinfeld twist as a source of 'quantization” or deformation, we want
it to depend on some real parameter(s) § and recover the classical enveloping algebra
for § — 0. Thus we are actually making a Drinfeld twist in the formal quantum
enveloping algebra U(g)[g. We will make use of the following twist element, firstly
appeared in [Res90]:

X = {— 0 He o H) e @b @ub)E  (129)

with 6 a p x p real antisymmetric matrix, p < n (i.e. we do not need to use the whole
h to generate the twist).

Using relations (1.27) and the expressions in Thm(1.2.14) for the twisted coprod-
uct and antipode, we can describe explicitly the Hopf algebra structure of 4X(g)m-

Proposition 1.2.20 Let x be the twist element in (1.28). The twisted coproduct ANX
of WX(g)ey on the basis {H;, E,} of g reads

MN(E)=E. X'+ )\ QE, (1.30)
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where ,
Ar = €xp {% OFr Hy ) (1.31)

are untwisted group-like element (one for each root r) AX(N,) = A(N) = A @ A,

Proof: From AX(X) = xA(X)x ! it is clear that whenever [H;, X] = 0 the coproduct
of X is not deformed. Thus (1.29) follows easily from the fact that b is abelian. For
(1.30) we compute

i 1
exXp {_5 0" H, @ H,}(E, ®1+1® E,)exp {5 0" H, ® H,}

at various order in 6, using

At the first order we have

—%G“V[HH ®H,E®l+10E)]= —%W ([H,,E,]® H, + H, ® [H,, E,))

_ —%9”” (E, ® r,H, +r,H, ® E,)

So the second order is
)
(5)29’”0“’ [H,® H,,E, ®r,H, +r,H,® E,] =

? v g
= (3)%0"0" ((Hy, By @ 1, H Hy + 1o H, Hy © [Hy, Ey]) =

= (%)26/“/9'00 (Er ® TMTPHVHO' + 7acfrlfll.—[,lLI{P ® Er)

It is clear that carrying on with higher orders the series gives (1.30). m

Proposition 1.2.21 Let x be the twist element in (1.28). The element U = xSy
reduce to the identity so that the twisted antipode SX(h) = US(h)U™! is equal to the
untwisted one.

Proof: We compute U at various order in . The order zero is trivially the identity;
the first order is ‘ _
1 ?
—EH“VHMS(HV) = 59“”}]“]:11,
and so it vanishes because 0" is antsymmetric by the exchange y < v while H,H,
is symmetric. The same happens to the second order

(5)20" 0" H, H,S (H, Hy) = (5)°6" 0" Hy HyHo Hy = 0
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and it is evident that all higher orders are zero for the same reason. n

Finally, the twisted quasitriangular structure (we start with R = 1 ® 1 in (g)
since the enveloping algebra is cocommutative) is

RX = lefRX_l = X_l(l Q 1)X_1 = X_2 (1.32)

so the twisted enveloping algebra is triangular but no more cocommutative.

This completes the explicit computation of the Hopf algebra structure of 4X(g);-

We end this section with a brief discussion on the relation between Drinfeld twists
and other deformations of enveloping algebras; we refer to [Kas95)[SS93] for a detailed
treatment and the proofs. The theory of algebras and coalgebras deformations, and
related cohomologies, is well defined in the setting of formal power series; the re-
sults we quickly present here are mainly due to Gerstenhaber, Schack, Shnider and
Drinfeld.

To introduce quantum enveloping algebras several routes are possible: a first pos-
sibility is to consider deformations gy of the Lie algebra structure of g, basically defin-
ing structure constants on Cg), so that (U(gg), -9, Do, Rg) is the associated quantum
enveloping algebra defined using the #-deformed brackets in gy. However a classical
result in deformation theory, due to Gerstenhaber, states that if an algebra A has a
vanishing second Hochschild cohomology group H?(A, A) = 0, then any deformation
A’ is isomorphic to the #-adic completion of the undeformed algebra, i.e., A" ~ Ayqy;
these algebras are called rigid. For example for semisimple Lie algebras rigidity is
implied by the second Whitehead lemma, and so they do not have non-trivial defor-
mations.

When g is semisimple a standard deformation of its enveloping algebra is provided
by the Drinfled-Jimbo quantum enveloping algebra y(g), defined as the topological
algebra over Cpyg) generated by Cartan and roots element {H;, X;,Y;} subjects to
relations (a;; is the rank= n Cartan matrix and D = (d; ...d,) the diagonal matrix
of root lenght)

H, H;| = X, Y] =0—m——= 1.
[ .7] O [ J] J Slnh(edz/2> ( 33)
[Hi, Xj] = ai; X; [Hi,Yj] = —a;;Y; (1.34)

plus the f-quantized version of Serre relations between X;X; adn Y;Y; for 7 # j.

Now, the rigidity of g assures that there is an isomorphism of topological algebras

o Uy(g) — U)o

which transfers the Hopf algebra structure Ag, €9, Sy of Ug(g) to LU(g)qey by

N=(a®a)oNjoa™t | €=¢oat | S =ao0Soa’ (1.35)
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so that a becomes an isomorphism of Hopf algebras from y(g) to L(g)jey (with the
primed Hopf algebra structure of (1.35)). Now, again for rigidity reasons the two
coproducts A and A" in 4(g)jey must be related by an inner automorphism: there
should exist an invertible element x € (4(g) @ U(g)) ey such that A'(h) = xA(h)x .
This x quite often does not satisfy any cocycle condition, so it defines a generalized
Drinfeld twist and 4X(g)jey is a quasi-Hopf algebra with a nontrivial coassociator &
encoding basically all the information about the Drinfeld-Jimbo deformation.

So, at least for rigid Lie algebras, there is only one class (modulo isomorphism)
of deformations possible. We can equivalently consider deformations involving Lie
algebra generators and their relations, as in the spirit of {,(g), or we can take (gen-
eralized) Drinfeld twists of £(g)e in which the algebra structure is undeformed and
the whole deformation is contained and limited to the coproduct and eventually a non
trivial coassociator; in this case we preserve classical Lie brackets between generators
on g but the price to pay is ultimately to enlarge the category to quasi-Hopf algebras.

Finally, let us note that if one wants to avoid formal power series, a different
approach is to realize directly a representation of the twisted universal enveloping
algebra as unitary operators on some Hilbert space; this can indeed be a better
strategy if one wants to study a covariant action in specific cases, as for example in

[CLO1][LvS07].

1.3 Toric isospectral deformations

In the previous section we fixed the class of Drinfeld twists y we are interested in
(1.28), and noted that they are generated by elements in the Cartan subalgebra b of
a semisimple Lie algebra g. For this reason we called such y abelian or toric Drinfeld
twists. Then we showed (see Thm(1.2.17)) that as a consequence of the twist every
$(g)-module algebra deforms its product in order to preserve the covariance of the
action. Following this strategy, it is clear we can induce a nc deformation in the
algebra of funcions (or differential forms) of every manifold acted by some group of
rank > 2 (we need at least two toric generators to define a non trivial ).

This is the setting of toric isospectral deformations [CLO1][CDV02]. One starts
with a compact Riemannian spin manifold M whose isometry? group has rank at
least 2, and use the action of the compact torus T" (n > 2) to construct a nc spectral
triple (C>°(My), L*(M, S), D) by deforming the classical one; the name ’isospectral’
refers to the fact that in the nc spectral triple only the algebra of functions and its

2In the construction of the deformed spectral triple it is relevant the fact that the symmetry is
actually an isometry, since this assures the Dirac operator D commutes with the action. This fact
however does not concern the deformation of the algebra C°°(M), and so we can relax this request
in the Drinfeld twist approach. Nevertheless note that the action of a compact Lie group G on a
Riemannian manifold (M, g) can always turned into an isometry by averaging the metric g with
respect to the action of the group.
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representation on H is deformed, but not the Dirac operator D (and so its spectrum)
which is still the classical one due to its invariance under the action.

1.3.1 The spectral triple of toric isospectral deformations

We review the construction of toric isospectral deformations in the language of spec-
tral triples. Under the hypothesis of compactness of M and the presence of an
isometry by T" with n > 2, we can decompose the algebra of smooth functions
C®(M) = D, c@zn- Cr°(M) in spectral subspaces labelled by weights r, such that
every f, € C°(M) is an eigenfunction of the action. Representing elements of T™
as e*™ with t € ZP, the action o on an eigenfunction f, is given by a phase factor
depending on r:

oi(f,) = 2™ f, tez", re(Zm) (1.36)

Taking a real n x n skew-symmetric matrix 8 we can define a deformed product
between eigenfunctions

)
fr %0 g5 1= exp [ 0"'risi] frgs (1.37)
and by linearity extend it on the whole of C*°(M). We will call
C™*(My) = (C(M), xg) (1.38)

the algebra of functions of the nc manifold My. Clearly, T"-invariant functions form
a commutative ideal in the nc algebra C*°(My).

The deformed product (1.37) is a sort of Moyal product, with the action of R"
replaced by the torus T", i.e. considering periodic actions of R™. The idea to use
actions (of R™) to produce strict deformation quantizations indeed appeared firstly
in [Rie93].

Even if it is not directly related to our Drinfeld twist approach, we briefly com-
plete the construction of the deformed spectral triple which describes in the sense
of Def(1.1.1) the nc geometry My, mainly following [LvS07]. Besides the nc alge-
bra (1.38), the next ingredient is a Hilbert space H with a faithful representation
7 of the algebra by bounded operators. In the classical spectral triple we saw this
is obtained by considering square integrable spinors and their module structure by
pointwise multiplication by functions; now we can use the same Hilbert space, only
deforming the module structure of spinors in a similar way we defined the nc product
between functions.

Classically there is a double cover ¢ : T" — T" and a representation of T" on
L?*(M, S) by unitary operators Uy, s € T", which commutes with the Dirac operator
D and restricted to w(C*°(M)) gives [DRO3]

Usﬂ(f)Ugl = 7T<UC(S)f) (1'39)
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so that 7 intertwines the actions. As we did with functions, we can decompose
(smooth) bounded operators T on H as well in spectral components with respect to
the torus action, T'= > . T, such that

re(zZm)
UT.U L = e¥T, seT” (1.40)
Denoting with (py,...,p,) the infinitesimal generators of the action of T" so that
Us = exp (2misp) and using the same real skewsymmetric matrix 6 of (1.37) we

deform smooth bounded operators T putting

Lo(T) = Z Trexp (2mif* ' ryp;) (1.41)

This sort of quantization map Ly realizes a representation of the nc algebra C°°(My)
as bounded operators, in the sense that

Lo(m(f %9 9)) = Lo(n(f)) Lo(7(9)) (1.42)

It was then shown in [CLO1] that (C*°(My), L*(M, S), D) with 7(f) := Le(w(f)) de-
fines a nc spectral triple, known as the toric isospectral defomation of the classical
Riemannian geometry of M. An analogous treatment of toric isospectral deforma-
tions with a particular emphasis on deformed spheres and their symmetries may be
found in [Var01], while the link with Drinfeld twists appeared in [Sit01].

We now express the previous deformation using Drinfeld twists. Since we supposed
the compact Lie group G acting on M to have rank n > 2, we can use its Cartan
generators H; € h C g (i =1,...n) and the real skewsymmetric matrix 6 to define a
twist element x € (4(g) ® U(g))fe (the same of (1.28))

1
X = €Xp {—5 leHk & Hl}

Note that we need at least rank 2 because with only one Cartan generator H the twist
element x reduces to a coboundary (define K = exp{ 0H}, then A(K) = K ® K =
X), so by Thm(1.2.19) it realizes a trivial deformation.

1.3.2 The same deformation by a Drinfeld twist

We now show how to recover the same nc spaces in the language of Drinfeld twists.
We already computed the twisted Hopf algebra structure of 4X(g)( in section(1.2.2);
now following Thm(1.2.17) we describe the deformed product induced on the (g)-
module algebra A = Q(M). As we did for functions, we decompose A = @,A,
into spectral subspaces labelled by characters of the toric subgroup of G so that
Hy > w, = rpw,. On the spectral subspaces the induced deformed product is easily
computed.
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Proposition 1.3.1 On spectral elements w, € A, and w, € A, the product induced
from the Drinfeld twist of (g) reads

1
wr Agw = X" (W @ W) = exp {59“””51,}@(),, A wg (1.43)

Proof: The result follows from a direct computation, using the explicit expression of
x and
0" (H, ® H,) > (w, @ wg) = 0"r,5,(w, @ w,)

which use the spectral property of w, and w;. n

We extend this product from spectral elements to the whole algebra A by linearity.

Definition 1.3.2 The nc algebra A, = (A, Ng) with product Ao defined in (1.43) is
called the algebra of nc differential forms of the nc space M.

Considering the degree zero part of Ay we recover the algebra C'*(M,) of (1.38).
This shows it is possible to get toric isospectral deformations by Drinfeld twists.

We deformed the graded commutative wedge product A to obtain a nc product Ay.
A natural question is then if Ay satisfies some deformed graded commutativity. There
is a positive answer to this question, provided we abstract the idea of what means for
a product to be (graded) commutative by adapting the definition of commutativity
to the category in which we consider the algebra.

We are interested in the category of (left) Hopf-module algebras, denoted g¢.7 .

To study some of its properties in a more efficient language, we present here some
basic definition and facts on braided tensor categories.

Definition 1.3.3 A braided monoidal or quasitensor category (¢, ®, V) is a monoidal
category (€, ®) with a natural equivalence between the two functors ®, QP : € X € —
€ given by functorial isomorphisms (called braiding morphisms)

obeying hexagon conditions expressing compatibility of W with the associative structure
of @ (for an explicit formulation see for example [Maj94/(fig 9.4, pg 430)). If in
addition U2 = id the category (€, ®, V) is said to be a symmetric (or tensor) category.

The relevant example for us is the tensor product of two Hopf-module algebras
A ® B; it is still a Hopf-module algebra, with action defined by

ho (a X b) = (h(l) > CL) (029 (h(g) > b) (1.45)

This means that 4.7 is a monoidal category. The algebraic structure of A ® B and
the presence of a nontrivial braiding operator depend on the quasitriangular structure
of H, as it is shown in the following Theorem. For a proof, see for example [Majo4].
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Proposition 1.3.4 If (H,R) is a quasitriangular Hopf algebra the category of left
H-module algebras g.# is a braided monoidal category with braiding morphism

Uup(a@d) = (RP>b) @ (RYb>a) VacAbecBandA,B € sl (1.46)

Let us note that for H a cocommutative Hopf algebra, like the classical enveloping
algebras, R = 1®1 and the braiding morphism is simply the flip operator, so that the
category of module algebras is symmetric. In this case the ordinary tensor algebra
structure of A ® B

(a1 ®by) - (a2 ® by) = (a1a2) @ (b1b2)

is compatible with the action of H. However in the general case, in order to get an
algebra structure on A ® B acted covariantly by H, we have to take into account the
quasitriangular structure.

Proposition 1.3.5 If (H,R) is a quasitriangular Hopf algebra and A, B € e , the
braided tensor product H-module algebra AQRB is the vector space A @ B endowed
with the product

(a1 X bl) . ((12 X bg) = CL1<:R(2) > (Zg) X (:R(l) > bl)bg (147)

For a proof see again [Maj94].

We can now come back to the question about the 'deformed’ graded commutativity
of nc differential forms. All morphisms in a Hopf-module algebra intertwine the Hopf
action; for example, the condition for the action to be covariant (Def(1.2.9)) may be
restated by saying that the multiplication in the algebra m : A ® A — A commutes
with the Hopf action

m(h>(a®b)) =h>(m(a®Db)) a,be A, heH

In the category of algebras (say over C) a multiplication m is commutative if it
commutes with the ’flip” operator 7: A ® A — A ® A which exchange the first and
second copy of A, 7(a ® b) = b ® a. But for quasitriangular Hopf algebras (H,R)
the operator 7 in not a morphism in the category g..# (unless the Hopf algebra is
cocommutative); the natural analogue of the flip map is the braiding morphism ¥
(1.46). Then the following definition is natural .

Definition 1.3.6 In the category s¢.# an algebra A is said to be braided commutative
if its multiplication map m : A ® A — A commutes with the braiding map W4 4:

moWaa=m = a-b=(RPpd)- (RYpa) (1.48)

Note that since the product on Hopf-module algebras is required to be compatible
with the action of the Hopf algebra, the property to be commutative now depends
on the Hopf algebra which acts; it could happen that an algebra is acted covariantly
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by two different Hopf algebras and it is braided commutative with respect the first
one but not with respect the second one.

For graded algebras in 5.# also a definition of braided graded-commutativity is
present; the request is

a-b=(=1)l(R® 5 p) . (RO 5 q) a,be A (1.49)

So now the natural question is whether the algebra of nc differential forms A, is
braided graded-commutative. It is not hard to prove that the answer is affirmative.

Lemma 1.3.7 Let B be a graded commutative algebra in sc./# and x a twist element
of the form (1.28). Then

b oy by = (X" B (b @ by)) = (1)1 (x> (by @ b)) (1.50)

Proof: By direct computation, starting from the rhs:

af af
(_1)Ib1Hbz\ (Z(_%)”% (HZDs) - (Hglh)) - Z(_%)n% (Hgbl) - (H"by) =
Bo af
= S (Hgb) - (B = S0 (HEb) - (Hj) =
= '(X_lb(b1®52)) = by -y by [ |

Proposition 1.3.8 Let A, be the algebra of nc differential forms deformed by the
usual Drinfeld twist (1.28) in UX(g)qey. Then A, is braided graded-commutative.

Proof: The quasitriangular structure of 4(g)(q is RX = x 2. We compute the rhs of
(1.49) with w € A7 and v € A¥, and make use of the previous Lemma:

(=D (R)D > ) Ag (R b w) = (1) A (R)P @ (R)Y - x> (v ow)) =
DA X T e ew) = (DA e (v ew) =
=Ax'r(wRV)=wAv n

We presented the result having in mind the deformed product in the algebra of
differential forms, but it should be clear that the same conclusion applies to every
(graded-)commutative algebra A deformed using a Drinfeld twist of the form (1.28)
starting from a cocommutative Hopf algebra; in all these cases the deformed product
in A, turns out to be braided (graded-)commutative.

Let us consider an easy situation in which the difference between deforming a
symmetry in the sense of Hopf algebra or a space in the sense of algebra is pointed
out. We look at the noncommutative torus Ty, the first and archetypal example of
toric isospectral deformation. It is interesting that in this case the space acted by
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the symmetry and the symmetry itself are the same, the torus T"; the construction
of T} as isospectral deformation follows the general line described before, while in
the Drinfeld twist approach we must pay some attention to distinguish between Hopf
algebra and the Hopf-module algebra structure.

Indeed to deform the algebra of differential forms A = (Q(T"), A) as usual we
twist the enveloping algebra of the symmetry acting, i.e. (t"), with the twist element
(1.28). But since 4(t") is commutative, the twist has no effect and with no surprise
we have H(t") = UX(t"). However A is a 4(t")-module algebra considering the left
action of the torus on itself, so we can define on A the deformed product induced by
x and achieve the nc product of the isospectral deformation Tj.

Thus we get a deformation of T™ into the noncommutative torus even if the
Drinfeld twist on the enveloping algebra is trivial; this is not in contrast with the
general theory, it only means that both A = (Q(T"),A) and A, = (2(T"), Ag) are
U(t")-module algebras, i.e. the space of differential forms possesses two different
algebraic structure (the first graded commutative and the second one braided graded-
commutative) which are acted covariantly by L(t").

A last remark about the braided graded-commutativity of A,: even if we said
that the Drinfeld twist x is trivial on 4(t") due to commutativity of the algebra,
formally the twisted quasitriangular structure RX = x =2 is different from the trivial
one R = 1®1 of 4(t"). Indeed the undeformed and cocommutative coproduct satisfies
also

70 A(R) = RXA(R)(RX) ™ = A(h)

which is a quite meaningless property due to the fact that A(h) and R¥ commute,
but which allows us to say that UX(t") is quasitriangular; since the action of RX on
differential forms (or in general on every other 4(t")-module algebra) is not trivial,
Def(1.3.6) applies and justifies the statement on the braided graded-commutativity
of /\9.

In the previous example the peculiar fact was that a trivial twist in the symmetry
can nevertheless lead to a nontrivial deformation in the category .. Now we
consider another situation in which the symmetry and the space are described by the
same (or actually the dual) algebra, but again we point out the difference between
deforming the former and the latter.

Let us take a compact semisimple Lie group GG; we can try to use the action of G
on itself to get a nc deformation of G in the language od Drinfeld twists, or isospectral
deformations. Recalling Examples (1.2.10) and (1.2.11) both #(g) and Fun(G) are
1l(g)-module algebras (the first with respect the adjoint action, the second considering
the left regular action), so we can apply the Drinfeld twist machinery; for instance
this is what had been done for the torus T".

The fundamental observation is that Thm(1.2.17) provides a way to deform the
algebraic structure of 4(g)-module algebras, but does not assure that the deformation
is compatible with further possible extra-structures of the module algebra.
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It is true that Fun(G) is acted covariantly by 4(g) and we can use this action
to define a nc product, but Fun(G) is something more than a simple {(g)-module
algebra, it is a Hopf algebra itself; this is the algebraic counterpart of the fact that
G is not only a manifold acted by a group, it as actually a group itself.

So the question now is if the deformation Fun,(G) of Thm(1.2.17) preserves (or
at least deform) the Hopf algebra structure of Fun(G) or not, and it is not too hard
to see that the answer is negative; we loose for example the bialgebra structure, since
we deform the product but not the coproduct.

What we get is then a deformation of G as a nc space, but in doing so we destroyed
its group structure; for example the noncommutative torus Ty is a nc space but not
a quantum group (in the sense of a nc Hopf algebra). If we were interested in a
deformation of the whole group structure of G it would be not enough to deform the
algebra structure in Fun(G) alone, but we should apply the dual Drinfeld twist v
(see (1.26)) to the whole Hopf algebra, getting the twisted Hopf algebra Fun.(G).

To summarize, it depends of what structures we want to deform and not destroy;
once we decide which they are, this fixes the right category we are interested in,
and then we have to use the deformation scheme of the relevant category. Our main
interest was to deform manifold acted by symmetries, so we focus on the category of
Hopf-module algebras and study a compatible way to deform both the space and the
symmetry in order to do not leave the category.

A completely analogous phenomenon happens if we try to deform $(g) as a module
algebra over itself via the adjoint action using Thm(1.2.17); we get a nc deformation
of 4(g) which is no more a Hopf algebra (of course it still is a Hopf-module algebra).

We conclude this section expressing explicitly the action of Lie derivative and
interior derivative on the algebra of nc differential forms A, of Def. (1.3.2). We
expressed the action of these operators as the representation of the enveloping algebra
iU(g) (see (1.3) and Def(1.1.2)) and noted that the Leibniz rule satisfied by L, and
1, was related to the primitive coproduct of even and odd generators e, and &, in
1U(g). We already computed explicitly the twisted Hopf algebra structure of UX(g);
now to include interior derivatives (the differential d will play a role only in the
next chapter) we actually need to twist the super enveloping algebra $4(g). This is
a Zo-Hopf algebra, but the theory of Drinfeld twist and all related results generalize
straightforwardly to the graded case. As usual one has only to ask that all (co)algebra
morphisms are now Zs graded (co)algebra morphisms and pay some attentions to the
signs coming from anticommuting odd generators. In particular we note that the
Drinfeld twist element for super Hopf algebras must be even; we will continue to use
X as defined in (1.28).

We use a Cartan decomposition of the odd part of g, with odd generators {&,}.
For Lie superalgebras the Cartan subalgebra is defined as the maximal nilpotent
subalgebra coinciding with its normalizer, and for g it is generated by {e;,§;}. Given
that, note that odd elements cannot have a diagonal action so in the theory of root
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decomposition only the even part of the Cartan subalgebra it is usually considered.
So we have Cartan-type odd generators &; (i = 1,...,n) and root-type odd generators
&, generating with d the odd part of g. The twisted coproduct and antipode on &,
are computed exactly as we did for the even generators in Prop(1.2.20) and (1.2.21).

Proposition 1.3.9 The twisted coproduct on odd generators {&;, &} reads

A& =A0&)=&®1+11¢ (1.51)
AXE)=EQN T+ A ®¢, (1.52)

The twisted antipode SX(&,) is equal to the untwisted one, both for Cartan and root
generators.

Proof: For the coproduct part, the proof is just alike to Prop(1.2.20); one computes
explicitly the definition of AX(,) and use commutation relations between &, and H;.
For the antipode, we already showed in Prop(1.2.21) that the element U entering in
the definition of SX for this class of Drinfeld twists is the identity, and so the antipode
is undeformed regardless of whether it is computed on even or odd generators. n

After the Drinfeld twist y the algebra of nc differential forms carries a representa-
tion of the twisted enveloping algebra UX(g): the twisted coproduct of e,, £, modifies
the action of L,, 7, on products.

Proposition 1.3.10 The Lie derivative L, = L., acts classically (as in the untwisted
case) on single generators of A,. On the contrary on product of differential forms
w,n € Ay 1t satisfies the following deformed Leibniz rule

LHZ-(W Ng 77) = (LHZQJ) /\977+Cd/\9 (LHq’I]) (153)
Ly, (w Agn) = (Lg,w) Ao (A 2 17) + (A >w) Ao (Lp,7) (1.54)

For this reason L, s called a twisted derivation of the algebra A, of degree 0.

Proof: We expressed the L,(w) = e,>w, with e, € g C H(g). After the Drinfeld twist
the only change is to consider e, € UX(g); this does not modify the action on single
generators, while on product of differential forms by covariance L acts following the
twisted coproduct of e,. Thus for Cartan elements H; due to (1.29) we still have a
classical Leibniz rule, and this proves (1.53). For roots elements E, using (1.30) we
find
Lp, (wAon) = E.>(wAgn) = Ao (DXE) > (w@n)) =
= (B, pw) Ag (N1 en) + (N b w) A (B, >1)
= (Lp,w) Mo (A1) + (A > w) Ag (Lp,n)

Note that A, >w involves only Lie derivatives along Cartan generators. n

The same result holds for the interior derivative.
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Proposition 1.3.11 The interior derivative i, = ig, acts undeformed (as in the
untwisted case) on single generators of A,. When it acts on products of differential
forms it satisfies the following deformed graded Leibniz rule

ie, (W Mo ) = (igw) Mo+ (=1)“lw Ag (i) (1.55)
ie, (w Mo 1) = (ig,w) Ag (A B 1) + (=1) (A, b w) Ao (i, ) (1.56)

For this reason i¢, is called a twisted derivation of degree —1 of the algebra A, .

Proof: The proof is the same of Prop(1.3.10), now using the twisted coproduct struc-
ture of odd generators presented in Prop(1.3.9). m

The differential d is completely undeformed, both on single generators and when
acting on multiplications of differential forms, since it commutes with the generators
of the twist H;. One can also check directly from the definition of Ay that d satisfies
the classical Leibniz rule.

Note that since the Drinfeld twist in £(g) does not change the Lie brackets in g,
i.e. the Lie algebra structure of g is undeformed, the twisted derivations (L, 7, d) on
nc differential forms still obey to the classical commutation relations (1.2).

1.4 Noncommutative toric varieties

As we have seen in the previous section toric isospectral deformations are nc geome-
tries obtained by using the isometric action of a real torus T"™ and its nc deformation
Tj. In this section we will extend these ideas to the algebraic torus (C*)", in order
to obtain a similar deformation of toric algebraic varieties. This section refers to a
work in progress [CLS].

After the definition of the noncommutative algebraic torus (C*)j we review the

basic definitions and constructions of toric varieties following [Cox03] and we intro-
duce the analogous nc deformations. We then provide some examples and focus on a
general local description by nc homogeneous coordinate rings, in the spirit of [Cox95];
we also outline a sheaf theoretic approach more suitable for the study of instantons
and bundles in this nc setting.

1.4.1 The noncommutative algebraic torus

The definition of the noncommutative real torus essentially relies on harmonic analysis
and a choice of homomorphism of groups between the space of characters and the
torus itself. This procedure may be applied to a generic locally compact abelian
group G. We are ultimately interested in the case G = (C*)". Let A be the algebra
of a suitable class of functions on G' (with 'good’” behaviour at infinity). The Fourier
transform on G provides a decomposition of every function f € A over a basis of
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functions {x,},.5 labelled by the characters of G. For every p € G and g € G we
set xp(9) = (p,g), where (—,—) : G x G — C* is the pairing between G and its

A~

Pontrjagin dual GG. This defines the Fourier components ]?: G — C* of feAAas

f@zéf@%@@

where dg denotes the invariant Haar measure of G.

In order to define a nc associative product on A it is enough to describe it on the
basis {X,},ca and then extend it to A by linearity. Given a homomorphism of groups

©:G — G, we set

Xp %6 Xq = Xp - (O0) > Xq) = (¢, O(P)) Xpiq (1.57)

For G = R", the homomorphism © is a linear endomorphism on R" defined by a real
skew-symmetric n x n matrix and we get the Moyal product. For G = T", we put
O(p) = exp(% 0 - p) for p € Z" with 6 again a real skew-symmetric n x n matrix, and
we obtain the nc compact torus Tj.

For G = (C*)", we proceed as follows. Let L = Z" be a lattice of rank n. Let
L* = Homgyn (L, Z") be the dual lattice and denote the canonical pairing between the
lattices by (—,—) : L* x L — Z". The dual lattice labels the characters {x,}per*
which provide a basis of functions on 7" = L ®z» C* = (C*)". Pick a Z"-basis
ey, ...,e, of L, with corresponding dual basis e}, ..., e’ for L*. Set p= > p;ef € L*
and t =), ¢; ®t; € T. Then the characters are given by x,(t) =t := " - ... - /"
The Fourier components in this case are

ﬂMZLﬂM“W (1.58)

with respect to the T-invariant measure d*t = (d¢dt)/|¢|?. Every function f : T — C
can be written in terms of its Fourier components via the power series expansion

=3 F) e

peL*

The homomorphism © is defined by a complex skew-symmetric n x n matrix 6
via O(p) = exp(% 0 - p). The real part of § again describes the deformation of the
compact real torus T™ C (C*)", while the imaginary part applies to the ’dilatation’
part given by (R*)" according to the decomposition

(CH"=R"N" xT"=2R" x T" .

In this way we may think of the deformation of (C*)™ as a simultaneous and inde-
pendent deformation of T and R™ as given above. However, for concrete computa-
tions this prescription is not very useful, since the Moyal deformation affects log [t|
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for t € (C*)™ and thus leads to rather involved commutation relations. Note that
eq. (1.58) with this decomposition of (C*)" is the Fourier transform with respect to
the real torus and the Mellin transform?® with respect to (R*)".

Regarding the torus as an algebraic variety, we will consider as algebra over (C*)"
the Laurent polynomial ring in n variables C[tF, ..., tF]. The monomials in this ring
are the functions labelled by the characters x,(t) = t” that we introduced above. The
deformation of the product between such functions may be written explicitly as
i
2
where 2 =), e, ®@ 2z, w=> ., e ®w; € L®z C* =T, and p,q € L*. The product
(1.59) is extended linearly to all of C[t}, ..., tF].

2P xg w? = exp ( p; 0% qj) 2w (1.59)

Definition 1.4.1 The algebra C[t{, ..., tX] with the product g is called the quantum
Laurent algebra Ce[t:lt, .., t5] and its elements are called quantum Laurent polyno-
mials. It defines a nc variety denoted (C*)j.

Remember that 6 is a complex matrix. Note that the T-action on (C*)™ extends to
an action on (C*)j.

The deformed product (1.58) is constructed using the action of a group (the
algebraic totus (C*)™) over a space (the torus itself). We already discussed a similar
situation for the compact torus in the previous section; we know we can obtain
the same deformation, in this case the quantum Laurent algebra, by performing
a twist in the (quantum) enveloping algebra of the group (C*)"™. This is simply
the (formal power series) polynomial algebra in n commuting elements H;, which
are the infinitesimal generators of the group. As twist element we take as usual
x = exp(% 0”7 H;® H;), but now 6 has entries in C. Then the usual Drinfeld deformed
product (1.2.17) between monomials in A = C[tF,... tF] coincides exactly with
eq. (1.59).

The strategy of (toric) isospectral deformations is that once we have a nc de-
formation of the torus we can deform every topological space acted upon by it. For
riemannian manifolds the isospectral condition means restricting to isometric actions.
Using the algebraic torus 7" = (C*)" and its deformation constructed above, we will
now proceed to deform toric algebraic varieties. We remark that toric isospectral
deformations can be proven to be strict deformation quantizations in the sense of
Rieffel [Rie93]; it is an open question if our deformation, which may be thought of as
generated by C" instead of Rieffel’s R", is of a similar nature.

1.4.2 Noncommutative deformations of toric varieties

Toric varieties X may be described in several equivalent ways. As complex varieties
they come with an embedding of an algebraic torus, which is dense in X. In this

3The Mellin transform is the harmonic decomposition done with respect the multiplicative group
of nonzero real numbers. Roughly speaking it is a Fourier analysis done with Rt instead of R.
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picture their geometry is represented by a set of combinatorial data, called fan, which
describes the way (C*)" acts on X. As symplectic manifolds they come with a
hamiltonian action of a real torus. The corresponding moment map, whose image is
a convex polytope, provides the needed information about the structure of X. We
will mainly use the fan picture. For a more exhaustive introduction to toric varieties,
along with further definitions and terminology, see [Cox03].

Definition 1.4.2 A toric variety X is an irreducible variety which contains the al-
gebraic torus (C*)™ as a Zariski open subset and the action of (C*)" on itself extends
to an action on the whole of X.

Basic examples are the complex spaces C", the projective spaces CIP", the Grassman-
nians Gr(k,n) and the weighted projective spaces CP"[ag, ay, ..., ay].

In the following we will denote by Lg = L ®z R = R" the real vector space
obtained from a lattice L in Z".

Definition 1.4.3 A rational polyhedral cone o C Ly is a cone o = RTv @---®R v,
generated by finitely many elements vy, ... ,vs € L. It is strongly convez if it does not
contain any real line, o N (—o) = {0}.

Definition 1.4.4 For every strongly convex rational polyhedral cone o C Ly of di-
mension n we define the dual cone

o' ={meL;|(mu)>0 Yueco}

Given a strongly convex rational polyhedral cone o, we will now show how to
construct a normal affine toric variety Ulo]. The set ¢ N L* is a finitely generated
semigroup under addition. Let (myq,...,m;) be the generators of this semigroup, so
that cVNL* =2 ZTmy ®---®Z m,;. Note that in general ¢ is not strongly convex, so
| > n. To each m, = 3, (m,); e} we associate a Laurent monomial in C[t5, ..., ]
by m, — t™e = tgm“)l e ot The product between two such elements is obtained
from the corresponding sum of characters, ™ - t" := {™*™_ Thus the generators
of 0¥ N L* span a subring of C[t7, ..., t*] which we denote by C[o]. The affine toric
variety Ulo] is defined to be the spectrum of C[o], i.e. C[o] is the coordinate ring of
Ulo].

The variety Ulo] may also be described as an embedded subvariety in the complex
plane C!. If ¢V N L* has [ generators, consider the polynomial ring C[x1, ..., 7] (one
variable x, for each m,). Recall that the generators m, are [ rational vectors in L,
so there are exactly [ — n linear relations between them. Then we may quotient the
ring C[zy,..., ;] by the ideal generated by the [ — n relations between the m,’s,
realized as multiplicative relations among the variables z,. If we denote the subspace
of relations by R[m,] C Clz1,...,x;], we get a realization of U[o] as the spectrum of
the quotient algebra Clo] = Clxy, ..., x|/ (R[ma]).

We obtain general toric varieties by gluing together affine toric varieties. This has
a corresponding picture in terms of cones.
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Definition 1.4.5 A fan ¥ C Lg is a finite collection of strongly convex rational
polyhedral cones in Lgr, such that every face of every cone in X is also a cone in X,
and for o, 7 € X the intersection o N7 is a face of each of them.

To a fan 3 in Lg we associate a toric variety X = X[X]. The cones of ¥ correspond
to the open affine subvarieties of X[X], and U|o| and UJr] are glued together along
their common open subset U[o N 7]. Various properties of X[X], such as smoothness
and compactness, may be stated entirely in terms of the fan structure ¥ (see [Cox03]
for more details).

Our definition of nc toric varieties will involve a one-parameter deformation X [¥] —
Xy[2] which makes use of the same fan structure X, deforming only the algebra struc-
ture of the coordinate ring of every strongly convex rational polyhedral cone of . We
have already defined the quantum Laurent algebra C, [tli, ..., 5], which represents
the nc algebraic torus (C*)j. Since (C*)" is densely contained in every toric variety
X[X], we expect to have morphisms between the nc algebras corresponding to the nc
varieties Xy[¥] and CyltF, ..., 5.

We begin by defining nc affine toric varieties. They are associated to a strongly
convex rational polyhedral cone o C Lg, just as in the commutative case. However,
now we use the complex skew-symmetric matrix ¢ to define a nc product in the ring
C[o], according to the group character relation

1

B (ps 0 Qj) Xp+q (1.60)

Xp *0 Xq =
Thus if (mq,...,m;) are the generators of the semigroup o¥ N L* and t"* are the
associated Laurent monomials, then the ring Cy[o] is defined to be the subring of
Co[tT, ..., tF] generated by {t™«} with product

" g ™ 1= exp (% (mq); 07 (my);) tmetm (1.61)

This may be regarded as a deformation of the C-algebra generated by the characters,
but without deforming their group structure. It is for this reason that we will describe
nc toric varieties by using the same fan of the corresponding commutative varieties.
The nc affine variety corresponding to the algebra Cy[o] is denoted Up[o]. It is a
one-parameter deformation of Ulo].

We have seen how affine toric varieties may also be regarded as subvarieties of
complex spaces C!, via the quotient ring C[o] = Clxy, ..., 7]/(R[m.]). An analogous
realization is possible for nc affine toric varieties. Remembering that in general [ > n,
the nc deformation of the polynomial algebra C[zy, ...,z is obtained from the mul-
tiplicative relations between the monomials ¢™. If we denote 6, := (m,); 07 (my);,
a,b=1,...,0,4,j=1,...,n and ¢, = exp(i#,), then the relation between Laurent
monomials becomes

M g £ = (¢, )2t (1.62)
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As a consequence, the generators of the algebra of the affine variety obey

1/2 Ty kg Tq

()2 a %o 2 = (4i)
or equivalently
Tg kg Tp = q;b Ty *gr Ly, - (163)

The relations (1.63) define the [-dimensional nc complex plane with coordinate alge-
bra Cy[zy, ..., x.

The [ — n relations among the generators of the dual cone {m,} are now expressed
in the character algebra. The linear relations can always be brought to the form

l

l
E Ps,a Mg = E Ts,a Mg
a=1

a=1

for s =1,...,1 —n, with non-negative integer coefficients p, 4, 754. For each s, one
obtains from eq. (1.62) the additional relation

Ps,1 Ps,i ! \Ps,aPs,b—Ts,aTsb Ts,1 Ts,l
Ty ke K —( I () )96‘1 ok (1.64)

1<a<b<l

The subspace of relations (1.64) is denoted Ry [m,]. It is a one-parameter deformation
of the subspace R[m,], which generates a two-sided ideal in Cy [z, ..., z;]. Thus we
may realize Up[o] either as the nc ring Cy[o] or as the quotient Cy/[x1, . .., x;]/(Ror[ma]).

We obtain generic nc toric varieties Xy[X] by gluing together nc affine toric vari-
eties. If o and ¢’ are two cones in the fan ¥ which intersect along the face 7 = o No”,
then there are canonical morphisms between the associated nc algebras Cylo] — Cy[7]
and Cy[o’] — Cy[7] induced by the inclusions 7 — o and 7 < o¢’. The images of
these morphisms in Cy[7] are related by an algebra automorphism which plays the
role of a 'transition function’ between Uy|o] and Uy[o”].

We work out now some explicit examples of nc deformations of toric varieties.
We set g;; = exp (% Gij) for ©+ < 7. When n = 2 we write ¢ := exp (% 9) with
6 = 02 = —9?!' € C. In the following we omit for brevity the star product 4 from
the notation.

1.4.3 Examples
The complex Moyal plane

We begin with the simplest toric variety, the n-dimensional complex plane C™. Let
us start from the embedding of the commutative torus (C*)" < C™ given by the log
map

t; — z; =logt; , 1=1,...,n
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so that the toric action on C" is A\, > z; = z; + 0;; log \; for a set of generators

Ay ...y Ap of the (C*)™-action. Consider the one-parameter deformation (Cj)™ of the
torus defined by the quantum Laurent algebra Cy[ts, . .. ,tE] with generators t;t and
relations

ti tj = Qij tj tz

An application of the Baker—Campbell-Hausdorff formula shows that the correspond-
ing elements z; obey the commutator relations

[ZZ‘, Zj] = 29”

The algebra of polynomial functions Cy[z, . .., z,] over C generated by z;,i =1,...,n
subject to these relations defines a nc affine variety. It is called the complex Moyal
space Cjj. For n = 4, this is the same as the nc variety C}, defined in [KKOO01, §3.4].
All algebras Cy[z1, ..., 2,| for § = (6,;) nondegenerate are isomorphic, and hence the
varieties Cj are the same for all nondegenerate 6. More generally, Cj and Cj, are
isomorphic if and only if the matrices # and 6’ have the same rank.

Noncommutative projective plane CP?

The next example we consider is the projective plane CP?. It can be described by
a fan ¥ of the lattice L = Z? of characters for the action of the algebraic torus
T = L ®; C* = (C*)? on CP? Let e;,e; be a basis of L. Set v; = e, vy = ey and
v3 = —e; — ey. These vectors generate the three one-dimensional cones 7; = R v; of
Y. The three maximal cones of ¥ are generated by pairs of these vectors as

g; = R+Ui D R+Ui+1 s 1= 1, 2,3

(with the labels read mod 3) with o; N 0,41 = 7i11 and o; No; = {0} otherwise. The
corresponding open affine subvarieties U|o;] generate an open cover of X[¥] = CP?.
The zero cone is the triple overlap o1 Noy N oy = {0}.

We now go through the maximal cones and write out the relations among the
generators of the subring Cylo;] C Cy[t5,¢5]. There are no relations R[m;] in this
case, as each dual cone 0 is strongly convex and hence the generators of ¢, N L* are
independent.

1. The generators of the semigroup oy N L* are m; = e} and my = €5. In this case
0" = 0 and the ring Cy[o1| = Cylxy, 2] is generated by the elements z; = t" = t;
with the relations

X1 Ty = (q To Xy (1.65)
2. The semigroup oy N L* is generated by m; = —e;} and my = €5 — e}. In this
case 0" = —0, and Cy[oy] is generated by the elements z; = t™ = ¢;' and

Ty = t™ = t]' t, with the same relations (1.65).
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3. The semigroup oy N L* is generated by m; = e} — 5 and my = —eb. In this
case ' = 0, and Cylos] is generated by the elements z; = t™ = t;t,* and
Ty =™ = t, ', again with the relations (1.65).

All three varieties Uy|o;] = C2 are thus copies of the two-dimensional complex Moyal
plane.

We now glue the nc affine toric varieties together. Consider, for example, the
face 71 = o3 N oy. The semigroup 71/ N L* is generated by m; = e}, my = e} and
mgs = —es = —mgy. The generators of the subring Cy[r| = Cyty, t;t] are the elements
Y1 =t1, Yo = to and y3 = t; ' with the relations

VY2 =4q Y291, Viys=q " Ysur , Yays =1=wyzys . (1.66)

Recalling that Cyloy] = Cylt1, 1] and Cylos] = Cylt1t;*,1,'], it follows that the
algebra morphisms Cy[o;] — Cy[r1] and Cy[os] — Cy[71] are both natural inclusions
of subrings. Moreover, as subrings of Cy[r], there is a natural algebra automorphism
Cylo1] — Cglos] defined on generators by (t;,ts) — (t1t,',t;"). The other faces
are similarly treated, and altogether the nc toric geometry of CP5 = X,[%] can be
assembled into a diagram of gluing morphisms

Colt", (hty")*]

Colty', t1' to] Co[ti , t5] Coltits", t5']

e B

Co[ti , ta) Colt1, 2] Colt, t3]

The nc affine variety associated to the zero cone is the spectrum of the full deformed
character ring Cy[{0}] = Cy[t, 7]

Noncommutative CPy

The previous construction generalizes straightforwardly to the higher-dimensional
projective spaces CP", n > 2, regarded as toric varieties X[X] generated by a fan 3
of the lattice L = Z" of characters of T = L ®7C* = (C*)". Choose a basis e1, ..., e,
of L. Set v; =¢; fori =1,...,n and v,,1 = —e; — -+ — ¢e,, which generate the
one-dimensional cones 7; = RTv; of ¥. The n + 1 maximal cones of ¥ are given by

O'i:R+U1‘@R+UZ‘+1@"'@R+Ui+n_1, z:l,,n—i—l

(with indices understood mod n 4+ 1) with o; N o1 = Rt & - ® RYv;, 1 a
maximal cone of CP" % < CP". There are of course many other overlaps, and hence
cones, in this instance.

Again there are no relations and Clo| = Clz, ..., x,] for each maximal cone.
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1. The generators of the semigroup oy N L* are m; = ef for i = 1,...,n. The
subring Cyloy] C Cy[t5, ..., ] is generated by the elements x; = t"™ =
subject to the relations

TiTj = Qij TjTi <7,
and hence Uy|oq] = C}.

2. For k > 2, the semigroup o) N L* is generated by m; = ef — e} for i # k and
my = —ej. The subring Cy[oy] in this case is generated by elements z; = t; t;l,
i # k and x), =t ' with relations

T Tk = Qki Tk, Z#k‘la

TiT; = G5 Qik §ik TjTq , kE#i1<j

The faces can be treated analogously to the n = 2 case. It is quite long but straight-
forward to compute all the details, hence we will omit them.

Noncommutative orbifold

We can also deform singular toric varieties in our formalism. For illustration, let us
consider the quotient singularity C*/Z,, where the cyclic group Z is generated by
the action (z1, 20) +— (—2z1, —29) for (21,22) € C2. The quotient can be described as
the locus of the equation zy — 22 = 0 in C3. The fan ¥ of the lattice L = Z? consists
of a single cone o = Rtv; @ Rtwy, where vy = e¢; and vy = €1 + 2e5. The semigroup
oY N L* is generated by m; = 2e} — €5, my = €5 and m3 = e}, so that R[m,] is
generated by the single relation m; + my = 2ms. The coordinate algebra Cylty, to]%2
of the nc affine variety Xy[X] = Up[o] is thus generated by z = t3¢,', y = ¢, and
z = t; with the relations

ry=q yx, rTe=qzx, yz=q'zy
and
ry—qz22=0

The blow-up of the quotient singularity C?/Zs is the total space of the holomorphic
line bundle Ogp1(—2) — CP', which defines a non-singular resolution. It is obtained
by adding the vector vy = e; + ey to the fan X above. There are now two maximal
cones oy = Rty & Rtug and o = Rtug @ RTw,, with dual semigroups generated
respectively by mT = £ e* and mE = e5Fei. The coordinate algebras of the nc affine
toric varieties Uy[oy] are generated respectively by elements uy = oo = tF't,
subject to the relations

ULve =q 7 vpug

and hence Uy[o+] = CZ. The dual semigroup of the one-dimensional cone 7 = o, N
_ + : _ * _ * * _ * *
o_ = R™yy is generated by m; = e], mg = e] —e3 and mg = €5 —e] = —ma.
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The generators of Cy[r] are the elements y; = t;, yo = t;'to and y3 = t; ¢, with
the relations (1.66). The nc algebraic torus deformation of the resolution is thus
described by the diagram of gluing morphisms given by

Colt1, (7" t2)*]

T

Colt1, t;" to] Colti", trto]

where the first arrow is the natural subring inclusion and the second arrow is inclusion
after the algebra automorphism Cylo,] — Cylo_] given by (t1,t2) — (71, t2).

Noncommutative conifold

Next, we consider the threefold ordinary double point, or conifold singularity, defined
by the locus of the equation zy — zw = 0 in C*. Its fan ¥ in L = Z3 consists
of a single maximal cone o generated by w; = e;, wy = ey, w3 = e; + e3 and
wy = ey + e3. The dual cone oV N L is generated by m; = e;, my = €3, m3 = e3 and
my = ey + ey — eg, so that my + mo = mg3 + my. The generators of the coordinate
algebra of the noncommutative conifold Xy[¥] = Uylo| are thus the elements = = t;,
y =ty, z=t3 and w = t, ty t; ' subject to the relations*

l’y:q2y1‘ ZEZZQZZZE TW=wWI

yz:quy yw:q_4wy ZW=¢q Wz

and
ry—q zw=0

The crepant resolution® of the conifold singularity is the total space of the rank

two holomorphic bundle Ogpi (—1) @ Ogpr (—1) — CP', which is a non-singular toric
Calabi-Yau threefold. The fan ¥ of the lattice L = Z?2 is defined by the vectors
v1 = €1 + ey +e3, vy = €1 + e3, v3 = e; and vy = e; + ey, the maximal cones
o1 = RTu; @ RTvy, @ RTog and 09 = RTv; @ RTog @ RTvy, and their overlap 7 =
o1 Noy =Ry @ Rtos.

1. oy N L* is generated by my = e}, my = €5 — e and mz = e — €}, so Cy[oy] is
generated by x = ty, y = t; ' t3 and z = t; t; ' with the relations

ry=q¢yr, axz=q’zx, yYr=q zy

“In this subsection, due to notational convenience, we will denote with g the coefficient exp {3 6},
i.e. the square root of the previous notation.

5A crepant resolution (X,7) of a singular space Y is a resolution 7 : X — Y which moreover
pullbacks the canonical bundle of the singular space Ky isomorphically to Kx, i.e. 7*(Ky) = Kx.
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2. 0y N L* is generated by m; = €}, mg = e} — € and mg = e — €}, so Cylog] is
generated by ¥ = t3, y = t, t," and z = ty t; ' with the relations

ry=yr, rz=q’zr, Yyz=q zy

3. 7VNL* is generated by my = €3, mo = ef —e€5, mg = ej+e} and my = —ej—ej =
—mg, 5o Cy[7] is generated by yy = to, yo = t1t,", ys = tats and yy = t; ' t5°
with the relations

Vi =q > Y2 Y1y =q" Y3y Viys=q > Ya
Y2 Y3 = ¢* Y3 Yo Yoys = q > Ya Yo Ysys =1 = ys 3

The nc toric geometry is described by the diagram of gluing morphisms

Colta, trty", (tats)*]

/ \

Colta, t3' ts, t1t3"] Colts, tity", taty']

where the second arrow is the subring inclusion and the first arrow is inclusion after
the automorphism sending t3 — t;. Note the similarity with the gluing morphisms
of the quotient singularity blow-up.

1.4.4 Homogeneous coordinate rings and sheaves

We recall now the construction of the homogeneous coordinate rings for toric varieties
[Cox95], and discuss a generalization to the nc setting. Given a toric variety X
described by a fan X, we assign to each 1-dimensional cone p; € ¥ a variable x;. If the
number of such 1-dimensional cones is (1), we define the homogeneous coordinate
ring S to be the polynomial ring S = C[zy,...,25q)|. A grading in S is defined using
the induced toric action; more precisely, consider the group

2(1)
G:={(w...,pxq) € (C*)E(l) s.t. H u§m’ni> =1VmeZ"}
=1

where (m,n;) is the usual scalar product in Z™ and n; = p; N Z". Its action on S
given by

(per ... ,ME(1)) > f(x,. .. ,332(1)) = f(pazy, ... 7M2(1)332(1))
We say that two monomials in S have the same degree if and only if G' acts on them
in the same way, i.e.

deg(x{" .. xa;(il))) = deg(a? .. .mb;((ll))) < ImeZ" st. a; = b; + (n;,m) Vi
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The polynomial ring S with the above grading is referred as the homogeneous coor-
dinate ring of the toric variety X.

It is possible to recover a local description of the variety by localizing S. We
already know how to associate an open affine Ulo] to each cone o € ¥; now, given
such a o consider the monomial z7 in S defined by 27 =[] pigo Li and the localization
of S with respect 27. In [Cox95] the following result is established.

Theorem 1.4.6 Let X be a toric variety described by a fan 3, with (1) the number
of 1-dimensional cones. For each cone o € X there is a ring isomorphism between the
(ring associated to the) open affine Ulo| and the degree zero part of the localization
of S with respect the monomial z°, Ulo] = (Se1)(0)-

Let us focus on the example of projective spaces CP", since this will be the case
generalized to the nc setting. The fan ¥ is generated by n + 1 one dimensional cones

{e1,€2,...,e,41} (each e; for i # n + 1 has components &; in Z", k = 1,...,n
and e 41 = — Y . €;). Thus S is the ring of polynomials in n + 1 variables
Clx1,...,Tpy1]; the group G is described by gy = ps = -+ = ppy1 = p, hence

G = C*, and the grading in S agrees with the usual polynomial grading. Consider
now the maximal cones o; € ¥ labelled by the missing generator, i.e. o; is generated
by {er} with k # i; they describe the usual affine open sets U; = U[o;] C CP" where
the ith homogeneous coordinate is not zero, so that U; = C" and the isomorphism of
Thm(1.4.6) is just U; = (Sp,))0) ~ Clz1 /@i, . . ., Tpga /4],

We want to have a similar description and isomorphism for nc toric varieties Xy;
the fan > and the number of 1-dimensional cones agree with the ones of X, so the
homogeneous coordinate ring is still a polynomial ring in ¥(1) variables z;, but now
in general with nc relations z,x, = Q,sxsx, where Qs = exp{i O™} and © is a skew-
symmetric 3(1) x (1) complex matrix induced from the matrix # deforming the torus
(C*)™ and hence the whole space X. On the other hand we know how to construct
nc affine open sets Ug[o], so we have to check if the isomorphism of Thm(1.4.6) still
holds in this nc deformation. In order to state the desired result, we first recall some
basic notions of localization theory for noncommutative rings.

Given a unital commutative ring R such that ab = 0 implies that either a or b
are zero (i.e. R is an integral domain), one usually localizes with respect to a subset
S C R closed under multiplication; for nc rings the existence of the localization is
guaranteed for example by an Ore condition on the set S.

Definition 1.4.7 Given a unital noncommutative ring R a left denominator set S C
R is a subset of R such that Ya,b € R and Vs,t € S the following conditions hold:

1. st € S (S is closed by multiplication)

2. San Rs # {0} (S is left permutable; known also as left Ore condition)
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3. if as = 0 there exists u € S such that ua =0 (S is left invertible)

The last condition is automatically satisfied if R is a domain. A completely
analogous definition holds for the right case. Given a left denominator set S one
defines the localization ring S™'R as the equivalence classes in S x R by

(s1,71) ~ (89,79) < At € S s.t. (8179 — S971)t =0

As usual one thinks of the equivalence class [(s,r)] as the 'fraction’ s~!r and defines

a ring structure on these equivalence classes. For the addition, the Ore condition
applied to s; and s, means there are s € S and 7 € R such that $s; = 7sy; we can
thus define

syt 4 syt i= (3s1) N (8ry 4 7ry) (1.67)

It is not difficult to prove that the definition does not depend on the representatives
of the equivalence classes. For the multiplication, we use the Ore condition on s, and
r1 to introduce elements s € .S and 7 € R such that 7sy = 5rq; we then define

(s7'r1) - (s5tra) = (8s1) H(7ry) (1.68)

and again this does not depend on the representatives.

We can now state the homogeneous coordinate ring isomorphism for nc projec-
tive spaces CPj. The notations are the one introduced above when describing the
commutative case: the fan ¥ is generated by vectors {e;} with i = 1,...n + 1
with e,41 = — >, €;, the n + 1 maximal cones o; are labelled by the missing
generator and to each of them is associated a nc affine open Up[o;] = Cj, where
(0% = (m®);0%(m®);, denoting with m® (a = 1,...,n) the generators of the dual
cone d;. The nc homogeneous coordinate ring is Sg = Cg“[xi, ooy Tpy1] with the
ordinary polynomial degree and relations z,z; = Q,sxsx, where Q,; = exp{i©"*}
and © is a (n+1) x (n+ 1) skew-symmetric complex matrix, obtained from 6 just by
adding a last column and row made of zeroes, i.e. ©% = % for a,b =1,...,n and
Ok — 0. We show that this choice for © reproduces Thm(1.4.6) in the nc case.

Theorem 1.4.8 Consider the noncommutative projective spaces CP?H and their
noncommutative homogeneous coordinate rings Se; for each maximal cone o; there
is a ring homomorphism between the (ring associated to the) open affine set Uy|oy]
and the degree zero part of the (left) Ore localization of Sg with respect the monomial

10 = x;, i.€. (Cg, [21, .. ,Zn] =~ ((S@)[wi})(o).

Proof:  We want to prove an isomorphism between two different nc polynomial
rings, having the same number of generators n and with nc relations coming from
respectively 6" and ©. We consider first C},[21, ..., 2,]; the n generators of the dual
cone G; are m* = e, —e; for k=1,...n, k #i and m’ = — ¢;, so that denoting with
q., = exp{i(0')®} (with g the similar coefficients defined with ) and recalling how



Chapter 1. Deformations of symmetries and noncommutative spaces 42

¢’ is derived from 6 we have relations 2,2, = ¢.,2p%a = QabiaQbi?b?a for a,b # i and
Za%i = QiaZiZa-

Now take Sg = C&t'[x1,...,2,41]; it is easy to verify that each monomial z;
generates a left denominator set in Sg so we can consider the left Ore localization
(S6)[ (see Def(1.4.7)). The degree zero part has generators y, = (x;) 'xy, for
k=1,...,n+1 (k #1i), and one can explicitly compute the nc relations between y’s
using the ones in Sg and the multiplication rule (1.68) in the localized ring, finding
Ya¥p = QiQabQia¥pYa for a,b # n+ 1 and YaYni1 = QiaYn+1Ya since Qquny1) = 1 due
to @) = 0. The claimed isomorphism then is given by sending z, — y, for a # i
and 2z; — Yny1. [ |

We conclude this section by sketching a possible sheaf theory on nc toric varieties,
following [Ing]. The idea is that the "topology’ of the nc space Xy = Xy[>] is given by
the cones in the fan ¥. The assignment o — Cy[o] of the nc algebra Uf[o] = Cy[o]
to every cone o C X (the toric open sets in the topology of Xj) is viewed as the
structure sheaf Ox, of the nc toric variety X,. Besides their own interest, these ideas
provide the necessary tools to study bundles and instantons (via deformed ADHM
data) on Xy[X]; this part is still in progress [CLS].

We use the category Open(Xjy) of toric open sets to define the category of sheaves
on Xy = Xy[X]. We call a set of inclusions (o; < 0);e; of cones a covering if
0 = U;e; 0i- Then Open(Xy) always contains a sufficiently fine open cover. The
category Open(Xy) with the data of coverings forms a Grothendieck topology on Xj.

Proposition 1.4.9 The association o +— Cylo] defines a sheaf of rings Ox, on
Open(Xjy).

Proof: Let (0; < 0);er be a covering, i.e. 0 = |J,c; 0i. Then Cy[o] = (,c; Coloil,
where the intersection is well-defined since each ring Cy[o;] is contained in Cy[t], ..., t1].
Thus the sequence

0 — Cylo] — HCQ[Ui] — HCQ[Uz‘ﬂaj]
iel i<j

is exact, and the result follows. n

We now define mod(Xj) to be the category of sheaves of right Ox,-modules on
Open(Xp). If ¥ consists of a single cone o, i.e. Xy[X] = Up[o] is an affine variety,
then

mod(Xp) = mod(Cy[o])

We denote by M the sheaf associated to a module M. A sheaf of O x,-mmodules is
called quasi-coherent if its restriction to each affine open set U[o] is of the form M
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for some right Cy[o]-module M. It is called coherent if M is finitely-generated. Let
coh(Xy) denote the category of quasi-coherent sheaves of O x,-modules.

Given a cone o in X, we write coh(o) for the category of Cylo]-modules. There

are restriction functors
Jo : coh(Xy) — coh(o)

Let tor(o) be the full Serre subcategory® in & of coh(Xj) generated by objects E such
that j2(F) = 0. In [Ing] the following fundamental result is proven.

Proposition 1.4.10 Let o be a cone in X. Then the restriction functor j2 : coh(Xy) —
coh(o) is exact, and there is a natural equivalence of categories

coh(Xy) /tor(o) = coh(o)

Each cone o in the fan ¥ gives a toric open set of Xy[X]. We will use Proposition 1.4.10
to reduce geometric problems in the category coh(Xj) to algebraic problems in the
ring Cylo] via these localization functors. This gives an explicit description of the
quotient category. The objects of coh(c) are the same as those of coh(Xy). The
morphisms are given by

Homcoh(o)(]\/[, N) = lin Homcoh(xg)(]\/[’, N) y
M/

where the limit is taken over all submodules M" C M with j3(M/M") = 0.

For any pair of sheaves E, F' € coh(Xjy), let Ext?(E, F') be the p-th derived functor
of the Hom-functor Hom(E, F') = Homeon(x,)(E, F). For a sheaf E € coh(Xj), we
define

H?(Xy, E) = Ext’(Ox,, E)

6A full subcategory is a subcategory .# C € that contains all the morphism between its objects
(i.e. Hom»(X,Y) = Homg (X, Y) for each pair of objects X, Y in ). A Serre full subcategory .
is a full subcategory of an abelian category € such that for each short exact sequence 0 — M .
M — M" — 0 the object M is in .7 if and only if both M and M are in .7.



Chapter 2

Models for noncommutative
equivariant cohomology

The subject of this second chapter will be to introduce algebraic models for the
equivariant cohomology of noncommutative spaces acted by deformed symmetries.
We will do it by following the classical ideas behind the definition of Weil and Cartan
models, showing how to ’adjust’ all the ingredients to the deformed case.

Classically, equivariant cohomology is a useful tool for studying actions of Lie
groups G (or, infinitesimally, Lie algebras g) on manifolds M. In some sense, it
replaces the cohomology of the orbit space when the latter is not well defined, due to
the fact that the group action in general does not need to be free.

It may be defined via topological models (the Borel construction) or via equivalent
algebraic models (Weil and Cartan constructions) which are then our starting point
in view of a deformed algebraic picture. The main algebraic notion used to pass from
the Borel to the Weil model is the g-da structure we introduced in Def(1.1.2); each
g-da admits a universal locally free object, depending on the category of algebras
we are considering (i.e. commutative or not), called Weil algebra. Deformations
of symmetries, at least in our framework, give deformed g-da structures and thus
deformed universal objects, which we will call deformed Weil algebras.

In the first section we will review some background material on equivariant coho-
mology; as usual we will present it in a way it will be possible to adapt the classical
notions to the deformed setting.

In the second section we will discuss the role played by Weil algebras and how
they depend on the class of algebras and symmetries we consider; we will review as a
first generalization the noncommutative Weil algebras introduced in [AMO00][AMO5].

In the third section we will come to the class of deformations we are interested
in and their associated Weil algebras; we finally use these constructions to define
noncommutative equivariant cohomology.

In the fourth section after few basic examples we will focus on a fundamental
property of equivariant cohomology, i.e. its reduction to the maximal torus. We will
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discuss the existence of an analogue result for our noncommutative models and its
deep effects on the general theory.

Also in this chapter when it does not create ambiguities we will use the abbrevi-
ation 'nc¢’ for noncommutative.

2.1 Classical models

Let G be a compat Lie group acting on a topological space X. The action is said to
be free if at each poit x € X the stabilizer

G:={9€G st. g-z=u}

reduces to the identity group, i.e. there are no fixed points. Relaxing a bit the
definition, locally free actions have discrete stabilizers. When the action is free the
quotient space X /G is usually as nice as the space X itself; for this reason one can
take its cohomology and compare with the one of X. We want that equivariant
cohomology Hg(X) for free actions agrees with the cohomology of the orbit space,
Hg(X) = H(X/G). In the class of smooth manifolds for H(X/G) we can take the
De Rham cohomology of the quotient manifold X/G.

So one looks for a definition of equivariant cohomology Hg(X) which is well de-
fined for general actions, but that reduces to H(X/G) for free actions. We expect
Heg(X) to satisfy usual properties of every other cohomology theory, such as functo-
riality and homotopy invariance. Then the idea is to deform X into a homotopically
equivalent space X’ where the action is now free, and define Hs(X) = H(X'/G). A
possible way is to consider a contractible space E on which G acts freely, so that we
can put X' = X x E; of course at the end we have to prove that the definition does
not depend on the choice of E.

Note that if G acts freely on X as well, the previous construction involving X’
define a fibration on X/G with typical fiber E

(X x E)/G — X/G

and the cohomology of the total space H((X x E)/G) by aciclicity of the fiber is
equal to the cohomology of the base H(X/G). So at least for this class of examples
we quickly showed the independence of Hg(X) by E.

A natural choice for a space E having the requested properties is the total space
of the universal GG bundle
G — EG — BG

In this case we will denote X’ by
Xe = (X x EG)/G (2.1)

This leads to the following topological definition of equivariant cohomology, known
as Borel model; the original reference is [Bor60).
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Definition 2.1.1 The topological equivariant cohomology of a topological space X
acted by a compact Lie group G is defined as the ordinary cohomology of the space
X¢ introduced in (2.1):

He(X) = H(Xe) = H((X x BEG)/G) (2.2)

where EG is the total space of the universal G-bundle.

The problem of this definition is that FG is finite dimensional only for GG discrete,
hence for compact Lie groups we should say how to compute the ordinary cohomology
of an infinite dimensional manifold. A good recipe to overcome this problem is to
find a finitely generated algebraic model for the algebra of differential forms over E'G;
this is where the Weil algebra comes into the play. We present here a 'constructive’
definition; a more abstract interpretation is postponed to the next section.

Definition 2.1.2 The (classical) Weil algebra associated to a Lie group G is the
tensor product (over the scalar field)

Wy = Sym(g”) ® \(g") (2.3)

where g is the Lie agebra of G and g* its dual.

We are interested in the g-da structure of Wy, i.e. the definition of operators
(L,i,d) on Wy. There are two equivalent presentations of Wy, the first one more
appropriate to describe the action of the differential and to prove the aciclicity of the
Weil algebra, while the second one is more useful to study its basic subcomplex.

Definition 2.1.3 The Koszul complex of a n-dimensional vector space V 1is the ten-
sor product between the symmetric and the exterior algebra of V'

Ky = Sym(V) @ \(V)

We assign to each element of N\(V) its exterior degree, and to each element in
Sym*(V) degree 2k. The Koszul differential dsc is defined on generators

dy(v®1)=0 dx(l®v)=v®1 (2.4)
and then extended as a derivation on the whole KX(V).

A standard way to prove that (V') is acyclic is the following.

Proposition 2.1.4 The Koszul complex (K(V),dx) is acyclic, i.e. its cohomology
s given by the scalar field.
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Proof: Let @ be the odd derivation of X defined on generators by
Q(l®v)=0 Qvel)=1®v

The (graded) commutator [Q, dx] is an even derivation which on Sym*(V) @ AY(V)
is given by (k 4 ¢)id, so @ is a homotopy for the complex. n

The Weil algebra Wy is the Koszul complex for g*, with Weil differential dy
defined to be equal to the Koszul differential dy.

Definition 2.1.5 Let {e,} be a basis for g. The set of Koszul generators of Wy is
given by
e =e"®1 V' =1®e" (2.5)

We then have dy (e*) =0 and dy (9%) = €.

We describe the action of g on these generators, i.e. we define actions of Lie and
interior derivatives along g using the coadjoint action.

Definition 2.1.6 The Lie deriwative L, is defined to be the coadjoint action of g on

g%, so on Koszul generators it is

La(€") = = fo "¢’ Lao(9") = = fo"0° (2.6)

The interior derivative i, (compatible with [i,, dw] = L) is given by
ta(€”) = = fo 0" io(9") = &, (2.7)
They are extended by (graded) Leibniz rule on the whole Weil algebra. Note

that L is of degree zero, ¢ of degree —1 and the usual commutation relations among
(L,i,d) are satisfied.

A different set of generators for W is obtained by using horizontal (i.e. annihilated
by interior derivatives) even elements.

Definition 2.1.7 The set of horizontal generators for Wy is {u®,9*} where
a a 1 a,qbqc
u=e +§be VY (2.8)
With basic computations one can find the action of (L, 7, d) on horizontal gener-

ators; the new expressions are

Lo(u®) = bye io(u’) =0

— " Jac

do () = — fr a9bue dw(0) =ut—if,erpe (29)

so that even generators are killed by interior derivative, hence the name horizontal.
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Given a commutative g-da A the tensor product Wy ® A is again a g-da with
Lt — [ ® 14 1® L and the same rule for ¢ and d; this comes from the tensor
structure of the category of 4(g)-module algebras and the fact that g has primitive
coproduct. The basic subcomplex of a g-da is the intersection between invariant and
horizontal elements. We have now all the ingredients to define the Weil model for
equivariant cohomology.

Definition 2.1.8 The Weil model for the equivariant cohomology of a commutative
g-da A is the cohomology of the basic subcomplex of Wy @ A:

He(A) = (W @A), 6 =dw ®1+1®d) (2.10)

The Weil model is the algebraic analogue of the Borel model with A = Q(X), W,
playing the role of differential forms on EG and the basic subcomplex representing
differential forms on the quotient space for free actions. A rigorous proof that topo-
logical and algebraic definitions are equivalent, a result known as the 'Equivariant de
Rham Theorem’, may be found for example in [GS99].

Another well known algebraic model for equivariant cohomology of g-da is the
Cartan model; it defines equivariant cohomology in a ’"de Rham’ fashion as the co-
homology of equivariant differential forms with respect to a 'completion’ of the de
Rham differential. We derive it as the image of an automorphism of the Weil complex
Wy ® A; the automorphism is usually referred as the Kalkman map [Kal93] and is
defined as

p=exp {V'®i} W@ A —W;0A (2.11)

The image via ¢ of the basic subcomplex of Wy ® A, the relevant part for equiva-
riant cohomology, is easily described.

Proposition 2.1.9 The Kalkman map ¢ realizes an algebra isomorphism

¢ * G
(We® Ay, = (Sym(g*) @ A) (2.12)
Proof: The operator 9* ® i, is a nilpotent derivation, so its exponential is a finite
sum with ¢~! = exp{—9* ® i, }; then ¢ is an automorphism. Let us show that it is
equivariant: computing ¢L"¢~! = ¢(L®1+1®L)¢~! by expanding the exponential,
at the first order we have

[0° @iy, La @1+ 1® L] = 9° @ (fy,%e) — LoV’ @iy = — [, 0" @i + £,.29° @4 = 0

and this show that L, commutes with ¢. Now the same calculation for ¢; at the first
order we have
[ @iy, iq @1+ 1@, = -0, @iy =—-1®1,
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and the second order term vanishes
%[ﬁb@az’b,— 1 ®iy) = 19" ® [ia,ip) =0
Summing the only nonzero contributions we obtain
Giad = 1Qia+i,®1—1®is =i, ®1

Remembering that (Wy)ner = Sym(g*) (using horizontal generators in W) this com-
pletes the proof. n

The algebra (Sym(g*) ® A)G appearing in (2.12) will define the Cartan complex
and is denoted by C(A). The differential on C(A) is induced from d by the Kalkman
map.

Proposition 2.1.10 The Cartan differential dg = ¢ ps¢™ on Ce(A) takes the
form
dg=1®d—u"®i, (2.13)

Proof: Note that ¢|pes = Phor ®1 where P, is the projector of W onto the horizontal
subalgebra. Indeed on basic elements we have (we sum over latin indexes a but not
over greek indexes «; indexes run from 1 to dim g)

exp{t" @i} = [[(L+ 0" ®@ia) = [J(1 = 9%0 @ 1) = [[(1a?* ®1) = Proy © 1

a=1 « a

We compute (Pror ® 1)(dw @ 1 + 1 ® d)jpas(Pror @ 1)7'. The term 1 ® d com-
mutes with Py, ® 1; a better way to express the Weil differential is dy ® 1 =
'Ly @ 1+ (u* — 1 f,."9"0%)i, ® 1; now all the terms involving ¢’s are killed by
Por ® 1, the surviving v%, ® 1 on the basic complex is equal to —v* ® 7, and which
now commutes with Py, @ 1. =

We make now a remark on the relation between Weil, Cartan and BRST differen-
tials [Kal93]. Denote by My, the differential algebra Wg ® A with § = dy @ 1+1®d;
it is possible to define another differential on the same algebra, the BRST operator

5BRST =9 + ﬁaLf — U,aif (214)
We call Mpgsr the differential algebra (W,®A, §875T); for the physical interpretation
of Mprst see [Kal93]. The Kalkman map is a g-da isomorphism from My, to Mggsr,
i.e. it intertwines the two differential structures. When restricted to (WM)|bas its
image is the Cartan model, now seen as the G-invariant subcomplex of the BRST
model Mprsr; then also the Cartan differential dg is nothing but the restriction to
the invariant subcomplex of the BRST differential dgrsy.



Chapter 2. Models for noncommutative equivariant cohomology 50

Definition 2.1.11 The Cartan model for the equivariant cohomology of a commuta-
tive g-da A is the cohomology of the Cartan complex Cg(A):

Hg(A) = ((Sym(g") @ A)°, de =10 d —u" Qi,) (2.15)

We end the section by noting that the equivariant cohomology ring Hg(A) has a
module structure over the ring of invariant polynomials (Sym(g*))¢, called the basic
cohomology ring, which is also the equivariant cohomology ring of a point.

Indeed any homomorphism of g-da induces by functoriality an homomorphism
between the corresponding equivariant cohomologies; any g-da A has the natural
homomorphism C — A, which then induces a Hg(C) = (Sym(g*))® module structure
on Hg(A). The differential dg commutes with this module structure.

2.2 The role of Weil algebras and their deforma-
tions

In the previous section, reviewing the classical construction of equivariant cohomo-
logy, we introduced the Weil algebra W, (Def(2.1.2)) as a finitely generated algebraic
model for differential forms over EG; this led to a rewriting of the topological Borel
model, which due to the infinite-dimensionality of EG is quite subtle to deal with,
into the more tractable Weil model.

In the spirit of nc geometry an even more appropriate way to think of the Weil
algebra Wy is as the universal locally free g-da for the category of commutative g-da
A. Indeed generalizing the same philosophy to deformed categories of g-differential
algebras we can try to find the right universal object representing the deformed g-da
structure, relating by covariance the deformation of a g-da A to the deformation of
the Weil algebra.

The first step is then to describe a universal locally free nc g-da, without any
reference to the origin of the noncommutativity or to the existence of a preferred
class of deformations. This nc Weil algebra Wy was introduced by Alekseev and
Meinrenken in [AMOO], and used by the authors to define and study what they called
nc equivariant cohomology [AMWO00][AMO5].

We will review in this section their construction of Wy, pointing out some of its
properties which will allows us to consider further models when a specific type of
deformation leading to a nc g-da is chosen. The most important fact, somehow not
explicitly exploited in the original work [AMOO], will be to realize Wy as a (super)
enveloping algebra, hence opening the door to different kind of deformations taken
from the quantum enveloping algebras world.

Let us start again with the classical Weil algebra. We can describe W in a more
abstract way; a standard result (see for example [GS99]) is the following universal

property.
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Theorem 2.2.1 The classical Weil algebra Wy is the universal commutative locally
free g-da.

We recall that a g-da A is said to be locally free if it admits an algebraic connec-
tion, i.e. a linear map w : g* — A satisfying

ix(w(p) =wX)  Lx(w(p) = -w(lxp) VXegpneg (2.16)

The universality of W, means that for every commutative locally free g-da A there
exists a unique g-da homomorphism ¢* : Wy — A such that the following diagram
commutes:

W,<>4 (2.17)

g*
An equivalent way to describe the algebraic connection is through the super vector
space Fg = (g*)) @ (g*)°) equipped with a Koszul differential space structure

(see Def(2.1.3) or [AMO5] for more details). An algebraic connection on A is a g-
differential space (g-ds for short) homomorphism

c: By ®Cc— A (2.18)

where ¢ is an even generator, which maps to the unity of A. Since A is commutative,
the homomorphism (2.18) can be lifted to the (super) symmetric algebra Sym(Eg &
Fc); the Weil algebra W turns out to be the quotient

We = Sym(Eg @ Fe)/(c — 1) ~ Sym(g*) @ A(g") (2.19)

These definitions and properties can be generalized by moving to the category of
nc g-differential algebras, as Alekseev and Meinrenken did in [AMO5].

Definition 2.2.2 The noncommutative Weil algebra Wy is defined as the universal
noncommutative locally free g-differential algebra.

We still describe the algebraic connection as in (2.18), but note that now the ho-
momorphism can no longer be lifted to the supersymmetric algebra but only to the
tensor algebra, since A is nc. So now the analogue of (2.19) is

Wy =T(Eg ®Cc)/ <c—1> (2.20)

and in [AMO5] it is shown that this expression satisfies the requirements of Def(2.2.2).
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2.2.1 Noncommutative Weil model

If one makes an additional hypothesis, the nc Weil algebra Wy takes an even ecasier
expression. We demand that g is a quadratic Lie algebra, i.e. a Lie algebra carrying
a nondegenerate ad-invariant quadratic form B which can be used to canonically
identify g with g*. The most natural examples of quadratic Lie algebras are given by
semisimple Lie algebras, taking the Killing forms as B; since already in the previous
chapter we decided to restrict our attention to semisimple Lie algebras g in order to
have more explicit expressions for the Drinfeld twists, this additional hypothesis fits
well in our setting and we shall use it from now on.

So let (g, B) a quadratic Lie algebra. We construct a super Lie algebra g? out of
it.

Definition 2.2.3 Let (g, B) be a quadratic Lie algebra. Fix a basis {e,} for g and
let f,,¢ be the structure constants on this basis. The super Lie algebra gP is defined
as the super vector space g\ @ gl @ Cc, with basis given by even elements {€q, ¢}
and odd ones {£,}, and brackets given by

(R v B e B

Identifying g ~ g* (using B) we then have a (super) Lie algebra structure also
on Eg @ Ce; looking back at the homomorphism (2.18), we note that now it is a
Lie algebra homomorphism, where on A we use the commutator with respect to the
noncommutative product, and so it lifts to the (super) enveloping algebra $4(g?).

We have just proved the following easy but nevertheless crucial result.

Proposition 2.2.4 For quadratic Lie algebras (g, B) the noncommutative Weil al-
gebra Wy may be written as

W, = 4(8”)/(c — 1) ~ U(g) ® Ci(g, B). (2.22)

From now on we shall consider Wy as a super enveloping algebra; formally we are
working in (g?) assuming implicitly every time ¢ = 1. A remark is in order: the
decomposition of Wy in the even part #(g) and an odd part Ci(g, B) is by the time
being only true as vector space isomorphism; to become an algebra isomorphism we
have to pass to even generators which commute with odd ones: this will be done
below.

Note finally that if the algebra A is commutative, then its Lie algebra structure
is trivial, (2.18) lifts again to the symmetric algebra Sym(g?) and we come back to
the classical Weil algebra .

We are interested in the g-da structure of the nc Weil algebra. The main difference
with the classical Weil algebra is that the action of (L,%,d) on Wy may be realized
by inner derivations.
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Definition 2.2.5 On a generic element X € Wy the actions of L and i are given by
L,(X):=ad., (X) io(X) = adg, (X) (2.23)
On generators one has

La(eb) = [em eb] = fabcec ia(eb) = [gaa eb] = fabcgc (2 24)
La(gb) = [ea,fb] = fabcfc ia(&) = [éaaéb] = Babc ’

Then L, and i, are derivations, and their action agrees with the commutator in
the enveloping algebra. We wish to stress an easy fact, often at the origin of some
confusion. The commutator for a fixed element in an enveloping algebra (g) (i.e.
with respect to the associative product of {(g)) is always a derivation, thanks to the
Jacobi identity of the Lie algebra structure of (44(g), [, ]). On the contrary the adjoint
action ady for Y € 4(g) acts on products of element in $(g) as

ady(XlXQ) = (ady(l)X1>(CLdy(2)X2) Y, Xq, Xy € L((g)

and so it is a derivation if and only if Y is primitive, i.e. Y € g. When this happens
one has ady (X) = [Y, X], while in general the two structures are different.

Definition 2.2.6 The differential dw on the noncommutative Weil algebra Wy is
the Koszul differential dw(e,) = 0, dw(&a) = €4, so that (Wgy,dw) is an acyclic
differential algebra.

Following the classical terminology (Def(2.1.3)) the set of generators {e,,&,} of
W, will be called of the Koszul type. However it is often more convenient to use
another set of generators, where the even ones are horizontal. This is obtained by
the transformation

1
Ug = €q + §fabC§b§c (225>

where we use B to raise and lower indexes. One can easily verify that {u,, &} is
another set of generators for W, with relations (compare with (2.21)):

[um ub} = fabcuc [um gb] =0 [gaa Sb} = Bab (226>

Note that u, generators realize the same Lie algebra g of {e,}, but now decoupled
from the odd part, so that using these generators we can write Wy >~ $(g) ® Cl(g, B)
as algebra isomorphism.

We skip the proof of the following elementary restatement of relations in Def(2.2.5).

Proposition 2.2.7 The g-da structure, still given by adjoint action of generators
{Ga,ga}, now on {uaa ga} reads:

Lo(w) = fu uec La(&) = fake
ia(ub) =0 ia(fb) = Bab (227>
dW(ua) - _fabcfbuc dW(£a> = Uq — %fabcgbéc
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The operator dw may be expressed as an inner derivation as well: indeed it is
given by the commutator with an element D € (W(g3))G. There are several ways
(depending on the choice of generators used) one can write D, and the simplest one
for our calculations is

1 2
D=~ €%, + = %, 2.2
3§e+3§u (2.28)

For a generic element X € W, we can then write dyw(X) = [D, X].

As pointed out in [AMO0], this element D may be viewed as a Dirac operator; it
is also related to Kostant’s cubic Dirac operator [Kos99]. Recently it also appeared
in [NT], where Dirac operators on quantum groups are discussed. Our construction
of twisted nc Weil algebras may provide a natural framework where to look for these
quantum Dirac operators.

Notice that Wy is a filtered differential algebra, with associated graded differen-
tial algebra the classical Weil algebra Wy; the g-da structure of W, agrees with the
classical one if we pass to Gr(Wy).

Once a g-da structure has been defined on Wy, we can consider its horizontal
subalgebra and basic subcomplex; given any other g-da A the tensor product Wy ® A
gets a natural g-da structure by

LY — [21+10L it — 9141 gltot) — dw®1+1®d (2.29)

which comes from the general L;Ot) = Lx,, ® Lx, when X is in g and hence it has
primitive coproduct. Following the classical construction, i.e. defining equivariant
cohomology as the cohomology of the basic subcomplex of W ® A, a nc Weil model
is now defined.

Definition 2.2.8 [AM00] The Weil model for the equivariant cohomology of a non-
commutative g-differential algebra A is the cohomology of the complex

HalA) = (We @A), 007 =dro @ 14 10.) (2.30)

We stress that this model does apply to nc algebras, but the request is that £U(g) is
represented on A by derivations satisfying a classical undeformed Leibniz rule. So we
cannot use it for nc spaces where Lie derivative and interior derivatives are deformed
derivations, like the example of toric isospectral deformations. We will show in the
next section how to modify the previous construction in order to obtain models which
apply to these class of nc spaces (or actually algebras).

2.2.2 Noncommutative Cartan model

There is a noncommutative analogue of the Kalkman map, leading to a nc Cartan
model. The map (2.11) expressed using generators of W, now reads

QP =exp {' @i}  Wg@A—W;®A (2.31)
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By a proof which is completely similar to the classical case, in [AMO0] it is shown
how & intertwines the action of L) and i**Y leading to the following result.

Proposition 2.2.9 The noncommutative Kalkman map ® defines a vector space iso-
morphism

(We @A), 2 (U(g) @ A)° (2.32)

hor

Proof: Since £* ® 4, is nilpotent, as a vector space map @ is given by a finite sum
and it is clearly invertible with @1 = exp {—£*®1,}. The equivariance follows from

[€a®iaaLb®1+1®Lb] = _(Lbfa)®ia+§a® [iaaLb] = _fbacfc(gia‘i‘fabcga@ic =0

tot)

The commutator with i) is computed order by order as well. The first one reads

(€8 ®ia,ip @1+ 1®1p) = [, 1p] ® g + £ ® [ia, 1) = —0f @ iy

so that Adgil =i, ® 1. -

Note that as in the classical case the restriction of the Kalkman map to the basic
subcomplex agrees with the horizontal projector

(I)\bas - Phor ®1= HZ@SB
B

The main difference between the classical and the nc Kalkman map is that £* ® i, is
no longer a derivation; for this reason ® is not an algebra homomorphism, and the
natural algebra structure on (4(g) ® A)¢ does not agree with the one induced by ®.
Before looking at the algebra structure of the image of the Kalkman map we describe
the induced differential.

Proposition 2.2.10 [AM00] The noncommutative Cartan differential dg induced
from 5% = dyw®1+1®d by the Kalkman map ® via dg = ®(dw®@1+1® ) pas @
takes the following expression

1 a a . 1 abc R
dG =1® d— §<U(L) + U(R)) X 14 + ﬂf b (1 X Za’lblc) (233)

where with w(p, (resp. () we denote the left (resp. right) multiplication for u®. In
particular dg commutes with L and squares to zero on (U(g) @ A)°.

Proof: The result could be proved by explicit computation of ®(dyw @1+ 1® d)®~!
expanding the Kalkman map at the various order. A shorter way is to use the
symbol map o : Cl(g, B) — A(g) to identify Wy ~ #(g) ® A(g) and, denoting by
Yy, the odd generators of the exterior algebra, express the Weil differential dyy as
[AMO00](Prop(3.7))

ufpy Fuly 1 1
dW = yaLa & 1 + (w - éfabcybyc) 'ia - ﬁfabciaibic
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Using ®jpos = Pror @ 1 the Cartan differential is defined by
g0 (Poor @1) = (Proy @ 1) 0 (dw ® 1 + 1@ d)

The differential 1 ® d commutes with P, ® 1, while acting on dy the projector P,
kills all the terms involving y,’s. Since we are applying these operators to the basic
subcomplex, we may replace i, ® 1 by —1®1i,, and the latter commutes with Py, ® 1.
The equivariance of dg and the fact that on (U(g) ® A)“ it squares to zero follow
from the equivariance of § and ® and the fact that §% = 0. n

We denote the complex ((4(g) ® A)%, dg) by Cg(A). Its ring structure is induced
by the Kalkman map; by definition on u; ® a; € (4(g) ® A)¢ we have

(u1 ®ay) ® (ug ® ag) == P (<I>_1(u1 ® a1) “WyzA O Huy, ® (12)) (2.34)

Proposition 2.2.11 [AM00] The ring structure of Co(A) defined in (2.34) takes the
explicit form

(u1 ® a1) © (u2 ® ag) = (uruz) @ -4 (exp {B"*i, @ is} (a1 ® az)) (2.35)

Note that dg is a derivation of ®.

Proof: It is once more time useful to use the symbol map o : Cl(g, B) — A(g)
and represent Wy as H(g) ® A(g). The multiplicative structure of A(g) induced by
Cl(g, B) involves the extra operator exp {B"%i, ®is} to be followed by wedge product
[AMO0](Lemma 3.1). Since i, acts as zero on #(g) and bringing this extra operator on
the A-side of Cu(A), eventually paying a sign since we are on the basic subcomplex,
we obtain an expression which now commutes with P, ® 1. The fact that dg is a
derivation of ® follows directly from the definitions of dg and ®, both induced by ®,
since 0 is a derivation of the algebra structure of Wy ® A. m

Definition 2.2.12 The Cartan model for the equivariant cohomology of a noncom-
mutative g-differential algebra A is the cohomology of the complex (Cq(A),dg):

1 1
Hea(A) = ((ﬂ(g) ®A), de =1©d — S(ufy) + ulr) @ ia + ﬂfabc ® iaibic)

2
(2.36)
The ring structure © of Ca(A) is given in (2.35).

Note that for abelian groups the Cartan model reduces to the classical one; in
the non abelian case this ring structure is not compatible with a possible pre-existing
grading on A, since for a; € A" and ay € A® the product (1 ® a1) ® (1 ® ay) does
not belong to A""* due to the extra terms involving interior derivatives. The only
structure left in C;(A) is a double filtration; its associated graded differential module
is a double graded differential model and agrees with the classical Cartan model.
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2.2.3 A general strategy for algebraic models

We propose in this section a general approach towards a definition of algebraic mod-
els for nc cohomology which makes a crucial use of (deformed or generalized) Weil
algebras.

The class of nc geometries where the deformation of the classical space comes from
the action of some deformed symmetry is our natural setting. Of this kind are for
example the geometries described in the previous chapter, such as toric isospectral
deformations or nc toric varieties, all of them collected in the unique class of Drin-
feld twist deformations. Another family of deformations comes from Drinfeld-Jimbo
quantum enveloping algebras and covariant homogeneous spaces for g-deformed sym-
metries. In this second approach a lot of differences with the Drinfeld twist case
occurs, and the same will happens considering further deformations. But one thing
is preserved: the idea that the deformation of the symmetries and the deformation
of the spaces are related.

This 'covariance’ principle has a specific formulation depending on the class of de-
formations considered; for example for Drinfeld twists we expressed it in Thm(1.2.17),
but in general we may say that to maintain a link between spaces and symmetries
the right strategy is do not leave the category of Hopf-module algebras.

We showed so far that a classical space acted by some Lie group is described by
an algebra (the algebra of differential forms) in the category of 4(g)-module algebras;
whatever the noncommutative deformation, this will mean that we move into the
category of quantum enveloping algebras (here in a broadly sense, to be more precise
we should know which deformation occurred in particular) and their module algebras.

Let us call this category g-deformed differential algebras. We described in this
section the abstract definition of Weil algebra as the universal locally free g-differential
algebra. It should be clear why in every category of g-deformed differential algebras
we suggest to call the locally free ! universal object the 'deformed’ (or generalized)
WEeil algebra; for quadratic Lie algebras a good candidate to hold this role is the
(super) quantum enveloping algebra of g°.

Once a deformed Weil algebra is considered, the construction of a Weil model and
the definition of equivariant cohomology follows without problems. We will describe
this strategy applied to Drinfeld twists deformations in the next two section; we
remand a similar approach on ¢-deformed symmetries for future works.

2.3 Models for Drinfeld twist deformations

In this section we consider the class of deformations given by Drinfeld twists. We show
how it is possible to adapt the construction of Alekseev and Meinrenken [AMO00] to

LA generalized notion of locally free algebra is needed, if the original one is meaningless in the
deformed category considered. See for example the discussion in the next section for the Drinfeld
twist case.
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construct algebraic models for the equivariant cohomology of nc algebras A, deformed
by a Drinfeld twist.

We will deform the nc Weil algebra Wy with the same y; we stress that this
strategy uses the realization of Wy as an enveloping algebra, and this description is
possible when g is a quadratic Lie algebra. The definition of Weil and Cartan models
will follow as usual from the cohomology of the appropriate basic subcomplexes.

We will point out the various analogies with the nc models of Alekseev and Mein-
renken, as well as the differences coming from the Drinfeld twist, which will mainly
concern deformed algebraic structure in both models and in the cohomology rings.

The exposition follows quite closely [Cir]. However we present here some relevant
improvements (in particular we make explicit the braided nature of the category of
twisted g-da, crucial for the Weil model) and we discuss some new material; this
contents will appear soon in a revised version.

2.3.1 Twisted noncommutative Weil model

So now we consider, instead of a generic nc g-da A, an algebra A, where noncom-
mutativity is realized via a Drinfel twist as in Thm(1.2.17); we know then that
its g-differential structure is given by twisted derivations like the ones defined in
Prop(1.3.10) and Prop(1.3.11) for A, = Q(Mpy). In what follows everything is done
having in mind this example, but the construction really applies to a generic twisted
nc algebra.

Dealing with this kind of algebras, which we will call twisted g-da’s, it seems
natural to look for a Weil algebra with a twisted g-da structure as well, due to its
universal role in the category of Hopf-module algebras. This goal can be reached
starting from the nc Weil algebra W, since we know how to twist an enveloping
algebra, and how the twist modifies the adjoint action.

A last remark before starting: we stress again the fact that the construction of
twisted nc Weil algebras applies to every quadratic Lie algebra (for which Wy can be
realized as a super enveloping algebra), and it makes sense also in the case an explicit
form of the twist element x is unknown. All we need is the existence of the twist, and
in this we can get help from the above mentioned rigidity and uniqueness theorems
of Drinfeld and others; so it is a quite general procedure. The same holds true for the
construction of the equivariant cohomology models. Obviously if one needs to deal
with explicit expressions and computations, like the ones presented here, an explicit
form of x is crucial; in what follows we will continue to use the expression of y given
in (1.28).

Definition 2.3.1 Let g be a quadratic Lie algebra, and A, a noncommutative algebra
associated to a Drinfeld twist x. The twisted noncommutative Weil algebra ng) 15
defined as the Drinfeld twist of Wy by the same x, now viewed as an element in

(ev)
(Wg @ W)y -
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We have to say that in general the generators of the twist y need not to belong
to g. The relevant Lie algebra in this case is the product between t?, the generators
of x, and g, the symmetry whose action is relevant for equivariant cohomology. If we
call this algebra g’, we are actually twisting ﬂ(ﬁ’)[[gﬂ. Of course the interesting case
is when t and g have non trivial commutation relations, otherwise the twist is trivial.
In what follows we will directly assume that g contains the generators of the twist.

We then repeat the construction of the previous section to describe the g-da
structure of the Weil algebra now in the twisted case UX(g). According to the notation
introduced above we start with even and odd generators {e;, e, &;, &} distinguishing
between Cartan (index ¢) and root (index r) elements of g. We already computed the
twisted coproduct of the even subalgebra (see Prop(1.2.20)) and of odd generators &,
(see Prop(1.3.9)); we repeat here for convenience the results:

NX(e)=e,@1+1®e; Ae)=e, N+ ®e,
A6 =GR 1+1E M) =6 0N+ A 86,

Recall also that, as showed in Prop(1.2.21), for this class of Drinfeld twist elements
X (in particular with commuting generators H such that S(H) = —H and saturated
with a skewsymmetric matrix ) the antipode is undeformed.

The g-da structure of the nc Weil algebra W, has been realized by the adjoint
action with respect to even generators (for the Lie derivative), odd generators (for
the interior derivative) and by commutation with a fixed element in the center (for
the differential). We use the same approach for ng’, the only difference is that
now the Weil algebra is a twisted enveloping algebra; the deformed coproduct of the
generators and the definition of adjoint action on super Hopf algebra

ady (X) = (=D)XIMel(v) ) X(S(Y)) (2.37)

motivate the following definition.

Definition 2.3.2 The action of L and i on ng) = UX(g) is given by the adjoint
action with respect to even and odd generators. In particular L; = ad,, and i; = adg,
are the same as in the untwisted case. On the contrary for roots elements the operators
L, and i, are modified on a single generator as well:

L.(X)=adl (X)=eX\ —\Xe,

X
ir(X) = adX (X) = & XA, + (1), X¢, (2.38)

Expressing explicitly this action on {e,, &, } we have (one should compare with (2.24)):

Lilea) = fia" e Li&) = fia'&
Lr(ei) = erei/\r - )\reier Lr(&) = erfi/\r - Argier
= _ri)\rer - _Ti)\rgr <239>

Lr(es) = eres)\r - )\reser Lr(gs) = 61”53)\1” - Argser
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i ((eag = fi & ij((gag = Bjy=10j,
ir €;) = frei)\r - /\reigr ir é.z - gréi)\r + /\rfigr
= _ri>\r€r = \NB,;=0 <24O>

Z‘7”(65) = gres)\r - Aresgr Zr(&s) = 67“65)\7“ + )\1"6551”

where we use i, j for Cartan indexes, r, s for roots indexes and a, b for generic indexes.
On products one just applies the usual rule for the adjoint action

ady(Xng) = ((ldy(l)Xl)(ady(Q)Xg) (241)

which shows that L, and ¢, are twisted derivations.

Due to the presence of the A, terms coming from twisted coproducts, the classical
set of generators {e,, &, } is no more closed under the action of L,i. This is not a big
problem, but there is however another set of generators (which we will call quantum
generators for their relation to quantum Lie algebras, see below) which seems to be
more natural when dealing with the twist.

Definition 2.3.3 We take as new set of generators of WE,X) the elements
X, = \eq Na = Aa&a (2.42)

Recall from (1.31) that for a = i we have \; = 1, so X; = e;. We define also
coefficients

1
Grs := €IP {§9klrksl} (2.43)

with properties qo = ¢} and g.s = 1 if r = —s; we also set qup = 1 if at least one
index is of Cartan type (due to the vanishing of the correspondent root vector).

The following relations, easily proved by direct computation, will be very useful:

)\T‘)\S = )\T+S )\7")\5 = >\s)\r
ArCs = QTSeS)\T‘ )\rgs = %‘sgs)\r (244>
L)\Tes = (rs€s L)\Tfs = Qngr

and since all \,’s commute with each other, the same equalities hold for X, and 7,.
Using the definition of the adjoint action, the previous relations (2.44) and the

commutation rules between {e,,&,} in WEJX) we can by straightforward computations
express the twisted g-da structure on quantum generators.

Proposition 2.3.4 The action of L and i on quantum generators {X,,n.} of WéX)
18
L., Xy = fabCXc 1, Xp = fabcnc

) 2.45
Lanb :fabcnc oMb :Bab ( )
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Note that this is exactly the same action we have in the classical case (2.24). The

difference however is that we act on quantum generators with classical generators:
LaXb = adeaXb 7é (LanXb.

We make a quick digression on the meaning of quantum generators and their link
with quantum Lie algebras, even if this is not directly related to the construction of
equivariant cohomology.

The fact that the base of the Lie algebra {e,, &, } is not closed under the (twisted)
adjoint action is a typical feature of quantized enveloping algebras ,(g), where the
deformation (say of the Drinfeld-Jimbo type) involves also the Lie algebra structure
of g (while with the Drinfeld twist we change only the Hopf-algebra structure on the
enveloping algebra, but not the Lie bracket in g). Since g can be viewed as the closed
ad-submodule of $4(g) where the adjoint action is given by Lie bracket, one can try
to recover a Lie algebra inside i,(g) by defining the quantum Lie algebra g, as a
closed ad-submodule of #,(g) with quantum Lie bracket given by the adjoint action
of 4,(g). Linearity still holds, skew-symmetry becomes g-skew-symmetry and the
Jacobi identity generalizes to a braided identity [DG97].

The deformation of the coproduct in UX(g) leads to a deformation of the adjoint
action, even if the brackets [e,, €] are unchanged; thus ad,, (es) is no more equal to
ler, es]. However {X,} are generators of a closed ad-submodule (see (2.44)), so we
can define quantum Lie brackets [, |(,) using the twisted adjoint action, obtaining a
quantum Lie algebra structure g,:

[XhXj](X) = ad§(LX] =0

[XZ', Xr](x) = adg%in =71 X, = _[Xra Xi](x)

[X,,ﬂ, Xr](x) = ad;c(_rXr = Z TiXi = [XT, Xfr](x) (246)
[er Xs](x) = ad;((,,Xs = QTsfrsT+s r+s

[XsaXr](X) = ad§(5Xr = Qsr STT+SXT+5 = _(qrs>_1fr5T+SXr+s

The g-antisymmetry is explicit only in the [X,, X,](,) brackets since g, # 1 if and
only if both indexes are root type. The same result holds also for the odd part of
g, so we may consider {X,,7,,c} a base for the quantum (super) Lie algebra inside
&(g).

The last observation is that A, X, = X, ® 1 + A ® X,, so if we want g, to be
closed also under the coproduct, we may consider mixed generators {A;, X, } where
the Cartan-type generators are defined as group-like elements A; := exp {%QﬂHl}.
Now {A;, X,, ¢} describe a different quantum Lie algebra g, due to the presence of
group-like elements; the structure of g,, is recovered taking the first order terms in ¢ of
the commutators involving A;’s (this is a standard procedure in quantum enveloping
algebras).

Remembering eq. (2.25) and the terminology introduced there, also in the twisted
nc Weil algebra it is useful to pass to horizontal generators.
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Definition 2.3.5 The quantum horizontal generators defined by

1 1
Ka = )\aua = )\a(ea + §fabc£b€c) = Xa - 577bade (na) (247>

are in the kernel of the twisted interior derivative
iaKb = ad?a(/\bub) = fa)\bub/\a - /\a)\bubf'a =0 (248)
and their transformation under L, is given by

L, Ky, = adé(a()\bub) = g M UpAg — AgNpUp€q = fabCKc (2'49>

The last thing to describe is the action of the differential dw. Recall that in W,
we had dw(X) = [D, X], and this is still true in WE,X). In fact

1 2 1 2
‘D:_aa _aa:_aXa _aKa
g8t Ty = g0 Xat 5
Moreover dyw being a commutator, the Jacobi identity assures it is an untwisted
derivation. This is not surprising: the twisted g-da structure of an algebra does not
change the action of the differential. Note that n? = A\;1€% and dywA, = [D, \,] = 0.
For even generators we have

dw(Ka) = Nadw (1) = = f," Nabotic = =, MMl = —Ga f,mKe  (2.50)

where if we want to raise the index of n we have to take in account the \ inside n

_Qabfabcanc = _Qbafabcanc (251>

and for odd generators
1 1
dW(T/a> = )\aea = )\a(ua - Efabcgbgc) = Ka - §Qbafabc77b77b (252)

We have found all the relations which define a twisted g-da structure on Wg‘).
The difference with the untwisted case is that the elements {K,,7,} generate the
whole algebra 4X(g), but L, = ad), # adj. .

Once we have the twisted g-da WEJX) we can define a Weil complex for the equi-
variant cohomology of any twisted g-da A,; nc differential forms Q(My) provide a
natural example on which the theory applies. This involves the tensor product be-
tween the two twisted g-da’s W(QX) and A,. We already showed that this construction
depends on the quasitriangular structure of 4X(g) (see Prop(1.3.5)).

The relevant Hopf algebra for the definition of a Weil model is the twisted en-
veloping algebra 4X(g), with deformed R matrix (see Thm(1.2.14))

RX = lejzx(il) (Wlth Xo21 = X(2) (%9 X(l))
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Since the original R matrix of $4(g) is trivial we have the simple expression
RX =2 = exp{if"H, ® H;} (2.53)

Note by the way that the twisted Hopf algebra is however triangular, hence its module
algebra category is symmetric (even if with non trivial braiding morphism).

Now we can construct, following the usual definition, the twisted nc Well model;
the relevant difference from the Weil model of [AMO00] is that now the W ) and Ay
are both in the braided monoidal category of UX(g)-module algebras.

Definition 2.3.6 The Weil model for the twisted noncommutative equivariant coho-
mology of a twisted noncommutative g-da A, is the cohomology of the complex

HE(A) = (WYBA a5, 6 = dw@ 1+ 1@ d) (2.54)

The hat over the tensor product is put to remind the braided multiplicative structure,
according to Prop(1.3.5).

The basic subcomplex is taken with respect to L' and i*; these operators act
on W( ®A with the covariant rule L = L X ® L X2) using the twisted coproduct.
Thus we have

L =Ly, ®1+1® Ly, LY =Lp @\ + A\ ® Lp,
g =i, ®14+1Q 1y, W =ip @A+ N ®ip,

We can use the G-invariance to explicitly compute the effect of the braiding on
the multiplicative structure of the Weil model.

Proposition 2.3.7 Let A be a graded commutative algebra, and A, its deformation
induced from a Drinfeld twist x. The multiplication in the Weil complex, according
to the general formula (1.47), reads

(Ul X 1/1) . (UQ X bg) = (—1)‘V1||V2|U1U2 & 1%5) X 141 (255)

Proof: By direct computation, applying Lemma(1.3.7) to the left hand side and using
G-invariance:

g%
Z( ) ul(ngQ) & (HZVI) % Vy =

n!
Zeaﬁ " n n 2. -1
—Z T uguy @ (Hjvy) - (Hge) = waup @ -(X°X~ b ®@1p) =
=Uuy ® (x> Q1) = (—1)|V1HV2|U1U2 @ Vg y V1 [ |

We want to compare the twisted basic subcomplex (WéX)®AX)bas with the one
of [AMO00]. According to the philosophy of Drinfeld twist deformations, namely to
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preserve the vector space structure and to deform only the algebra structure of g-
da’s, we find that they are isomorphic roughly speaking as 'vector spaces’; the precise
statement, since we are comparing quantities depending on formal series in @, involves
topologically free Cg; modules, or f-adic vector spaces.

Proposition 2.3.8 There is an isomorphism of (graded) topologically free Cg; mo-
dules

(WE;X) DA Jbas = (Wy® ‘A)baS)[[eﬂ

Proof: We first show the inclusion ((Wg ® A)pas) g C (WéX)®Ax)bas- Consider

uRV € (Weg® Apas)gy = (LOL1+1@ L) (u@v) =0
The g invariance property applied to powers of toric generators gives
Hlvw@v=(-1)"u® H}v

and in particular
MUV =u®\ v

This can be used to compute
(LN T+ N QL) (uv) = (LA @1 -\L, 1) (u@v) = (L, \,]®1)(u@v) =0

A similar short calculation (just writing i, instead of L,) gives the analogous result
for i, as well; so we showed that u ® v € (WgX)&X\)AX)baS. For the opposite inclusion,
take now v @1 € (WA, )oas; this implies (L, @ AL+ A, @ L,) (v © 1) = 0 and in
particular again \,v @ 1 = v ® A 'n. We use these two equalities to compute

Lov@n=LX"v@a N 'n=-10 L) (13 \)(v®n) =—-v® Ln

Substituting again L, with i, we easily find the same result ¢,, and this prove that
vene (Wy® -A)bas)[[eﬂ. The linearity of the operators with respect to formal series
in # and the compatibility of the eventual grading (coming from A) with the Cyp-
module structure complete the proof. n

The previous result easily generalizes to the associated equivariant cohomologies,
since the differentials for both the complexes are the same.

Proposition 2.3.9 There is an isomorphism of (graded) topologically free modules

FHE(Ay) = He (Ao (2.56)
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Proof: Since both 3% (Ay) and (Hg(A))g are defined starting from the respective
basic subcomplexes with the same Cjjg)-linear differential 6 = dyw ® +1 ® d the iso-
morphism of Prop(2.3.8) lifts to the cohomologies. n

Roughly speaking we are saying that our twisted equivariant cohomology is equal
to the trivial formal series extension of the nc cohomology of Alekseev and Mein-
renken, as "vector space’ over Cpyg (i.e. as topologically free Cyg-module). This is
not extremely surprising, since we expect the deformation coming from the Drinfeld
twist to be visible only at the ring structure level.

2.3.2 Twisted noncommutative Cartan model

We introduce a twisted nc Kalkman map to obtain a Cartan model for H(A,);
basically once more we need to twist the construction of Alekseev and Meinrenken
[AMOO]. Their nc Kalkman map ® = exp {{* ® i,} satisfies

o) H—1 — J,(tot) Oitp 1l = iw1

with untwisted L") and i*°); we want a map ®X which reproduces the same relations
with twisted operators.

Definition 2.3.10 The twisted noncommutative Kalkman map
X : WHRA, — WYRA,
is the conjugation by the twist element x of the noncommutative Kalkman map ®
PX = ydy ! with ® = exp {£* @ i,} (2.57)

We prove now that ®X gives the desired intertwining relations with twisted Lt
and (") this leads to the following isomorphism which maps (WgX)@)AX)baS into what

will define the Cartan model.

Proposition 2.3.11 There is an isomorphism of Cygy-vector spaces (formally topo-
logical free Cg-modules)

~ dX ~ ~
(WEX)@)'Ax)bas = (W(X) ®*AX)G (WéX)(X)‘AX)i@l <2'58>

g ia@Aa b T

Proof: First note that ®X is invertible with (®X)™! = y®~1xy~!. We then prove
equivariance; we see that the y coming from the twisted coproduct cancels with the
X in OX:

QXL (@)1 = (xPx ) (xAlu)x (@ ) = x(@A ()@ ! =
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tot

where we used the equivariance of ® with respect to the untwisted L"), A similar

computation for i) gives

XN (@) —1 = (x®x T (XAE)X @I = X(PAE)P )X =
=x(, @) =i, @\ *

The last equality comes easily from the computation of x(i, ® 1)x~! expanding y at
various orders in #. Finally we get the right hand side of (2.58) using A, ® A, = 1®1
on basic elements. u

In the untwisted setting since (Wq)nor = $(g) we arrive to the definition of the
Cartan complex as (4(g) ® A)“. For the twisted case notice that

(WéX))hor = {Ka} 7& ux(g)

that is the horizontal subalgebra of WéX) is spanned by quantum horizontal generators
K, (see Def(2.3.5)) which do not describe any enveloping algebra. We will use the
following notation to refer to the image of ®x:

CY(Ay) = WYBRANT ) = ({ Ko} @ A)° (2.59)

Next we want to describe the induced differential and multiplicative structure on
Ce(Ax)-

Definition 2.3.12 The twisted noncommutative Cartan differential d, on C%(A,)
is defined as the differential induced by the Kalkman map ®X as

df =X (dw®1+1®d)(®X)"! (2.60)

There is a large class of Drinfeld twists the Cartan differential is insensitive to.
A sufficient condition for the equality df, = dg, as we are going to prove, is that x
acts as identity on C}(A,); this in turn is true in particular for every y depending
antisymmetrically by commuting generators H; € g, as it easy to check. Note that
this is exactly the class of Drinfeld twists relevant for isospectral deformations.

Proposition 2.3.13 The differential dy, is the twist of the noncommutative Cartan
differential dg (2.33), d% = xdex™'. In particular, when x acts as the identity on
CL(Ay) we have df, = dg.

Proof: The first statement follows directly from (2.60), using [d¢, x] = 0 on C&(A,),
which comes from [dg, L,| = 0; the second part is evident. n

Since so far we discussed Drinfeld twists elements of the type (1.28) which satisfies
the above conditions, in the following we will use dY = dg.

The last thing to compute is the multiplicative structure induced in the Cartan
complex (C§(Ay), de); this is determined by ®* following (2.34). A nice expression
is obtained under the following assumption, which is natural if we think of A as the
algebra of differential forms.
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Proposition 2.3.14 Let assume (A, -) is graded-commutative and let (A, -) be its
Drinfeld twist deformation. The multiplication in the Cartan complexr C5(A,) is
gwen, for u; @ v; € C5(Ay), by

1
(u) @ 1) Oy (g @ va) = wyug @ (—1)l2l . (eg;p{5 B%, @iy} (1o ® V1)> (2.61)

Proof: Remember that in the twisted Weil model (W(gX) ® Ay )pas the spaces WE,X)
and W, have the same algebra structure; moreover we showed that the twisted basic
subcomplex is isomorphic to the untwisted one (see Prop(2.3.8)). Hence we can
use again (as in the proof of Prop(2.2.11)) the formula relating Clifford and wedge

products in the odd part of Wé") [AMO0](Lemma 3.1)

Si1rab=AN (exp{—% BYi, @iy} (& ® 52))

However note that ¢, is the untwisted interior derivative, as well as A is the unde-
formed product (the twist only deforms the Hopf algebra structure of WgX), not its
algebra structure). But thanks to Prop(2.3.8) we can nevertheless pass the expo-
nential factor from WéX) to A, on the twisted basic complex as well, so that the

remaining part of - ;) commutes with (®X)pes = (®)pas = Phor @ 1. The effect of the
g

braiding on the multiplicative stricture of (ng) ® Ay )pas is reduced to (2.55), so for
the moment we have on u; ® v; € (UX(g) ® A,)¢ the multiplication rule

1 . .
(U1 @ 1) Oy (U2 @ 12) = Uty ® (—1)|V1||V2‘ exp{ B BYi, ® i} (V2 1)

In the previous formula the interior product in the exponential are untwisted, since
they came from the undeformed Clifford product of the Weil algebra; however using
(A&)x ™ = xTHAXE,) to replace -, by the exponential we get the claimed expression
in (2.61) where now the i, operators are the twisted derivations which act covariantly
on ‘AX‘ ]

Note that for A, = Q(My) the deformed product -, is the deformed wedge product
Ag, hence the induced multiplication on the Cartan model acts like a deformed Clifford
product on 2(My); moreover note that this deformed Clifford product has arguments
vy and v, switched, as a consequence of the braided product in the Weil model. Indeed
this switch is the only reminiscence of the braided structure of the Weil model, due
to the non-cocommutative structure of the twisted Weil algebra (compare (2.34) with
(2.61)); the other contribution from the Drinfeld twist is of course in the deformed
product -, of A,.

As in the untwisted case, this ring structure is not compatible with a possible grad-
ing in A and gives the twisted nc Cartan model a filtered double complex structure,
opposed to the graded double complex structure of the classical Cartan model.

Finally, for § — 0 we get back the product of the untwisted model (2.34).
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Definition 2.3.15 The Cartan model for the equivariant cohomology of a twisted
noncommutative g-da A, is the cohomology of the complex (CS(Ay),dg):

HE(AY) = ({Ka} ® A, de) (2.62)

The explicit expression of de is given in (2.33); the ring structure ®, of C5(A,) in
(2.61).

We presented here the definition of Cartan model for the class of twists and twisted
algebras relevant for isospectral deformations; the general case might involve a de-
formed Cartan differential dj5 (see Prop(2.3.13)) and, if A is not graded commutative,
the initial multiplicative structure in the Weil model is of the form (1.47) instead of
the simplified (2.55).

2.4 More on twisted noncommutative equivariant
cohomology

In the previous section we defined algebraic models (Weil and Cartan) for the equi-
variant cohomology of twisted g-differential algebras A,,. The construction basically
relies on an appropriate Drinfeld twist of the nc models of Alekseev and Meinrenken
[AMOO0].

We already met several situations in which Drinfeld twists reveal their nature:
usually they generate a sort of 'mild’ deformation, a lot of classical results can be
adapted to the deformed setting, and non trivial changes appear only looking at
the algebra (for quantities acted) or bialgebra (for the symmetry acting) structures.
Therefore we expect that some of the basic properties of classical, or even better
noncommutative (in the sense of [AMO00]) equivariant cohomology will still hold in
the twisted case, or at least they will have a quite natural appropriate equivalent
formulation.

The material presented in this section shows that indeed this is often true; we
investigate the most natural and basic examples of equivariant cohomology, starting
from the single point, going on with trivial actions and finally homogeneous spaces.
We will find that much of what is true in the classical case can be correctly restated
in the twisted models.

We also discuss a key property of equivariant cohomology: its reduction to the
maximal torus Hg(M) ~ (Hp(M))" where T C G and W is the Weyl group of
T. This equality says that basically we can always reduce everything to the study
of equivariant cohomology with respect to abelian groups, eventually restricting our
attention to some invariant part of it. The fact that Drinfeld twists do not affect
abelian symmetries (or at least they do only in a very trivial way, see the discussion
on the nc torus in Sec.(1.3.2)) should be a clear evidence that a similar reduction
property becomes extremely powerful (and 'to be honest’ a bit 'destructive’) for
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twisted nc equivariant cohomology. We prove that, in the appropriate language, a
similar reduction does exist, and make some comments on this.

2.4.1 Examples
The noncommutative equivariant cohomology of a point

Let us begin with a very special case, that is A = C; this is the algebraic equivalent
of the equivariant cohomology of a point. Despite its simplicity, in equivariant coho-
mology the result is not completely trivial; indeed the ring which describes H(C) is
called the ’basic cohomology ring’ for twisted nc equivariant cohomology, in the sense
that by functoriality every 3% (A,) has a natural H(C)-module structure coming
from the algebra inclusion C — A,.. To confirm its importance, let us for example
recall that classically the torsion with respect to this module structure plays a crucial
role in the localization theorems of Borel, Berline-Vergne and Atiyah-Bott.

Since every g-da module structure on A = C is necessarily trivial, without much
surprise the Drinfeld twist does not deform the algebra and we have C, = C. Let us
just apply the definition of the Weil model:

HE(C) = H (WY & C)pas, dw @ 1) = H(W s, dyw) = (W) (2.63)

The last equality is due to (dw)|bas = 0. So we found that the basic cohomology ring
for twisted nc equivariant cohomology is the basic subcomplex of the twisted Weil
algebra, (WEX))MS. The next step is to get a more explicit expression of this ring,
and to compare it with the basic rings of noncommutative and classic equivariant
cohomology.

For the nc Weil algebra W, = 4(g?) the basic subcomplex consist of elements
which commute with even generators (G-invariance) and odd generators as well (hor-
izontality); in other words, it is the center on the super enveloping algebra 4(g?).
Passing to horizontal generators we are left with G-invariant elements of l(g), or
again the center; this ring is isomorphic, via Duflo map, to the ring of G-invariant
polynomial over g. At the end we have (Wg)pas =~ (U(g))% ~ Sym(g)®, and the latter
is the basic cohomology ring of classical equivariant cohomology.

In the twisted Weil algebra W(QX) the action of L and 7 is no more given by the
commutator with even and odd generators of g, but by twisted adjoint action, which
is deformed even on single generators; so there is no evident reason why the basic
subcomplex should agree with the center. The following shows nevertheless that is
true.

Proposition 2.4.1 The basic subcomplez of the twisted Weil algebra WéX) 1S 150MOoT-
phic as a ring to (Wg)pas =~ U(g)C.

Proof: =~ We prove separately the two opposite inclusions; note that the two basic
subcomplexes are subalgebras of the same algebra W ~ Wé"). Let us start with
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X € (Wy)$ .; thus [X, e,] = [X, A\s] = 0 by (untwisted) G-invariance. But then

hor
LX(X) = ad} (X) = e, X Xg — AaXeq = Ag(ea X — Xe,) =0
and similarly

(X)) = ad) (X) = XA — AaXE = Aa(€X — XE,) =0

and so X € (W{)¢  On the other hand, take now ¥ € (WY)¢ . on Cartan
generators the twisted adjoint action still agrees with the commutator, so [H;, Y] =0

and then [\,, Y] = 0. But then

ad) Y =0 =e,Y s — AYeq = M€Y — Ye,)
implies the untwisted ad,, (YY) = [eq, Y] = 0; the same for

adf (V) =0=EY N =AY & = Aa(&Y — Y Ao)

which gives the untwisted ade,Y = [&,,Y] = 0. So Y € (W)< .. The linearity follows
from the one of operators L and i; the ring structures are the same because they
descend from the isomorphic algebra structures of Wy o~ Wy ),

As conclusion we can say that classical, noncommutative and twisted noncom-
mutative equivariant cohomologies have the same basic cohomology ring Sym/(g*) ~
U(g)¢ (we identify g and g* since we are considering quadratic Lie algebras).

Trivial actions

The next easy example we consider is when the action is trivial; algebraically this
means that the g-da structure is degenerate, that is, L and ¢ are identically zero. This
is another "limit’ situation in which the Drinfeld twist deformation of every such g-da
is absent, since its generators do not act on the algebra. Again directly applying the
Weil model definition we find

HE(A) = H(WY @A), dw@ 1+ 1®d) =

(W ®
— H(WX)E @A dwol+1ed=WN)E @ HA) =  (2.64)
(U(g)) ® H(A)

Thus also in this case the three different models for equivariant cohomology collapse
to the same; again no surprise since now not the ’space’ but the action was trivial,
and there were no room for any significant deformation. The only interesting remark
is that the (4(g))“-module structure of H}(A) is given by multiplication on the
left factor of the tensor product, so that there is no torsion. This is a very special
example of a more general class of spaces we are going to describe later for which this
phenomenon always takes place; they are called equivariantly formal spaces.
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Homogeneous spaces

We now come to homogeneous spaces. Classically they are defined as the quotient
of a (Lie) group G by a left (or right) action of a closed subgroup K C Gj the
action is free, so the quotient is a smooth manifold X = G/K on which G still
acts transitively, but now with nontrivial isotropy group (by transitivity all isotropy
groups are conjugated). We will recall a classical result which leads to a very easy
computation of Hg(G/K), and we will extend this idea to twisted nc equivariant
cohomology.

There is of course plenty of interesting homogeneous spaces, like flag manifolds,
grasmannians, projective spaces, spheres and so on; we will focus on general results
which apply to all of them, but if one prefers to have a specific example in mind, espe-
cially in the twisted picture, we suggest the easiest non trivial Drinfeld-twisted sphere
Sy acted by UX(s0(5)) and realized as the subalgebra of Fun.,(SO(4))-coinvariants
inside Fun,(SO(5)) (with v the dual Drinfeld twist of x, see (1.26)).

The classical picture starts by considering commuting actions of two Lie groups
K and K,. If we define G = K x K its Weil algebra decomposes in Wy = Wy, @ W,
with [€1, 8] = 0 by commutativity of the actions. Then every g-da algebra A can be
thought separately as a %172—da and the basic subcomplex can be factorized in both
ways

Abasg = (Apast Jbasts = (Apasts Jbast, (2.65)

Proposition 2.4.2 Under the previous assumptions and notations, if A is also both
£, and €, locally free we have

HG(‘A) = HKl (‘Ab(zsﬁg) = HK2 (Abasfl) (266)

Proof: We simply follow the Weil model definition for equivariant cohomology and
make use of the commutativity between the two locally free K; and K, actions. Re-
member that for a locally free action Hg(A) = H(Apas). To prove the first assertion:

Hg(A) = H(Wg @ A)sasg, 0) = H(We, @ We, @ Apasg, 0) =
= H(((ng X WEQ ®A)bash>basézu 5) = H((Wél ®-A82)ba5817 5) -
= HK1 (-Abaséz)

For the other assertion just repeat the previous proof switching £; and €,. m

This easy fact is very useful for computing equivariant cohomology of homoge-
neous spaces Hg(G/K). Indeed take on G the two free actions of K and G itself
by multiplication; we make them commute by considering K acting from the right
and G from the left, or vice versa. The hypothesis of Prop(2.4.2) are satisfied, so we
quickly have

He(G/K) = Hg(G\G) = Hi({pt}) = Sym(¥")" (2.67)
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We want to find a similar result for twisted g-da. The definition of commuting
actions makes perfectly sense in the twisted setting; we require that the two twisted
%1,2-da structure commute. This is an easy consequence of the commutation of the
classical algebras, provided the generators of the twists commute with each other (for
example using a unique abelian twist for both algebras, which is the most common
situation). The assumption of the local freeness of the action is a bit trickier; we need
to restate this notion in order to include also twisted nc algebras.

In (2.16) we expressed this property by means of an algebraic connection, which
can be seen as a basic element @ € (A' ® g)ps (note that the conditions in (2.16)
states exactly this fact). Using the twisted Weil algebra?, a natural generalization
is then to ask for the presence of a basic element wX € ((Ay)q) ® (WéX))(g))bas. 3
Looking at Prop 2.3.8 it is clear that if A is a locally free g-da then A, is a locally
free twisted g-da.

So we can apply Prop(2.4.2) also to Drinfeld twist deformations of homogeneous
spaces, since all the hypotheses are still satisfied. The appropriate statement involves
Drinfeld twists on function algebras over classical groups; we already discussed there
are two kinds of (in general different) deformations on Fun(G) induced by a Drinfeld
twist x.

The first one consists in deforming Fun(G) simply as a 4(g)-module algebra, and
we will denote it by Fun,(G); the second one consist in deforming Fun(G) as Hopf
algebra using the dual Drinfeld twist 7 associated to x (see (1.26)), and we will denote
is ad Fun,(Q).

To have a nice algebraic description of G/K it is better to use the dual Drinfeld
twist deformation. In this way we have a (possibly reduced) Drinfeld twist on LI(€)
as well, or equivalently a (dually) Drinfeld twisted Hopf algebra Fun.(K); this one
coacts on Fun,(G), and the subalgebra of coinvariants (Fun,(G))*% C Fun,(G)
represents the deformation of the homogeneous space G/ K.

The equivalent result of (2.67) for nc homogeneous spaces is
HE((Funq(G))*") = FGc((Fun, (G)*7) = 35(C) = u(e)" (2.68)

As an explicit example, we can apply (2.68) to nc spheres Sy For simplicity let us
consider Sj; it can be constructed as a toric isospectral deformation of the classical

2We are stating the locally freeness condition by already using the twisted nc Weil algebra WEJX);

in principle we should first define what we mean for locally free g-da and then show that WE,X) is
the universal object in the category. Once this is done, we can restate the property in a shorter way
using directly WE,X); this is what we are doing here for simplicity.

3Here the lower indexes are filtration degrees. This is to mimic the classical definition, since now

we do not have any more the possibility to refer to any degree on A, (A, is not graded), nor to

elements in g in WE,X) (they are not closed under the action of L and i. The filtration is naturally

defined as follows: for A graded we put A, = ®i<pA’, while for ng) we use the usual filtration
of enveloping algebras, with the only remark that even generators {u,} have filtration degree 2 and
odd generators {£,} filtration degree 1.
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sphere S* twisting the T? symmetry acting on it. Equivalently, to stress the fact
that it is a homogeneous space we can think of it as the Fun.(SO(4))-coinvariant
subalgebra of Fun,(SO(5)). On S; we have the action of the twisted symmetry
UX(s0(5)); the action of course is not free since the twisted Hopf subalgebra UX(so(4))
acts trivially. The equivariant cohomology of this twisted action is defined using the
twisted Weil (or Cartan) models introduced in the previous section, and it may be
computed using (2.68). We find

5 () = W¥(50(4)) O = 8l(s0(4))*7™ = Sym(s0(4))"Y =~ Sym(£)" (2.69)

where the last equality is given by Chevalley’s theorem Sym/(g)¢ ~ Sym(t)" for W
the Weyl group.

Thus we see that we need to deform the classical algebraic models for Hg(A) in
order to adapt them to nc spaces and to have a consistent definition of equivariant
cohomology on nc spaces, or twisted g-da’s; however at the end for a large class of
examples the cohomology rings agree with the classical ones.

2.4.2 Reduction to the maximal torus

In this section we study the reduction of twisted nc equivariant cohomology to the
maximal torus 7" C G. The two main ingredients in the algebraic proof of the
isomorphism Hg(X) = Hp(X)W (W is the Weyl group of T') for classical equivariant
cohomology are the functoriality of Hg(X) with respect to reduction to subgroups
P C @G, and spectral sequences arguments.

In order to reproduce a similar result and proof for the noncommutative (and then
twisted) case we first need to work out the functorial properties of Hg(A); since in
both nc and twisted case Weil and Cartan models are built using the Lie algebra g
contrary to the classical case which make use of the dual g*, it is not obvious that for
every subgroup P C G we have a morphism of Cartan complexes Cp(A) — Cq(A).
And in fact we will show the existence of such a morphism for the specific choice
K = N(T), the normalizer of the maximal torus, by using a generalized Harish-
Chandra projection map [AMO5]; once we have constructed the morphism, the rest
of the proof follows quite easily.

We start with a quick review of the classical reduction, referring to [GS99] for the
full details. The Cartan complex Cg(A) may be seen as a double Z-graded complex
CPi(A) = (SymP(g*) ® A?P)Y with differentials §; = —v* ® i, and 6, = 1 ® d
of grading (1,0) and (0, 1) respectively; the cohomology of the total complex with
respect to dg = 01 + 0o is the classical equivariant cohomology. This is the usual
setting to construct a spectral sequence converging to Hg(A) with EP? term (for
G compact and connected) given by Sym?P(g*) ® H?P(A). We can get the desired
isomorphism Hg(X) = Hp (X)W by looking at a different spectral sequence having
the same FE; term. For each closed subgroup P C G we get a morphism between
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Cartan complexes Cg(A) — Cp(A) and hence between F; terms; whenever P is such
that Sym(g*)¥ = Sym(p*)” we have an isomorphism at the E; step compatibly with
the differentials, thus at every following step and in particular Hg(A) = Hp(A). We
can use this result with P = N(7T'), the normalizer of the maximal torus.

Theorem 2.4.3 Let G be a compact connected Lie group and A a g-da. There is a
ring homomorphism Hg(A) =2 Hr(A)W where T C G is the mazimal torus in G and
W its Weil group N(T')/T.

Proof: The Weil group W = P/T = N(T)/T is finite, thus p = t and Sym(p*)"" =
Sym(t)F =2 Sym(t)" since T acts trivially on itself. Then by Chevalley’s theo-
rem Sym(g*)¥ = Sym(t)", so as discussed before Hg(A) = Hyr)(A). To con-
clude we have to prove that Hyry(A) = Hyp(A)Y; the inclusion T — P = N(T)
induces a morphism Sym(p*) ® A — Sym(t*) ® A and taking the P-invariant sub-
complexes we get a morphism Cp(A) — Cp(A)" and so on at each stage of the
spectral sequences. In particular we obtain a morphism between equivariant coho-
mologies Hp(A) — Hp(A)Y; but note that at the £} step the morphism is indeed an
isomorphism, since we already showed Sym(p*)¥ = Sym(t*)", and so the previous
morphism between cohomologies is an isomorphism as well. n

This result allows to reduce the computation of classical equivariant cohomology
for generic compact Lie groups G to abelian groups. Another important feature of
Hg(X) is its Sym/(g*)“-module structure, with the torsion part playing a central role
in localization theorems. We proved that the F; term of the spectral sequence con-
verging to Hg(X) is Sym(g*)¢ @ H(A); at this stage the module structure is simply
given by left multiplication, so E; is a free Sym/(g*)“-module. This already implies
that if H(A) is finite dimensional, the equivariant cohomology ring Hq(A) is finitely
generated as Sym(g*)“-module. When the spectral sequence collapses at this stage,
the algebra A is called equivariantly formal. The definition comes from [GKR9S§]
(using the language of with G-spaces X rather then g-da’s A), where sufficient condi-
tions for the collapsing are studied. In this case since F., = F; we have that Hg(A)
is a free Sym(g*)“-module. We can also express the ordinary cohomology in term of
equivariant cohomology by tensoring the E; term by the trivial Sym(g)*-module C,
obtaining H(A) = C ®gym(g) Ha(A).

We now come to nc equivariant cohomology. Given a closed subgroup P C G
we have a Lie algebra homomorphism p — g which may be lifted to the enveloping
algebras and nc Weil algebras, but in general does not intertwines the differentials
and most unpleasantly goes in the opposite direction we are interested in to reduce
equivariant cohomology. We have to look for a p-da (or at least p-ds, i.e. p-differential
space) homomorphism Wy — W, which then may be used to get a morphism between
the nc Cartan complexes Cg(A) — Cp(A). This homomorphism can be constructed
for a very special choice of subgroup P, namely for P = N(T'), which is exactly the
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case we need. We refer to [AMO5](Section 7) for the details on the construction. It is
shown that for a quadratic Lie algebra g with quadratic subalgebra p and orthogonal
complement pt it is possible to define a ’generalized’ Harish-Chandra projection?
kv : Wy — W, which is a p-ds homomorphism and becomes a p-da homomorphism
between the basic subcomplexes 4(g)¢ — 4U(p)F. Moreover this construction reduces
to the classical Harish-Chandra map up to p-chain homotopy [AMO05](Thm7.2) and
then looking at the basic subcomplexes (where the differential is zero) we find the
commutative diagram of p-da’s [AMO05](Thm?7.3)

Sym(g)? — U(g)® (2.70)

kSyml l(kW)bas

Sym(p)* — U(p)”

where horizontal maps are Duflo algebra isomorphism.> For P = N(T) by Cheval-
ley theorem the map ks, : Sym(g)® — Sym(t)" is an algebra isomorphism as
well. This is the morphism we need to prove the reduction of nc equivariant coho-
mology. We note that this result, even if not explicitly stated, is already contained
in [AMOO] when the authors prove the ring isomorphism Hg(A) = Hg(A) induced
by the quantization map Q4 : Wy — Wy. We prefer to give here a direct proof based
on morphisms between Cartan complexes and spectral sequences since this approach
will be generalized to our twisted nc equivariant cohomology.

Theorem 2.4.4 The ring isomorphism of Thm(2.4.3) holds also between noncommau-

tative equivariant cohomology rings; for every noncommutative g-da A and compact
connected Lie group G the reduction reads Hg(A) = Hp(A)W.

Proof: As for the classical reduction, the proof is based on the presence of a morphism
between Cartan complexes and a comparison between the two associated spectral
sequences. The setting is now the following: the nc Cartan model Co(A) = (U(g) ®
A)¢ is looked as a double filtered differential complex. On one side we have the
standard increasing filtration of the enveloping algebra (g) ) C t(g)1) C 4(g)2) - - -
on the other side, supposing A is a finitely generated graded algebra we have an
increasing filtration A,y = @;<,A’; note that this double filtration on Cg(A) is
compatible with the ring structure (2.35) (contrary to the grading of A, which is not

4The Harish-Chandra homomorphism is classically constructed between enveloping algebras, i.e.
for p C g it is a map U(g) — $(p) which then descend to an analogue map between symmetric
algebras. For details on the construction and properties of the maps see e.g. [Kna02]. Note
that sometimes in the literature the map between enveloping algebras is already mentioned as
‘generalized’ Harish-Chandra map. Here with ’generalized” we mean its analogue map between nc
Weil algebras.

®The Duflo map is a vector space isomorphism Sym(g) — 4(g) which moreover restricts to an
algebra isomorphism between G-invariants. For its construction and relations with the PBW map
see [Duf77]
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compatible with the induced product on Cn(A)). The operators
) —<1>(dWH®1)<1>—1——1( O+ ulp) @1 +if“b5®' i
1 = = 9 U(L) U(R) 1q 24 1alplc

and
S=0(10d)®'=10d

square to zero (since their counterpart on the Weil complex do), and then anti-
commute since their sum is the nc Cartan differential dg; they are the differentials
of the double complex, with filtration degree respectively (1,0) and (0,1). The co-
homology of the total complex with respect to dg = 01 + Jo is the nc equivariant
cohomology ring Hg(A); the filtration of C5(A) induces a filtration on the cohomo-
logy. We can compute its graded associated module Gr(Hg(A)) by a spectral se-
quence with Ej term given by the graded associated module of the nc Cartan model
Gr(Cg(A)) = Cg(A); this is the spectral sequence we already introduced before.
Note that the differentials 9; and d; map to the ordinary differentials of the Cartan
complex —1v* ® i, and 1 ® d. Now let us consider the inclusion P = N(T) C G
and the Harish-Chandra projection map kyw : Wy — W,. This induces a p-ds mor-
phism between the Weil complexes (WQ®A)ba5 — (Wp&fw‘l)bas and by Kalkman map
a p-ds morphism between nc Cartan models Cg(A) — Cp(A) compatible with the
filtrations; commuting with differentials, it also lifts to cohomology giving a mor-
phism of filtered rings Hg(A) — Hp(A). By going to the graded associated mo-
dules and computing the F; term of the spectral sequence we get a p-ds morphism
Sym(g)® @ H(A) — Sym(t)V @ H(A) (see (2.70) and [AMO05](Thm7.3)). Now this
is a p-da isomorphism, and it induces p-da isomorphisms at every further step of the
spectral sequence. The isomorphism between Gr(Hg(A)) and Gr(Hp(A) implies
that the morphism Hg(A) — Hp(A) introduced before is in fact a ring isomor-
phism. As in the classical case, the last step is to show Hp(A) = Hp(A)W; this
easily follows from the morphism Cp(A) — Cr(A) (note that p = t so the previous
morphism is just group action reduction) and a completely similar spectral sequence
argument. ]

We finally note another equivalent proofs of Thm(2.4.4) may be obtained by a
different construction of the morphism Cg(A) — Cp(A) via a diagram

(Up) ® A)” — ((U(g) @ Cl(p™)) ® A)” — (U(g) ® A)° (2.71)

Considering the spectral sequence associated to these three Cartan models (the coho-
mology of the middle complex is a sort of relative’ equivariant cohomology He p(A)
of G with respect to P, see [AMO5](Section6)) it is possible to prove an isomorphism
between the image of the left and right E; terms inside the E; term of the middle
complex [AMO5](Thm6.4). This isomorphism is referred as a version of Vogan’s con-
jecture for quadratic Lie algebras.
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We finally consider twisted nc equivariant cohomology. It is a natural question to
ask if our model satisfies a reduction property as well; an easy nevertheless crucial
fact is that Drinfeld twists act trivially on abelian symmetries. This will allow us
to basically use the same proof of Thm(2.4.4); moreover for the same reason when
restricted to the maximal torus T, twisted nc equivariant cohomology H¥(A,) agrees
with Hp(A,).

Theorem 2.4.5 Let G be a compact connected Lie group, and A, a twisted g-da.
There is a ring homomorphism H(A,) = HX (AW where T C G is the mazimal
torus in G and W its Weil group N(T')/T.

Proof: We can use the generalized Harish-Chandra projection also for twisted nc Weil
algebras, since for P = N(T') as p-da’s Wy = WgX). The twisted nc Cartan model
CL(A,) is a double filtered differential complex similarly to Cs(A), and we can con-
sider the spectral sequence constructed from its graded associated module. At the
step as usual we are left with the basic part of Gr(WéX)) tensored with H (A, ); since
(WQX))MM = (Wy)jpas (see Thm(2.4.1)) any effect of the twist is now present only in
the cohomology of A,. Then the isomorphism between the E; terms of C§(A,) and
C%(A,) follows as in the proof of Thm(2.4.4). The same happens for the last part of
the proof, when going from P = N(T) to T. n

This result shows one more time that deformations coming from Drinfeld twists
do not affect much of the classical setting. The definition of a twisted nc equivariant
cohomology was needed dealing with algebras which carry a twisted action of a sym-
metry, and this in turn is what happens for covariant actions of Drinfeld twisted Hopf
algebras. However the possibility to reduce the cohomology to the maximal torus
part leaves the only contribution coming from the Drinfeld twist in the deformed
ring structure of HX(A, ), while the vector space and Sym(g)“-module structures are
undeformed.

The "useful’ side of this quite classical behaviour is that for what concerns this
class of deformations, a lot of techniques of equivariant cohomology may be lifted
with an appropriate and careful rephrasing to the nc setting. On the contrary, if we
are interested in purely new phenomena which do not admit a classical counterpart, it
seems we have to enlarge the class of deformations considered, either taking Drinfeld
twists x which do not satisfy the 2-cocycle condition or moving to other class of
deformations.
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We present here a summary of our work, emphasizing the general ideas which can be
used to investigate further aspects of the theory so far developed.

Our starting motivation and interest was to study symmetries of noncommutative
spaces, and in particular their associated equivariant cohomologies. The very first
question is what do we mean by a symmetry acting on a nc space. There is a natural
answer to this question if we consider nc spaces Xy realized as deformations of classical
spaces X; indeed very often the deformation directly comes from an action of some
symmetry on X, so that it is possible to deform in a 'compatible’ way the symmetry
and have a deformed action on Xy as well.

This strategy is made more precise by rephrasing everything in an algebraic frame-
work, following the philosophy of nc geometry. We then realize that the appropriate
setting is the category of g-da’s, or more in general Hopf-module algebras; Hopf al-
gebras play the role of symmetry, module algebras represent the space where the
symmetry acts and the module structure is the mathematical expression for the co-
variance of the action. This link between symmetries and spaces is what allows us
to deform a classical symmetry in order to define an action on a deformed nc space.
But we can remarkably use covariance in the opposite direction as well: if we start by
deforming a Hopf algebra H we automatically get an induced deformation on every
H-module algebra.

This is the twofold role played by covariance: we can use symmetries to generate
nc spaces, forcing the module algebras to ’adapt’ to the deformation of the Hopf
algebras, or we can start with a nc space and force symmetries to ’adjust’ their
actions in order to respect the structure of the nc space. The first case has been
developed in the first chapter, and led us to recover toric isospectral deformations
as well as to define nc toric varieties. The second situation has been studied in
the second chapter, and culminated in the definition of deformed Weil algebras and
models for nc equivariant cohomology of such nc spaces.

In this thesis we considered for both theories the class of deformations coming from
Drinfeld twists, but we wish to stress that, once the appropriate category of Hopf-
module algebra has been found in a compatible way with the deformation chosen,
the same strategy in both directions may be applied in full generality.

Some examples of deformations which could be used are:
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- Drinfeld-Jimbo Hopf algebra deformations or g-deformed quantum groups;

- Drinfeld twists which do not satisfy the 2-cocycle condition, thus leading to
quasi-Hopf algebras;

- Drinfeld twists whose generators are root elements instead of Cartan ones;

- the procedure sketched in Sect(1.4.1) on the definition of a nc product on a
generic abelian locally compact group G by harmonic analysis and the choice
of a homomorphism of groups between GG and its Pontrjagin dual G;

- for nonabelian compact groups G a similar idea could be stated using techniques
of noncommutative harmonic analysis and a generalized definition of Pontrjagin
duality.

We now discuss in more detail some topics emerged in the thesis, pointing out
interesting aspects which could deserve a further study.

Noncommutative toric varieties have been formulated by using a deformed fan
description, which naturally provide a local description of the nc spaces by open
affine sets associated to cones and represented by deformed coordinate rings.

From one side we can go on with this local description by developing a sheaf
theory on such spaces (as it has been sketched at the end of Sec(1.4.4)) with the long-
term motivation of defining a deformed ADHM description of sheaves and related nc
instantons, in the spirit of [KKOO1].

On the other hand, at least for homogeneous spaces G/ K (like for example flag va-
rieties, grassmannians and projective spaces), we could also find a global description
of the deformed nc toric varieties by looking at coinvariants subalgebras of the Drin-
feld twisted Hopf algebras Fun.,(G) (using the dual Drinfeld twist v of Def(1.2.15))
as the algebraic analogue of the quotient space. It would be interesting then to com-
pare this global description with the general local one provided by the deformed fan
picture or by the localized homogeneous coordinate ring, once the latter formalism is
generalized from CP" (Thm(1.4.8)) to a larger class of nc toric varieties.

For what concerns noncommutative equivariant cohomology, the results shown in
the present work seem to suggest that at least for Drinfeld twist deformations the
theory does not present significant differences or novelties with respect to the classical
undeformed theory.

A way to check if Drinfeld twist deformations are the only reason why twisted
nc equivariant cohomology behaves is a so quite classical manner, or rather it is an
intrinsic property of the proposed Weil and Cartan models, is to apply the same
construction to other class of deformations, as we already discussed. However an
argument which supports the hypothesis that this quite classical behaviour is gen-
erated by Drinfeld twists comes from another possible definition of nc equivariant
cohomology. We only sketch it, referring to the references for all the missing details.
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The algebraic analogue of the de Rham cohomology of a smooth manifold X is
the (periodic) cyclic homology of its algebra of functions C'*°(X), by the Hochschild-
Kostant-Rosenberg theorem proved by Connes for the smooth setting [Con94|. In
[BG94] an equivariant version of this result is formulated, by proving an isomorphism
between equivariant periodic cyclic homology of C*°(X ) and the cohomology of global
equivariant differential forms on X. The latter are global sections of a sheaf over
the group G and reproduce ordinary equivariant differential forms by restricting to
the contribution over the identity e € G; for this reason this theory is also known
as 'delocalized’ equivariant cohomology. An equivalent way to compute equivariant
cyclic cohomology is to consider ordinary homology of the crossed product algebra
C>®(G x X) [Bry87]. After the usual formulation in an algebraic setting, considering
the category of Hopf-module algebras we are eventually interested in the cyclic or
periodic homology of crossed product algebras H x A; this description is ready to be
generalized to Drinfeld twist deformations, since it makes perfectly sense to consider
the twisted crossed product algebra HX x A, and to take cyclic homology. This
could provide an alternative definition of twisted nc equivariant cohomology, but
unfortunately it does not bring to anything new, since H x A = HX x A, as algebras
for y satisfying the 2-cocycle condition [BPOO0].

On the other hand, looking at the bright side of the story, the classical behaviour
of Drinfleld twists could mean that we have at our disposal a lot of powerful tools from
of equivariant cohomology also when dealing with nc spaces (realized from Drinfeld
twists). One of the original motivations for the study of equivariant cohomology
for nc spaces was the question if equivariant localization techniques could have been
applied to explicitly compute invariants on nc instantons and nc Yang-Mills theories
as it happens for the commutative theories.

Considering isospectral deformations, a measure and integration theory is present
also in the nc setting. If the ’direction’ £ € g on which we want to localize commutes
with the generators of the noncommutativity (i.e. with the generators of the Drinfeld
twist) the answer seems to be positive, since once we restrict our attention from G
to the St generated by ¢ the twisted nc equivariant cohomology 'reduces’ to the clas-
sical one (apart from the noncommutativity coming from the ordinary cohomology
ring). For the general case a close analysis of the relation between the localiza-
tion element ¢ and the Drinfeld twist is needed, but the isomorphism between the
U(g)¢ = Sym(g*)“-module structures of H¥(A,) and Hg(A) (via Thm(2.4.5) and
the isomorphism Hq(A) = Hg(A) of [AMO0]) provides a good reason to conjecture
that the localization holds.
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