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Abstract

This thesis revolves around the notion of twist star product, which is a certain type
of deformation quantization induced by quantizations of a symmetry of the system.
On one hand we discuss obstructions of twist star products, while on the other
hand we provide a recipe to obtain new examples as projections from known ones.
Furthermore, we construct a noncommutative Cartan calculus on braided commuta-
tive algebras, generalizing the calculus on twist star product algebras. The starting
point is the observation that Drinfel’d twists not only deform the algebraic struc-
ture of quasi-triangular Hopf algebras and their representations but also induce star
products on Poisson manifolds with symmetry. We further investigate the corre-
spondence of Drinfel’d twists and classical r-matrices as well as twist deformation
of Morita equivalence bimodules. It turns out that connected compact symplectic
manifolds are homogeneous spaces if they admit a twist star product and that we
can assume the corresponding classical r-matrix to be non-degenerate. Further-
more, invariant line bundles with non-trivial Chern class and twists star products
cannot coexist if they are based on the same symmetry. In particular, the sym-
plectic 2-sphere and the connected orientable symplectic Riemann surfaces of genus
g > 1 do not admit a star product induced by a Drinfel’d twist, while the complex
projective spaces cannot be endowed with a twist star product based on a matrix
Lie algebra. Another goal of the thesis is to study braided commutative algebras
and provide a noncommutative Cartan calculus on them, in complete analogy to
differential geometry. Notably, this recovers the calculus on twist star product al-
gebras. We further discuss equivariant covariant derivatives and metrics, resulting
in the existence and uniqueness of an equivariant Levi-Civita covariant derivative
for any non-degenerate equivariant metric. We also verify that the constructions
are compatible with Drinfel’d twist gauge equivalences. Under certain conditions,
the braided geometry projects to submanifold algebras and twist deformation com-
mutes with the projection. As a consequence, twisted products can be projected
to submanifold algebras if the latter are respected by the symmetry. The thesis is
partially based on the following two papers and two preprints.
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Chapter 1

Introduction

In this thesis we employ techniques from quantum group theory to give obstructions
for twist deformation quantization on several classes of symplectic manifolds, while
new examples of twist star products are obtained via submanifold algebra projection.
Motivated from this quantization procedure, we further construct a noncommutative
Cartan calculus on any braided commutative algebra, as well as an equivariant Levi-
Civita covariant derivative. This generalizes and unifies the classical Cartan calculus
of differential geometry and the calculus on twist star product algebras (see e.g. [7]).
This first chapter will serve as a motivation, while we also lay down the agenda of
the thesis and notation.

Hamiltonian Mechanics

Hamilton’s equations of motion provide a good description of macroscopic objects.
We sketch how this axiomatic framework can be implemented in terms of Poisson
geometry, following [14] Chap. 0 and [109] Chap. 1. The dynamics of a Hamilto-
nian system are controlled by a Hamiltonian function H(q,p) € R via Hamilton’s

equations of motion
(%;) :\(—qn 10n) (%:g)j(Q(t),p(t)), (1.1)

-~

=Xy

where (¢,p) € R?*™ are phase-space coordinates. A solution z(t) = (q(t),p(t)) of
is given by the flow of the Hamiltonian vector field Xp: R?*® — R?", with
respect to some initial conditions xz(0) = (qo,po) € R**. For example, we may
consider a particle with mass m influenced by a conservative force F: R? — R3.
The movement of the particle is represented by a smooth curve q: R — R?, where
q(t) € R3 is the position of the particle at time ¢ € R. The velocity ¢ and acceleration
¢ of the particle are defined by the first and second derivative of ¢, respectively. Its
momentum is given by the product p = mgq. Since F' is conservative, there is
a potential V: R® — R such that F(q(t)) = —(VV)(q(t)), where V denotes the
gradient. Then, Newton’s second law

F(q(t)) = mq(t) (1.2)

determines 2the dynamics of the particle. Employing the Hamiltonian function
H(q,p) = Z-+V(q), the second order partial differential equation 1’ is equivalent

8



Introduction 9

to the system of differential equations of order one. In other words, in this case
Hamilton’s equations of motion constitute Newtonian mechanics. There is a notion
of symplectic manifolds and more general of Poisson manifolds (see Section
that allow the formulation of a Hamiltonian formalism. The crucial ingredient is
the Poisson bracket {-,-}, which is a Lie bracket on the algebra of smooth functions,
satisfying a Leibniz rule in each entry. For every function f on a Poisson mani-
fold (M,{-,-}) with Hamiltonian function H and corresponding Hamiltonian flow
Or: €°(M) — €°(M), the time evolution f(t) = ®;(f) of f is determined by

d

3 & () =1 (f), H}. (1.3)

We regain ((1.1)) if M = R*" and f = (¢,p). In the next section we examine the
passage from classical mechanics to quantum mechanics, in the lines of [I09] Chap. 5.

Deformation Quantization

At the beginning of the 20th century quantum mechanics revolutionized the concep-
tional and philosophical understanding of physics. It recovers classical mechanics
via a limit procedure. In [40] Dirac discussed the canonical commutation relations

[’ i) = ihd}, (1.4)

stating that position and momentum do not commute as quantum observables and
their noncommutativity depends on the Planck constant h. In this picture, states
are square integrable wave functions in L?(R?,d?q) and observables are (unbounded)
self-adjoint operators of wave functions. Interpreting position and momentum of a
particle as operators ¢/ and py, which act on a wave function v as (¢7¢)(q) = ¢ (q)
and (pr)(q) = —ih%(q), we obtain,

. 0ul0(a) = —ihe' S5 0) + ih(éimq) ; qjg—;i@ el (L5)

which is a representation of (1.4)). In the classical limit, where h is considered to be
arbitrarily small, the operators ¢’ and p; become commutative and we recover the
situation known from classical mechanics. This procedure of canonical quantization
can be formalized in the following way: a quantization map

Q: (M) — Endc(H) (1.6)

assigns to any smooth complex-valued function f on a Poisson manifold (M, {,-})
a C-linear operator Q(f) = f: H — H on a complex Hilbert space H. The map
(1.6) should be C-linear, satisfy Q(1) = idy and

QS 9) = Q). Q) (1.7

on generators f,g € €°(M). However, it was pointed out in [40], and later by
[62, 107], that (1.7)) does not hold on the whole algebra of functions but instead only
up to higher orders of A, i.e.

QS 91) = (), Qo) + Oh). (1.8



10 Chapter 1

A particular quantization in accordance with is given by the notion of defor-
mation quantization: in [I1] the authors suggested to deform the algebra structure
of €°°(M) rather than the observables itself. Namely, one considers A as a formal
parameter and calls an associative product

Frg=Culf.g) € €=(M)[[h] (1.9)

on the formal power series €°°(M)|[h]] a quantization or star product on (M, {-,-})
if C, are bidifferential operators on M and % deforms the pointwise product of
functions, i.e. fxg= fg+ O(h) € €°(M)|[[h]], such that 1 x f = f = fx 1 and

{9} = o 1f.al+ O) (1.10)

hold for all f, g € €°(M), where [f, gl = f*g—g*f. In other words, this amounts to
consider a noncommutative algebra (4°°(M)][[h]], ) rather than endomorphisms on
a Hilbert space and to set () = id. This agenda is know as deformation quantization
and has proven its profundity by many publications and a great interest in the
community of mathematical physics. We discuss this in more detail in Section

Drinfel’d Twists and Quantization

The term quantum group was proposed by Drinfel’d to refer to Hopf algebras in
the context of quantum integrable systems. In [42] he related solutions r € A%g of
the classical Yang-Baxter equation [r,r] = 0 (see Section on a Lie algebra g to
normalized 2-cocycles

F=101+hr+0(i) € (%g® %g)[H] (1.11)

on formal power series of the universal enveloping algebra % g. Note that Z g is
a Hopf algebra with coproduct, counit and antipode defined on primitive elements
regby A(z) =2®@1+1®uz, e(z) =0 and S(z) = —z (see Section 2.1)). Such a
classical r-matrix is equivalent to a G-invariant Poisson bivector 7, on the Lie group
G corresponding to g, while F corresponds to a G-invariant star product = on GG
quantizing 7., where G-invariance means that the pullback of the left multiplication
ly: G > hw g-h € G satisfies (;m, = m, and €;(f1 * fa) = (£; f1) * (€} f2) for all
f1,f2 € €°(G) and g € G. Accordingly, the 2-cocycle condition

(ARId)(F) (Fe1l)=1dA)(F) - (1 F) (1.12)
of F reflects associativity of x, while the normalization property
(e®id)(F) =1= (id ® €)(F) (1.13)

is synonymous to the star product being unital with respect to the unit function
on GG. Furthermore, F equals 1 ® 1 in zero order of A if and only if * deforms the
pointwise product of functions. In a next step we want to induce star products on
a Poisson manifold (M, {-,-}) via a Drinfel’d twist F on % g. For this we only need
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a Lie algebra action ¢: g — I'*°(T'M) by derivations. Such a Lie algebra action
extends to a % g-module algebra action >: Zg® €<°(M) — €>°(M) and

frrg=mw(F > (f®g), (1.14)

is a star product on M, where f, g € €°°(M) and pg: €= (M)®* — € (M) denotes
the pointwise multiplication. A star product which can be expressed as is said
to be a twist star product. The corresponding Poisson bracket is induced by the r-
matrix of F, namely,

{f,9} = wo(r>(f ®g)) (1.15)

for all f,g € €>(M). Chapter [3|is devoted to Drinfel’d twists, r-matrices and twist
star products and to obstructions of the latter. The main theorems provide a class
of symplectic manifolds that do not admit a twist star product deformation.

Theorem ([20, 38]). There are no twist star products on
i.) the symplectic connected orientable Riemann surfaces of genus g > 1;
ii.) the symplectic 2-sphere S*;
iii.) the symplectic projective spaces CP" for a Drinfel’d twist based on % gl,,,,(C);

Note that in the third class of examples only twists on universal enveloping alge-
bras of matrix Lie algebras are obstructed, while the first two classes prohibit twist
deformation based on any universal enveloping algebra. In fact, we are providing
more general results which imply the above examples. For i.) and ii.) we prove that
connected compact symplectic manifolds endowed with a twist star product are in
fact homogeneous spaces and that the classical r-matrix corresponding to the twist is
non-degenerate (see Section [3.2). The third obstruction utilizes twist deformations
of Morita equivalence bimodules, which are studied in Section [3.4l In a nutshell, we
prove that a symplectic manifold cannot inherit both a complex line bundle which
is invariant under a Lie group action and has non-trivial Chern class and a twist
star product with Drinfel’d twist based on the universal enveloping algebra of the
corresponding Lie algebra.

Braided Symmetries and Cartan Calculi

Motivated by the example of universal enveloping algebras, one defines Drinfel’d
twists on an arbitrary Hopf algebra H to be invertible elements F € H ® H such
that (1.12)) and (1.13)) are satisfied. They lead to a deformed Hopf algebra Hx with
structure

Ar(-) = FA()F, Sx(-) =BS()B7, (1.16)

where 8 = p((id®S)(F)) € H and p: H®? — H is the multiplication. Furthermore,
any left H-module algebra (A,-), i.e. any associative unital algebra together with
a Hopf algebra action which respects the algebra structure, can be deformed into a
left Hr-module algebra Arx = (A, -5), where

a-rb=pu(F'>(a®b)) (1.17)
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for all a,b € A and po denotes the undeformed multiplication on A. More general, an
H-equivariant A-bimodule M (see Section is deformed into an H r-equivariant
Az-bimodule Mz. The category ZM 4 of equivariant bimodules is particularly
interesting in the case of triangular Hopf algebras. The latter are Hopf algebras H
equipped with a universal R-matric 'R € H ® H, which is an invertible element
controlling the noncocommutativity of H, namely

Ril = Rgl and Agl(') = RA(')Ril, (118)

such that the hexagon relations (see Section are satisfied. In , Ro1 denotes
the tensor flip of R and As; the flipped coproduct of H. The universal R-matrix
encodes a braiding on the categorical level. Any cocommutative Hopf algebra is
triangular with universal R-matrix 1 ® 1. Let (H,R) be triangular, A braided
commutative and M braided symmetric in addition, i.e.

b-a=(Ri'>a) (Ry'>b), m-a=(Ry'>a) (R, >m) (1.19)

for all a,b € A and m € M in leg notation. Then, the twist deformed Hopf algebra
(Hr,RF) is triangular, Az is braided commutative and the twisted module Mz
braided symmetric with respect to the twisted universal R-matrix Rr = For RF L.

Example. The smooth functions A = (€°°(M),-) on a Poisson manifold (M, {-,-})
with the pointwise product are commutative, in other words braided commutative
with respect to a triangular Hopf algebra H = (% g,1 ® 1). Then also twist star
products on a Poisson manifold M determine a braided commutative algebra
Ar = (€°°(M)[[h]],*x7) with symmetry Hr = (% g7, FuF ).

In categorical language, the Drinfel’d twist defines a braided monoidal functor
Dring: fME — T2 M%7 (1.20)

between the representation theories of H and Hz. Such a functor is a braided
monoidal equivalence of categories, which implies that the two algebras in the ex-
ample are equivalent on categorical level (where one extends the pointwise prod-
uct A-bilinearly). Braided multivector fields X% (.A) and braided differential forms
Q% (A) are canonical examples of objects in f M% (c.f. Chapter 4) and we con-
struct four H-equivariant maps (i.e. maps commuting with the Hopf algebra action)
LR iR d,[-,-]r in analogy to the Lie derivative, insertion of multivector fields, de
Rham differential and Schouten-Nijenhuis bracket, for any braided commutative
algebra A. Their relations are clarified in the following theorem, providing a non-
commutative Cartan calculus.

Theorem ([I11] Braided Cartan Calculus). Let H be a triangular Hopf algebra
with universal R-matriz R. For every braided commutative left H-module algebra
A the graded maps L% : QR(A) — Q;;(k_l)(/l), i%:Q%(A) — Q%" (A), where
X € Xk (A) and d: Q% (A) — Q% (A), satisfy

["%)?75;3]73 :gﬂ,l)z(,YﬂR’ [1§7 IR]R :07
L8 ¥R =ik v iR, djgr =<F, (1.21)
[Z;;’, d]R :07 [d7 d]R :07

for all X,Y € X%(A), where [-,-]g denotes the graded braided commutator. The
twist deformation of this braided Cartan calculus (induced by the Drinfel’d functor
Dring) is isomorphic to the braided Cartan calculus on Ax with respect to Rx.
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Applying the theorem to the two algebras from our examples we recover the
classical Cartan calculus of differential geometry and the twisted Cartan calculus
(c.f. [7], see also Section . This explains the braided symmetries appearing in
the latter, e.g. that vector fields X € X'(M) act rather as braided derivations

23 (f9) = (Lxflg+ (R > FZr;1ox9 (1.22)

on functions f, g € €°°(M), than as derivations. We show the utility of the braided
Cartan calculus and its similarity to the classical Cartan calculus by further dis-
cussing equivariant covariant derivatives and submanifold algebras. An equivariant
covariant derivative on A is an H-equivariant map V7*: XL (A) @ XL (A) — XL (A),
which is left A-linear in the first argument and satisfies a braided Leibniz rule

VE(a-Y)=(ZLFa)- Y +(Ri'>a)- (VR;1>XY) (1.23)

in the second argument, where X,Y € X1 (A) and a € A. After defining their cur-
vature and torsion we prove that these objects behave similarly to their counterparts
from differential geometry.

Theorem ([I11]). Any equivariant covariant derivative on A extends to an equiv-
ariant covariant derivative on X% (A) and Q% (A). For every non-degenerate equiv-

artant metric g there exists a unique torsion-free equivariant covariant derivative
V€ on A, such that V*°g = 0.

We call VIC the equivariant Levi-Civita covariant derivative corresponding to
g. If the twist deformation gr of g is non-degenerate, it follows that the twist
deformation of VIC is the equivariant Levi-Civita covariant derivative corresponding
to gr. Phrasing the notion of submanifold in algebraic terms, we prove that the
braided Cartan calculus on a submanifold algebra coincides with the projection
of the calculus on the ambient algebra. Under some hypotheses we are able to
project equivariant covariant derivatives and metrics to the submanifold algebra. An
important observation is that these projections commute with twist deformation.

Organization of the Thesis

In Chapter [2| we recall some notions concerning Hopf algebras. The strategy is to
develop the algebraic data parallel to the categorical data on representations. A
quasi-triangular Hopf algebra corresponds to the rigid braided monoidal category of
its finitely generated projective representations. Accordingly, Drinfel’d twists can
be understood as algebraic deformation tool and braided monoidal functor in the
category of equivariant braided symmetric bimodules. We further give examples
of Drinfel’d twists and include *-involutions in the picture. The case of Drinfel’d
twist deformation of Poisson manifolds is studied in Chapter [3] We define star
products as formal deformations and investigate consequences if they are induced
by Drinfel’d twists. In particular, the relation of twists on formal power series
of universal enveloping algebras and classical r-matrices is pointed out. Another
important result is that the deformation theory of a commutative algebra is a Morita
invariant, i.e. Morita equivalent algebras share the same deformation theories. In
the case of twist star products this sets severe conditions on equivariant line bundles
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Appendix [A]

Chapter

Appendix Chapter

Chapter [

Chapter

Figure 1.1: How to read the thesis

over the manifold. Both approaches lead to obstructions of twist star products on
several classes of symplectic manifolds. Chapter |4] covers some topics in braided
geometry. We construct the braided Cartan calculus on any braided commutative
algebra and prove that it respects gauge equivalence classes of the Drinfel’d functor.
Furthermore, equivariant covariant derivatives are defined on equivariant braided
symmetric bimodules. In complete analogy to differential geometry we study their
properties and prove e.g. the existence and uniqueness of an equivariant Levi-Civita
covariant derivative for a fixed non-degenerate equivariant metric. The Drinfel’d
functor intertwines all constructions. Finally, in Chapter[5], we show that the braided
Cartan calculus on a submanifold algebra is in fact the projection of the braided
Cartan calculus of the ambient space. Employing certain assumptions we are able
to project equivariant metrics and covariant derivatives. As a central observation
we point out that the projection and twist deformation commute. In addition, an
explicit example of twist deformation quantization on a quadric surface is given.
There are two appendices, Appendix [A] briefly covering the material on category
theory which is necessary to understand the thesis and Appendix [B] providing some
additional material on braided exterior algebras and braided Gerstenhaber algebras.

Depending on the personal background and intentions we recommend to read
the thesis in the following ways (see also Figure . In Appendix |A| the basic
categorical language, which is used throughout the thesis, is provided. If the reader
is familiar with these concepts the appendix can be omitted. Chapter [2| contains
the algebraic concepts of Hopf algebra and Drinfel’d twist which are central to this
work. The advanced reader might also skip this chapter. Section is mainly
relevant for the twist deformation of quadric surfaces in Section [5.4] where the
latter can be understood independently of Chapter [B}Section [5.3] Furthermore, the
braided Cartan calculus (Chapter and its compatibility with submanifold algebras
(Chapter |5)) can be considered independently of Chapter , which treats obstructions
of twist star products and deformation quantization. In other words, if the reader
is not interested in deformation quantization there is a shortcut from Chapter 2] to
Chapter [ where one might consider Appendix [B] before, to learn about braided
Grafimann algebras and braided Gerstenhaber algebras.
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Notation

Throughout the thesis k denotes a commutative ring with unit 1. If the situation
requires to work over a field we write K instead. A k-module is an Abelian group
M together with a distributive left k-action. Typically we write A - m or simply
Am for the action of an element A € k on an element m € M of a k-module. A
map between the Abelian groups of two k-modules is said to be k-linear or k-module
homomorphism if it intertwines the k-actions. If such a map is invertible in addition
we call it k-module isomorphism. The tensor product of k-modules is denoted by ®.
It is a monoidal structure on the category M of k-modules. The flip isomorphism
of two k-modules M and N is defined by

TMN: MON S (m@n) = (n@m) e N @M. (1.24)

Furthermore we write M®* = M®...®.M for the tensor product of k& > 1 copies of a
k-module M. Let M be a k-module. Then any element F € M®? can be expressed
as a finite sum Y, | Fi ® Fj of factorizing elements F{ ® F4. Omitting this sum
and the summation indices we end up with F = F; ® F5, which is known as leg
notation. Dealing with several copies of F we write F = F| ® F3, etc. to distinguish
the summations. If M is an algebra with unit 1 we further write Fa; = T m(F),
Fro = F®1, Fiz = (idpm @ Tamm)(F ® 1) and similarly for other permutations of
the legs of F. If not stated otherwise every k-algebra A is assumed to be associative
and unital. This means there are k-linear maps p: A ® A — A and n: k — A,
called product and wunit, respectively, such that

po(p®id)=po(id®p): A% = A (1.25)

and
po(n®id)=id=po(id®n): A — A (1.26)

hold. The first property is said to be the associativity of . In equation we
employed the k-module isomorphisms k ® A =2 A =2 A ® k. The product of two
elements a and b of an algebra (A, i, n) is sometimes denoted by a - b or ab if the
reference to p is not essential. Since 7 is determined by its value at the unit of k
we often write 1 = (1) € A, calling this element the unit of A as well. The algebra
is said to be commutative if ab = ba for all a,b € A. An algebra homomorphism
is a k-linear map ®: A — B between algebras such that ®(ab) = ®(a)P(b) for all
a,b € Aand ®(1) = 1. If ¢ is invertible in addition it is said to be an algebra
isomorphism. The category of k-algebras is denoted by . A. It is monoidal with
respect to ®, since k is an algebra and the tensor product A ® B can be structured
as a k-algebra with unit 1 ® 1 and product

(a1 ®b1) - (a2 @ by) = (a1a2) ® (b1by), (1.27)

where ai,as € A and by, by € B.



Chapter 2

Quasi-Triangular Hopf Algebras
and their Representations

In this preliminary chapter we recall the notion of Hopf algebra together with its
category of representations. By adding more and more algebraic structure we succes-
sively discuss coalgebras, bialgebras and finally Hopf algebras, together with some
fundamental examples. Depicting those algebraic properties in terms of commuta-
tive diagrams is a comfortable way of compressing the relations, furthermore reveal-
ing their duality. This, together with proofs of some fundamental properties of the
Hopf algebra structure, is the agenda of Section [2.1] Afterwards, in Section [2.2] we
focus on modules of Hopf algebras. It turns out that, unlike for general algebras,
the representation theory of Hopf algebras has many additional features. In fact,
it is exactly the bialgebra structure which shapes the corresponding modules as a
monoidal category, while the antipode gives rise to an additional rigidity property
of the monoidal subcategory of finitely generated projective modules. Consequently,
we introduce quasi-triangular Hopf algebras in Section as those Hopf algebras
whose monoidal category of representations is braided and describe the correspond-
ing algebraic structure on the algebraic level. It is interesting that this so-called
universal R-matrix satisfies the quantum Yang-Baxter equation, which connects our
considerations to the field of integrable systems. There is a notion of gauge equiv-
alence respecting both pictures in equal measure: on the algebraic side, Drinfel’d
twists deform the quasi-triangular Hopf algebra structure such that the result is still
a quasi-triangular Hopf algebra, while on the categorical side the Drinfel’d functor
leads to a braided monoidal equivalence of the representations of the deformed and
undeformed Hopf algebra. This is what we discuss in Section [2.4] In Section [2.5 we
refine the mentioned braided monoidal equivalence to braided symmetric equivariant
bimodules of braided commutative module algebras of a triangular Hopf algebra. At
the end of this chapter, in Section 2.0} it is discussed how *-involutions fit into the
picture and how they can be deformed using unitary Drinfel’d twists. The main
references for the first four sections are [35, 68| [77, 81], while the last two sections
are inspired by [6] @, 60] and [56], respectively.

2.1 Hopf Algebras

The first formal definition of Hopf algebra goes to back to early works of Cartier
(see [I] and references therein for a discussion on the origin of Hopf algebras). Hopf

16
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algebras are essential objects in a broad spectrum of disciplines in mathematics and
likewise in theoretical physics. In this thesis Hopf algebras incarnate symmetries of
the algebra of observables of our interest. This point of view was first promoted in
early articles [42], [43] 44, 96] about quantum groups. Since then, numerous works on
algebraic deformation proved the fruitfulness of this approach. From an algebraic
point of view, Hopf algebras are natural specifications of algebras: a coalgebra is the
dual object to an algebra and the notion of bialgebra describes objects which inherit
both structures in a compatible way. The antipode, completing the Hopf algebra
structure, is an inverse of the corresponding convolution algebra of the bialgebra.
We add more substance to this line of thought in this section. Namely, we give the
definition of Hopf algebra building on intermediate steps and concrete examples.
Several fundamental properties of the Hopf algebra structure are discussed. Since
they are used throughout the thesis we give full proofs, also to get used to the devel-
oped notation. We refer to the textbooks [35] Sec. 4.1, [68] Chap. III, [77] Chap. 1
and [81] Chap. 1 for excellent introductions to Hopf algebras.

Let us start this section by discussing two fundamental examples of Hopf al-
gebras: the universal enveloping algebra of a Lie algebra and the group algebra.
Having concrete examples in mind the abstract definitions of the following sections
are easier to digest. Consider a Lie algebra g over a field K, with Lie bracket denoted

by [-,-]. Its universal enveloping algebra % g is defined to be the tensor algebra
Tg=Po* =Kage (gog) @
k>0

of g modulo the ideal generated by x ® y —y ® x — [z, y] for all x,y € g. It inherits
the structure of an associative unital algebra from Tg, with product induced by
the tensor product and unit induced by 1 € K. The universal enveloping algebra
is, up to isomorphism, uniquely determined by the following universal property:
for any associative unital algebra A, seen as a Lie algebra with the commutator,
and any Lie algebra homomorphism ¢: g — A, there is a unique homomorphism
&: % g — A of associative unital algebras such that ¢ = ® o+, where : g — Zg
denotes the canonical embedding of g in % g. Making use of this universal property
we can define three K-linear maps A: g — % g%, ¢: g —Kand S: %g — Ug
by declaring them to satisfy A(z) =2 ®1+1®z, ¢(z) = 0 and S(z) = —x on
elements x € g and extending A and € as algebra homomorphisms and S as algebra
anti-homomorphism. A calculation shows that the equations

(A®id)oA=(ld®A)oAand (e®id)o A =id = (id®e) o A (2.1)

hold in addition as maps g — Z g% and g — g, respectively. By the
universal property of % g it is sufficient to prove this on elements of g. If one denotes
the product and unit of Z g by pu: % g%? — % g and n: K — % g, respectively, one
easily verifies that

po(S®id)oA=noe=po(id®S)oA: Ug— Ug (2.2)

holds. Before commenting further on these maps and their properties we introduce
another algebra with additional maps A, € and S obedient to the same relations.
It is the group algebra K[G] of a finite group G, which is defined as the free K-
module generated by the elements of GG. Its associative product is given by the K-
linearly extended group multiplication and the unit is the neutral element of G. On
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elements g € G we define A(g) =g ®g, ¢(g) =1 and S(g) = g~ and extend those
maps as algebra (anti)-homomorphisms to A: K[G] — K[G]*?, e: K[G] — K and
S: K[G] — K[G]. It is easy to verify that they satisfy and (2.2). The natural
question arises if there are more examples of associative unital algebras allowing
for such additional structure, maybe even revealing a greater concept. Besides, the
equations seem to mimic the axioms of an associative unital algebra in a dual
fashion and the map S reminds of some kind of inverse. In fact it is the notion of
Hopf algebra which unites and generalizes those two examples. To state a rigorous
definition we need some preparation. First of all we operate slightly more general
by considering commutative rings k instead of fields K and k-modules rather than
K-vector spaces. The reason is that we obviously enrich the number of examples in
this way, in particular allowing for formal power series V[[A]] with coefficients in a
K-vector space V' in this way: V[[h]] is a k = K[[A]]-module. In the next definition
we axiomatize equations ([2.1]).

Definition 2.1.1 (Coalgebra). Let C be a k-module for a commutative ring k. It
is said to be a k-coalgebra if there are k-linear maps A: C - C®C ande: C — k
such that hold. In this case A 1is called coproduct and € counit of C, while
to azxioms are called coassociativity and counitality, respectively. A k-linear
map ¢: C — C' between k-coalgebras (C, A, €) and (C', A’ €') is said to be a coalgebra
homomorphism if (¢ @ ¢) o A = A o ¢ and € o ¢ = €. The category of k-coalgebras
1s denoted by C.

We introduce Sweedler’s notation A(c) = ¢y ® c(2) to denote the coproduct of
an element c of a coalgebra C. Namely, we omit a possibly finite sum of factorizing
elements in the tensor product, similar to the leg notation which we introduced in
the introduction. Using the coassociativity of A we define

(1) @ €2) @ €3) = Cy(1) @ C(1)(2) B C2) = (1) @ C(2)(1) D C(2)(2)

and similarly for higher coproducts of ¢. Combining Sweedler’s notation with leg
notation we further write Fio3 = (A ®id)(F), Fi23 = (id ® A)(F) for any element
F = ]:1 ®]:2 € C®2 and ]:3712 = (ld & A)(chc(]:)), ]:2173 = (TC,C ®ld)(A(]:)), etc. if
we consider permutations of the legs of F. A coalgebra C is said to be cocommutative
if co) @ cay = ¢y @ ¢ for all ¢ € C. This is the case for our previous examples
of the universal enveloping algebra % g and the group algebra K[G]. Furthermore,
motivated from exactly these two examples we call an element ¢ € C &-x-primitive
for two elements £, x € C, if A(c) = c® &+ x ®c. We call ¢ € C group-like if
A(c) = ¢ ® c. The 1-1-primitive elements of % g are exactly the elements of g,
usually they are said to be primitive for short in this case, while the group-like
elements of K[G] are exactly the elements of G. Depicting the axioms of a coalgebra
(C,A,€) and a coalgebra homomorphism ¢: C — C’ via commutative diagrams

c—2 _scxcC koC <2 coc 4% cok

Coc 2% cocec

and
C 2 .,0xC c

¢l l¢®¢ : x l ,

- ALoec k
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respectively, the duality with algebras and algebra homomorphisms becomes visible:
the corresponding diagrams in the category .A of algebras are obtained by reversing
the arrows, replacing A by the product and e by the unit in the above diagrams.
Another observation affirming this duality is given by the following lemma (c.f.
[81] Lem. 1.2.2 and the subsequent discussion).

Lemma 2.1.2. Let (C,A¢€) be a k-coalgebra. Its dual k-module C* = Homy(C, k)
s a k-algebra with product and unit given by the dual maps A*: C* @ C* — C* and
e*: k — C*, respectively. If (A, p,n) is a finite-dimensional algebra over a field K,
its dual A* = Homg(A,K) is a coalgebra with coproduct and counit given by the
dual maps p*: A* — A* @ A* and n*: A* — K, respectively.

Proof. We only prove the second statement. For finite-dimensional vector spaces
there is an isomorphism (A ® A)* = A* ® A*. This implies that the dual of the
multiplication

(1" (@) (@ @ b) = a(u(a @ b)),

where o € A* and a,b € A, is a K-linear map p*: A* — A*® A*. It is coassociative,
since

(a(1)(1) @ a1)(2) @ Oé(g))(a, ®Rb® c) =pu(ula®b) @ c)
=u(a @ u(b® c))
() @ ap)) ® ape)(a®@b®c)

for all « € A* and a, b, c € A by the associativity of u, where we denoted a1y ®ay2) =
(). Furthermore, the dual n*(a) = (1) of the unit satisfies the counit axiom

(" @id)p*(@))(a) =a@)(1) @ a)(a)
=a(u(l®a))
=a(a)

=((d @ n")u*(a))(a)
for all a € A. O

However, the second part of the lemma indicates that the duality of algebras
and coalgebras should be understood with a grain of salt. For a infinite-dimensional
algebra A it is known that A* ® A* is a proper subspace of (A ® A)* and we can
not expect A* to be a coalgebra in general. A way out of this problem is given by a
stronger notion of duality which is presented later in this section. Besides the dual
k-module, there is another fundamental construction given by the tensor product
C ® D of coalgebras. It is a coalgebra with coproduct

Acgp(c®d) = (ide ® ¢p @ 1dp)(Ac @ Ap)(c ® d) = (cy ® d1y) @ (cr2) @ d(2))

and counit ecgp = €¢ ® ep. Remark the duality of this construction to the tensor
product of two algebras (see eq.). Furthermore, any commutative ring k is
a k-coalgebra with coproduct Ag(A) = A - (1 ® 1) and counit ¢ = idx. In fact,
coassociativity is trivial and counitality follows from the isomorphism k ® k =2 k.
We introduce an algebra which is useful in the theory of quantum groups. In fact,
it is an essential tool in the subsequent proofs of this section.
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Lemma 2.1.3 (Convolution Algebra). Consider a k-algebra (A, p,n) and a k-
coalgebra (C, A €). Then, the k-linear maps Homy(C, A) from C to A form an algebra
with associative product given by

frg=po(f®g)oA (2.3)
for all f,g € Homg(C, A) and with unit given by n o €.

The algebra (Homyg(C,.A), %, noe€) is said to be the convolution algebra and x the
convolution product. Using Sweedler’s notation and omitting the product in A the
convolution product reads (f x g)(c) = f(ca))g(ce)) for all f, g € Homy(C,.A) and
c € C. As a reference consider [68] Prop. I11.3.1.(a). Setting A = k we recover the
situation of the first part of Lemma [2.1.2]

Proof. Let f,g,h € Homg(C, A) and ¢ € C be arbitrary. As concatenation of k-
(bi)linear maps, * and 7 o € are k-(bi)linear and f % g,n o e € Homg(C,.A). Then

((f *g) = h)(c) =(f(cym)gcwy))hlce)
( )(9(02 1) (0(2)(2)))
=(f*(g*h))(c)

proves that x is associative and

((noe)x f)e) =e(c)) f(c)
=f(e(cq))ee)
=f(c)
=(fx(noe))c)

shows that n o € is a unit, concluding the proof of the lemma. m

Focusing again on our motivating examples we realize that their coalgebra struc-
tures are not independent from their algebra structures. In fact, A and € are algebra
homomorphisms and g and n are coalgebra homomorphisms, where we endow the
tensor product and k with the corresponding (co)algebra structure. This indicates
that we are not finished in formalizing our examples.

Definition 2.1.4 (Bialgebra). A k-module B is said to be a bialgebra if it is an
algebra and a coalgebra such that the coproduct and the counit are algebra homomor-
phisms and the product and unit are coalgebra homomorphisms. A homomorphism
of bialgebras is an algebra homomorphism, which is a coalgebra homomorphism in
addition. The category of bialgebras is denoted by B.

In Section we connect the notion of bialgebra with properties of its represen-
tation theory. The conditions on an algebra (B, u,n) with coalgebra structures A
and € to be a bialgebra is depicted in the commutativity of

B®B " B 2 . B®B k—" B

A@Al L@# , gl lA . (24)

BoBoBoB —82esd  popeBoB kok "L BoB
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BBt B k—5 B
@{ \kwd ;\\k' (2.5)
kok — k Sk

Remark that it is sufficient to demand g and 7 to be coalgebra homomorphisms or
A and € to be algebra homomorphisms in Definition [2.1.4] which is clear from the
symmetry of the diagrams (2.4) and ([2.5)), see also [35] Sec. 4.1 Rem. 1.

Lemma 2.1.5. Let (B, u,n, A €) be a k-algebra and a k-coalgebra. Then p and n
are coalgebra homomorphisms if and only if A and € are algebra homomorphisms.

We did not abstract the map S yet, which becomes the main character in the
following definition, finally completing the notion of Hopf algebra.

Definition 2.1.6 (Hopf Algebra). A k-bialgebra (H, 1, n, A, €) is said to be a k-Hopf
algebra if there is a k-linear bijection S: H — H such that holds and we call S
an antipode of H in that case. A bialgebra homomorphism between Hopf algebras is
said to be a Hopf algebra homomorphism if it intertwines the antipodes in addition.
We denote the category of Hopf algebras by H.

In the following we often drop the reference to the commutative ring k and simply
refer to Hopf algebras, etc. Remark that there are slightly weaker definitions of Hopf
algebra, not assuming the antipode to have an inverse (see [68, [77, 8I]). We follow
the convention of [35], arguing that in all examples which are relevant for us the
antipode is invertible and we do not want to state this as an additional condition
throughout the thesis. The antipode axioms can be reformulated in pictorial
language by the commutativity of

HoH s Ho H
% X
H € s k il s H
HeH N T

Besides % g and K[G] there are further interesting examples of Hopf algebras taken
from [35] Sec. 4.1 B and [81] Ex. 1.5.6, respectively.

Example 2.1.7. i.) Let G be a finite group with neutral element e € G and
consider the k-module F(G) of functions on G with values in k. It is a com-
mutative k-algebra, where the product Fy - Fy of two functions Fy, Fy € F(G)
is defined by

(Fy - F)(9) = Fi(9)Fa(9)

for all g € G and with unit function defined by G > g — 1 € k. We fur-
ther define two k-linear maps A: F(G) — F(G x G) and €: F(G) — k as
A(F)(g,h) = F(gh) and (F) = F(e) for all F € F(G) and g,h € G. Note
that there is an isomorphism F(G) @ F(G) = F(G x G) of k-modules given
by

Fi® F2 = F1® FQZ GxG> (g, h) — Fl(g)Fg(h) € k.
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Using this identification it follows that
(A @id)A(F))(g, b, £) = F((gh)l) = F(g(ht)) = ((id ® A)A(F))(g, h, £)

and ((e ® Id)A(F))(g) = Fleg) = F(g) = F(ge) = ((id ® €)A(F))(g) for all
F € F(G) and g,h,t € G. Furthermore

A(F1Fy)(g,h) = (F1Fy)(gh) = Fi(gh)Fy(gh) = (A(F1)A(Fy))(g, h),

A(l)(g, h) = 1, E(FlFQ) = (FlFQ)(€> = FI(Q)F2(6> = E(Fl)E(FQ) and 6(1) =1
hold for all F\,Fy, € F(G) and g,h € G, proving that (F(G),A€) is a
bialgebra. Finally, one defines an antipode on F(G) as the k-linear map
S: F(G) = F(G) such that S(F)(g) = F(g7") for all F € F(G) and g € G.
In fact

(S(Fu)Fo)(g) = F(g~'g) = F(e) = e(F)1 = (FyS(F2)))(9)

for all F € F(G) and g € G, where we used Sweedler’s notation for the
coproduct. This describes the Hopf algebra F(G) of k-valued functions on G.
It is cocommutative if and only if G is Abelian. The same computations hold
if G is an affine algebraic group over a field. If G is a compact topological
group, the finite-dimensional real representations Rep(G) of G are not only
a dense subalgebra of F(G) but even a Hopf algebra, since Rep(G x G) =
Rep(G) ® Rep(G). This is called the Hopf algebra of representative functions
on G. Note that in general F(G) is not a Hopf algebra for a compact topological
group G;

As an algebra, Sweedler’s Hopf algebra Hy is generated by a unit element 1
and three elements g,x and gx such that the relations

=1, 22=0and xg = —gx
hold. The coproduct and counit are defined on generators by
Alg) =g®g, Alx) =z®@1+g®@x, €(g) =1 and e(z) = 0,

respectively, while the antipode reads S(g) = g and S(x) = —gx on generators.
g is group-like, while x is (1, g)-primitive. In fact, all relations are easily veri-
fied on generators. Obuiously, Hy is neither commutative nor cocommutative.
It is the smallest Hopf algebra with this property;

Let G be a finite group and consider the two Hopf algebras F(G) and K[G]
arising from it. There is a non-degenerate dual pairing

(,): F(G)®K[G] = K

between them and in a remarkable way it mirrors the algebra structure of F(G)
with the coalgebra structure of K[G] and vice versa. Namely,

S~
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for all F,F,Fy, € F(G) and g,h € G. Furthermore the pairing mirrors the an-
tipodes, i.e. (S(F),g) = F(g7') = (F,S(g)). Recalling Lemma for a finite-
dimensional Hopf algebra H over a field K encourages this duality: the bialgebra
structure of H is the transpose of the bialgebra structure of H* via the dual pairing
of (finite-dimensional) vector spaces. It is not hard to prove that the transpose of
an antipode on H leads to an antipode on H* and vice versa. Let us formalize these
observations.

Definition 2.1.8 (Dual Pair of Hopf Algebras). Consider two Hopf algebras H and
H' over a commutative ring k. They are called dual pair of Hopf algebras if there is
a k-bilinear map (-,-): H ® H — k such that

(ab, &) =(a ® b, §n) ® &),
(1,€) =¢(§),
(a,§x) =(aq) ® a(2),£ @ X)),
(a,1) =¢(a)

and
(S(a), &) = (a,5(¢))

for all &, x € H and a,b € H'. They are called strict dual pair of Hopf algebras if
the pairing (-, -) is non-degenerate in addition, i.e. if (a,&) = 0 for all § € H implies
a=0 and (a,§) =0 for all a € H' implies £ = 0.

We already observed that (K[G], F(G)), where G is a finite group, and (H, H*)
for a finite-dimensional K-Hopf algebra H, are examples of strict dual pairs of Hopf
algebras. However, in the infinite-dimensional setting or more general for com-
mutative rings k there are issues as already indicated by Lemma A solution
helping to avoid these problems is given by not considering the whole dual k-module
Homy (H, k) of an arbitrary k-Hopf algebra H, but rather its finite-dual

H° ={a € H* | 3 algebra ideal I C H such that dim(H/I) < co and a(l) = 0}.

It is a Hopf algebra with respect to the transposed Hopf algebra structure (c.f.
[81] Thm. 9.1.3). In particular, (H, H°) is a dual pair of Hopf algebras. After this
short excursus on duality we return to discuss general properties of Hopf algebras.
In particular we intend to prove additional features of antipodes, beginning with
uniqueness, c.f. [35] Sec. 4.1 Rem. 4.

Lemma 2.1.9. Let (B, p,n, A, €) be a k-bialgebra. A k-linear bijection S: H — H
is an antipode for H if and only if S is the convolution inverse of the identity no e
in the convolution algebra Homy(H, H).

Proof. By Lemma [2.1.3|the k-linear maps Homy (H, H) from the coalgebra (H, A, €)
to the algebra (H, i, n) form an associative algebra with respect to the convolution
product * and with unit noe. Let S: H — H be a k-linear bijection. Then
Sxid = noeif and only if S(§1))E2) = €(§)1 for all £ € H and id xS = no e if and
only £1)S(§2)) = €(§)1 for all { € H. O

Since the inverse element of an algebra element is unique, Lemma [2.1.9] implies
the following statement.
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Corollary 2.1.10. Let (H,pu,n,A,€,5) be a k-Hopf algebra. Then the underlying
bialgebra structure of H admits a unique antipode S.

Moreover, the antipode of a Hopf algebra respects the underlying bialgebra struc-
ture in the sense that it is an anti-bialgebra homomorphism, i.e. a bialgebra homo-
morphism in a contravariant way. In detail, S: H — H is an anti-algebra homo-
morphism if

S(Ex) = S(x)S(§) and S(1) =1 (2.6)
hold for all £, x € H and it is an anti-coalgebra homomorphism if
S(€)a) ® 5(&) @) = S(&e) ®S(§)) and €(S(£)) = €(§) (2.7)

hold for all £ € H. Furthermore, the examples we mentioned suggest that the
inverse of the antipode is given by the antipode itself. Even if this does not hold
in general, it is the case for a huge class of Hopf algebras, namely for commutative
or cocommutative ones, including our examples besides Example ii.). Both
statements are discussed in the following proposition (c.f. [68 Thm. III1.3.4. and
[77] Prop. 1.3.1).

Proposition 2.1.11. Let H be a k-Hopf algebra. Then its antipode S is an anti-
bialgebra homomorphism. If H is either commutative or cocommutative S* = id
follows.

Proof. Consider the coalgebra (H ® H, Aygn,€nen) and the convolution algebra
Homy(H ® H, H) with convolution product x and unit n o eggy. It is an algebra
according to Lemma . We are going to prove the first equation of by defin-
ing the left- and right-hand side to be k-linear maps f,g: H® H — H, respectively,
and showing that f x h =noeggey = hx g for a k-linear map h: H® H — H. In
fact this is sufficient, since the left and right inverse of an algebra element coincide
if both exist. For the first equation of we use a similar strategy, considering
the convolution algebra of k-linear maps from the coalgebra (H, A, €) to the algebra
(H® H, pgon, Masn). We divide the proof in three parts.

i.) S is an anti-algebra homomorphism: define f(§¢ ® x) = S({x) and
g€ ®x) = S(x)S(&) for all £, x € H. Then, using that A and € are algebra
homomorphisms and the antipode properties, we obtain

(f* )€ ®x) =) @ X)) © X @)
=S(Emxm)E@)X @)

and

(Lx9) (€@ x) =p€n) @ X))@ @ X@)
=Emx1)S(x(2)5(€@)
={yn(e(x))S (@)
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=£m)S(€@)nle(x))
=n(e(€))n(e(x))
=n(e(§)e(x))
=n(eneon(§ @ X))

for all £, x € H, implying that f = g. Furthermore,
S(1) = 5wl = (1)) =1
implies ([2.6]).

ii.) S is an anti-coalgebra homomorphism: define f(§) = S(§)a) ® S(§)(2)

and ¢(&) = S(&p)) ® S(&u)) for all £ € H. Then

(f * A)(E) =unen(f(§n) @ Alw))
=S(m)wéem @ SEw) @i e)
=(S(n))é@)a) @ (SEw)E@) @
=(n(e(€))) 1y ® (n(e(€)))2)
=e(§n(1) @n(1)

=Nnen(€())

and

) ® 5(1)(2)5@ 2)(1 )
) © E@)m)S (&

) ® 5(2)(1)(1 S(€
) @ n(e(€2)))

221)

212)

imply f = g. Furthermore,
€(5(8)) = e(S(e(€))€@)) = €(€1)S (&) = e(e(§)1) = €(§)
for all £ € H, implying .

iii.) For a commutative or cocommutative H the antipode is an involu-

tion: for all £ € H we prove

(S % 5%)(€) = S(§w)S* (&) = S(S(E@)8m) = Sn(e(€))) = n(e(§)),

using i.), where the third equality holds if H is commutative or cocommutative.
Since S xid = n o € by the antipode property we obtain S? = id, because the

right inverse of an algebra element is unique if it exists.

This concludes the proof of the proposition.

]

As a terminal observation we want to prove that commutativity of a bialgebra
homomorphism with the antipodes is in fact a redundant condition in the definition

of Hopf algebra homomorphism (compare to [35] Sec. 4.1 Rem. 2).



26 Chapter 2

Lemma 2.1.12. Let ¢: H — H' be a bialgebra homomorphism between k-Hopf
algebras (H, u,n, A€, S) and (H', i/ ,n', A’ €', S"). Then ¢s = ¢poS and pgr = S' 0 ¢
are k-linear maps which are convolution inverse to ¢. In particular ¢s = ¢g and ¢
1s a Hopf algebra homomorphism if and only if it is a bialgebra homomorphism.

Proof. The k-linearity of ¢g and ¢4 is clear since they are defined as a concatenation
of k-linear maps. For all £ € H one obtains

(05 % 9)(§) = (S (E)) (&) = (S (E))S@) = d(n(e(€))) = n'(€(€))

using that ¢ is an algebra homomorphism and

(9% 95)(§) = (£1) S (D(§2)) = d(§) 1S (#(&)2)) = 1'(€'(6(£))) = n'(e(E))

using that ¢ is a coalgebra homomorphism, implying ¢s = ¢g by the uniqueness of
the inverse element. This shows that commuting with the antipode is a redundant
condition for a Hopf algebra homomorphism. O]

In the next section we focus on algebra representations and characterize bialge-
bras and Hopf algebras via additional properties of the category of representations
of the underlying algebras. These considerations further lead to the definition of
quasi-triangular structures in Section [2.3

2.2 Hopf Algebra Modules

We introduce Hopf algebra modules and prove that they form a monoidal category
with monoidal structure given by the tensor product of k-modules. In fact it turns
out that bialgebras are those algebras whose category of representations is monoidal
with respect to the usual associativity and unit constraints, leading to an important
characterization of bialgebras. The antipode of a Hopf algebra gives rise to an addi-
tional duality property on the categorical level, however only for finitely generated
projective modules. All definitions and statements can also be found in [35] Sec. 5.1,
[68] Sec. XI.3 and [77] Sec. 9.1.

Consider a k-algebra (A, u,n) for a commutative ring k. A k-module M is said
to be a left A-module if there exists a k-linear map A: A ® M — M such that the
diagrams

Ao Ao M 249% Ao M koM 29 Ao M

N®idMl lA and R lx
M

Ao M —2 s M

commute. The tuple (M, \) is called a left representation of A on M and A is said
to be a left A-module action or left A-module structure. The left A-modules form
a category 4M with morphisms given by left A-module homomorphism, where a k-
linear map ¢: M — M’ between two left representations (M, ) and (M, Ayy)
of A is said to be a left . A-module homomorphism if the diagram

A M 25 M
idA®¢l l¢>
AR M M Ay
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commutes. This means that ¢ respects the left A-module structures of M and M’
or that ¢ is left A-linear in other words. If A = H is a Hopf algebra we often refer
to left H-module homomorphisms as H -equivariant maps. The algebra A and the
corresponding category 4M can be seen as two sides of the same coin via the so
called Tannaka-Krein Duality. By assigning to any left A-module its underlying
k-module and to any left A-module homomorphism itself, now seen as a k-linear
map, we obtain a functor F': 4 M — M. There is a 1 : 1-correspondence between
A and the natural transformations Nat(F, F') of F'. This allows us to reconstruct A
from its representation theory 4M and the functor F. On the other hand, we are
able to structure the natural transformations of F' as an algebra in this way. The
functor F' is called the forgetful functor for obvious reasons.

Proposition 2.2.1 (Tannaka Reconstruction of Algebras). Let A be an algebra and
consider the forgetful functor F'. For every a € A there is a natural transformation
O% of F given on objects M of 4M by

O%: FIM)>mw—a-me F(M)

and which is the identity on morphisms. This leads to an algebra isomorphism

A= Nat(F, F).

Proof. The proof is taken from [77] Ex. 9.1.1. Recall that F/(M) = M since F is
the forgetful functor. ©“ is a natural transformation since for any left .A-module
homomorphism ¢: M — M’ we obtain

F(6)(©O3(m)) = ¢la-m) = a-p(m) = Ok, (F(¢)(m))

for all m € M. On the other hand, we can select an element a in A starting from
a natural transformation © of F', by defining a = O 4(1), where A is a left A-
module via the left multiplication and 1 denotes the unit in A. We prove that these
constructions are inverse to each other, for which the 1 : 1-correspondence follows.
Any a € A can be recovered via ©%(1) = a -1 = a. On the other hand let O be a
natural transformation of F' and consider the corresponding element a = © 4(1) € A.
Then

Ol(m) = a-m = F(¢n)(Oa(1)) = Om(F(¢m)(1)) = Om(l-m) = Op(m)

for all m € M and any left A-module M, where ¢,,: A>b+— b-m € M is a left
A-module homomorphism. The associative unital algebra structure on Nat(F, F)
is describe as follows: two natural transformations ©% and ©° of F are specified
by two elements a,b € A, while their product ©¢ - ©% is defined as the natural
transformation ©%°. Explicitly, for any left A-module M one has

(O 0" m(m) = OXi(m) = (a-b) -m=a- (b-m) = O5(O)(m))

for all m € M and O}, = idy. Since the product of A is associative, so is the
product of Nat(F, F). O

This duality of algebras and their representation theory is a fundamental concept
and will be applied throughout the whole thesis. We are going to examine further
algebraic properties of algebras parallel to categorical properties of their modules.
Shifting between these two pictures turns out to be an extremely useful tool.
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Analogously to left modules, one defines a right A-module to be a k-module M
together with a k-linear map p: M ® A — M, making

MoADA LN Mo A Mk M oA

id g ®,ul lﬂ and \/A lﬂ
M

MA—L 3 M

commute. A right A-module homomorphism is a k-linear map ¢: M — M’ where
(M, pp) and (M’ prrr) are right A-modules, such that

Mo A2 M
¢®id.Al Lﬁ’
Mo A2 M

commutes. The category of right A-modules is denoted by M 4. If an object in
AM is also a right A’-module for another k-algebra (A’, 1/, 7') it is natural to ask
if both module actions are compatible. This leads to the notion of bimodules. An

A-A'-bimodule is an object (M, A, p) in 4M N M 4 such that

A M A 2% oA

idA@ﬂl lp

Ao M —2 s M

commutes. If A" = A as algebras we are calling M an A-bimodule. The category of
A-A’-bimodules is denoted by 4M 4. Its morphisms are left A-module homomor-
phisms which are also right A’-module homomorphisms. Since every right A-module
can be viewed as a left A°P-module for the opposite algebra AP = (A, p1o Tag4, 1),
we can focus on left A-modules without loss of generality. We come back to right and
bimodules in the subsequent sections. In the following we denote a left A-module
action by - for short, if there is no danger of confusion with other operations.

The category 4M of left A-modules is a subcategory of the category M of
all k-modules for any k-algebra A. In the following lines we show how to use the
additional data of a bialgebra to structure 4M even as a monoidal subcategory of
kM. Assume that (A, p, 7, A, €) is a k-bialgebra. Then, the tensor product M & M’
of two left A-modules becomes an object in 4 M via

a-(mem')=(aq)-m)® (ag) -m)

for all @ € A, m € M and m’ € M’, by making use of the fact that A is an
algebra homomorphism. Furthermore, since € is an algebra homomorphism, the
commutative ring k becomes a left A-module via

a-A=¢e(a)A
for all a € A and A € k. This action respects the usual associativity constraint of
kM, since A is coassociative. Namely,
a-((mem)em”) =((ama -m) & (eue -m)) @ (o -m")
=(aq@) - m) @ ((a@)q) - M) © (a@)e) - m"))
—a- (m® (m' ®m")
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for another left A-module M” and m” € M”. It further respects the usual unit
constraints of M, i.e.

a- (A@m)=(elam)A) ® (a@) - m)
=A® (a-m)
=Aa-m)
=a-(m®N)
for all a € A, m € M and \ € k, since € satisfies the counit axiom. Strictly

speaking the usual associativity and unit constraints «, ¢ and r are left A-module
homomorphisms on objects and we should write

ammme(a- ((mem’)@m’)) =a- aypamepm((m@m’) @m")
and
lpma-(A@m))=a-bpy(A@m), rmyla-(mMRN) =a-Ty(meA).

Instead we treat those isomorphisms as equalities in the above computations. In the
next proposition (c.f. [68] Prop. XI1.3.1 and [77] Ex. 9.1.3) we show that coassocia-
tivity and the counit axiom are not only sufficient but also necessary for 4 M to be
a monoidal subcategory of (M with usual associativity and unit constraints.

Proposition 2.2.2. Let A be an algebra over a commutative ring k and consider
two algebra homomorphisms

At A—- AR A and e: A — k. (2.8)

Then (A, A €) is a k-bialgebra if and only if 4M is a monoidal subcategory of
kM with respect to the usual tensor product and unit of k-modules and the usual
associativity and unit constraints.

Proof. We already proved that 4M is a monoidal subcategory if A is a bialgebra.
So assume that A is an algebra endowed with two algebra homomorphisms ({2.8)
and assume further that 4M is monoidal with respect to «, ¢, 7. Since apar pmr
is a left A-module homomorphism for all objects M, M’, M" in 4M by definition,
we obtain

ags4((A®id) o A)(a)) =aga4(a- (1®1)®1))
:a-aA7A7A((1 X 1) X 1)
=((id ® A) o A)(a)

for all a € A, by considering the left A-module A itself with multiplication from the
left as module action. Furthermore,

la(((e®id)oA)(a)) =lala-(1®1)=a-la(l®]1)=a-1=a
and
rA((id®e)oA)(a)) =ra(a- (1®1) =a-eq(l®1l)=a-1=a

follow for all @ € A. Since we treat «,f,r as identities on objects this means that
A is coassociative and € is a counit. This concludes the proof. O



30 Chapter 2

This characterizes k-bialgebras completely. Focusing on representation theory
one might for this reason reformulate the definition of a bialgebra by declaring:
an algebra A with algebra homomorphisms A: A - A® A and e: A — k is a
bialgebra if 4 M is a monoidal subcategory of M with usual associativity and unit
constraints.

Incorporating the antipode of a Hopf algebra in the picture we receive a duality
property on the side of monoidal categories. However, for this we have to restrict our
class of modules from arbitrary k-modules M for a commutative ring k to finitely
generated projective k-modules. A k-module M is said to be finitely generated
projective if there is a finite set {m; };cs of elements in M, called generators, and a set
of elements {a'};c; called dual generators in the dual k-module M* = Homy (M, k),
subscripted by the same finite index set I, such that

o' (m;) = 6 and m = Z o' (m)m;

iel

for all m € M. It follows that M™* is finitely generated projective with generators
{a'}ier and dual generators {m;}ie; in (M*)*, defined by m;(a) = a(m;) for all
a € M*. Furthermore, the map = M — (M*)* is a k-module isomorphism. Note
that this identification fails for general k-modules, even if k is a field. We denote the
category of finitely generated projective k-modules with k-module homomorphisms
as morphisms by y M. It is a monoidal subcategory of y M.

Lemma 2.2.3. The monotidal category M of finitely generated projective modules
of a commutative ring k is a rigid category.

Proof. We follow [35] Ex. 5.1.3. Consider a finitely generated projective k-module
M with (dual) generators m; and o' and define

where m = a'(m)m; € M and a = m;(a)a’ € M* and we used Einstein sum
convention. Then
((idm ® eva) o (Tpm @ idpm))(m) = m

and
((evap ®idpg+) o (idp ® Taq)) (@) =
follow. O

Note that without a finite set of dual generators we are in general not able to
define the maps 7 required for rigidity. In particular, (M is not rigid in general.
This motivates the passage from general k-modules to finitely generated projec-
tive k-modules. As a special case we recover the rigid monoidal category of finite-
dimensional K-vector spaces g Vecy if k = K is a field. In Proposition we proved
that bialgebras correspond to monoidal categories of representation. The analogue
for Hopf algebras in the setting of finitely generated projective modules is given in
the following statement (c.f. [35] Ex. 5.1.4).
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Proposition 2.2.4. Let H be a k-Hopf algebra and consider the monoidal category
uM of left H-modules, characterized by the bialgebra structure of H. The monoidal
subcategory g My of finitely generated projective left H-modules is rigid, where the

left and right dual M* and *M of an object M in yM; are defined as the finitely
generated projective k-module M* with left H-module actions given by

(€ a,m) = {a,5(5) -m)

and
(€ a,m) = (a,57(&) - m)
forallé € H, m e M and o € M*, respectively. The forgetful functor

F: H./\/lf — lka
18 monoidal.

Proof. This follows from Lemma [2.2.3] using the same evaluation and projection
maps. It only remains to prove that they are morphisms in the right category,
i.e. that they are left H-module homomorphisms. Consider a finitely generated
projective left H-module M and let £ € H, m € M and o € M*. Then

evm(§ - (a®@m)) _eVM((f(l) a) @ (§2) - m))
=) - @) (&) - m)
—04(( (E1))é) - m)
=€(§) - a(m)

= - evy(a®@m)

for a dual set of generators {a'};c; and {m; };c;. Similarly one proves that ma, ev -
and 7+ are H-linear. O

The converse also holds true, giving a Tannaka-Krein duality for Hopf algebras
similar to Proposition [2.2.1]

Theorem 2.2.5 (Tannaka-Krein Reconstruction of Hopf Algebras). For a commuta-
tive ring k consider an essentially small, k-linear, rigid, Abelian, monoidal category
C together with a k-linear, ezact, faithful, monoidal functor F': C — yMy. Then
there is a k-Hopf algebra H and an equivalence G: C — g My such that F = G' oG,
where G': gMy — M is the forgetful functor.

For a proof we refer to [35] Thm. 5.1.11. This reveals the true analogue of the
Hopf algebra structure on the monoidal category of its representations and gives us
a deeper understanding of the notion of Hopf algebra.

2.3 Quasi-Triangular Structures

Following the spirit of the last section, i.e. characterizing algebraic structures by
properties of the corresponding representation theory, we introduce quasi-triangular
bialgebras as those bialgebras whose corresponding monoidal category is braided.
We prove that this leads to universal R-matrices, which satisfy the hexagon relations

and control the noncocommutativity of the coproduct. The corresponding references
are [35] Sec. 5.2, [68] Sec. XIII 1.3 and [77] Sec. 9.2.
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Definition 2.3.1 (Quasi-Triangular Bialgebra). A bialgebra A is said to be quasi-
triangular if its monoidal category M of left A-modules is braided. We call A
triangular if 4 M s braided symmetric.

We expect to find additional algebraic structure underlying a quasi-triangular
bialgebra. In fact, the following proposition, taken from [68] Prop. XIII.1.4, recovers
the original Definition from [43].

Proposition 2.3.2. A bialgebra A is quasi-triangular if and only if there is an
invertible element R € A® A such that

Agi(a) = RA(a)R™! (2.9)
holds for all a € A, and such that the equations
(A®id)(R) = R13Res and (id ® A)(R) = R13R12 (2.10)
are satisfied. The bialgebra A is triangular if and only if the element R satisfies
R =Ry (2.11)
in addition.

If the conditions (2.9) and (2.10]) are satisfied, the element R is said to be a
universal R-matriz or quasi-triangular structure for A. If (2.11]) holds in addition,
R is called triangular structure. A is said to be quasi-cocommutative with respect

to R if (2.9) holds. The equations (2.10)) are the so-called hexagon relations.

Proof. Let 8 be a braiding on the monoidal category 4M and define

R = 744(Baa(l®1)).

Clearly R € A® A is invertible. Before showing that it satisfies equations and
(2.10) we prove that Sy (m@m’) = Ty (R-(m@m')) for allm € M, m' € M
and left A-modules M and M’. Since (3 is a natural isomorphism of the functors ®
and ® o 7 we obtain

BM,M’((Qbm ® ¢m’)(a ® b)) = (¢m’ ® Qsm)(/BA@A(a ® b)),

where ¢p,(a) = a-m for all a € A and m € M is a left A-module homomorphism.
Then

B (m @m') =B ((dm @ ¢ )(1 @ 1))
=(Gm ® Pm)(Baga(l ®1))
=(¢mr @ ) (T4,4(R))
=Tmm (R - (m@m'))

follows, since 7 is a natural transformation. Using this we prove

A(a)Taa(R) =a- (Baa(l®1))
=Baala-(1®1))
=74.4(R - A(a)),
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since [ is a left A-module homomorphism on objects. Applying the flip isomorphism
on both sides of the above equation leads to equation (2.9)). By making use of the
hexagon relations of S we obtain

Rsa2 =aaa4(Baasalcasa((l1®1)®1)))
=(ida ® Baa)(aa44((Baa®@idg)(1®1)®1)))
=R32R31

and

Ras 1 :aE}A,A(ﬁA@@A,A(O‘;\}A,A(l ®(1®1))))
=(Ba.a ®@ida) (04 4((1[da ® Baa)(l® (1®1))))
=Roa1Rs1,

concluding that R satisfies the equations : for the first we perform a tensor
shift (123) — (231) to obtain Rq923 = R13R12 and a shift (123) — (312) for the
second equation Ri23 = Ri3Re3. Let on the other hand A be a bialgebra and
assume the existence of an invertible element R € A ® A satisfying equations
and (2.10). For two arbitrary left A-modules M and M’ we define an isomorphism
B MM — M @ M of left A-modules by

ﬁM,M’(m ® m,) = TMM (R : (m ® m’))
for all m € M and m’ € M’. In fact, for all a € A one obtains

B (a- (m@m')) =rpae((RA(a)) - (m@m'))
=Tpm ((A21(a)R) - (m @ m'))
=A(a) T (R - (m@m'))
=a - B (m @ m')

by property (2.9) and the inverse of Sy is given by
./\/l/ X M = (m (059 m’) — Ril . (TM/’M(m &® m’)) € M & M/.

This implies that f: ® — ® o 7 is a natural transformation. It remains to prove
that hexagon relations for 5 and it is not surprising that they are following by the
hexagon relations of R. In detail we obtain

e M (B mr (o ar ((m @ m') @ m”)))
= m(Tm momr ((Ri-m) @ ((Ray - m') @ (Ragz) - m”))))
=(Raq) - m') ® ((Ragzy - m") ® (Ry - m))

(R2-m) @ (R - m") @ (R1R4) - m))

(1d/w ® Brm) (R - m') @ ((Ry - m) @ m"))

(idar ® Bt (@t pmr (B ® idagr) ((m @ m') @ m”)))
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and

O‘/_\/%",M,M/(ﬁM@M',M"(Oé/_\iMQMu(m ® (m' @ m"))))
= e (R2-m") @ (Raqry - m) © (Ragzy - m')))
=((Ry-m") @ (Ri1) - m)) ® (Ryz) - m)

(RyR2) - m") @ (Ry - m)) @ (Ry - m)

(Brmmr @ idae)(m @ (Ry - m")) @ (Ry - m))

(Brtmr @ idpe)ag i pp (idat @ Baw ) (m @ (m! @ m”))

for another left A-module M"”, where we used equations (2.10)) in leg notation, i.e.
R1® Roqy) ® Rae) = (R1R1) @ R2 @ Ry

and

Ria) @ Rie) ® R2 = Ry @ Ri ® (RyR2).
This concludes the characterization of quasi-triangular bialgebras. O]

Every universal R-matrix satisfies an additional equation, connecting it to the
theory of integrable systems (see [104] for more information).

Corollary 2.3.3 (QYBE). A universal R-matriz R on a quasi-triangular bialgebra
satisfies the quantum Yang-Baxter equation

7?1127?/137?123 = R23R13R12 .

Proof. Using ([2.9) and (2.10)) we obtain
R12R13R23 = R12R123 = Ro13R12 = RazRi3Ria.
]

Definition 2.3.4 (Quasi-Triangular Hopf Algebra). A Hopf algebra is said to be
(quasi-)triangular if its underlying bialgebra is.

We conclude this section with a specification of Proposition in the setting
of quasi-triangular Hopf algebras (compare also to [35] Ex. 5.1.4).

Corollary 2.3.5. Let H be a quasi-triangular Hopf algebra. Then g My is a rigid
braided monoidal category.

Proof. From Proposition it follows that ;M is a rigid monoidal category and
by definition yM is braided. Since g M is a monoidal subcategory of g M the
latter also applies to y M. n

2.4 The Drinfel’d Functor

In this section we discuss gauge transformations of quasi-triangular bialgebras. The
corresponding algebraic tool is given by a normalized 2-cocycle, called Drinfel’d
twist. Following [77] Sec. 2.3, we elaborate how to twist deform the coproduct
such that the deformed structure still corresponds to a quasi-triangular bialgebra.
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Similarly, one twist deforms bialgebra modules, which leads to the definition of the
Drinfel’d functor. We prove that this functor is braided monoidal and gives rise to
a braided monoidal equivalence of the representation theory of the deformed and
undeformed bialgebra. A twist deformation of antipodes is incorporated in the next
section. We also refer to [68] Sec. XV.3. In the following, B denotes a bialgebra over
a commutative ring k with coproduct A and counit e.

Definition 2.4.1 (Drinfel’d Twist). An invertible element F € B ® B is said to
be a Drinfel’d twist, or twist for short, if it is normalized, i.e. (e ®id)(F) =1 =
(id ® €)(F) and satisfies the 2-cocycle condition

(FRDA®I)(F) =1 F)(id® A)(F).

The original definition goes back to Drinfel’d [42], where the author introduces
twists as quantizations of solutions of the classical Yang-Baxter equation. Those
twists where considered as elements on (formal power series of) universal envelop-
ing algebras of Lie algebras (see also Section . The generalization to arbitrary
bialgebras was undertaken by Giaquinto and Zhang in [60]. Drinfel’d twists on
bialgebroids are considered in e.g. [25, 113]. We start by giving some examples of
Drinfel’d twists to convince the reader of the richness of this concept.

Example 2.4.2. i.) On every bialgebra B there is a twist given by the unit ele-
ment 1 ® 1. We refer to it as the trivial twist in the following;

ii.) [c.f. [60] Thm. 2.1] Let k be a commutative ring such that Q C k and consider
a commutative bialgebra B. Denote the primitive elements of B by P. Then

o n

h
exp(hr) = ZO —7" € (B B)[[A]
is a twist on B[[h]] for any r € P@ P. Here B|[[h]] is a topologically free module

and we consider the completed tensor product (c.f. [50] Sec. 1.1);

Proof. Let r =r;®ry € P® P. In particular (e®id)(r) =0 = (id®¢€)(r) and
since € is an algebra homomorphism this implies that exp(fr) is normalized.
Then

o0 TL

(A®id) exp(hr) = Z —' Z—‘ "@ry = exp((A®id)(Ar))
=0 =0

since A is an algebra homomorphism and similarly (id®A) exp(hir) = exp((id®
A)(hr)) follows. Since B is commutative, the Baker-Campbell-Hausdorff series
of B[[A]] is trivial and

(A ®@1id)(exp(hr))(exp(hr) ® 1) =exp((A ® id)(Ar)) exp(hr @ 1)
=exp((A ®1id)(hr) + hr ® 1)

as well as (id ®@ A)(exp(hr))(1 ® exp(hr)) = exp((id ® A)(hr) + 1 ® fir) follow.
Now 71,79 € P, which implies that (A®id)(Ar)+hr®1 = (iId®A)(hr)+1hr.
This proves that exp(hr) is a twist on BJ[[A]]. O
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iii.) A wvariation of ii.) is described in [95]: let k be a commutative ring such that
Q C k and consider a Lie algebra g over k together with a set of elements
T1yeo oy, Ty Yy - Yn € 8, wWhere n € N, such that [x;, x;] = [z, y;] = [vi, Y] =
0 for all 1 < i < n. Then exp(hr) € (Zg® %g)|[h]] is a twist on % g[[h]],
where r =Y ""_ x; @ y;. In this case we refer to exp(hr) as an Abelian twist;

iv.) [c.f. [60] Thm. 2.10] Letk be a commutative ring such that Q C k and consider
the Lie algebra g over k which is generated by two elements H, E € g such that
[H,E] =2F. Then

o n hn
SN Bevr( L) e s gt € (g ol
is a twist on % g[[h)], where H'™ is defined inductively by H® = 1 and
H™Y = H(H +1)--- (H +m);

v.) [e.f. [51, [86]] In the same setting as in iv.) there is a twist on % g[[h]] given
by
1
exp (§H ® log(1 + hE)) € (%g®%g)[[h]],

which is known as Jordanian twist. We further refer to [1] Sec. 2.3.3 and
references therein for a generalization of Jordanian twist and to [27), [80] for
more recent discussions on Jordanian twists;

Besides the trivial twist, all Drinfel’d twists we discussed above are formal power
series with entries in a bialgebra or Hopf algebra. Further remark that all of them
are the identity in zero order of the formal parameter. In fact, many examples of
Drinfel’d twists occur in the context of deformation quantization, which naturally
utilizes formal power series. Furthermore in the primordial article [42] Drinfel’d
introduced twists F = Y 7 hi"F, € % g¥?[[h]] on formal power series of universal
enveloping algebras of a real or complex Lie algebra g, such that Fy =1 ® 1. The
first order term F} satisfies the so-called classical Yang-Baxter equation and Drinfel’d
proved in the mentioned article that conversely any solution of the classical Yang-
Baxter equation on g can be realized as the first order term of a twist on % g|[A]]
starting with the identity. We revive this thought in Section [3.2] discussing the
correspondence of (formal) Drinfel’d twists and their first order in detail. However
for the rest of this section we come back to discuss general properties of Drinfel’d
twists and how they deform the underlying quasi-triangular bialgebra structure.

Lemma 2.4.3 (Inverse Twist). Let F be a twist on B. Its inverse F 1 is normalized,
ie. (e®id)(F1)=1=(d® e)(F ') and satisfies the so called inverse 2-cocycle
condition

A@Id)(FHF'ol) =@ A)(FH1eFH). (2.12)

As already indicated, twist are deformation tools, leading to compatibility on a
categorical level. We start by explaining how the twist deforms the underlying bial-
gebra B before passing to module algebras and more general to equivariant bialgebra
module algebra modules in the next section. We define the twisted coproduct

Ar(§) = FAEF (2.13)
for all £ € B.
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Proposition 2.4.4. Let F be a twist on B. Then Bx = (B, u,n, Ax, €) is a bialgebra.
If B is quasi-triangular with universal R-matriz R, so is Br with quasi-triangular
structure

Rr=FuRF ' (2.14)
If R s triangular, so is Rx.
Proof. We split the proof into four parts.
i.) (A, €) is a coalgebra structure on B: let £ € B. Then
(€ @ id)AF(E) =e(Fr)e(€y)e(Fr ) Fal Fy !
=e(F1) Foe(€)) e e(F ) F !
=¢
and similarly one proves (id ® €)Ax(&) = &.
ii.) Az is an algebra homomorphism: let £,y € B. Then
Ar(Ex) = FAEX)F ™ = FAQF 'FANF ' = Ar(Ax(x)

and Azr(1) = F(1®1)F 1 =1®1, ie. Az respects the algebra structure of
B and B® B.

iii.) Rz is a quasi-triangular structure: let R be a universal R-matrix on B
and £ € B. Then

Ar()ar = FaLoi () For' = FaRARFy! = RrAF(ORF
proves that A is quasi-cocommutative with respect to Rr. Moreover
(Ar ®id)(Rr) =F12(A @ id)(Fo1 ) (A ® id) (R)(A @ id) (F 1) Fpot
:‘F12f3,12R13R23-F172}3~F1721
2]:31]:31,273137323]:1_,213]:2_31
:.7:317313]:13,2?{3}27323?2731
=Rr13F13F132F1 35 F 55 RoFos
=Rr13Rr23

and

(id ® Ar)(Rr) =Fas(id ® A)(Far)(id ® A)(R)(id @ A)(F ) Fog'
:f23f23,1R13R12~7'—1_,213‘F2_ZSl
:R.F13]:‘13F2,13f271}3f27117?’7:12
=Rr13Rr12

are the hexagon relations of R with respect to Br.
iv.) If R is triangular so is Rz: assume that R is triangular. Then
Rro1 = FRuFy' = FR'VFy' = R,

i.e. R is triangular, too.



38 Chapter 2

This is all we need to conclude the proposition. O

The bialgebra constructed in Proposition is called twisted bialgebra and we
denote it by Bz. In the following we use Sweedler’s notation 5(?) ® 5(/2\) = Ax(§) to
denote the twisted coproduct of £ € B. One might ask if the process of twisting is
reversible and what happens if one deforms repetitively. Both issues are discussed
in the following lemma.

Lemma 2.4.5. If F is a Drinfel’d twist on B and F' a Drinfel’d twist on Bx then
F'F is a Drinfel’d twist on B such that
Brir = (Br)r

1

Furthermore, F~* is a Drinfel’d twist on Br and

(Br)rp1 =B
1s an equality of bialgebras.

Proof. We prove that F'F is a Drinfel’d twist on B. Since € is an algebra homo-
morphism we have (¢ ® id)(F'F) = 1 = (id ® €)(F'F), which means that F'F is

normalized. Furthermore,

(FFRD(A®id)(FF)=(FF21)(Axid)(F)F'e ) (Fo1)(A®id)(F)
=1 FF)(id2 A)(F) (1o F HNFe1)(A®id)(F)
=(1® FF)(id® A)(F)(id @ A)(F)
=(1® FF)(id® A)(FF)

proves that F'F satisfies the 2-cocycle condition with respect to B. Moreover, F 1
is a Drinfel’d twist on B, since F~! is normalized and

(Fr1oD)(Ar@id)(F ) =(A®id)(F ) F'a1)

([de A(FHleF1
=1 F Hide Az)(F)

by the inverse 2-cocycle property. Since Big1 = B we conclude the proof of the
lemma. O

Fix a Drinfel’d twist 7 on B. In Proposition we proved that Br is a
bialgebra, so according to Proposition 2| gM and B;M are both monoidal sub-
categories of x M. Ignoring the mon01da1 structures for a while we can define an
assignment

Dring: gpM — 5, M (2.15)

to be the identity on objects and morphisms. It assigns to any object M in zM
itself, however seen as a left Br-module and to any left B-module homomorphism
¢: M — M itself, however viewed as a left Br-module homomorphism. This
assignment is well-defined since B and Bx coincide as algebras. To distinguish those
two pictures we write

Drinz(M) = Mz and Dring(¢) = ¢”.
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Since Drinr is the identity on objects and morphisms it follows that Dring is a
functor. We prove that it is even a (braided) monoidal functor, leading to a (braided)
monoidal equivalence. Recall that for two left B-modules M and M’, the tensor
product M ® M’ is again a left B-module, or equivalently a left Br-module. As a
k-module it coincides with the left Br-module Mz ®  M’z, where we denote the
monoidal structure on .M by ®r. However the left Br-actions differ, since for all
e B, me M and m' € M’ one obtains

£ (mem') = (§q)-m) @ (§e -m)
while
§-(merm') = (g -m) ®F (g -m).

To compare these two pictures we define a left Br-module isomorphism
omm: MrRrMes (mezrm) = (Fit-m)e (FH-m) e (Mo M)z
It functions as the natural transformation.

Theorem 2.4.6 (c.f. [68] Lem. XV.3.7). Let F be a Drinfel’d twist on B. The
functor

Dring: (3M,®) = (5, M, ®F)

is monoidal and the monoidal categories (gM,®) and (g,M,®x) are monoidally
equivalent. If B is quasi-triangular, Dring is a braided monoidal functor and the
two categories are braided monoidally equivalent.

Proof. Let M, M’ and M" be objects in M. By the inverse 2-cocycle property of
F ! we deduce that the diagram

®_7—‘(,0M/ M

Mz @r Mr @7 M2 Mr@r (M @M") 5
¢M,M’®Fidl l@M,M’&M”

(M@ M)r@r Ml —2M (M M @ M) 5

commutes, while the normalization property of F~! is sufficient to make

Pk, M PM,k

k]:@}‘./\/l]:—> k@./\/l) M]:@}‘ﬂ{]:—> M@ﬂ{)

commute. This proves that Drinz is a monoidal functor. Assume now that B is
quasi-triangular with universal R-matrix R € B ® B. Equivalently, (zM,®) is
braided monoidal with braiding

BMJW:M@MIB(m@m')l—)Rfl-(mI@)m)EMI@M.

This was proven in Proposition m Furthermore (Br, ®5) is braided monoidal
with braiding

ﬁﬂ;,mgfi Mz @r Mr2 (m@rm') —» RE - (M @ m) € Mr@r Mz
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according to Proposition [2.4.4] where Rr = F5;RF ! is the quasi-triangular struc-
ture on Bx. Then

Mz @F My 2225 (M@ M) £
BLF’M%\L lDrin}—(BM,M’)
L@ My 25N (M @ M) 5

commutes by definition, proving that Drinr is a braided monoidal functor. Recalling
Lemma the inverse of Dring is given by

Dring-1: (3, M, ®r) = (pM, ®).

This concludes the proof of the theorem. n

2.5 Module Algebras and their Equivariant Bi-
modules

In this section we discuss bialgebra module algebras, i.e. bialgebra modules with an
additional algebra structure that is respected by the bialgebra action. We prove that
the Drinfel’d functor restricts to an isomorphism of the equivariant algebra mod-
ules [60]. Passing to equivariant algebra bimodules this even becomes a monoidal
equivalence if one considers the tensor product over the algebra. In the end we
are interested in braided commutative algebras and equivariant algebra bimodules
which are braided symmetric. As concrete examples one may think of twist star
product algebras together with twisted multivector fields and differential forms (see
Chapter . We obtain a braided monoidal equivalence via the Drinfel’d functor in
this case (c.f. [0, 9]). At the end of this section we also include twist deformations
of antipodes and rigid categories. Since there are two different module actions in-
volved in the following, one from the bialgebra and one from them module algebra,
we denote the first by > and the latter by - for convenience. In a first step we prove
that a twist on a bialgebra B deforms the category of left B-module algebras.

Definition 2.5.1. A k-algebra A is said to be a left B-module algebra of there is a
k-linear map >: B® A — A, structuring A as a left B-module such that

§(a-b) = (§ny>a)- (2 >b) and E>1=€(€)1

hold for all & € B and a,b € A. A left B-module algebra homomorphism is an algebra
homomorphism between left B-module algebras which is a left B-module homomor-
phism in addition. This constitutes the category g A of left B-module algebras.

In other words, the left B-module action is respecting the algebra structure of A.
Fix a Drinfel’d twist F on B and a left B-module algebra A for now. Since B and Br
are representatives of the same gauge equivalence class it is natural to ask if also Br
respects the algebra structure of A. However, since A differs from Ar in general,
this can not be expected. On the other hand there is a way to gauge transform A
using the twist F, such that Br respects the gauge transformed algebra.
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Proposition 2.5.2 (c.f. [6] Thm. 3.4). Let F be a twist on B and consider an object
A € g A with product - and unit 1. Then Ax = (A, £,1) is an (associative unital)
algebra, where

axrb=(F'>a) (F'>b) (2.16)

for all a,b € A. Moreover, Ar is an object in p,. A with respect to the same Hopf
algebra action, i.e. it is a left Br-module algebra.

Proof. We split the proof into two parts. Denote ur = -+ and the product and unit
of A by 4 and 14, respectively.

i.) Ar is an associative unital algebra: let a,b,c € A. Then

pr(pr(a ®b) @ ¢) =pa(pal(Fig)Fi ) > a) @ (FrpFe ) > ) @ (Fy ' > ¢)
=pa(Fi' > a) @ pa((Fyy Fi 1) 2 0) @ (FygyFoh) > 0)))
=pr(a® pr(b® c))
shows that pr is associative, where we made use of the associativity of u4 and
the 2-cocycle property of F~!. Furthermore, 7 is unital with respect to 74,
since for all A € k
(nr o ([d®@na))(a® ) = ua((Fi ' > a) @ (Fy ' > 1))
=Ma((Fle(Fy ) B a) @ 1)
=Apa((l>a) ®1)
=\a

and similarly (uz o (n4 ®id))(A ® a) = Aa follows. Here we used that F~! is
normalized and that p4 is unital with respect to 4.

ii.) >: Br ® Ar — Ar respects the algebra structure of Ax: let £ € B and
a,b € A. Then

(e ®b> pa((Fy VR T B a) @ (Fy ' Foboy Fy ) b))
nr((Eqy > a) @ (€5 > b))

and &£ > 1 = ¢(§)1 are satisfied.

Since Ar equals A as a k-module and B equals B as an algebra this is all we have
to prove. ]

More generally, we are able to deform the category of B-equivariant left A-
modules.

Definition 2.5.3. Let A be a left B-module algebra and consider the left B-modules
M which are left A-modules in addition, such that

§(a-m) = (§uy>a) - (§e) >m) (2.17)

holds for all € € B, a € A and m € M. They are said to be B-equivariant left
A-modules, forming a category 5 M with morphisms being left B-linear and left A-
linear maps between B-equivariant left A-modules.
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In complete analogy to Proposition one proves the following statement.

Proposition 2.5.4 (c.f. [6] Thm. 3.5). Let F be a twist on B and consider a left
B-module algebra A. For every object M in 5M the twisted left Ar-module action

aerm=(F;'>a) (F'>m), (2.18)
where a € A and m € M, structures M as an Br-equivariant left Ar-module.

The Br-equivariant left Ar-module M with module action e  is denoted by M .
If the left A-module action is trivial the assignment of Proposition reduces to
the Drinfel’d functor Dring: gpM — g, M. On the other hand we can extend the
Drinfel’d functor to B-equivariant left A-modules.

Proposition 2.5.5 (c.f. [9] Prop. 3.9). Let A € A and F be a twist on B. There
1S a functor
.. B B
Dring: G M — 57 M (2.19)

from the category of B-equivariant left A-modules to the category of Br-equivariant
left Ar-modules. It is the identity on morphisms and assigns to any B-equivariant

left A-module M the Br-equivariant left Ar-module Mz defined in Proposition|2.5.4)

Furthermore, Drinz is an isomorphism of categories.

Proof. By Proposition the assignment Drinz is well-defined on objects. To
prove that it is well-defined on morphisms consider a left A-module homomorphism
¢: M — M’ between B-equivariant left A-module homomorphisms, which is also a
left B-module homomorphism. Let £ € B, a € A and m € M. Then

¢(a erm) =¢((Fi' >a) - (F3 ' >m))
=(Fi'>a) o(Fy ' >m)
=(Fy ' >a) (Fy ' > ¢(m))
=aer ¢(m)7
while ¢(§ > m) = £ > ¢(m) holds by definition. Consequently, Dring is also well-

defined on morphisms. The functorial properties are clear since the concatenation
of morphisms is well-defined. There is an inverse functor

Dring-1: 52 M — 5M,

being the identity on morphisms and assigning to any Br-equivariant left A r-module
(M., ) the same left B-module but with left A-module structure

a-m=(F>a)e(Fy>m)

for all a € A and m € M. In fact, this defines a left A-module action, since for all
a,b € A and m € M one obtains

a-(b-m)=a-((Fi>0b)e(Fyr>m))
=(F, > a) o (Fy > ((Fi > b) o (Fo > m)))
=(Fy > a) o (FyyyF1) > b) o (FyF2) > )
(

=(F, > a) o (FiFy)) > b) ® (FaFoy)) >m))
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(FiFiy) > a) @ (FoFi)) > b) ® (Fy > m))
((EE ) B a) 5z (FaFig) > b)) e (Fy > m)
(F 1(1) >a) - (]:1(2) >0)) e (}—2 > m)

F, > (a-b) e (Fyr>m)
b) - m

a -

=(
(
(
(
(

and 1-m = (F; > 1) e (Fy > m) = m. Moreover, M is B-equivariant, since

E(a-m)=(> (Fi>a)e (Fy>m))
(5 F) > a) e (€5 ) > m)
=((F1&n)) > a) o ((F28)) > m)
=(m >a) ({2 >m)

for all £ € B, a € A and m € M. We denote M with the module action - by
Mz—1. Any morphisms ¢: M — M’ in i’; M can be viewed as a morphisms
¢: Mz — M’ 1 in EM. While the left B-linearity is clear we check that

@(a-m) =¢((F1 > a) e (F2>m))
=(Fi>a)ed(Fa>m)
=(F1>a) o (2> p(m))
=a - (¢p(m))

holds in addition for all a € A and m € Mxz-1. The functors Dring and Drinz—1
are inverse to each other: let M be on object in M. Then (Mz)r-1 = M as
objects in M, since

(Fira)er (Fo>m)=a-m

for all @ € A and m € M. On the other hand, let M be an object in i];/\/l. Then

(Mz-1)r = M as objects in f(;./\/l. To see this let a € A and m € M be arbitrary
and consider

(Fii>a) (F'em)=aem.

On the level of morphisms there is nothing to prove. This concludes the proof of
the proposition. O

The natural question arises if the functor from Proposition is still (braided)
monoidal. This has to be negated, since 5.M is not monoidal in general. We need
two further specifications, the first being to consider B-equivariant A-bimodules.
Namely, we consider the subcategory 5M 4 of 5M, consisting of those objects M
which inherit an additional right A-module action, which commutes with the left
A-module action such that

> (m-a) = (§u) >m) - (§) > a)

for all ¢ € B, m € M and a € A. Morphisms in 5M 4 are left B-linear and left and
right A-linear maps. In a second step we replace the tensor product ® of k-modules
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with the tensor product ®4 over A. Namely, for two objects M and M’ in 5M 4,
the product M ® 4 M’ is defined by the quotient

Mo M [Ny,
where Ny is the ideal in M @ M’, defined by the image of
pm R idpyy —ida @ Ay,

where pry and Apnp denote the right and left A-module action on M and M/,
respectively. In particular this implies

(m-a)@am'=m®u(a-m')

for all a € A, m € M and m’ € M’. Furthermore, M ® 4 M’ is a B-equivariant
A-bimodule with induced left B-action and left and right A-actions given for all
a€e A méeMand m' € M by

a-(m@am')=(a-m)@agm and (m@y4m’)-a=m®y (m'-a),

respectively. On morphisms ¢: M — N and ¢: M' — N’ of 5M 4 one defines
(p@4)(m@ym') = d(m) ®4q1(m') for all m € M and m’ € M’. This implies
the following statement.

Lemma 2.5.6 (c.f. [9] Prop. 3.11). The tuple (M4, ®4) is a monoidal category
and the Drinfel’d functor

DI‘iH]:Z (iMAJ ®A> - (i];:MA]-‘a ®A]—‘> (220)

1s monoidal, leading to a monoidal equivalence.

However, the monoidal functor still fails to be braided monoidal in general.
In fact (5M4,®4) is not even braided in general if B is quasi-triangular. The
B-equivariant A-bimodules are still too arbitrary. We have to demand even more
symmetry before. We do so by considering a braided commutative (also called quasi-
commutative) left B-module algebra A for a triangular bialgebra (B, R) instead of
a general left B-module algebra. This means that b-a = (R;'>a)-(R," > b) holds
for all elements a, b of a left B-module algebra (A,-). On the level of A-bimodules
we want to keep this symmetry.

Definition 2.5.7. Let (B, R) be a triangular bialgebra and (A, -) be a braided com-
mutative left B-module algebra. A B-equivariant A-bimodule M is said to be braided
symmetric if

a-m=(Ri'>m)-(Ry'>a)

foralla € A and m € M. Their morphisms are left B-linear maps which are left
and right A-linear in addition. We denote the category of B-equivariant braided
symmetric A-bimodules by M.

In other words, the left and right .A-module actions are related via the universal
R-matrix R, mirroring the braided commutativity of A. We proceed by proving
the main theorem of this section (c.f. [9 Thm. 3.13). It states that the Drinfel’d
functor is braided monoidal on equivariant braided symmetric bimodules.
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Theorem 2.5.8. Let (B, R) be a triangular bialgebra and F a Drinfel’d twist on B.
Then, the triple (ﬁ./\/ln, ®4, BR) is a braided monoidal category and the Drinfel’d
functor

Dring: (GME, @4, %) = (GFMET, @4, 87) (2.21)
15 braided monoidal, leading to a braided monoidal equivalence.

Proof. 1t is sufficient to prove that ®4 and Drinz are closed in the category of
equivariant braided symmetric bimodules. So let M and M’ be objects in 5M 4.
Then

(a-m)®am'
(Ry*>m) - (Ry' > a)) @am/
(

(

a-(meqm)

Ri'>m) @4 (Ry' >a) - m)
Ri'e>m) @4 (R >m') - (Ry'RyY) > a))
=Ry > (meam)) - (Ry' > a)

for all a € A, m € M and m’ € M’. Furthermore k is a B-equivariant braided
symmetric A-bimodule, since

a-A=Xa=(R'>N) - (Ry' >a)
for all a € A and A\ € k. We further observe that
a-Frm=(F">a) (F'>m)
=(R{'F ) em) - (R, F ) > a)
=Rz >m) -5 (Rz; > a)
for all a € A and m € M, proving that M is an object in ﬁj;./\/lﬁi. H

The rest of this section is devoted to include twist deformations of antipodes in
the picture. If there is an antipode S on B we define

b= f1S(./—"2) eB®B.
Since B is a Hopf algebra in this case it is more convenient to write H instead of B.
Lemma 2.5.9. The element f3 is invertible with inverse given by 5~ = S(F; 1) F,t.

Proof. This is just a matter of computation using the axioms of Hopf algebra and
Drinfel’d twist. Explicitly we obtain

BB =F1S(Fo)S(F ) Fy !
=F, 'e(F, RS (F)S(FHF,
=F, T RS(F2)S(Fy)S(Fo) ) Fam) Fo !
=F, T VRS(Fy) F Fa) Foy Fo !
=F P RS(Fg F  F)Fy
=Fi i) S(Fip)Fy !
=e(F R
=1

and similarly 8718 = 1. O
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Let us define a k-linear map Sr: H — H by

Sr(€) = BS(E€)B™ (2.22)

for all £ € H. It is said to be the twisted antipode.

Proposition 2.5.10. Let (H, u,n,A €, S) be a Hopf algebra and F a Drinfel’d twist
on H. Then Hr = (H, 1,m, Ax,€,S%) is a Hopf algebra. If R is a quasi-triangular
structure on H then Rx is a quasi-triangular structure on Hr. If R is triangular,
50 is Rr.

Proof. Sz is an antipode on H with respect to Ar and e since for all £ € H we
obtain

(1o (Sr®id) o Ar)(€) =Sr(FiémyFy ) Fal Fo™
=F, S(Fy)S(Fi&yF)S(F HF, - %azr
=F, S(F, " RénFr %) ”’—%5
=F| S(F,7 ' Fy)S(Em)é) T
=€(&)F, S(Fy)S(Fy~ 1)? !
—€(£)Bp7"
=€(§)1,

where we used Lemmam In complete analogy one proves po(id®Sz)oAx = noe.
The other statements only involve the underlying bialgebra structure and have been
proven in Proposition [2.4.4] O

As a consequence of Theorem [2.5.8] we obtain the following result.

Corollary 2.5.11. Let H be quasi-triangular and let furthermore F be a Drinfel’d
twist on H. Then, the triple (A M% @ 4, B%) is a braided monoidal category and the
Drinfel’d functor

Drinr: (ﬁMR,@)A,ﬁR) ( MA77®A;75JT) (2.23)

15 braided monotdal, leading to a braided monoidal equivalence. Restricting to finitely
generated projective modules, similar results hold on the rigid subcategory.

During the chapter we build up a setup to understand the braided monoidal
category (A M% @4, 6%) and that acts as a gauge equivalence on braided
symmetric modules. In Chapter [4] we resume by building a noncommutative Cartan
calculus for any braided commutative algebra in this category in a way that gauge
equivalence classes are respected. Before, in Chapter [3] we recall some concepts of
deformation quantization and how they relate to Drinfel’d twist deformation. In
particular we point out several cases which do not allow for a twist deformation
quantization.
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2.6 Star-Involutions and Unitary Twists

In this short section we recall the notion of Hopf *-algebras and their representations.
In other words we discuss how to incorporate a *-involution in the previous picture.
The most remarkable innovation is that also the *-involution admits a Drinfel’d
twist deformation if the twist is unitary. While we omit this additional structure in
the general framework we are utilizing it in the explicit example of Section [5.4 As
reference we name [56] Chap. 2 and [77] Sec. 1.7.

Let k be a commutative unital ring endowed with a *-involution, i.e. there is
an (anti)automorphism k > X + XA € k, which is an involution in addition. On
elements A\, p € k this reads

A=)+ T,
Mt =X = M,
X =),
1=1,

where we used the commutativity of k in the second equation. Furthermore, a *-
algebra over k is an associative unital algebra (A, -, 1 4) together with a *-involution,
i.e. amap *: A — A such that

(Aa + ub)* =\a* + b,
(a-b)* =b"-a",
(a")* =a,
(1a)" =14

for all \,p € k and a,b € A. Note that in general (a - b)* # a* - b* since A
might be noncommutative. Coalgebras are defined as dual objects to algebras,
while bialgebras unite both concepts in a compatible way and Hopf algebras inherit
an additional antipode which is an anti-bialgebra homomorphism. In this light it is
clear how to define Hopf *-algebras.

Definition 2.6.1. A k-Hopf algebra (H,-, 1y, A€, S) is said to be a Hopf *-algebra
if (H,-,1g) is a *-algebra with *-involution *: H — H such that

A7) = (E)" @ (E)"s €(§7) = €(§), and S((S(£7))7) =€ (2.24)
hold for all & € H.
If S? = id the last equation of becomes S(£*) = S(£)*, saying that S

respects the *-involution. This happens for example if H is cocommutative or com-
mutative. We discuss an example of Hopf *-algebra which is commonly used in
deformation quantization.

Example 2.6.2. Consider a Lie *-algebra (g, |-, ],*), which is defined as a k-Lie
algebra (g, [,-]) together with a map *: g — g satisfying

Az + puy)* = Az* + Ty, [z, y]" = [y*,2"] and (™) ==z

for all A, € k and x,y € g. The universal enveloping algebra % g of g is not
only a Hopf algebra but can even be structured as a Hopf *-algebra in this case:
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the extension of *: g — g as an algebra anti-homomorphism to *: Ug — Ug is
well-defined since 1* =1 =1 and

<x®y—y®fc—[ﬂf,y]> =y s -y -y, o

for all x,y € g, where the latter implies that *-respects the relation which is used
to construct g as a quotient form the tensor algebra. It is sufficient to prove the
compatibility of the coalgebra structure and the antipode with the *-involution on
primitive elements. In fact

Ax")=2"@1+12" =" 1"+ 1"® 2" = (r1))" @ (@2)",
e(z*) = 0 = e(z) and S((S(z*))*) = S((—=z*)*) = (2*)* = = hold for all x € g
since x* € g by definition. Note that every R-Lie algebra can be structured as a Lie
*~algebra with *-involution given by x* = —x for all x € g.

Fix a Hopf *-algebra H. A left H-module *-algebra is a *-algebra (A, -, 14,%)
which is a left H-module algebra, such that

(€ a)* = S(E)* > a* (2.25)

holds for all ¢ € H and a € A. Let A be a left H-module *-algebra. An H-
equivariant A-*-bimodule is an H-equivariant A-bimodule M endowed with a map
*: M — M, such that

(Am + pn)* = Am* +mn*, (a-m-b)* =b"-m*-a* and (m*)* =m (2.26)

for all A\, u € k, m,n € M and a,b € A. Consider a Drinfel’d twist F on H. It
deforms the Hopf algebra structure of H, the algebra structure of A and the A-
bimodule structure of M such that Az is a left Hr-module algebra and M is an
H r-equivariant A z-bimodule. The natural question arises if there is a way to twist
deform the *-involution * +— *# such that (Ax,*7) is a left Hr-module *-algebra
and M an Hr-equivariant Az-*-bimodule. It turns out that this is the case if we
impose another condition on the twist F.

Definition 2.6.3 (Unitary Twist). A twist F = F; ® Fy on a Hopf *-algebra H is
said to be unitary if F; @ Fy = F L.

We slightly modify Example iii.) and v.) to obtain two classes of examples
of unitary twists.

Example 2.6.4. Let g be a Lie *-algebra over C.

i.) For n € N consider a set x1,...,Zp,Y1,--.,Yn € @ of elements in g which
are all Hermitian, i.e. x} = x;, y = y;, or anti-Hermilian, i.e. x] = —x;,
y¥ = —vy,;. Further assume that [x;,y;] = [z, z;] = [yi,y;] = 0. Then

F =exp(ifir) € (% g® % g)[[h] (2.27)

is a unitary twist, where r =Y " | x; @ y; and 1 denotes the imaginary unit in
C. It remains to prove that F is unitary, which follows since

Fi ® Fy = exp (ﬁzl’f ®yf) = exp(—ihr) = F L.

i=1
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ii.) Let H, E € g be anti-Hermitian elements such that [H, E] = 2E. Then
H :
F =exp (5 ® log(1 + 1hE)) c(%g%yg)|[h)] (2.28)

1s a unitary twist. Using the formal power series expansion in the h-adic
topology gives (log(1l + ihE))* = log(1l +ihE) = log(1l + ihE). Then clearly
Fi@F; =exp(— L ®log(l+ikE)) = F~*, which implies that F is unitary.

After discussing two examples we return to the general theory. The claim was
that unitary twists allow for deformations of the *-involution such that Ar and Mz
are deformed as *-algebras and *-bimodules.

Proposition 2.6.5 ([50]). Let H be a cocommutative Hopf *-algebra and consider a
left H-module *-algebra A. Then Ar is a left Hr-module *-algebra with *-involution
7 Ar — Ax defined by

a7 =S(f)>a" (2.29)

for all a € A, where f = F1.S(Fz). If furthermore, M is an H-equivariant A-*-
bimodule, Mz is an Hx-equivariant Ax-*-bimodule with *-involution

m*7 = S(B) >m" (2.30)
for all m € M.
In particular
(a-7b)*7 =b"7 -za™” and (a-zm -z b)*7 =b0"F -m*'> . a*” (2.31)

hold for all a,b € A and m € M. Note that the *-involution on Hz is undeformed.

Proof. Let us first prove that
F-AB) - (S(F2) @ S(F1)) =B B (2.32)

In fact, the 2-cocycle property and the normalization property of F and the anti-
bialgebra homomorphism property of S as well as the antipode property imply

FAB)(S(Fz) @ S(F1)) =F FiyS(F2)1)S(Fa) @ F3 Fi2)S(F3)(2)S (F1)
=F1 FiyS(FaFay) @ Fy FiS(F1Fsqy)
=F1 (F1F10)) S (Fz) @ Fy (FiFi)) @S (FaFia))
:f{/fl(l)}—{u)s(}—é) ® ]:él}—l@)ﬂ@)S(}_{(g))s(]%)
=F FiFiS(Fy) © Fy Fi)S(Fa)
=F1F1S8(F3) @ Fi Fo)S(Fy Faz))
=F1F18(F3) @ Fi Fo)S(Fagz))S(F)
=F15(F3) ® FIS(F)
=4 ® B.

Then leads to
AB)=F - (Bep)-((S®S)(Fx')) (2.33)
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and
(a-7b)7 =5(8) > (a-F )*
=S(B) > (F1' >a) - (F Db))
=S(B) > (F5' > b)" - (F{' > a))
=S(B) > ((S(F5 ") > b") - (S(FT )" > a"))
=5(B) > (5(F2) > b) - (S(F1) > a7))

(S(B)yS(F2)S(B871) & 077) - ((S(B)S(F1)S(B71)) > a™7)
S(BT Fafz) > 077) - (S(B7 Fify) & 0°7)
Flo b)) (Fyl > a*7)

=b*F . r a*7
holds for all a,b € A, using that F is unitary, eq.(2.33) and S? = id, which holds
since H is cocommutative. Furthermore, for a € A we obtain

(@) =(S(8) > a")™”

(
(
(

=5(B) > (S(B) > a”)’
=(S(8)S*(8")) > (a")"
=(5(6)5") > a

where we employed that
S(B)8" =F2S(F1)S(F)F'

=F28(F)S(F A
=F, ' FaS(F)S(F S (Fig) P ot
=Ty Fo " FaS(F1)S(Fo ) Fu ) F
=Foyi) S (Foi )L
=1.

The k-linearity of *# is clear since [> is k-linear and we also obtain

1" =S5p)>1"=¢€p)1=1.

This proves that (Az,**) is a *-algebra. The left Hz-action is compatible with the
*-involution since

SF(E) >

(BS(©)B)" = (S(B) > a”)
((B7)"S(€7)8"8(8)) > a”
(B7)8(87) > a”
SB) > (S(E7) >a”)
SB) > (Era)

=({>a)"”.

This proves that (Ax,*7) is a left Hz-module *-algebra. Replacing the product of
the algebra with the left and right .A-module action on M the same calculation leads
to the conclusion that (Mz, *7) is an Hz-equivariant A-*-bimodule. This concludes
the proof of the proposition. O
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Note that there is another notion of twist deformed *-involution, given by real
Drinfel’d twists, which is discussed in [77] Prop. 2.3.7. The corresponding condition
on a twist F is S(F;) ® S(F;) = Fa. Note that following this convention one
has to deform the *-involution on the Hopf algebra as well. We end this section by
discussing a classical example from differential geometry that also appears in the
later sections.

Example 2.6.6. Let M be a smooth manifold and consider the algebra (M)
of smooth complex-valued functions on M. It is commutative with respect to the
pointwise product and there is a *-involution *: €°(M) — €>°(M) defined by
f*(p) = f(p) for all f € €*(M) and p € M. This structures €>(M) as a *-
algebra over C. On smooth vector fields X € X'(M) we define

Lx+f == (Zx () (2.34)
for all f € €°(M), where £: X'(M) — Der(€¢>*(M)) denotes the Lie deriva-

tive. One easily proves that this structures X'(M) as a Lie *-algebra. In particu-
lar [X, Y] = [Y*, X*] for all X,Y € X'"(M). Moreover, with the usual €>(M)-
bimodule actions

Lrxgh = f(Lxh)g, where f,g,h € €°(M) and X € X' (M),

X (M) becomes an A-*-bimodule. This can be extended to multivector X*(M) fields
by defining (X ANY)* =Y* A X* for X, Y € X*(M). Remark that the Gerstenhaber
bracket satisfies [X,Y]* = [Y*, X*] for all X,Y € X*(M). Using the dual pairing

(o) QY M) x XH(M) — €= (M)

the *-involution on X'(M) induces a *-involution on Q'(M). Namely, for w €
QY M) we define w* € Q' (M) by

(w*, X) = (w, X7)

for all X € X*(M). Inductively this extends to Q®*(M), structuring it as a €>°(M)-
*-bimodule with respect to the usual left and right € (M )-module actions, defined
by (f-w-9)(X)=f -w(X) g foralf,ge (M), weQ (M) and X € X'(M).

Assume now the ezistence of a left H-module *-algebra action > on € (M) for
a cocommutative Hopf *-algebra H and let F be a unitary Drinfel’d twist on H. A
natural candidate is given by the universal enveloping algebra of the Lie *-algebra
XY(M). The adjoint action

Leox [ =80 > (ZLx(S(Ep) > f))

structures X' (M) as an H -equivariant A-*-bimodule. Again, the dual pairing induces
the same structure on Q' (M) via

(> w, X) =En) > (W, S(Ee) > X).
Ezxtending the H-action via the coproduct to higher wedge products we end up with

H -equivariant A-*-bimodules X°(M) and Q*(M). By Proposition the unitary
twist F deforms them into Hr-equivariant Ax-*-bimodules.

In Chapter [4| we come back to this example and further examine how the struc-
ture of the Cartan calculus on M can be twist deformed. Motivated by this, we
construct a noncommutative Cartan calculus on a huge class of noncommutative
algebras.
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Obstructions of Twist Star
Products

The aim of this chapter is to give a quick recap on symplectic geometry and its quan-
tization in the form of Drinfel’d twist deformation quantization, before discussing
several obstructions to this construction. We start by reviewing basic definitions
and properties of Poisson manifolds in Section [3.1} As examples, constant Poisson
structures on R", the KKS Poisson structure on the dual of a Lie algebra and the
connected orientable symplectic Riemann surfaces are depicted. Equivalently to the
Poisson bracket we may consider a bivector, squaring to zero under the Schouten-
Nijenhuis bracket. If this so called Poisson bivector is non-degenerate, we obtain
a symplectic manifold. Star products are introduced as formal deformations of
the algebra of smooth functions, deforming the underlying Poisson bracket in ad-
dition. Then, examples of star products on some of the former Poisson manifolds
are given. We end the first section with results about existence and classification of
star products in the symplectic case. In Section [3.2] classical r-matrices are defined
as skew-symmetric solutions of the classical Yang-Baxter equation. Equivalently,
one can think of G-equivariant Poisson bivectors on a Lie group . Then it is
not surprising that they appear as skew-symmetrization of the first order of formal
R-matrices and Drinfel’d twists on universal enveloping algebras. We discuss quan-
tization of r-matrices before turning to the notion of twist star products. The latter
are star products on Poisson manifolds which are induced by Drinfel’d twists. It fol-
lows that the underlying Poisson bracket is induced by the corresponding r-matrix.
In the symplectic case it is not hard to see that this implies that the manifold is a
homogeneous space under certain conditions, leading to a first obstruction: the sym-
plectic Pretzel surfaces of genus g > 1 admit formal deformations but no twist star
product. With some more effort we conclude the same statement for the symplectic
2-sphere. After recalling the definition and several characterizations and instances
of Morita equivalence in Section [3.3] we study formal deformations of algebra mod-
ules, relative to deformations of the algebra, in Section In particular, deforming
Morita equivalence bimodules it follows that the deformation theory of an algebra
is a Morita invariant. In the case of twist star products one can even prove that the
action of the Picard group is trivial, i.e. any star product which is Morita equiva-
lent to a twist star product is in fact equivalent as star product to the latter. This
leads to another class of star products on complex projective spaces that can not be
induced by Drinfel’d twists based on matrix Lie algebra symmetries.

52
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3.1 Poisson Manifolds and Deformation Quanti-
zation

As indicated in the introduction, Poisson geometry is a decent mathematical frame-
work to describe classical mechanics, while deformation quantization pictures the
quantized system. In this section we briefly recall the notion of Poisson manifold.
As corresponding literature we mention [I4] Chap. 2-3 and [109] Chap. 3-4. After-
wards, following [47] Sec. 2.3, [64] Chap. II 2 and [109] Sec 6.1, star products are
introduced as formal deformations of the algebra of functions on a Poisson manifold
and examples are given. We discuss the notion of equivalence of star products and
their classification on symplectic manifolds. A more detailed overview of the field
of deformation quantization is given in [110].

A Poisson manifold is a smooth manifold M [75], together with a Poisson
bracket on its algebra €*°(M) of smooth functions. The latter is a Lie bracket
{,-}: €°(M) x €°(M) — €>°(M) satistying a Leibniz rule

{f.gh} ={f.gth+g{f. h} (3.1)
in addition, where f,g,h € €°(M). The Leibniz rule implies that

Xpi=—{f,}: €=(M) — (M)

is a smooth vector field on M for all f € €<°(M), called Hamiltonian vector field.
On a local chart (U, x) around a point p € M the Poisson bracket reads

,0f 0g
— <L ~J
{fmg}’U izjﬂ- Ot O
for all f,g € €>°(M), with 7 = {z',27} = —7I" € €°°(U). This determines a
bivector

1 0 0
:_E:U_ — 2
=5 8xiA8xj e xX°(U)

]

on U, which corresponds to a global bivector © € X?(M) such that

{f, g} =n(df,dg)

for all f,g € €°°(M). One can prove that the Jacobi identity of {-,-} is equivalent
to the vanishing 7, 7] = 0 of the Schouten-Nijenhuis bracket of 7 with itself. The
latter is defined as the extension
koot .
[Xi A AXE YA LAY =)D (D)X YIAXI A L AXGA LA X
i=1 j=1

AVIA. . AY;A .. NY,

of the Lie bracket [-,] of vector fields, where Xi,..., X3, Y1,..., Y, € XY(M) and
S(\i }//\; means that X; and Y} are omitted in the above wedge product. It is defined
to vanish if one of its entries is a function. In other words, the data © € X%(M)
and [, 7] = 0 is equivalent to the properties of {-,-}. For this reason we sometimes
refer to (M, ) as a Poisson manifold and call 7 the corresponding Poisson bivector.



o4 Chapter 3

Example 3.1.1. i.) Consider R™ with global coordinates (x',... z"). Any skew-
symmetric matriz (7*);; € M,(R) leads to a Poisson bivector

T = Z 7T” 8xJ (3.2)

1<J

on R™, called constant Poisson bivector. In fact, since [[-,-] is the extension of
the Lie bracket of vector fields and coordinate vector fields commute, [m, 7] =0
follows immediately.

ii.) Consider a C-Lie algebra g and denote its dual by g*. Remark that polynomials
Pol®(g*) on g* can be identified with the symmetric algebra S°g of g. For
example, © € g corresponds to & € Pol'(g*), which is defined by #(£) = &(x)
for all € € g*. We assume that g is finite-dimensional with basis €', ... e" € g.

The corresponding dual basis on g* is denoted by eq,...,e,. We define the

Kirillov-Kostant-Souriau bracket

af Odg
{f.9} = Zcﬁ“jekaeia—% (3.3)

i7j7k

forall f,g € €=(g), where c}; = ex([e’, €7]) € C are the structure constants of
(g,[++]). The C-bilinear map is a Lie bracket exactly because |-, | is and
0

it satisfies a Leibniz rule, since o is a derivation of (€>(g*),-). Consider

[19] and references therein for more information about this example.

The Hamiltonian vector field corresponding to f € €°>°(M) reads X; = [f, 7]
and Xy, = fX, + 9Xy, [ Xy, Xy = =Xy bhold for all f,g € €°(M). We say
that a vector field X € X!'(M) is a Poisson vector field if Zxm = 0. In particular,
every Hamiltonian vector field is Poisson. Moreover, Poisson vector fields form a
Lie subalgebra of X'(M), and the identity

(X, Xyl = Xx(p)

which holds for all Poisson vector fields X and f € €°°(M), proves that the Hamilto-
nian vector fields are a Lie ideal of the Poisson vector fields. Furthermore, Poisson
vector fields are characterized as those vector fields, which are derivations of the
Poisson bracket, i.e. X € X*(M) such that

X{f.9}) ={X(f), g} +{f. X(9)}

for all f,g € €°(M) (c.f. [109] Satz 4.1.9). A Poisson diffeomorphism is a diffeo-
morphism ¢: (M, {-,-}) — (M',{-,-}) between Poisson manifolds, such that

o {f. 9} ={o"(f).¢"(9)}

for all f,g € €>(M'). The musical homomorphism *: T*M — TM is defined on
any p € M by
TiM > oy, — ol = my(, ) € T, M.

It extends to a €°°(M)-linear map *: Q1(M) — X*(M). A Poisson manifold (M, )
is said to be symplectic if the bivector field 7 € X?(M) is non-degenerate. Note that
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for any p € M the Hamiltonian vector fields at p span 7,,M in this case. Then, we
can define a non-degenerate 2-form w € Q?(M) by

w(Xy, Xy) = m(df,dg) (3.4)

for all f,g € €°(M). It follows that w is closed, i.e. dw = 0. On the other
hand, a non-degenerate 2-form w € Q*(M) determines a non-degenerate bivector
field 7 € X2(M) by (3.4). 7 is a Poisson bivector if and only if w is closed. It is
remarkable that the quadratic relation [, 7] = 0 reduces to a linear relation dw = 0
in the symplectic case.

Example 3.1.2 (c.f. [93]). The connected orientable Riemann surfaces are char-
acterized by their genus g > 0, which indicates the number of holes. Since they
are orientable, they inherit non-degenerate 2-forms, which are automatically closed,
since those manifolds are 2-dimensional. Thus, the choice of a volume form struc-
tures any connected orientable Riemann surfaces as a symplectic manifold.

A vector field X € X'(M) is said to be a symplectic vector field if Lxw = 0.
In particular every Hamiltonian vector field is symplectic and the symplectic vector
fields form a Lie subalgebra of X'(M). A symplectomorphism is a diffeomorphism
¢: (M,w) — (M',w') between symplectic manifolds such that ¢*w’ = w. Recall that
the de Rham differential d: Q°(M) — Q°*T!(M) constitutes a cochain complex

0L Q' (M) S 2(M) S B3 S -

and since it is a differential, the de Rham cohomology (see e.g. [75] Chap. 11)

. _ kerd: Q*(M) — QM)
Min(M) = {10 S ar(an)

of M is well-defined for all n > 0, where we set Q7' (M) = 0. In the presence of a Lie
group action ®: Gx M — M the de Rham differential forms a cochain complex with
respect to G-invariant differential forms Q%% (M), i.e. elements w € Q®(M) such that
Plw = w for all g € G. It is well-defined since d commutes with pullbacks. The
corresponding G-invariant de Rham cohomology is denoted by H('i’g(M ). Note that
there is also a Poisson cohomology on (M, ) defined by the differential d, = [r, -]
(c.f. [76]).

In a next step we describe how to quantize Poisson manifolds. To be more
precise, we want to perform formal deformations of the algebra of smooth functions
¢>°(M). Since the definition is given in algebraic terms we first formulate it for
general associative algebras (following [58]), before coming back to smooth functions.
Let (A, -, 1) be an associative unital algebra. A formal deformation of (A,-, 1) is an
associative product * on A = A[[A]] such that a1 =a = 1*a and

axb=ua-b+ O(h) (3.5)

for all a,b € A. The classical limit assigns to a formal deformation * its lowest order
- and we sometimes write lim;_,ga x b = a - b. Heuristically, this amounts to set the
value of A to zero. If A is commutative and x a formal deformation of A, the first
order

(axb—"Dbxa)+ O(h) (3.6)

St =

{a,b} =
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of the x-commutator [a, b], = a xb — b a defines a Poisson bracket on A, i.e. a Lie
bracket satisfying a Leibniz rule

{a,bc} = {a,b}c+ b{a,c}

for all a,b,c € A. Equation (3.6 is said to be the correspondence principle, which
can be expressed as

1
I111~I>I(1) ﬁ[a’ b]* - {(l, b}7 (37)

using the classical limit. Two formal deformations x and " are said to be equivalent
if there are k-linear maps 7,,: A — A for all n > 0 such that ' =id + >, _ h"T,
satisfies

T(a*b) =T(a)* T(b) (3.8)

for all a,b € A. Since T starts with the identity it is invertible in the h-adic
topology and the A-linear extension 7': (A, x) — (A, +') is an algebra isomorphism.
The equivalence class of formal deformations which are equivalent to x is denoted by
[*]. From any automorphism ¢ of A and any formal deformation % of A we construct
another formal deformation x, by

axy b= ¢~ (p(a)* H(b))
for all a,b € A.

Lemma 3.1.3 ([27] Prop. 2.14). Two formal deformations * and ¥ of A are iso-
morphic if and only if there exists an automorphism ¢ of A such that [x4] = [¥].

In the case A = €°>°(M) for a smooth manifold M, formal deformations of the
pointwise product should be considered in the smooth category.

Definition 3.1.4 ([I1]). A formal deformation

frg=1f-g+> NCl(f.9g)

r>0

of (6°(M),-) is said to be a star product on M if C,. are bidifferential operators.
The corresponding Poisson bracket {-,-} structures M as a Poisson manifold. Ac-
cordingly, a formal deformation of a Poisson manifold (M,{-,-}) is a star product
*, such that

lim +(f. gl = {/,9} (3.9)

h—0 h
holds for all f,g € €< (M).

Two formal deformations x, x* of a Poisson manifold (M, {:,-}) are equivalent
as star products if there is a formal equivalence via differential operators. They are
isomorphic if and only if there is a Poisson diffeomorphism ¢: M — M such that
[x¢] = [¥], where

O (f*6 9) = " (f) * 0" (9)
for all f,g € €>°(M). The set of equivalence classes of star products on (M, {-,-})
is denoted by Def (M, {-.-}) and by Def(M,w) in the symplectic case. We give two
examples of star products to become familiar with the notion. Namely, we quantize
the Poisson structures discussed in Example [3.1.1}
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Example 3.1.5. i) Consider R™ with coordinates (z',... ,x™) and a constant
Poisson bivector m = ziq i a:aci A %. Its exponential
T =ew (R m L) gy (310
i<j O Iy ’

where f,g € €°°(M), is a formal star product quantizing (R", ), called Moyal-
Weyl star product (compare e.q. to [{7] Ex. 2.3.3). This leads to

lim (£, gl = {f. 9},

=0 h

where {f,g} = >_,; Wijgi% is the Poisson bracket corresponding to the

constant Poisson bivector .

ii.) Consider a finite-dimensional C-Lie algebra g with dual frame e;(e’) = &/
and structure constants cfj as in Erample ii.).  Then, the Poincaré-
Birkhoff-Witt theorem gives an isomorphism py: S*(g)[h] — % g|h] via total

symmetrization. On elements x1,...,x, € g the latter reads

S R
pr(x1 V... Vx,) = ) ; To(1)® ... ®Ton),

where o denotes the multiplication in % g. One proves that

Fxg=p;"(pn(f)® pr(9)) (3.11)

defines an associative unital product on Pol®(g*), which extends to a formal star
product on € (g*). This is said to be the Gutt star product. The corresponding
Poisson bracket is the Kirillov-Kostant-Souriau bracket. Again, we refer to
[19] for more information.

The question of existence and classification of star products on general Poisson
manifolds was completely settled in [70]. We state some of the most important
results in the case of symplectic manifold.

Proposition 3.1.6 ([16, 39]). Let (M,w) be a symplectic manifold. Then there is
a bijection

c: Def(M,w) — % + Hag (M)[[R]], (3.12)
which assigns to any star product x on (M,w) its characteristic class c(x).

In particular, the above theorem reveals that there is a star product on every
symplectic manifold (M,w). If H3z(M) = {0}, all star products on (M,w) are
equivalent. There is a geometric construction [52] of Fedosov, leading to the result of
Proposition [3.1.6l Moreover, it provides a recursive formula to successively assemble
the star product.

If there is a Lie group action ®: G x M — M on a Poisson manifold (M, ), a
star product x on (M, ) is said to be G-invariant if

OY(f xh) = (D(f)) * (Py(R)) (3.13)
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forallg € G and f,h € €>(M), where ®;: €>°(M) — ¢ (M) denotes the pullback
of the diffeomorphism ®,: M — M. Two G-invariant star products x and ' are
said to be G-invariantly equivalent if there exists an equivalence T' =id+ > _, I'T,
of star products consisting of G-invariant operators, i.e. ®*(T.(f)) = T,.(®}(f)) for
all g € G, f € €°°(M) and r > 0. The corresponding set of G-invariant equivalence
classes of G-invariant star products on (M, ) is denoted by Def® (M, 7).

Proposition 3.1.7 ([15]). Let (M,w) be a symplectic manifold and consider a Lie
group action ®: G x M — M on M such that ®yw = w for all g € G. Then there
1S a bijection
e}
c: Def%(M,w) — % + H2S (M)[[R]], (3.14)
which assigns to any G-invariant star product x on (M,w) its G-invariant charac-

teristic class c%(x).

There is another existence and classification theorem [94] of symplectic manifold
incorporating the notion of momentum map.

3.2 Classical r-Matrices and Drinfel’d Twists

In this section we examine Drinfel’d twists in the setting of deformation quantization.
It turns out that invariant star products on a Lie group G can be identified with
Drinfel’d twists F on % g|[[h]], where g denotes the Lie algebra corresponding to G.
The skew-symmetrization of the first order term of a G-invariant star product is a
G-invariant Poisson bivector. On the side of the universal enveloping algebra, this
means that the skew-symmetrization of the first order term of a twist is a classical
r-matriz [103]. After internalizing the relation of twists and classical r-matrices,
we consider star products which are induced by Drinfel’d twists and study first
obstructions of this situation. For an introduction to classical r-matrices we refer to
[50] Chap. 3 and [71] Sec. 2, while Drinfel’d twists on universal enveloping algebras
and twist star products are discussed in e.g. [5, 6 20] 211, 22, 23] B8, 56, 67, [80).

Let g be a Lie algebra over a commutative unital ring k such that Q C k and
denote the corresponding exterior algebra by A*g. By extending the Lie bracket [, -]
of g, using the following expression

k¢
[es ANz A Ay =)D (D) Pyl Ar AL AB AL A
i=1 j=1
/\yl/\.../\gjj/\.../\yg
for all 1, ..., 2k, y1,...,9¢ € @, as well as

[, A] = [A 2] = A, u] = 0

for all z € g and A\, v € k, we obtain a Gerstenhaber bracket [-,-] on A®g. An
element r € g A g is said to be a classical r-matriz if

[r,r] = 0. (3.15)
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Clearly every scalar multiple of a classical r-matrix is a classical r-matrix as well.
In particular, 0 is a trivial solution. The equation is called classical Yang-
Bazter equation on Ag. It is the skew-symmetrization of the classical Yang-Baxter
equation CYB(r) = 0 on g®3, where

CYB: 9®2 S 1> [r12, 73] + [r12, T3] + [713, 73]
=[r, ] ®ra @1y + 11 @ [ro, 7] @Th + 11 @7 @ [1rg, 7] € g©°

is said to be the classical Yang-Baxter map.

Example 3.2.1. Consider the k-Lie algebra g generated by two elements H, E € g,
such that [H, E] = 2E. Thenr = HAFE is a classical r-matriz on g. This is obvious
since A3g = {0}.

In the next theorem we prove that classical r-matrices naturally appear as the
(skew-symmetrization of the) classical limit of universal R-matrices on % g[[h]] (c.f.
[50] Prop. 9.5).

Theorem 3.2.2. Let R =1® 1+ hr + O(h?) be a universal R-matriz on % g[[h]].
Then R
r—"To
2

€ Ny (3.16)

r =
1s a classical r-matriz on g.

Proof. We first prove 7 = r; ®ry € g® g by showing that r; are primitive elements of
% g. The hexagon relations (A ®id)(R) = R13Ra3 of R and (id® A)(R) = Ri3R12
read

Z W"A(R?) @ Ry = Z Y (R ®1®Ry)(1@R™ " @R
m=0
and

Zh"R" ® A(RY) Zhn SR @1@Ry)R™ " @R @1),

n=0 m=0

where we denoted R = 7 (iR} ® R}. In order one of h this gives
M T @re =M ®1+1071)

and
T ®To1) DTo2) =11 @ (12 ® 1+ 1®71y),

since RIQRY = 1®1 and R} ® R} = r;®@ry. We conclude that 7 = r; @7y € g®g. In
particular, its skew-symmetrization r is an element of g A g. Recall that R satisfies
the quantum Yang-Baxter equation R19R13Ro3 = Ro3Ri13R12. In order two of A
this equation reads

(M ®vel)+ (1) + (1®v Q)
F(MerRe)relen+1erern)+(rmelern)(ler @)
=01 Q@u®1)+ (11 u) + (1® v @ vg)
+(1@m@r)(rMeler,+rer,®l)+(rn®ler)(r@rel),



60 Chapter 3

where we denoted R = 1 ®@ 1 + hry @ ry + h?v; ® vy + O(R3). The first three
terms on both sides of the equation cancel each other and the remaining terms give
CYB(r;®ry) = 0 after applying the relation xy—yx = [z, y] for x,y € g, which holds
in % g. In particular, the skew-symmetrization r of 7 = r; ® ry satisfies [r,r] = 0,
i.e. ris a classical r-matrix. O]

Note that we even proved a stronger statement: the first order of any universal
R-matrix is a solution of the classical Yang-Baxter equation on g®3. The correspon-
dence of the classical Yang-Baxter equation and quantum Yang-Baxter equation is
further discussed in [41]. Since any Drinfel’d twist F on a cocommutative Hopf
algebra leads to a universal R-matrix Fo; F ! on the twisted Hopf algebra, a result
similar to Theorem holds for the first order of a Drinfel’d twist on % g|[[A]].

Corollary 3.2.3 ([42] Thm. 5(a)). Let F = 1® 1+ hr + O(h?) be a Drinfel’d twist
on % g[|h]]. Then
r =7y — 7 € A’g (3.17)

15 a classical r-matriz on g.

Proof. Since R = Fo F ! is a universal R-matrix, Theorem implies that the
skew-symmetrization of its first order is a classical r-matrix. Let F = > Jh"F['®
Fyrand F71 =35>, W' @ Fy. Then, the first order in i of

R=> WY (FyroR)(F "eF "
n=0

m=0

is F1 @ Fl + F, ® Fy = a1 — F € g ® g, where we used that the first order of the
inverse of F is given by —r. O

In the next remark we resume the thought of the introduction of this section
and identify twists with invariant star products. Furthermore, we discuss several
important constructions and classifications of Drinfel’d twist on universal enveloping
algebras.

Remark 3.2.4. i.) Consider a G-invariant star product = on a Lie group G,
where the Lie group action is given by left multiplication {,: G > h— gh € G
on G. It corresponds to a Drinfel’d twist F =1® 14+ O(h) € (# g® % g)[[h]],
where g is the Lie algebra corresponding to G [15,[16]. To see this, recall that
for every k > 0 there is an isomorphism

I°(TG*")% 5 X s X(e) € T.G®"

between G-invariant sections T°(TG®*)Y and the tangent space at the unit
element e € G. The inverse is given by T.G®* 3 ¢ — X¢ € I°(TG®*)%, where
Xe(g) = (Tuly)®*¢ for all g € G and T,: T.G — T,G denotes the tangent
map of £, at e. Since this isomorphism is in fact a Lie algebra isomorphism,
i.e. [Xe, Xy = Xiey for all &,n € g, it extends to an isomorphism of G-
invariant bidifferential operators and elements in % g*?, leading to the stated
correspondence x — F. Since fxg = f-g+ O(h) it follows that F =
1® 1+ O(h), while 1 x f = f = f*1 leads to (e @1d)(F) =1 = (id ® €)(F)
and the associativity of x corresponds to the 2-cocycle condition of F. It is
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clear that the data of a G-invariant star product on G and a Drinfel’d twist
F =1® 14 O(h) on g are equivalent. In the same spirit, classical r-
matrices on g correspond to G-invariant Poisson bivectors on G. Using the
right multiplication one proves that right invariant Poisson bivectors on G
also correspond to classical r-matrices and that the difference of an induced
right invariant and induced left invariant Poisson bivector structures G as a
Poisson-Lie group (see e.g. [50] Prop. 3.1);

ii.) In [{2] Thm. 6 it is proven that for any (non-degenerate) classical r-matriz
r € gAg there exists a twist F = 1@ 1+ 2r + O(h?) on % g[[R]]. This is done
by extending the Lie algebra g via the inverse of r, constructing the Gutt star
product on the dual Lie algebra of the extension and restricting this product
to an affine subspace, which is locally diffeomorphic to G. In the end, the
identification i.) is employed;

iii.) In [{8] there is an alternative proof of [{2] Thm. 6, using a Fedosov-like con-
struction. Furthermore, in [48] Thm. 5.6 the authors give a classification
of twists on % g[[h]] which quantize a fized non-degenerate classical r-matriz
r € gAg. Namely, the twists on Z g[[h]] quantizing r are in bijection with
the second Chevalley-Filenberg cohomology Hig(g)[[A]]. Note that this classi-
fication is undertaken up to equivalence, where two twists F = 1 ® 1 + O(h)
and F' = 1® 1+ O(h) are said to be equivalent if there ezists an element
S =14+ O(h) € Zg[[h]], such that e(S) = 1 and A(S)F = F(S® S).
This implies that the twist of Example @ w.) and the skew-symmetrization
of the Jordanian twist of Example @ v.) are equivalent, since the second
Chevalley-FEilenberg cohomology of the underlying Lie algebra is trivial (c.f.
48] Ez. 5.7);

iv.) The quantization of classical r-matrices is closely related to the quantization
of Lie bialgebras. In [{9] Thm 6.1, the authors give a functor construction
to quantize any quasi-triangular Lie bialgebra. In particular, this construction
provides a universal R-matriz for every classical r-matriz;

v.) There is a more general notion of classical dynamical r-matrices, which admit
a quantization for reductive Lie algebras. This was proven in [33] by making
use of formality theory;

Inspired by Remark i.) and Proposition we state the following defini-
tions. The idea is to induce a star product on a manifold M from a Drinfel’d twist
on % g via a Lie algebra action g — I'>°(T'M).

Definition 3.2.5 ([20] Twist Star Product). Let (M, m) be a Poisson manifold.

i.) A (formal) Drinfel’d twist on % g is a twist F = 11+0O(h) € (% g% 9)|[h]]
on % g[[h]].

ii.) A symmetry g of M is a Lie algebra, acting on M by derivations, i.e. a Lie
algebra anti-homomorphism ¢: g — I'°(TM).

iii.) A twist star product on (M,7) is a star product x on (M, ) together with a
symmetry g of M and a formal Drinfel’d twist F on % g such that

frg=F "> f)-(F'>g) (3.18)
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forall f,g € €(M), where > denotes the Hopf algebra action induced by the
symmetry.

By Proposition for any symmetry g on a manifold M and any (formal)
Drinfel’d twist F on % g there is a twist star product fxrg = (F; '>f)-(F, '>g) on
M with Poisson bracket given by the skew-symmetrization of the first order of F~1.
It is the strategy of the rest of the section to investigate such Poisson brackets and
find obstructions for their existence, leading to obstructions for twist star products.
Before continuing, we first give an example of a twist star product.

Example 3.2.6. Consider R? with coordinates (x,y). The 2-torus T? is the quotient
of R? under the identification (z,y) ~ (x + 1,y) ~ (z,y + 1). It is a symplectic
manifold with respect to the Poisson bracket

dof g Of dg

{f>g}_%a—y—a—ya—x

for all f,g € €>(T?). The Lie algebra R? endowed with the zero Lie bracket is a
symmetry of T? with respect to the usual action of coordinate vector fields E% and
aﬁ. Consequently, % g can be identified with the symmetric algebra S*g of g. Then,
y

the Moyal-Weyl product

g 0
() = exp (g5 ) 70l Do (3.19)

on T?, where f,g € €=(T?), is a twist star product corresponding to the (formal)
Drinfel’d twist

Foop(—nite o) e (waowgln] (3.20)

on %g. Similarly, the Moyal-Weyl product on R™ given in Example i.) is a
twist star product with respect to the Drinfel’d twist )

A twist star product puts quite strict requirements on the underlying manifold.
As a first instance of this, we prove that the Poisson bracket corresponding to a
twist star product is induced by a classical r-matrix (c.f. [20] Lem. 2.7).

Lemma 3.2.7. Let xx be a twist star product on a Poisson manifold (M,{-,-}).
Then

{f,g}=(r>[f) (ra>9) (3.21)

forall f,g € €(M), where r = r1 A ry denotes the r-matrixz corresponding to F, -
the pointwise product of functions and > the induced Hopf algebra action.

Proof. Since xz is a twist star product
Yo(FI s f) - (Foeg) = (F' e f)-(Fo'og)=frrg=>_ h"Cu(f9)
n=0 n=0

holds for all f,g € €°>°(M), where C,, are the bidifferential operators corresponding
to «r and F~' = 3% h"F| ® Fy. In particular, C\(f,g) = (Fi > f)- (F; > g) and
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the Poisson bracket is

{f>9} :Cl(f> 9) - C'1(9, f)
=(F\> f)- (Fy9) — (Fi > 9) - (Fy > f)
=10((Fy @ F, —~F, @ F}) > (f® 9))
=10(r > (f © ¢))
=(r > f) - (r2 > g),

where we used that the pointwise product pg is commutative. O

More generally, the same statement holds true if a formal deformation is braided
commutative (see [20] Prop. 2.10).

Proposition 3.2.8. Let x be a star product on a Poisson manifold (M, {-,-}) such
that (€°°(M)[[h]], *) is braided commutative with respect to a universal R-matrix
R=1®1+ hr+ O(h?). Thenr =1y A1y is a classical r-matriz on g and

{f,9} =(>f) - (r21>9) (3.22)
for all f,g € €°(M).
Proof. Let f,g € €*°(M). For f+g="> " h"C,(f,g) we obtain
Mf.gt+O) =fxg—g*f
=fxg=(Ri'> f)*(Ry' > g)
=h(C\(f,9) = C\(f,9) + (> f) - (ra > g)) + O(F?)
=h(ri > f) - (r2 > g) + O(1?),

which implies the statement. Note that we used that the first order in A of R is
—r. In particular r is skew-symmetric since the Poisson bracket is. O]

If g is a finite-dimensional Lie algebra over C with basis ey,...,e, € g, any

r-matrix r on g reads
r= Z i e; N\ e
i<j
with coefficients r¥ = —r/® € C. The r-matrix r is said to be non-degenerate if

the matrix (rY);; € M, (C) is of full rank. There is always a finite-dimensional Lie
subalgebra of g on which r is non-degenerate.

Lemma 3.2.9 ([20] Prop. 2.5). Let r € g be an r-matriz on g. Then
gr={(e@id)(r)eg|acg}Cyg (3.23)
1s a finite-dimensional Lie subalgebra. Furthermore, r is a non-degenerate r-matrix
on g,. In particular, r € g,.
Proof. We first prove that g, is a Lie subalgebra. Let o, 8 € g*. Then
(e @id)(r), (8 ®@id)(r)] =a(r1)B(r})[r2, 7]
=(a®@ f@id)(rn ®@r @ [r13))
=(a® B @id)(=[r, ] @ rs @ ry — 11 ® [re, 1] @ 1)
:((_5(7@)& o adﬁ - 04(7”1)5 © ad?“2) ® ld)(r) €9

since r is a solution of the classical Yang-Baxter equation. Furthermore, r spans the
Lie subalgebra g, and it follows that r € g, and r is non-degenerate in g,.. O
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The Lie algebra g, is said to be the symplectic leaf corresponding to r. It is also
employed in [50] Sec. 3.5. We prove another condition which twist star products
enforce on their underlying manifold in the symplectic case.

Proposition 3.2.10 ([20] Thm. 3.3). Let (M, {-,-}) be a connected symplectic man-
ifold allowing for a twist star product xr, where F € (% g ® 2 9)[[h]]. If the cor-
responding Lie algebra action ¢: g — I'>°(T'M) integrates to a Lie group action
G XM — M, M is a homogeneous G-space.

Proof. In Lemma it was proven that {-,-} = (r1 > -)(ro > -) in this situation.
Equivalently, the corresponding Poisson bivector reads 7 = 3, _. rIg(e;) N ¢(ej).
Since 7 is symplectic, the musical homomorphism 7#: T*M — T'M is surjective on
fibers. Namely, for any p € M and v, € T,M there is an o, € T;M such that

Up = — 7Tﬁ|p(O‘p) =T ( O‘p) = 7717(0‘177 ) = (O‘p ® id)ﬂ'p
= erap )o(€j)lp
1<J
_¢(Zr”ap ole)lp)e >
1<J p

This proves that ¢: g — I'*°(TM) is locally transitive, i.e. that ¢[,: g — T,M
is transitive for all p € M. By assumption ¢ integrates to a Lie group action
®: G x M — M. This means that G is the connected and simply connected Lie
group corresponding to g and

| 2(exp(te),p) = oI, (&) € T,M

t=0

for all p € M and & € g. Since ¢ is locally transitive and M connected, it follows
that ®: Gx M — M is a transitive group action (c.f. [20] Lem. 3.2). In other words,
M is a homogeneous G-space. This concludes the proof of the proposition. O

If M is a compact manifold, the additional integration assumption is redun-
dant, leading us to the first examples of star products which can not be induced by
Drinfel’d twists.

Corollary 3.2.11. Let (M,{-,-}) be a connected compact symplectic manifold al-
lowing for a twist star product xz, where F € (%g @ %9)[[h]]. Then M is a
homogeneous G-space.

Proof. By Palais’ theorem [90], a Lie algebra action integrates to a Lie group action
if all corresponding fundamental vector fields have complete flow. This is the case,
since M is compact (c.f. [75] Thm. 12.12). In particular, we can apply Proposi-
tion [3.2.10) to obtain the result. O

Example 3.2.12 ([20] Ex. 3.9). The connected orientable Riemann surfaces T(g) of
genus g > 1 are not homogeneous. This follows from theorems [82, [83] of Mostow,
which say that connected compact homogeneous spaces have non-negative Fuler char-
acteristic. Of course the Euler characteristic of T'(g) is x(T(g)) = 2(1 —g). On
the other hand, the canonical symplectic structure on T(g), which we discussed in
Ezample admits a star product quantization according to Proposition |3.1.0.
By Corollary we conclude that those star products can not be induced by a
Drinfel’d tunst on a universal enveloping algebra.
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In Example [3.2.6] we recognized that the Moyal-Weyl product on the symplectic
2-torus T'(1) = T? is a twist star product. The question remains if there are twist
star products on the symplectic 2-sphere T'(0) = S%.. We address this question in
the rest of this section.

Lemma 3.2.13 ([20] Prop. 3.6). Let ®: G x M — M be a Lie group action with
corresponding Lie algebra action ¢: g — I'°(TM). Then the following statements
hold.

i.) If ® is transitive, the induced Lie group action
U: G/ker®®@ M > ([g],p) = P(g9,p) € M
18 transitive and effective.
i.) If r € A%g is a classical r-matriz, so is [r] € A%g/ ker ¢.

iii) If 6(r) = 3, 16(e1) A ole;) is a Poisson bivector on M, so is o((r]).
Moreover ¢(r) = ¢([r]).

Proof. For the first statement recall that ker® = {g € G | ®, = idy/} is a normal
Lie subgroup of G, i.e. ker® is a Lie group and ghg ™' € ker® if h € ker ® and
g € G. The latter is the case since ®ypg-1 = PyjoPpo0®1 = P 0d 1 =idy,. It
follows that G/ ker @ is a Lie group and there is a homomorphism G — G/ ker ®
of Lie groups with Lie algebra homomorphism : g — g/ker ¢. Transitivity and
effectiveness of W are easily verified. If r € A%g is a classical r-matrix, i.e. [r,r] =0
so is [r] = ¥(r) € A?g/ker ¢, since Lie algebra homomorphisms respect the Lie
bracket and consequently the Schouten-Nijenhuis bracket, i.e.

[Ir], [r]] = [ (r), & (r)] = ¥([r,r]) =
Then, also the last statement follows. O

Collecting the former results, we obtain more and more information on the Lie
group action corresponding to a twist star product.

Corollary 3.2.14. If there is a twist star product on a connected compact symplectic
manifold M, there exists a non-degenerate classical r-matriz on a Lie algebra g such
that the corresponding connected and simply connected Lie group G acts transitively
and effectively on M.

Proof. By Corollary there is a classical r-matrix 7 € A%g on a Lie algebra
g such that the corresponding connected and simply connected Lie group G acts
transitively on M. Denote this group action by @ and the corresponding Lie al-
gebra action by gzﬁ Performing the quotient G/ = G / ker & we obtain a Lie group
action ®': G' x M — M, which is well-defined, transitive and effective according
to Lemma , such that the induced r-matrix » € A?g’ induces the Poisson
structure on M. This r-matrix is non-degenerate in the Lie subalgebra g, C ¢
according to Lemma (3.2.9, The Lie group action of the corresponding Lie group
G, is still transitive and effective, which can be checked by repeating the proof of
Proposition for g,. This concludes the proof of the corollary. O

Finally we are able to conclude the main obstruction of this section.
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Theorem 3.2.15 ([20] Cor. 3.12). There is no twist star product deforming the
symplectic 2-sphere.

Proof. Assume there is a twist star product on symplectic S?. Then there is a
non-degenerate classical r-matrix r on a Lie algebra g such that G acts transitively
and effectively on S?, according to Corollary [3.2.14l In particular, g is semisimple
according to Onishchik [87, [88], [89]. This gives a contradiction since there are no
non-degenerate r-matrices on semisimple Lie algebras (c.f. [50] Prop. 5.2). O

3.3 Morita Equivalence of Algebras

A weaker notion of equivalence of algebras than isomorphism is given by Morita
equivalence. It identifies two algebras if their categories of representations are equiv-
alent. There are several properties which are preserved under Morita equivalence,
like e.g. algebraic K-Theory (c.f. [92]). Those invariants are said to be Morita
invariants. We will see that commutativity is not one of them. Following [32] Sec. 3
and [27] Sec. 2. we recall some basic concepts of Morita theory, which we apply to
star product algebras and in particular to twist star product algebras in Section [3.4]
For a general introduction to Morita equivalence of rings we refer to [73].

Fix an associative unital algebra A over a commutative unital ring k in the
following. As usual, its category of representations if denoted by 4M. If B is
another associative unital algebra isomorphic to A, it follows that 4M and gM
are equivalent categories. This means that there are two functors F': oM — gM
and G: gpM — 4M, as well as two natural isomorphisms id, oy — G o F' and
FoG — id,a. The following example shows that being isomorphic is not a necessary
condition for algebras to have equivalent categories of modules.

Example 3.3.1. Fiz a natural number n > 0. The set M,,(A) of n x n-matrices
with entries in A is itself an associative unital algebra with product given by matrix
multiplication and unit being the n xXn-matrix 1,, with units on the diagonal and zeros
in every other entry. An object in yp, )M can be identified with n left A-modules
M;, such that Y7 aj; - m; € M; for all aj; € A and m; € M;, where 1 < j < n.
It follows that M; = My for all 1 < i < n. This means that any left M,(A)-
module is of the form M™ for a left A-module M. Similarly one proves that any left
M, (A)-homomorphism ®: M™ — N™ is of the form ® = ¢" for a left A-module
homomorphism ¢: M — N. It is easy to prove that the assignments M +— M™ and
¢ — ¢" define an invertible functor with inverse given by the projection to the first
component. This proves that 4M and yp,4)M are equivalent categories. However,
A and M,(A) are not isomorphic as algebras in general, since M,(A) might be
noncommutative even if A is commutative.

Motivated from this example we state the following definition.

Definition 3.3.2. Two associative unital algebras A and B are said to be Morita
equivalent if 4 M and g M are equivalent categories.

It follows from the previous discussion that two isomorphic algebras are Morita
equivalent and A is Morita equivalent to M,,(A) for every n > 0. There are several
characterizations of Morita equivalence. For instance, we note that the functor

from Example which assigns to any left A-module M the M,,(A)-module
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M"™ and to any left A-module homomorphism ¢: M — N the left M, (A)-module
homomorphism ¢": M™ — N™, can be represented as the tensor product with the
M, (A)-A-bimodule py,(4)A%. The latter is defined as A", which is a left M, (A)-
module via matrix-vector multiplication and a right A-module by component-wise
multiplication from the right. Clearly the actions commute. Furthermore, for any
left .A-module M the tensor product s, (4)A”% ®4 M over A is isomorphic to the
left M, (A)-module M™. The left M, (A)-module isomorphism is given by

1 0
mq 0 ]
M| =L @am .+ (‘) ® A My € arya) A% @4 M,
with inverse
a ai-m
My (WAG @AM [ 1 [ @am ; e M.
an anm

One easily proves that these assignments respect the left M, (A)-module actions. It
turns out that this is not a specific ramification of the Morita equivalence of A and
M,,(A) but rather a general construction underlying every Morita equivalence.

Proposition 3.3.3 ([27] Cor. 2.4). Two associative unital algebras A and B are
Morita equivalent if and only if there is a B-A-bimodule g€ 4 and an A-B-bimodule
A€ such that

AEB P BEA = 4 A4 and EA D4 4E3 = 85 (3.24)

as bimodules.

The bimodules €4 and 4&p are said to be Morita equivalence bimodules. We
want to point out that there is an interpretation of Morita equivalence bimodules
as invertible morphisms in the following category: objects are defined as associative
unital k-algebras and morphisms are isomorphism classes of bimodules. Namely,
let A, B and C be algebras and fix an A-B-bimodule 4&z and a B-C-bimodule z&¢.
Then ®gz is associative up to isomorphism, with 444 and gBg functioning as unit
morphisms. A morphism 4&g is invertible if and only if there is a morphism g€ 4
such that holds, i.e. if and only if it is a Morita equivalence bimodule. This
constitutes a (large) groupoid Pic with objects being associative unital algebras and
(invertible) morphisms being Morita equivalence bimodules, called Picard groupoid.
The set of A-B Morita equivalence bimodules is denoted by Pic(.A, B), while the
set of self-Morita equivalence classes of A, the Picard group, is denoted by Pic(.A).
The Morita equivalence class of an associative unital algebra A is defined to be the
orbit of A in Pic and Pic(.A) measures in how many ways A is Morita equivalent
to another algebra B in its orbit. We refer to [12] for more information on this
interpretation of Morita equivalence.

There is another characterization of Morita equivalence, affirming the similarity
to Example 3.3.1] Recall that an element P € M, (.A) is said to be an idempotent if
P? = P and it is said to be full if the span of elements of the form M PN € M, (A)
for M, N € M, (A) equals M, (A).
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Theorem 3.3.4. Two associative unital k-algebras A and B are Morita equivalent
if and only if one of the following statements holds.

i.) there is an equivalence gM — 4 M of categories;
ii.) there is an A-B-bimodule 4€z such that
F et BM D BE — 4E3 ®p g€ € 4M
15 an equivalence of categories;

iii.) there is an A-B-bimodule 4€g, which is finitely generated projective as left
A-module and right B-module such that

A= EndB(AEB) and B = EndA(ASB)

are isomorphisms of algebras, where the first endomorphisms are right B-linear
and the latter left A-linear;

iv.) there is an n > 0 and a full idempotent P € M, (A) such that
B =~ End4(PA") = PM,(A)P
1s an isomorphism of algebras;

This follows from [27] Thm. 2.6 and Thm. 2.8. In a next step we examine that
the center of an algebra is a Morita invariant, where we proceed as in [32] Sec. 3.1.

Corollary 3.3.5. If A and B are Morita equivalent, there is an isomorphism Z(A) =
Z(B) of algebras. In particular, two commutative algebras are Morita equivalent if
and only if they are isomorphic.

In other words, for every element of the Picard group Pic(A) there is an au-
tomorphism of the center of A. This determines a map h: Pic(A) — Aut(Z(A)).
On the other hand, every automorphism of A can be interpreted as a self-Morita
equivalence bimodule, defining a map j: Aut(A) — Pic(A).

Proposition 3.3.6. There are two group homomorphisms
j: Aut(A) — Pic(A) and h: Pic(A) — Aut(Z(A)).
If A is commutative h o j = idpica) and Pic(A) = Aut(A) x ker h.

In the above proposition, the action of an automorphism ® € Aut(.A4) on a self-
Morita equivalence bimodule £ € ker(h) in the semidirect product Aut(.A) x ker h,
is defined as the self-Morita equivalence bimodule £®, with left and right A-actions
given by a-e-b=®(a)-e-®(b) for all a,b € Aand e € £.

Since we are mainly interested in the algebra of smooth functions on a manifold,
we are going to discuss its Morita equivalence classes and Picard group in detail in
the next example (c.f. [32] Ex. 3.5).
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Example 3.3.7. Consider the associative unital algebra A = €<(M) of smooth
complex-valued functions on a smooth manifold M. If E — M is a smooth complex
vector bundle, its space I'°(E) of smooth sections is a Morita equivalence bimodule
between I'*°(End(F)) and A. Moreover, every finitely generated projective A-module
is of that form according to the Serre-Swan theorem (c.f. [84] Thm. 11.32). In
particular, we recover the Morita equivalence of A and M,(A) for any n > 0, by
employing the trivial bundle E = C" x M — M. The kernel of h equals the group
Pic(M) of isomorphism classes of smooth complex line bundles on M. Further
remark that there is an isomorphism c,: Pic(M) — H*(M,Z), given by the Chern
class map (see [65] Sec. 3.8) and Aut(A) = Diff(M). Summing up we obtain

Pic(¢>(M)) = Diff (M) x H*(M,Z),
where Diff (M) acts on H*(M,7Z) via pull-back.

In the next section we observe that the deformation theory is another Morita
invariant. This will have particular consequences for twist star products.

3.4 Twist Star Products and Morita Equivalence

We are mainly interested in Morita equivalence of star product algebras (see [10§]
for a review on this topic). An obvious question is, if Morita equivalence bimodules
can be deformed relative to a deformation of the corresponding algebras. Even
more, if A and B are Morita equivalent algebras and A a formal deformation of A,
is there a formal deformation B of B, such that A and B are Morita equivalent?
Following [27] Sec. 2.3 and [30], we give a positive answer to this question. We
further refer to [29, BI]. Afterwards we focus on formal deformations of Morita
equivalence bimodules of twist star product algebras, reviewing the results of [38].
Fix an associative unital algebra A and a left A-module M for the moment.
Assume that there is a formal deformation * of A. The natural question arises, if
there exists a left A = (A[[A]], x)-module structure e on the K[[A]]-module M|[[A]],
such that a em = a - m + O(h) for all a € A and m € M, where - denotes the left
A-module action on M. If there are K-bilinear maps \,: A x M — M such that

aem = a-m+2h’")\r(a,m),
r>0
we call M = (M[[h]], ®) a formal deformation of (M,-) with respect to A. Two
formal deformations M = (M[[h]],e) and M’ = (M][[h]],®’) of (M, -) with respect
to A are said to be equivalent if there are K-linear maps T,: M — M such that
T =idp + Y, W1, extends to an A-module isomorphism T: M — M.

Lemma 3.4.1 (c.f. [53]). Let A = (A[[R]],*) be a formal deformation of A. Then
M,(A) = M,(A)[[A]] as K[[h]]-modules and M, (A) is a formal deformation of
M, (A). Furthermore, if P € M,(A) is an idempotent,

1 1 1
:§+<P_§)*\*/1+4(P*P—P) 529

defines an idempotent on M, (A) such that P = P+ O(h) and P is full if and only
if P s full.
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In particular, for any finitely generated projective left A-module 4& there is a
finitely generated projective left A-module 4€ deforming 4&, which is unique up to
equivalence. This answers the question we stated at the introduction of this section,
leading to the following theorem (c.f. [27] Prop. 2.21).

Theorem 3.4.2. Let A and B be two Morita equivalent algebras and A = (A[[R]], %)
a formal deformation of A. Then, there is a formal deformation B = (B[[h]],*’)
of B such that A and B are Morita equivalent. Furthermore, there is a bijection
Def(A) = Der(B) given by the Morita equivalence bimodules which deform 4Eg.

Applying this to Example we obtain a result on the action of the Picard
group of a symplectic manifold on equivalence classes of symplectic star products.

Corollary 3.4.3 ([31] Thm. 3.1). Let (M,w) be a symplectic manifold. The action
of the Picard group Pic(M) on star products on (M,w) is given by

] > [#] + 2miei (L), (3.26)

where ¢ (L) is the first Chern class of the corresponding line bundle L — M. In
particular, the obtained star product " is equivalent to x if and only if the first Chern
class of the line bundle L is trivial.

A generalization of this corollary to Poisson manifold is proven in [28] Thm. 3.11.
The authors have to employ Kontsevich’s quantization map [70] and the curvature
2-form of the line bundle in addition.

In the following lines we include a Lie group symmetry into the picture. The
strategy is to use a Drinfel’d twist on the universal enveloping algebra of the corre-
sponding Lie algebra to deform the Morita equivalence bimodule corresponding to an
equivariant line bundle in the end. Consider a G-equivariant line bundle pr: L — M
for a Lie group GG. This means that there are G-actions on L and M, respectively,
such that

gr>: Ly, — Ly

forall g € G and p € M, where L, = pr—'({p}) C L is the fiber of p. In other words,
we require the Lie group action to be linear on fibers. In particular, this implies

pr(g >q) = g > pr(q)
for all g € G and q € L.

Example 3.4.4. Let n > 0 and consider the complex projective space CP", which
1s defined as the set of all orbits of the Lie group action

P:Cy xC™ 3 (N, 2) > A2z CHH,

where Cy, = C\ {0}. Since @ is free and proper, CP" can be structured as a smooth
manifold. On CP" there is the tautological line bundle

L={(z) €CP"xC"" | z€cl} (3.27)

with projection w: L > (¢,z) — £ € CP", where z € { means that z is an element of
the orbit 0. It is equivariant with respect to the GL,1(C)-action given by matriz-
vector multiplication. In fact, GL,1(C) x C*"*' — C"*! descends to a Lie group
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action on CPP", since it commutes with ®. Then, the projection m intertwines the
diagonal action on L and CP", i.e.

T(A> (0,2) =7((A> ), (A>2)=A>l=A> (n((, 2))

for all A € GL,1(C) and (¢,z) € L. This proves that w: L — CP" is indeed
GL,+1(C)-equivariant.

An equivariant line bundle naturally induces Lie group actions on the smooth
functions on the manifold and the smooth sections of the line bundle.

Lemma 3.4.5. Let pr: L — M be a G-equivariant line bundle. Then
(9> f)p) =flg" >p),
(9> s)(p) =g (s(g7" >p)),

where g € G, f € €°(M), p € M and s € I'*°(L), define G-actions on €>°(M) and
['*°(L). Moreover the G-actions respect the €>°(M)-bimodule structure of T'°(L),
i.e.

(3.28)

g (f-s)=(g> f)-(g>s) (3.29)

forallg € G, f € €°(M) and s € T'°(L). In other words, G acts by group-like
elements.

Proof. Consider a section s € I'°(L) and an element g € G. Then g> s € I'°(L)
since

pr((g>s)(p)) =pr(g>s(g ' >p) =g>pr(s(g ' >p) =g> (g '>p) =p

for all p € M. It is an easy exercise to verify that (3.28) are G-actions. In fact
(e f)(p) = f(p), (e>s)(p) = e s(e' >p) = s(p),

(g (h> ))(p) = f((h g7 ") > p) = f((gh) " >p) = ((gh) > [)(p)

and (90> (h>5))(p) = (gh)>s((h~'g™") >p) = ((gh) > s)(p) for all g, h € G, p € M,
feE*(M)and s € I'°(L). Furthermore, eq.(3.29)) follows since

(g (f-s)(p) =g > ((f- )(g‘1 > p))
=g> (flg~' >p)s(g™' >p))
=flg" > p)gr> (s(g”" >p))

=((g> f)- (9> 5))(p)

forallge G,pe M f e €>°(M) and s € I'°(L), where we used that the G-actions
are C-linear. O

The Lie group actions on functions and sections of the line bundle induce Lie
algebra actions of the corresponding Lie algebra. They can be extended to Hopf
algebra actions of the universal enveloping algebra. We prove that those actions
respect the bimodule structure of sections.

Corollary 3.4.6. If pr: L — M is a G-equivariant line bundle, then T'°(L) is a
U g-equivariant symmetric €°°(M)-bimodule, where g is the Lie algebra correspond-
ing to G.
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Proof. By Lemma there is a Lie group action G x I'°(L) — I'*°(L). Recall
that the corresponding Lie algebra action g — End¢(I'*°(L)) is defined by

d

>s=—

§Ps=7

for all £ € g and s € I'™°(L). Note that the triangle on the right hand side of

(3-30) denotes the G-action. This extends uniquely to a left Hopf algebra action

U gRI'* (L) — I'*°(L). It remains to prove that the % g-action respects the € (M)-
module action. This is the case, since

exp(t-&) > s (3.30)

t=0

£ () =] et (f+9)
5| (-9 n-eoe-909)

:(%(exp(t &) > f)) +(exp(t - &) > s)

t=0
Hexp(t- 5 ) (e 059)
(> f)-s+f-(E>s)

=& > f)- (o >s)
forall € € g, f € €°(M) and s € (L), where we used (3.29). It is sufficient to

prove equivariance on primitive elements. 0

t=0

After those general considerations we return to obstructions for twist star prod-
ucts. Before proving the main theorem of this section we argue that any equivariant
line bundle on a manifold can be twist deformed into a self Morita equivalence bi-
module of the twisted functions if there is a Drinfel’d twist on the corresponding
universal enveloping algebra.

Lemma 3.4.7. Let L — M be a G-equivariant line bundle and xx be a twist star
product on M with Drinfel’d twist based on % g. Then there is an algebra isomor-
phism

G (= (M), %7) = Endges (ania)r) (T (L) [[B]], - 7) (3.31)
given by the twisted left €°°(M)-module action on I'*°(L).

Proof. 1 is an algebra homomorphism since f -z (¢ -xs) = (f xz g) -5 s for all
frg € €°(M) and s € T>°(L) by the 2-cocycle property. It is an isomorphism since
['*°(L) is a self Morita equivalence bimodule for the undeformed algebra. Namely
[*(End(L)) & ¢°>°(M) since End(L) =2 M x C is the trivial line bundle, which
implies that
(€%°(M), ) = End (o)) (I=(L), )

is an algebra isomorphism. It follows that v is invertible in the A-adic topology since
U(f)(s)=f-s+ O(h) for all f € €°(M) and s € I'°(L). O

Now it is clear how to obtain an obstruction in the symplectic setting: if the line
bundle has non-trivial Chern class it follows that its twist deformation is a Morita
equivalence bimodule between the twisted functions and another star product which
is not isomorphic to the twist star product. This is a contradiction to Lemma |3.4.7],
which proves that the induced star product has to be the twisted product itself.
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Theorem 3.4.8 ([38] Thm. 11). Let (M,w) be a symplectic manifold such that M
1s a G-space in addition. The following two properties are mutually exclusive.

i.) There is a G-equivariant smooth complex line bundle on M with non-trivial
Chern class;

ii.) There is a twist star product on (M,w) for a Drinfel’d twist based on % g|[h]],
where g is the Lie algebra corresponding to G;

Proof. Assume that i.) and 4i.) both hold on the same symplectic manifold and
G-space (M,w). In particular, there are two algebra isomorphisms

(& (M)[[1)], %5) 2 End g an)ugen) T (D[R], -5) = (€ (M)[[A]], ),

the first according to Lemma [3.4.7] and the second according to Theorem and
Theorem [3.3.4]4i4.). More precisely, xz denotes the twist star product on (M,w) that
exists by assumption ii.), while x” denotes the star product which exists correspond-
ing to the deformation xx of (M) and - of I'*°(L). According to Corollary
this implies ¢1(L) = 0 in contradiction to assumption i.) and we conclude the proof
of the theorem. O

Note that Theorem [3.4.8 only gives obstructions for Drinfel’d twists on Z g if g
is the Lie algebra corresponding to the symmetry G of the line bundle. Nevertheless
this might rule out a huge class of candidates, like it is depicted in the following
example.

Example 3.4.9. Consider the tautological line bundle L on CP" discussed in Fx-
ample . It is G = GL,41(C)-equivariant and according to Corollary this
implies that the sections I'°°(L) of L are a g = gl,,,(C)-equivariant € (CP")-
bimodule. It is well-known that ¢1(L) # 0 and that the Fubini-Study 2-form wgs is
a symplectic structure on CP". According to Theorem there is no twist star
product on (CP",wgs) with a twist based on % g. On the other hand, according to
Proposition there are star product quantizing (CP", wgs). A particular class
of them, given by Berezin-Toeplitz quantization, is described in [98].
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Braided Cartan Calculi

After recalling the well-known theory of quasi-triangular Hopf algebras and their
representations we proceed by elaborating some original results of the author. The
main statement, i.e. the construction of the braided Cartan calculus on an arbitrary
braided commutative algebra, can be found in [I11] Section 3, while we add more
details, proofs and lemmas in the following sections. To give some insight on how
several formulas were deduced as natural generalizations, we start by recalling the
construction of the Cartan calculus on a commutative algebra over a commutative
unital ring in Section (c.f. [72,97]). Note that Henri Cartan laid down the foun-
dation of the Cartan calculus on a manifold in [34] and with it all of its fundamental
ingredients. The study of multivector fields on a manifold and the generalization of
the Lie bracket of vector fields to a Gerstenhaber bracket (c.f. [59]) goes back to
early works [85],[99, [100] of Schouten and Nijenhuis. In the context of noncommuta-
tive geometry [36] the Schouten-Nijenhuis bracket is discussed in [46]. The notion
of Cartan calculi on noncommutative algebras goes back to Woronowicz. In [112]
he generalized the de Rham differential of a smooth manifold to a noncommutative
setting, focusing on its algebraic properties. Namely, a first order differential calcu-
lus over a Hopf algebra A is given as a bimodule I' over the algebra, together with
a k-linear map d: A — T, which satisfies a Leibniz rule d(a - b) = d(a) - b+ a - d(b)
for all a,b € A. In this context, I' represents the bimodule of differential forms on
A. Furthermore, he assumes that I' = A - dA is generated by A and d. If the first
order calculus is bicovariant, i.e. if Y, apdb, = 0 implies >, A(ax)(id®@d)A(by) =0
and »_, A(ay)(d®id)A(bg) = 0, it admits an extension to the exterior algebra of I,
which we identify with higher order differential forms. Noncommutative differential
calculi based on derivations rather than generalizations of differential forms are dis-
cussed in [45], 46 [101], [102]. It is a necessity to employ modules over the center of a
noncommutative algebra in this case, since derivations are only a central bimodule.
Following the approach of [9] [10], we construct a braided derivation based calculus
via bimodules over the whole algebra for the huge class of braided commutative
algebras, in accordance with [112]. In the Sections [4.2H4.4] we repeat the construc-
tion of Section in the category of equivariant braided symmetric bimodules of a
braided commutative algebra. Namely, we shape the braided Gerstenhaber algebra
of braided multivector fields with the braided Schouten-Nijenhuis bracket in Sec-
tion [4.2] while we construct the braided Grafmann algebra of braided differential
forms in Section [4.3] In particular we define a braided analogue of the de Rham dif-
ferential in the latter section via a generalization of the Chevalley-FEilenberg formula.

74
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Then, in Section [4.4] our arrangements culminate in the definition of the braided
Cartan calculus. The corresponding braided Lie derivative, insertion and de Rham
differential are related by graded braided commutators and resemble the formulas
known from differential geometry. It would be interesting to compare the braided
Cartan calculus to the noncommutative calculus [I05, [I06] and generalize our con-
struction to Lie-Rinehart pairs (see [66]). As an application we prove in Section
that the notion of covariant derivative naturally generalizes to the braided Cartan
calculus. In particular we compute the curvature and torsion of an equivariant co-
variant derivative, we prove that a given equivariant covariant derivative on the
algebra extends to braided differential forms and multivector fields and we give an
existence and uniqueness theorem for an equivariant Levi-Civita covariant derivative
of a given non-degenerate equivariant metric. Covariant derivatives on noncommu-
tative algebras are also discussed in e.g. [2, 3], 4 [©, 10, 17, 18], 45, 5, 74, OT]. In
general one has to distinguish between left and right covariant derivatives. However,
we prove that these notions coincide in the equivariant case. Finally, in Section
we clarify that Drinfel’d twist gauge equivalence is compatible with the construction
of the braided Cartan calculus and the notion of equivariant covariant derivative.
For a given twist we describe a deformation of the data of a braided Cartan calcu-
lus and prove that it is isomorphic to the braided Cartan calculus with respect to
the twisted algebra and twisted triangular structure. This recovers the well-known
twisted Cartan calculus and integrates it in the setting of braided Cartan calculi.
Furthermore, the twist deformation of an equivariant covariant derivative can be
viewed as an equivariant covariant derivative with respect to the twisted universal
R-matrix on the twisted algebra via the same isomorphism.

4.1 The Cartan Calculus on a Commutative Al-
gebra

Recalling differential geometry, the Cartan calculus on a smooth manifold M is
based on the commutative algebra ¢°°(M) of smooth functions. The Gerstenhaber
algebra (X*(M), A, [+, -]) of multivector fields and the Gramann algebra (2°(M), A)
of differential forms are graded symmetric ¢°°(M)-bimodules. Using the de Rham
differential d and the insertion ix of vector fields X € X'(M) into the first slot of a
differential form, one defines the Lie derivative £x = iy, d|, the bracket denoting
the commutator of endomorphisms. On factorizing multivector fields X = X A---A
X}, € X*(M) one defines iy = ix, - - -ix, and the Lie derivative by

Lx =ixd — (=1)"diy.

Linear extension leads to homogeneous maps d: Q*(M) — Q*TH (M), ix: Q*(M) —
Q* (M) and Lx: Q*(M) — Q*=* =D (M), where X € ¥*(M). In particular we can
define the Lie derivative £y = [ix, d] of any multivector field X € X*(M) using the
graded commutator [-,-]. One proves that i: X*(M) x Q*(M) — Q*(M) is € (M)-
bilinear. If X € X'(M) we obtain derivations ix and Zx of (Q*(M),A). It is the
aim of this subsection to reduce the Cartan calculus to its algebraic properties and
reconstruct them for any commutative algebra. In the next subsections this will be
generalized to braided commutative algebras.
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Fix a commutative algebra A in the following. An endomorphism ®: A — A is
said to be a derivation of A if ®(ab) = ®(a)b+ a®(b) for all a,b € A. We denote
the k-module of all derivations of A by Der(A).

Lemma 4.1.1. The derivations Der(A) of A form a Lie algebra with Lie bracket
given by the commutator [-,-] of endomorphisms. Furthermore, Der(A) is a sym-
metric A-bimodule with left and right A-module actions defined on X € Der(A)

by
(a- X)(b) = aX(b) = (X -a)(b)

for all a,b € A.
Proof. For any a € A and X € Der(A), a- X is a derivation of A, since
(a-X)(bec) =aX(bc) =a(X(b)e+bX(c)) = ((a-X)(b))c+ bla- X)(c)

holds for all b, ¢ € A by the commutativity of A. Therefore we obtain well-defined
A-module actions by the associativity of A. They are symmetric by definition. The
endomorphisms of A are a Lie algebra with respect to the commutator. It remains
to prove that [-,-] closes in Der(A). Let X,Y € Der(.A). Then

X, Y](ab) =X (Y (ab)) — Y (X (ab))

=
+
>~<
s
S
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= =
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a
(b))
for all a,b € A, which means that [X,Y] € Der(A). O

=([X,Y](a)b + a([X,Y

—

Next we consider the tensor algebra
T*Der(A) = A @ Der(A) @ (Der(A) @ 4 Der(A)) @ - - -

of the symmetric A-bimodule Der(.A). It is a graded noncommutative algebra with
multiplication given by the tensor product ® 4 over A. The left and right A-actions,
defined on factorizing elements X = X; @4 -+ @4 X € TFDer(A) and a € A by

CL'X:(CL'Xl)@A"'@AXk:X'CL,

structure T*Der(.A) as a symmetric A-bimodule. The quotient of T*Der(.A) with the
ideal generated by expressions X ®4Y — (—=1)*Y @4 X, where X € T*Der(A) and
Y € T'Der(A), is the Grapmann algebra or exterior algebra A®Der(A) of Der(A).
The induced product, the wedge product, is denoted by A. Since the ideal respects
the structure of the tensor algebra it follows that A®Der(.A) is a graded algebra and a
symmetric A-bimodule. In particular, there are symmetric left and right .A-module
actions such that on factorizing elements X = X; A--- A X € A*Der(A)

a-X=aANX=(@ X)N- - ANXx=XNa=X"-a
holds for all a € A. Note that A*Der(A) is graded commutative in addition, i.e.

XAY = (DY A X
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for all X € A*Der(A) and Y € A’Der(A). In the following we write X*(.A) instead of
A*Der(A) and call it the multivector fields of A. We define the Schouten-Nijenhuis
bracket [-,-]: X*(A) x X*(A) — X*(A) on factorizing elements X = X A--- A X} €
XA and Y =Y, A+ A X, € XHA) by

k 0
X Y] =D ()X XIAK A AX A X AYI A AV A Yy (4)
i=1 j=1

if k&, ¢ > 0, where 5(: and 57] are omitted in the above wedge product. We further set
Ja,b] = 0 for a,b € A and [X,a] = X(a) = —[a, X] for all X € X'(A) and a € A
and extend [-, -] k-bilinearly.

Proposition 4.1.2. The Schouten-Nijenhuis bracket structures X°*(A) as a Ger-
stenhaber algebra. Namely, [-,-]: X*(A) x X(A) — X1 A) is a graded (with
respect to the degree shifted by 1) Lie bracket, i.e. it is graded skew-symmetric

[V, X] = —(-=1)* " VEVX Y]
and satisfies the graded Jacobi identity
[, [V, Z]] = [[X,Y], 2] + (-)* ]y, [X, 2],
such that the graded Leibniz rule
[X,YAZ] = [X,Y]AZ+ (-1)* VY A[X, 7]

holds in addition, where X € X*(A), Y € XY(A) and Z € X*(A). It is the unique
Gerstenhaber bracket on X°*(A) such that

[X,a] = X(a) and [X,Y] = [X,Y]
for alla € A and XY € X'(A).

Proof. By counting degrees we see that [-,-]: X¥(A) x XY(A) — XF=1(A). This
means that [-,-] is homogeneous with respect to the degree shifted by 1. Then,
using the defining formula (4.1]) it is an exercise to verify that [-, -] is a Gerstenhaber
bracket. In fact it is sufficient to prove this in degree 0 and 1 since afterwards an
inductive argument, using the graded Leibniz rule, implies that the identities are
valid in any degree. Remark that this is how was engineered: one defines [-, -]
in degree 0 and 1, extends [X,-]: X*(A) — X°*(A) as a derivation of the wedge
product for all X € X*(A) and imposes the graded Leibniz rule and graded skew-
symmetry afterwards. Similarly one extends [a,-]: X*(A) — X*"1(A) as a graded
derivation for all @ € A. In particularly this clarifies the uniqueness by controlling
the values of the Gerstenhaber bracket in degree 0 and 1. O]

A preliminary stage to differential forms is given by the dual space Q'(A) =
Hom 4(Der(.A), A) corresponding to Der(.A), i.e. by the A-linear maps Der(A) — A.
They form a symmetric A-bimodule with left and right A-action given for a € A
and w € Q'(A) by

(a-w)(X) = @ w(X) = (w- a)(X)
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for all X € Der(A). The corresponding Grafimann algebra is denoted by (2°(.A), A).
There is a non-degenerate A-bilinear dual pairing (-, -): Q'(A)®Der(A) — A defined
by (w, X) = w(X) for all w € Q'(A) and X € Der(A). We can also view this
as inserting a derivation X into the functional w € Q'(A). In this picture it is
customized to write ixw = (w, X). Extending ix: Q°(A) — Q°'(A) as a graded
derivation of degree —1 of the wedge product, we obtain a homogeneous map of
degree —1. On factorizing multivector fields X = X; A--- A X}, € XF(A) we set

Ix =1x, - 1x,-

This determines the A-bilinear insertion of multivector fields i: X°(A) x Q°(A) —
Q°(A), such that ix: Q°(A) — Q**(A) is homogeneous of degree —k for any X €
X*(A). We further define a k-linear map d: Q°*(A) — Q*"'(A) on Q°(A) by setting
ix(da) = X(a),

(da) (X, Y) = X(ly(l/) - Y(lon) — i[X7y]Oé

ona € Aand a € Q'(A), for all X, Y € X'(A) and extending d to higher factorizing
elements as a graded derivation of degree 1, i.e. by imposing

d(wAn) =dwAn+ (—1)fw Adny

for all w € Q"(A) and n € Q°(A). Alternatively one can directly axiomatise the
Chevalley-FEilenberg formula

k

(dw)(Xo, ..., Xp) =Z(—1)"Xi(w(Xo,~-- X, X))

1=0
+ Z(_:[)H_]w([Xz,X]]aX(h U 3(\2'7 U 75(;7 U 7Xk)
i<j
for the differential of a homogeneous element w € 9¥(A) and all X, ..., X; € X'(A).
Lemma 4.1.3. The derivation d of degree 1 is a differential on (Q°*(A), A).

Proof. The homogeneity is clear. Let X,Y, Z € X'(A). Then

(d%a)(X,Y) =X (iy(da)) — Y(ix(da)) — irx,y)(da)
=X(Y(a)) - Y(X(a)) — [X,Y](a)
—0

for all @ € A by the definition of the Lie bracket of vector fields. Furthermore

(PPw)(X,Y, Z) =X ((dw)(Y, Z)) = Y ((dw)(X, 2)) + Z((dw)(X,Y))
— (dw)([X, Y], Z) + (dw)([X, Z],Y) = (dw)([Y, Z], X)
=X Y(lzw) — Z(lyw) — i[Y,Z}W)
-Y X(lzw> — Z(le) — i[Xz]w)

(
+2(X(0r) — ¥ ) s
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- ([X Y(izw) — Z(ix yiw) — i[[X,Y],Z]W)

+ [X, Z|(lyw) = Y(ix,zw) — ijx.z1v)w

- ([K Z)(ixw) — X (ipy,z1w) — i[[KZLX}W)
=0

for all w € Q'(A), where we used the Jacobi identity of the Lie bracket of vector
fields. Since d? is a graded derivation it is sufficient to verify d%w = 0 for w € Q*(A)
with & < 2 in order to conclude d? = 0. O

Differential forms on A are generated by A and the image of the differential d
via the wedge product.

Definition 4.1.4. The smallest differential graded subalgebra Q°*(A) C Q°*(A) such
that A C Q°*(A) is said to be the Grafimann algebra of differential forms on A.

Since the former operations on Q°(A) respect the wedge product A, they also
close in Q°*(A).

Lemma 4.1.5. The differential forms (Q2*(A), \) are a graded commutative algebra
and a symmetric A-bimodule. Every element w € QF(A) is a finite sum of expres-
sions of the form agda; A --- A dag, where ag, ...,a, € A. The restrictions of the
insertion of multivector fields and differential to Q°*(A) are well-defined.

The last operation missing to describe the Cartan calculus is the Lie derivative.
It is defined on any X € X*(A) by

gX = [lXud]7

where the bracket denotes the graded commutator. If X € X¥(A), we obtain a
homogeneous map Ly : Q°(A) — Q=D (A) of degree —(k —1). For k = 1, Zx is
a derivation with respect to the wedge product. The first statement holds because

iy is homogeneous of degree —k and d is homogeneous of degree 1. For the second
statement let X € X'(A). Then

Lx(wAn) =ixdwAn) — (=)D dix(w A7)
=ix(dw An+ (=DFw Ady) +dixw An+ (=) w Aixn)
=ZLxw AN+ (=1 dw Aixn + (—=1)Fixw A dn 4+ (—=1)%*w Aixdn
+ (=D lixw Adn + (=1)*dw Aixn 4+ (—=1)%w A dixn
=LxwAn+wA Lxn

for all w € Q*(A) and n € Q°(A), using that ix and d are graded derivations of the
wedge product of degree —1 and 1, respectively. Two helpful relations are proven
in the following lemma.

Lemma 4.1.6. One has
Zw = —(da) Aw and Lxry = ix L + (—1) Lxiy
forallae A, X € X*(A), Y € XY(A) and w € Q*(A). If X,Y € X1(A)
[Zx,ly] = ixy)

holds.
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Proof. By the definition of the Lie derivative and since d is a graded derivation of
degree 1

Low =[iq, dJw
—igdw — (—1)"Vdi,w
=a ANdw —d(a Aw)
=aAdw— (daAw+ (—1)% A dw)
=—daAw

follows. The relation

Lxny =lixay,d] = [ixiy, d] = ix[iy,d] + (=1) "9 [ix, dJiy
=ix %y + (1) " Lxiy
is obtained from the graded Leibniz rule of the graded commutator. The missing

formula trivially holds on differential forms of degree 0, while for w € Q(A) one
obtains

[Lx,iy|w =ZLxiyw — (—1)" iy Lyw
=(ixd + dix)iyw — iy (ixd + diy)w
=X (iyw) + 0 — (dw)(X,Y) — Y (ixw)
=li[x,y|w

for all X,Y € X!(A). Since [Zx,iy]| is a graded derivation this is all we have to
prove. O

It follows the main theorem of this subsection, where we relate the operations
given by the Lie derivative, the insertion and the de Rham differential via graded
commutators. It describes the Cartan calculus on A.

Theorem 4.1.7 (Cartan Calculus). Let A be a commutative algebra. Then

[gXa gY] :ﬁX,Ylb [1X7 IY] :07
ZLx,iy] =ifxy]s ix,d] =%,
[Lx,d] =0, [d,d] =0

hold for all X, Y € X*(A).

Proof. We are going to prove all formulas in reversed order. First, [d,d] = 2d* = 0
follows since d is a differential, which we proved in Lemma[4.1.3] The next formula,
lix,d] = Zx, holds by definition of the Lie derivative for all X € X°*(A). Let
X € X*(A) and Y € X(A). Then

k-4

lix,iy] = ixiy — (=1)*fiyix = ixay — (=1 yax =0

by the graded commutativity of the wedge product. For the next equation we utilize
the graded Jacobi identity of the graded commutator to conclude

[Z)ﬁd] = Hind]vd} = [iX’ [dv d“ + (_1)1.1[[1X7d]7d] =0- ["?de]
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for all X € X*(A), which implies [Zx,d] = 0. Recall that for any a € A, X € X'(A)
and any homogeneous element Y =Y} A --- AY, € X¢(A)

[0,Y] =D (1Y (@Y1 A= AV A AY,

j=1

and
[[va]]:Zyl/\"'/\yj—1/\[X,Yj]/\YjH/\---/\YZ
j=1

hold. Together with Lemma this implies for all w € Q°*(A)

14

i1 = D (=Dl (pyinenfanay@
j=1
l
= —da Aiyw + (=1)° ( > (=1)" iy, (da)iy; iy, -+ iyw + (—1)da A iyw>
j=1
l

= —da Aiyw + (—1)° ( > (=1 iy, (da)iy, - -y, - iyw

Jj=2

+ (—=1)" iy, (da Ay, - - -iyl_,w))

= —da A iyw + (_1)6 <iyé(da)iy1 s iyL_lw — iy1 e iyz71 (da A iyew))

= —da Aiyw + (—1)4y, - - iy, , (iyz (da) Aw —da A inw)

=—daAiyw + (=1)fiy(da A w)
=Ziiyvw — (—1)fiy.ZLw
:[gm iY]wa

and

[gXa 1Y] :[$X7 iyl]iYQ/\-“/\Yg + <_1)0.11Y1 [XX; iYQ/\W/\YA

=i yvijiven-av: +iv, ((Lx, v livaaeay, + ive [Lx lvsaeavi))

14

:E Y1 A AY; 1 ALXLYGIAY 41 A AY
J=1

=1[x,Y]
where we used the graded Leibniz rule of the graded commutator and Lemma [4.1.6
This proves [ZLy,iy] = ipx,yy for all X € X*(A) with k < 2 and all Y € X*(A). We

assume now inductively that this formula holds for a fixed k > 0. Let X € X*(A),
Y € XY(A) and Z € X¥(A) for an arbitrary £ € N. Then

[ Lxny,iz] =[ixZ — Lxiy,iz]
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=ix[L,iz] + (—1)]ix,i7] L — Lxliy,iz] — (—1)" [ Ly, izliy
:iXi[[Y7Z]] + O - O + (—1)4_11[[)(72]}1)/

=lixAy, 2]

where we utilized the graded Leibniz rules of [-,-] and [, -] as well as Lemma [1.1.6]
We conclude that [.Zx,iy] = ifx,y] holds for all X,Y € X*(A). For the remaining
formula we note that

[Zx, L] =[ZLx, [iv, d]]
=[[Lx,iv],d] + (=) "Dy, [ZLx, d]]
=[ifx,y,d] +0
=Zxy]

holds for all X € X*(A) and Y € X*(A). This concludes the proof of the theorem.
[

The motivating example is of course the Cartan calculus on A = ¢°°(M) for a
smooth manifold M. In the next sections we are going to repeat the construction of
the Cartan calculus, however, in a more general setting. The commutative algebra
is replaced by a braided commutative one. Consistently, the braided symmetry has
to be transferred to every involved object and morphism. In the words of Section
we have to work in the symmetric braided monoidal category of equivariant braided
symmetric bimodules.

4.2 Braided Multivector Fields

In this section we intend to motivate why vector fields on braided commutative
algebras should be represented by braided derivations rather than by usual deriva-
tions. The braided derivations are an equivariant braided symmetric bimodule with
respect to the adjoint Hopf algebra action and a braided Lie algebra with braided
Lie bracket given by the braided commutator. In this sense the braided deriva-
tions are the ”correct” generalization of vector fields in the category of equivariant
braided symmetric bimodules. Keeping track of the braided symmetry we construct
the braided Gramann algebra of braided derivations and furthermore extend the
braided commutator via a graded braided Leibniz rule to higher order multivector
fields. The latter turns out to be a braided Gerstenhaber bracket, structuring the
braided multivector fields as a braided Gerstenhaber algebra.

Fix a triangular Hopf algebra (H,R) and a braided commutative algebra A.
Recall that this means that A is an associative unital left H-module algebra such
that b-a = (Ry' > a) - (Ry' > b) for all a,b € A. It is well known that the
endomorphisms Endg(A) of A can be structured as a left H-module algebra via the
adjoint action

(> P)(a) = {a) > (D(S(§2) > a))

for all a € A, where ® € Endg(A). The action on Endg(A) is well-defined since
the H-action on A is k-linear, it respects the product, which is the concatenation,
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because

(€ > @)(E2) > V) (@) =€) & (P((S(§2))E) > (Y(S(Ew) > a))))
=) > (2(V(S5(E) > a)))
=(§ > (2o ¥))(a)

for all &, ¥ € Endg(A) and a € A and it respects the unit endomorphism id 4, since

(€ >ida)(a) = &u) > (1da(S(Ee) > a) = (§1)S(§w)) &> a = €(§)ida(a)

for all « € A and £ € H. It strikes that we did not utilize the triangular structure
of H or the braided commutativity of A at all. In fact, it follows by the same
computation that Endg(.A) is a module algebra for any Hopf algebra and any module
algebra A. However, the triangular structure matters if one wants to restrict the
H-module action of endomorphisms to derivations. This is not possible in general
unless H is cocommutative. Moreover, the Lie bracket of derivations is not H-
equivariant in general unless H is cocommutative. Also, for all a,b,c € A and

X € Der(A)
(a-X)(b-c)=(a-X)(b) - c+ (R >b) - (Ry' >a) X)(c)

further suggests that Der(.4) is not an interesting object in this setting since it is not
a left A-module for the canonical module action in general unless A is commutative
and H is cocommutative, i.e. unless R = 1 ® 1. To fix all of these problems we
define braided derivations as the k-linear endomorphisms X: A — A of A which
satisfy

X(a-b)=X(a)-b+ (R{'>a)- (Ry' > X)(b) (4.2)
for all a,b € A. The k-module of braided derivations on 4 is denoted by Derg(\A).

Lemma 4.2.1. The braided derivations on A form a braided Lie algebra with respect
to the braided commutator of endomorphisms

X,Y]r = XY — (R{' > Y)(Ry' & X),

where X, Y € Derg(A). Furthermore, Derg(A) is an H-equivariant braided sym-
metric A-bimodule with respect to the adjoint Hopf algebra action and the left and
right A-module actions defined by

(a-X)b)=a-X(b) and (X -a)(b) = X(R{' >b) - (Ry' > a) (4.3)
for all a,b € A and X € Derg(A).

Proof. Let £ € H, a,b,c € A and X,Y,Z € Derg(A). We split the proof of the
lemma in two parts.

i.) (Derg(A), [, ]r) is a braided Lie algebra: first of all, the adjoint H-action
is well-defined on Derg(.A), since

(> X)(a-b) ={u) > (X((S(fm))(l) >a) - (S(@)a > a)))
=&y > <X(5(E(3)) >a) - (S(§e) > b)
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(RS (Ew)) B a)(Rs ><S<s<2>>>b>)

=€) > X)((§25(Er)) > a) - ((§3)S(Ew)) > b)
+ ((EWRIS(Es)) > a)(ERy ) > X)((§)S(Ew)) > D)
=) > X)((§@)5(E@)) > a) - b
+ (RS (&s)) )((R2§ ) > X)(b)
=(£>X)(a)'b+(R >a)(Ry' > (£ X))(D)

by the quasi-cocommutativity of A and the anti-coalgebra property of S. It

remains to prove that [X,Y|g € Derg(A), since the braided commutator of
endomorphisms is clearly a braided Lie bracket. Using the hexagon relations
we see that the difference of

X(Y(a-0) =X(Y(a) - b+ (R >a)(Ry' >Y)(b))
=X(Y(a)) b+ (R > (Y(a)) - (Ry" > X)(b)
+X(Ri' > a)- (Ry' > Y)(0)
+((R7'RYY) B a) - (Ry & X)((Ry' > Y)(0)
and
(R >Y)((Ry' &> X)(a-0) =Ry > Y)((Ry' &> X)(a) - b
+ (R > a) - (Ry'RyY) > X)(b))
=(Ri' > Y)(Ry' &> X)(a)) - b
+ (R > (Ry! & X)(a) - (Ry 'Ry & Y)(0)
+ (R BRI B a) - (Ry 'Ry > X) ()
((731 'R > a)
(Ry™'RTY B Y)((Ry'R3 ) &> X)) (b))
equals
X, V]la) b+ (Ri > a) - (Rg" & [X,Y]R)(0),
where the second and third terms cancel.

ii.) Derg(A) is an H-equivariant braided symmetric .A-bimodule: the
k-linear maps in (4.3|) are H-equivariant, because

(€ > (a- X)) =£n) > ((a- X)(S({@2) > b))
=) B> (a- X(S(§2) > b))
=) > a) - (§@) > X)((§@)S(§w)) >b)
=((§) > a) - (§) > X))(b)

and

(€& (X -a))(b) =y > (X )( (£@) > )

=60 & (X((R{'S(€w)) & b) - (Ry > a))

=& > X) (€ R115(§ ) =b) - (xR > a)
=€ > X)((R¢ >5(€ ) B b) - (Ry'€e) > a)
=€) > X) - () > a))(b),
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using the adjoint H-module action on k-linear endomorphisms. Next, we note
that a - X and X - a are in fact braided derivations, since

=a-(X()-c+ (Ry'>b)- (Ry' > X)(c))
Y0) - e+ (RTIRTY >b) (Ry'>a)- (Ry' > X)(c)
)(b) e+ (R > b) - (Ry' > (a- X))(c)

and
(X-a)(b-¢) =X((Ryy > 1) - (Ris, & ¢)) - (R )
= (X (Ri) B> 0) - (Ryg > ¢)

FRTR) B b) - (R & X) Ry, b c>) Ry a)

=X(Ry}y > b) - (RT'Ry ) > a) - (Ry"Ryh) ¢
+(RTRID B B) - (Ry ' > X)(Ry o) (Ry'R,Y) > a)

=X(Ry'>b)- (Ry7'Ry 'Ry > a) - (Ry 'Ry > ¢)
+(RyTRyY > b) - (Ry ' > X) - (Ry' > a))(c)

=(X-a)(b)-c+ (Ry'>b) - (Ry 1> (X -a))(c).

One has (a- (b- X))(c) =a-b- X(c) = ((a-b)- X)(c) and

(X -a)-b)(c) =(X -a)(RT' > ) (Ry' > D)
=X((R{'Ri) o) Ry > a) - (Ry' > b)
=X(Ri' > ¢) - (Ryyy > a) - (Ryy > D)
=X(R;'>¢) (Ry' > (a-b))
=(X - (a-0))(c)
showing that define A-module actions. They commute because
((a-X) - b)(c) =(a- X)(Ri">c) - (Ry" > b)
=a- X(R{'>c) (Ry' > b)
=a- (X -b)(c)
=(a- (X -b))(c)

and they are braided symmetric, since

(X -a)(b) =X(Ry'>b) - (Ry' > a)

(R7T'Ry) > a) - (Ry) > X)(RyyRit) > b)
(R} 17%1 "Ry >a) - (Ry > X)(Ry 'Ry > b)
((Rl1 a)- (Ry' > X))(b).

This concludes the proof of the lemma. O
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Since Derg(A) is an A-bimodule we can build the tensor algebra
T*Derg(A) = AP Derg(A) & (Derg (A) @4 Derg(A)) & ---

of Derg (A) with respect to the tensor product ® 4 over A. It is a braided symmet-
ric H-equivariant A-bimodule with module actions defined on factorizing elements
X4 QA DYy Xk - TkDerR(.A) by

ED (X1 @4 @aXy) =(§uy > X1) ®a - @a (§ay > Xi), (4.4)
a- (X1Qa- - @aXy)=(a-X1) @4 @4 Xi, (4.5)
(X1 @4 QaXp) a=X1Q4 @4 (X -a) (4.6)

for all ¢ € H and a € A. Note however that (T*Derg(A),®4) is not (graded)
braided commutative in general. There is an ideal I in (T*Derg(A), ®4) generated
by elements X; ®4 - -+ ®4 X € TFDerg (A) which equal

X1@4 @4 Xis1 ®a (R;‘l > ((Rfl > X;) ©a (R B> (Xit1 @4+ ®a Xj—1>>))
®a(Ry ' > X)) @4 Xji1 @u- - @4 Xy,

for a pair (i,7) such that 1 < i < j < k. We illustrate this for small tensor
powers: if k = 2 the elements of I are those X ®4Y € T?Derg(A) satisfying
XY =R'>Y)®4 (R > X), if k =3 elements X @4Y ®4 Z € T?Derg (A)
have to equal (R;'>Y) @4 (Ry'>X)@4Z, X @4 (R > 2) @4 (Ry'>Y) or
(RiHRiD > 2) @4 (Rig Ry B> Y) @4 (Ry ' 1> X)

in order to belong to I. According to Lemma from the appendix, the H-
module action and the A-bimodule actions and respect the ideal 1.
We denote the quotient T*Derg (A)/I by X% (A) and call them braided multivector
fields on A. The induced product Ag is said to be the braided wedge product. By
Proposition we conclude the following statement.

Proposition 4.2.2. The braided multivector fields (X% (A), Ar) are a braided Grafs-
mann algebra. Namely, X%(A) is a braided symmetric H-equivariant A-bimodule
such that H > X% (A) C X%(A) and

ARt X (A) x X (A) = X5 (A)
15 associative, H-equivariant and graded braided commutative, 1.e.
Y AR X = (=DM (R > X) Ar (Ry'>Y)
for all X € X% (A) and Y € X5 (A).

We are defining a k-bilinear operation [-, -]z : X% (A) x X%(A) — X5H71(A) in
the following. If a,b € A we set [a,b]g = 0. For a € A and a factorizing element
X =X Ag -+ Ar Xi € X% (A) where k > 0, we define

k
[X,alr =) (=)*7"Xi Ag -+ Ar Xic1 Ar (Xi(Ry > a))

=1

AR (Rz_l > (Xz‘+1 Ar - Ar Xk))
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and

[a, X :Zk:(—l)i (Rl(ll) > (Xl AR+ Ar X“)> A (Rygy > X)) (Ry' > a))

i=1
AR Xix1 AR -+ AR Xk

Furthermore, on factorizing elements X = X; Ag -+ Ar Xp € X%(A) and YV =
Y1 Ag - A Ye € X5 (A), where k, £ > 0, we define

koo
[X, YR =)D (—D)™[R! > X, R > Ylr

i=1 j=1

AR (R'21 > (<R21 > (X1 Ag - Ar XH)) AR Xi Ar Xivt Ar - Ar Xi

Y1/\R"'/\RYJ'1>) MY AR Y1 Ar - AR Y,

where [+, -]z denotes the braided commutator. The operation [-, -] is said to be the
braided Schouten-Nijenhuis bracket. In practice the bracket is determined on X% (A)
for k < 2 if we impose the graded braided Leibniz rules

[X,Y A Z]r = [X.Y]r AR Z+ (—D)* VYR > Y) Ag [Ry > X, Z]»
and

[X ARY, Z]r = X AR [Y. Z]r + (-1 DX, R > Z]r Ar (R > Y)
for all X € Xk (A),Y € X5(A) and Z € X7(A). In those low orders one obtains

IIa7 b]]R :07
[a, X]r = — (R > X)(Ry' > a),
[[X7 a]]R :X(a)a

[[X’ Y]]R :[X7 Y]R

for all a,b € A and XY € XL(A). As a consequence, we conclude the following
result.

Proposition 4.2.3. The braided Schouten-Nijenhuis bracket [-,-|r structures the
braided Grafimann algebra (X% (A), Agr) of braided multivector fields as a braided
Gerstenhaber algebra. Namely, [, |z : X% (A) x X% (A) — XL A) is graded with
respect to the degree shifted by 1, H-equivariant, graded braided skewsymmetric, i.e.

[V, X[ = —(-1)*VEDRM: > X, Ry > YV,
satisfies the graded braided Jacobi identity
[X,[Y; ZIzlz = [[X, Y]r, Z)= + (=) VYR &V [Ry ! > X, Z]z]r
and the graded braided Leibniz rule
[X,Y Ar Z]r = [X,Y]r Ar Z + (—D)EDYURII > Y) Ag [Ry > X, Z]z,

where X € Xi(A), Y € X5(A) and Z € X%(A). Furthermore, [, ]z is the unique
braided Gerstenhaber bracket on (X%(A), Ar) such that

[[X, CL]]R = X(&) and [[X, Y]]R = [X, Y]R
hold for alla € A and X,Y € XL(A).
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4.3 Braided Differential Forms

Considering X% (A) as a module over A, its dual space consists of k-linear maps
XL (A) which are right A-linear in addition. It can be structured as an equivariant
braided symmetric A-bimodule and consequently its braided exterior algebra is a
well-defined braided Grafmann algebra. The duality with braided multivector fields
becomes explicit if one considers the braided insertion of braided multivector fields.
We prove that the insertion is an equivariant map, which is left A-linear in the first
and right A-linear in the second argument. It is a morphism in the category of
equivariant braided symmetric bimodules. In analogy to the de Rham differential
we define a differential in low degrees and extend it as a braided derivation of the
braided wedge product to higher orders. Since this differential turns out to be
equivariant it is actually a derivation and a braided derivation at the same time.
Afterwards we define the braided differential forms to be the smallest differential
graded subalgebra with respect to the previous differential, which shelters A (c.f.
[45]). In other words, the braided differential forms are generated by A and the
differential.

Consider the k-module Q7 (A) of k-linear maps w: Derg(A) — A such that
WX -a)=w(X)-aforalae Aand X € Derg(A).

Lemma 4.3.1. Q% (A) is an H-equivariant braided symmetric A-bimodule with re-
spect to the H-adjoint action and left and right A-module actions given by

(a-w)(X)=a-wX) and (w-a)(X) =w(R{'>X) - (Ry'>a)
foralla € A and X € Derg(A).

Proof. Let a,b,c € A, w € Qp(A) and X € Derg(A). First of all, the H-module
action and the A-module actions are well-defined, since

(> w)(X -a) =¢u) > (W((SEp)w > X) - (SE2)e > a)))
=) > (W(S(&e) > X) - (S(Ee) > a))
=€) > w(S(Ew) > X)) - ((§2)S(Ep)) > a)
=((§) > w)((§@)5(Em)) > X))
=(({>w)(X)) - q,
(@ -w)(X-b)=a-w(X-b) :a-w(X)-b: (a-w)(X)-band
(- a)(X -b) =w((R7, & X) - (Ryy B b)) - (Ry! 1> a)
=w(R ], ) (RT'R) > a) - (Ry ' Ryh) > b)
:wm > X) (RT'Ry 'Ry B a) - (Ry 'Ry > b)
=w(R{'>X)- (Ry'>a)-b
~(w-a)(X)-b

hold by the hexagon relations and the bialgebra anti-homomorphism properties of S.
By the associativity of the product on A and the hexagon relations those assignments
are left and right .A-module actions, respectively. They commute since ((a-w)-b)(c) =
(a-w)(Ri'>c)- (Ry'>b) = (a- (w-b))(c). Furthermore

(€>(a-w-b))(c) =Ca) > ((a-w-b)(S(§z) > ¢))
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=(&)>a)'(€(2 W) ((Ex R S(Em)) > o) - (EmRy ") & b)
=€y > a)- (5(2 )(( i S(E€e)) > o) (Ry'€e) > b)
(€ >a) (o >w) - (€ 3>>b))(0)

proves that QF (A) is an H-equivariant A-bimodule. It is braided symmetric because

(w-a)(b) =w(Ry" > b) - (R, > a)
=((R7'RyY) > a) - (Rygy > w)(Ry) Ryt > 0)
=(Ri'>a) Ry >w)(b)
=((Ry' >a) - (Ry" > w))(D).
This concludes the proof. O

It follows from Proposition and Lemma that the braided exterior al-
gebra Q% (A) of Q% (A) is an H-equivariant braided symmetric A-bimodule and a
graded braided commutative algebra. In the following lines we show that it is also
compatible with the braided evaluation. For two elements w,n € Q5 (A) we define
a k-bilinear map w Ag 1: Derg(A) x Derg(A) — A by

(wARM(X,Y) =w(Ry' > X) - (Ry' > 0)(Y) —w(RT' > Y) - (Ry' &> (n(X)))
for all X,Y € Derg(A). One proves that
—(WARMRT' Y, R > X) = (wArn)(X,Y) = —=(Ry' >n) Ar (R > w))(X,Y)
and that
(wARN)(X,Y - a) =((w AR n)(X,Y)) - a

(WArRn(a-X,Y) =Ry >a) - (Ry' > (wArn)(X,Y)),
£ (wARM(X,Y)) =((§a) B> w) Ar (§) > 1)) (€3 > X, §g >Y)

hold for all £ € H, w,n € Q5(A), a € Aand X,Y € Derg(A). The evaluations of
the H-action and A-module actions read

(€ > (wARM)(X,Y) =€) B (W Ar 0)(S(E5) > X, S(§2) > Y)),
(a- (wAR)(X,Y) =a- (WA= 1)(X,Y)),
(WARn) - a)(X,Y) —((w/\nn)(R( > X, Rip>Y)) - (Ry' > a).

Inductively one defines the evaluation of higher wedge products. Explicitly, the
evaluated module actions on factorizing elements wy A ... Ag wi € Q% (A) read

(fb(wl AR ... \R wk))(Xl, - ,Xk)
=) > (W1 Ar - Ar W) (S(Ekrr) B> Xuy -, S(E) B> Xk)),

(a- (w1 /\R /\ka))(Xl,...,Xk) =a- ((w1 /\R /\ka)(Xl,...,Xk))

and

(w1 AR - Arwi) - a) (X1, ..., X
=((w1 Ar o Arwi)(Rygy B> X1y, Ry B> X)) - (R > a).
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for all Xy,...,X; € Derg(A), a € Aand € € H. It is useful to further define the
insertion i%¥: Q% (A) — Q% '(A) of an element X € Derg(.A) into the last slot of an
element w € Q% (A) by

Ro=D)" R >w)(y. .y, Ry > X).

More general, we inductively define

R _ R:R
Ixary = 1xly

for all X,Y € X% (A).

Lemma 4.3.2. (2%(A), Ar) is a graded braided commutative associative unital al-
gebra and an H-equivariant braided symmetric A-bimodule. The insertion

iR xR (A) @ QR (A) — Q58 (A)

of braided multivector field is H-equivariant such that i% is a right A-linear and
braided left A-linear homogeneous map of degree —k for all X € X% (A). Further-
more, i% is left A-linear and braided right A-linear in X. For k = 1 we obtain a
graded braided derivation i% of degree —1.

Proof. We already proved that Q% (A) is an H-equivariant braided symmetric A-
bimodule and that it is compatible with braided evaluation. We prove that i¥ is a
braided graded derivation of the wedge product for X € Derg(A). Let w,n € Q5 (A).
Then

iR(wArn) =1 (R} > w) Ar (R 5 >n) (-, Ry > X)

X R 1(1) R Iy B 1)) g

== (R} B w) (R = )Ry > X)
+ (R > W(RT'RyY) X)((R;_lnf(lzﬂ > 1)

=i% (W) Ar n+ (=) (R B w) Ar iz 1y

In particular this implies € > (i%(w Ag 1)) = igl)bx((ﬁ(g) > w) Ar (&) >n)) for all
¢ € H. Inductively, one shows

iX(w AR ) = (i¥w) Ar 1+ (=) (RT' & w) Ar i1, 1
and € > (i%n) = if . x(§e > ) for all € € H, X € Derg(A), w € Qp(A) and

n € Q% (A). For factorizing elements X; Ag Xo € X%(A) this implies

6 > 1X1/\RX2w :g > (1X11X2w) = lf(l)DX11{(2>>X2 (5(3) > CU) = lf<1)l>(X1/\RX2)(§(2) > CL))

for all ¢ € H and w € Q% (A) and inductively one obtains £ (i¥w) = ig’l)bx(é(g) >w)
for any X € O%(A). Tt is easy to verify that i¥ inherits the linearity properties

isz =a (17)%("})7

iX.ow =[5 (R >w)) - (Ry' >a),
iX(w - a) =(ifw) - a,
i%a-w) =R >a) (1§71>Xw)

for all X € X%(A), a € A and w € Q% (A). O
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One defines a k-linear map d: Q% (A) — Q% (A) on a € A by i¥(da) = X(a)
for all X € Derg(A), on w € Q5 (A) by

(dw)(X,Y) = (R{' > X)((Ry' > w)(Y)) — (RT' > Y)(Ry' > (w(X))) — w([X,Y]r)

for all X,Y € Derg(A) and extends d to higher wedge powers by demanding it to
be a graded derivation with respect to Ay, i.e.

d(w1 /\R u)g) = (dwl) /\R Wy + (—l)kwl /\R (dWQ)

for w; € QF(A) and wy € Q%(A). One can also directly define dw € Q5™ (A) for
any w € Q% (A) by

(@)X X0) = DR o X0 (R )

2(i+1)

R2_(12) > Xo, .- R_ Xi—laj(\i,Xi_i-l,...,Xk))

+) (- lﬂw(R;H>X@Rfl>Xﬂm
1<J

(R - 7?’2(1)) > X07 R (RIQZSRQ_(;) > Xi—la X’i)

o~

Roion) & Xivn, - Ry >Xj_1,Xj,Xj+1,...,Xk)

2(z+1)

for all Xy,..., Xy € Derg(A). Using the above formula and the fact that the
braided commutator is H-equivariant, it immediately follows that d commutes with
the left H-module action. In other words, d is an integral for the adjoint action, i.e.

(€ > d)w = &) > (d(S(E@) > w)) = (En)S(Ew)) > (dw) = e(§)dw
for all £ € H and w € Q% (A).
Lemma 4.3.3. The map d: Q% (A) — Q% (A) is a differential, i.e. d*> = 0.

Proof. Tt is sufficient to prove d> = 0 on Q% (A) for k < 2, since d? is a graded
braided derivation. Let X,Y, Z € Derg(A). For a € A we obtain

(@a)(X,Y) =(Ry" > X)((Ry" 1> (da))(V)) — (R > V)(Ry ' > ((da)(X)))
— (da)([X, Y]r)
=Ry > X)(Ry > Y)(Ry 'Ry > a))
—(Ry{'>Y)(Ry' > (R > X)(Ry ! > a)))
— (R > [X,Y]R)(Ry > a)
=Ry & X)(Rip) > Y)(Ry' &> a))
—(Ry7'RID B Y)((Ry'RY) > X)(Ry 'Ry ) > a))
— Ry &> X, Ry > YIr(Ry' > a)
=(Riay &> X)((Rig &> Y)(Ry' > a))
— (RT'R) B V(R 'Ry & X) (R > a))
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— Ry &> X, Ry > Yr(Ry' > a)
=0
by the definition of the braided commutator. For w € Q% (A)
(d*w)(X,Y, 2) =(Ry" &> X)((A(Ry > w))(Y, Z))
— (R B Y)(A(R3h & w)) (R, & X, 2)
+ (R > Z2)((d(Ry) > w))(Rygsy > X, Ry > Y)
—dw([X,Y]r, Z) + dw([X, Ry > Z]r, Ry > Y)
—dw([Ryyy > Y, Ry, > Zlr, Ry ' > X))

—(R; e )R] 2 V(R R o 0)(2)
— (R > Z)(Ry Ry ) B w)(Ry) > Y)
- (Rs' ) (¥, Z1n))
- (R e V) (R Ry & X)(Ry Ry o0)(2)
(R Z)(RihRal) & w) (R R & X)
- (Rety & )[Ry X, Z}n)

+(Ry'>2) <((R'11732<12)) > X)((Ry "Ryqy) & w)(Rygy > Y)

- ((lelef(g)) > Y)((R;f11)73§(11)) > w)((R;@l)R;é)) > X)

— (Ry) B> w) (R & [X, Y]R))
— (Ri' > [X,Y]R)(Ry! > w)(2)
+ (R > 2)(Ry) > w) Ry, & [X, Y]R)
+ w([[X,Y]r, Z]r)
+ R [X, R e ZIR) (R > w) (R > Y)
— (RT'RyY) & YV)(Ry) > w) (R, > [X, Ry > Z]g)
—w([[X,R*> Z|», Ry > Y]gr)
— (RT'RIY > [V, ZR)(Ry ! > w) (R, > X)
+(R7'Ry ) > X)(R/zﬁl) > w)((R/QZQI)Rl_1> > [Y, Z]r)
+w(([Riy &Y, Ry > Zlr, Ry > X]g)
=0,

where those 18 terms cancel in the following way: 12,15,18 because of the braided
Jacobi identity, 1,4,10 and 2,7,13 and 5,8,16 by the definition of the braided com-
mutator, while 3,17 and 6,14 and 9,11 simply cancel each other. O

We define the braided differential forms Q% (A) on A to be the smallest differ-
ential graded subalgebra of Q% (A) such that A C Q% (A). Every element in Q% (A)
can be written as a finite sum of elements of the form agda; Az . ..Agdas, for a; € A.
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4.4 The Braided Cartan Calculus

We enter the main section of this chapter. In the following lines we construct a
noncommutative Cartan calculus for any braided commutative algebra A. Building
on Section and Section [4.3] we define the braided Lie derivative as the graded
braided commutator of the braided insertion and the braided de Rham differential. It
is a well-defined morphism in the category of equivariant braided symmetric bimod-
ules and it completes the data of the braided Cartan calculus. Using graded braided
commutators and the braided Schouten-Nijenhuis bracket we relate the braided Lie
derivative, the braided insertion and the braided de Rham differential to each other.
The result is a generalization of the usual relations of the Cartan calculus in the
category of equivariant braided symmetric bimodules. Since there is no choice in-
volved in our construction, as in differential geometry, it seems justified to call the
resulting data the braided Cartan calculus of A. It is a noncommutative Cartan
calculus with the difference that we are not restricted to incorporate modules of the
center of A but are free to work with modules over the whole algebra instead.

The graded braided commutator of two homogeneous maps ¢, V: &* — &° of
degree k and ¢ between braided Grafimann algebras is defined by

(D U]rg =PoV — (—)"(R{'>T) o (Ry' > D).

If ® or VU is equivariant, the graded braided commutator coincides with the graded
commutator. If &, U: X% (A) ® 8° — &° are two H-equivariant maps such that
Py, Uy: B — B° are homogeneous of degree k and ¢ for any X € X%(A) and
Y € X4 (A), respectively, the graded braided commutator of ®x and ¥y reads

[@x, Uyl = Bx Ty — (—1)* g1y Py .

For any X € X% (A) we define the braided Lie derivative ZF : Q% (A) — Q5% *7V(A)
by % = [i¥,d]g. It is a homogeneous map of degree —(k — 1) and a braided
derivation of Q% (.A) for k = 1. Moreover, it is easy to check that

LR X5 (A) @ Q% (A) — Q% (A)
is H-equivariant. We prove an auxiliary lemma in analogy to Lemma [4.1.6|
Lemma 4.4.1. One has

LFw = —(da) \gw and £LF, .y = iNLE + (-1)" LEiF
foralla € A, w e QR(A), X € X3(A) and Y € XL (A). If X, Y € XL(A)

holds.

Proof. By the very definition of the braided Lie derivative

LR =ifdw — (=1)"'d(i%w) = a Ag dw — ((da) Ag w + (—1)%a Ag dw)
= — (da) Agw
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follows. From the graded braided Leibniz rule of the graded braided commutator
we obtain

g)?/\RY :[i§/\RY7 d]R - [1517;7 d]'R IR[J};v d]R + ( 1) b £[1§7 d]Ri§
—1X$Y (— 1)43)( ly

The missing formula trivially holds on braided differential forms of degree 0, while

for w € Q% (A)
[(LF ¥ rw =2LFiFw — (-1)HE ., PR

R 9% R, |>X
=(i%d + di¥)ifw — gflmf( Ro 1oxd + di®
=X (ifw) + 0+ ((R, 'R > w)(Ry 'Ry B Y, (R 'R ) > X)

— (R{' > Y) (iR

Ry x )W
R >X )

forall X, Y € X% (A). Since [£F,¥]r is a graded braided derivation this is sufficient
to conclude the proof of the lemma. O

Now we are prepared to prove the main theorem of this section. It assigns to any
braided commutative left H-module algebra 4 a noncommutative Cartan calculus,
which we call the braided Cartan calculus of A in the following.

Theorem 4.4.2 (Braided Cartan calculus). Let A be a braided commutative left
H-module algebra and consider the braided differential forms (2%(A), Ag,d) and
braided multivector fields (X% (A), Ar, [, -Jr) on A. The homogeneous maps

LR Q% (A) = QA and i} Q% (A) = Q5F(A),
where X € XK (A), and d: Q% (A) — Q% A) satisfy

[3)7(2’ 337}]73 :"%[7;(1]]7%7 [17)% 171?]72 =0,
[3)7(27 15]73 :i@(,Y]]Rv [1§7 d]R :f;}, (47)
[g)?, d]R :O, [d7 d]R =

for all X|Y € X% (A).

Proof. We are going to prove the above formulas in reversed order. Since d is a
differential it follows that [d,d]g = 2d* = 0. Recall that there is no braiding
appearing here since d is equivariant. By the definition of the braided Lie derivative

[(i%,dlr = ZF holds for all X € X%(A). Let X € X%(A) and Y € X5(A). Then

[RR

Ix, 1}47% = 1%5 (— 1)“ in in =iy =0

R yIR e x T IXARY — (- DM(RTISY)AR(Ry 15 X) —

follows by the very definition of i¥, ) = i%if. Using the graded braided Jacobi
identity of the graded braided commutator we obtain

[i%. g, dlz = [i¥, [d, d]z]z + (=1)"[[i¥, dlr, d]r = —[[i¥, ], d]z

for all X € X%(A), which implies [£ZF,d]r = 0. Again, there is no braiding
appearing since d is equivariant. Recall that the braided Schouten-Nijenhuis bracket
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of a homogeneous element Y = Y| Ag---ArY; € X% (A) witha € Aand X € Xk (A)
read

¢

[a, YTr = (=1 (R > Y1) Ar -+ Ar (R > Vi)
=1
AR Ry > a,Yi]r AR Yis1 Ar - Ar Yo

and

1
[X,YTr =Y (Rity & Y0) Am - A (Rih gy Y1)

=1
Ar [Ry! > X, Yjlr AR Yjg1 A - AR Y,

respectively. If £ =1 we obtain

2R, i rw =(L5F — (1) VR e
= —daAg ifw — igflby(d(RQ > a) Ag w)
=—daAgirw— (R'>Y) Ry '>a) Agw
+d(R7'R7Y) > a) Ag i

(R/ 1R )Y CL)

R
—lllavy]]ﬁw

for all w € Q%(A) by Lemma m Using the graded braided Leibniz rule this
extends to any ¢ > 1, namely

["%aR7 iQAR"'AR}/Z] [372 IYI]RIQ/\R ARYe + ( 1)( R % 9% [57723 Inao 173;2/\72---/\7&’@]

=i% EZASNR G ]
[a,Y1]JrARY2AR~ARY: R oy RS ba Y2AR - ARYE

o e 'R
= T aylee

Again by Lemma we know that [£F,if|r = 1& vyl bolds for £ = 1 and

X € X5 (A). Using the graded braided Leibniz rule this extends to all Y € X% (A).
Assume now that [ZF,i%]|z = i?[},Z}]R holds for all X € X%(A) and Z € X% (A) for

a fixed k > 0. Then, for all X € X% (A),Y € XL (A) and Z € X (A) it follows that

[g)?/\RYv 17Zz] _['RD%Y 37217;’ 1§]R
=iX[LR iR + [, 1% IR- DZ]Rg
- gR[le 17Z€]73 - <_ ) [$§7 ‘R DZ]RiQ*IDY

_1X[$}7}7 1Z]R - (_ ) [‘iﬂ;}’

JRiR
R b ZIRIRS by

RiR miR R
=ixify,z1, — (=1 xR 2R Ry 1bY)
_:R m—1: R
_lXAnHY,Z}]R+<_1) [[X’R '>Z)rAR(RSI>Y)
_:R

“UXArY.Z]%

for all X € X%(A), Y € Xk(A) and Z € X%(A) using Lemma [1.4.1] By induction
(LR %R = i{[g(,YI]R holds for all X,Y € X%(A). The remaining formula is verified
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via

L%, LR e =L, i, dlr]r
=2, ¥r. dlr + (—1)*~ 1)4[R >yv[«5f7§ 1ox dr]R
:[i[[x,y]]na djr +0
= vin

for all X € X% (A) and Y € X% (A). This concludes the proof of the theorem. [

In particular, the Cartan calculus on a smooth manifold M is a braided Cartan
calculus with respect to the trivial action of any cocommutative Hopf algebra and
R =1®1. The equations reduce to the usual formulas of the classical Cartan
calculus in this case. In Section we study another class of examples of braided
Cartan calculi, namely twisted Cartan calculi.

4.5 Equivariant Covariant Derivatives

Having the braided Cartan calculus for any braided commutative algebra A at hand
it is nearby to ask if other fundamental constructions of differential geometry can
be generalized to this setting. Focusing on the algebraic properties of covariant
derivatives, namely their linearity in the first argument and that they satisfy a
Leibniz rule with respect to the second argument, we define equivariant covariant
derivatives on equivariant braided symmetric bimodules. Note that there are several
notions of covariant derivatives in the context of noncommutative algebras in the
literature, as already mentioned in the introduction to this chapter. While in the
general noncommutative case one has to distinguish between left and right covariant
derivatives these two notions coincide for braided commutative algebras if one also
requires equivariance of the covariant derivative. We further introduce curvature and
torsion of an equivariant covariant derivative and prove that they have the expected
symmetry properties. Given an equivariant covariant derivative on A we construct
an equivariant covariant derivative on braided differential 1-forms by employing the
dual pairing and in a next step we extend both to braided multivector fields and
differential forms. We introduce equivariant metrics on A and prove the existence
and uniqueness of an equivariant Levi-Civita covariant derivative with respect to a
fixed non-degenerate equivariant metric. Let (H,R) be a triangular Hopf algebra
and A a braided commutative left H-module algebra in the following.

Definition 4.5.1 (Equivariant covariant derivative). Consider an H -equivariant
braided symmetric A-bimodule M. An H-equivariant map V=: XL(A) @ M — M
is said to be an equivariant covariant derivative on M (with respect to R ), if for all
ae A, X €XL(A) and s € M one has V¥ s =a-(VZs) and

Vi(a-s) = (ZXa) s+ Ry >a) (Vi y9). (4.8)
The curvature of an equivariant covariant derivative V™ on M is defined by

RV (X,Y)=VEVE - VR VR =V, (4.9)

Ry >Y "Ry X
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for X, Y € XL(A). If M = XL(A) we can further define the torsion of V'~ by
R R

TorV*(X,Y) = VRY — VR ,

R|>Y

(R > X) — [X,Y]g, (4.10)

for all XY € XL(A). An equivariant covariant derivative V* is flat if RV* =0
and torsion-free if TorV" = 0.

Recall that the H-equivariance of an equivariant covariant derivative V7 on M
reads £ > (VRs) = Vg(l)bx(g(Q) > s) on elements £ € H, X € Xs(A) and s € M. In
the next lemma we are going to investigate the linearity properties and symmetries
of the curvature and torsion. In short, we prove tléat RY™ descends to a map
X% (R)® M — M and, in the case it is defined, Tor¥ " to a map X% (A) — X%L(A).

Lemma 4.5.2. Let V? be an equivariant covariant derivative on an H -equivariant
braided symmetric A-bimodule M. Then

VE s =VR(R'>s) (R >a),

VX(s-a) =(VXs) a+ (RT' > s) - (L5, ca)

hold for alla € A, X € X5 (A) and s € M. Furthermore,
RV5(V,X)=— RV (R{'> X, Ry > Y),
RV (a-X,Y -b)s=a- RV (X, Y)(R{'>s) - (Ry' > b),
RV (X -a,Y)s =R"" (X, Ry}, > Y)(Ryhy & 5) - (Ry' > a)
=RV (X,a-Y)s
foralla,be A, X|Y € X, (A) and s € M. In the case M = X} (A) we obtain

TorV" (Y, X) = —Tor¥ (R;' > X, Ry > V),
TorvR(a - XY -b) =a- TorvR(X, Y) b,
TorV (X -a,Y) =TorV (X, R{' > Y) - (R;' > a)
=TorV" (X,a-Y)
for all a,b € A and X, Y € XL (A).
Proof. Fix elements a € A, X,Y € Xk (A) and s € M. Then

R
VXas =V (R a)-(Ry >X)

=(Ri'>a)- (Vy Ry 1ox5)

=R B> (Vi x8) - (Ry 'Ry > a)

=Vl mrex R 2 8) - (ReR) 2 a)

=V imotex (R 8) - (Ry7'Ry R 1> a)
=VX(Ri'>3) (Ry' > a)

and

VE(s-a) =VX((R{' >a) - (Ry' & 5))
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=ZXRi >a) (Ry' o s) + (Ry'R ) a) Vi (Ry' )

=(R7'Ry ) > s) - 250 (Ryp Ry B a)

+VE (RigR) > s) - (Ry'Ry'Ry) > a)

1" ’
(Ryy Ry =X

=(R7'"R7'Re ) > s) - 28, (Ry'RyY) > a)

"

+ Vg, <<R1—IR2> $) - (Ry 'Ry '"RT'RTY) > a)

=VEs. a—i—(R1 > s) - 377; 1y @

proving the first two equations. By the braided skew-symmetry of [, -|gr we observe
that

VR (1>—1 -1 R R R R
vR
RT'>X,RyeYR
RoR R R R
—(VyVx VR DXV'R ey V[KX]R)
— — RV*(Y, X)

and using the equivariancy of V® it follows that

VR _vR vR R R R
R (CL ’ X> Y) _vva VR DYVR '>(a-X) v[a-X,Y]R
RoR R
=a-VxVy VR—1>Y((R2(1) >a)- V”RQ_(IZ)DX)
R

a[XY]R+((RTTIRTHBY) (R ba)-(Ry LX)
=a-VVY = L5 Ry >a) - V3

-1
R ny 722(2>|>X

— (R 'Ry > a) - VE

R
(R;_lRfl)DYvR;é)DX
~ Viixwie + (RTRI) B Y)Y RS > 0) - VR
=a-VRVE - (RT'Ry Y >a) - VR, vy, VR

Ry RYTIRT Y T Ry X
—ar vﬁvy]’li
—a- RV (X,Y)

and

VR RoR R R R
RY (XY -a)s =VgVy,s VR DYa)VR ox5 ~ VIX,yalr$

=VR(VER{'>5) - (Ry'>a))

- VRM)M/VZ2 RIRT X (Rlﬁzl) > s) - ((KR’271R17(12)) > a)
vR

[(X.Y]®: a+(R '>Y): ((R51>X)(a))

+ vz;(ll) Y((RIIQI)RII) > S) : "fé—le(RQ_l > CL)
~ Vroy Vi x (R B s) - (Ry ' > a)

R
- v[X,Y}R-a -V

(Ry'BY)-((Ry'>X)(a))

S

S
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=VEVE(R' > 5)- (Ry' > a)
+VR,,1w((R”’1R’ ) > 5) - .,% R, Ry >a)

B V% DYVR >X<R1 > s) - (R2 )

~ Vi (Ri' > s) - (Ry' > a)
~ Viaoy (R B 5) - (Ryh Ry 1) & X)(Ryg 1> a))

R|>Y

=RV (XY)(Ri'>5) - (Ry' > a)
hold. Furthermore

VR

vR R R R
R* (X -a,Y)s =Vx,Vys — VR—1>Y R;lb(X a) ~ ViX-ay]e$

vg Ly (R >5) - (Ry 'Ryy) > a))
v'R

[X,Ry >Y}R~<R;1>a>—X~<(R;1>Y><R;1>a>>5

zvﬁvﬂ_ﬁ y(Rigy > 5) - (Ry' > a)

<VR

~ VR, VR,

R|>Y72

L xR ) (R Ry o a)

—V@';a;m (RagRi ) e o)
Ly (R Ry > )
V&Rl |>Y]R (R2 Da)
+VERT > 5) - (Ry )R B YRy Ry ') > )
=VRVE , (R7'>s)- (RyR;Y) > a)

Ry S %
_ V(R// 1R )Dyvgg,le(’R;_l > S) . ((R,Q_le_l) > a/)
v@m . (R s) - (RyIRFY) > a)

R _ —
=RV (X, R1(1) > Y)(R1(12) >s)- (Ry' > a)

=RV"(X, (Rl B Y) - (RT'RY) > a) (Ry ' Ris)) > s)

=RV (X,a-Y)s.
It remains to discuss the properties of torsion. We obtain

R _ _ _
R B X R B Y) =VRL (R B Y) =V
—[Ri'> X, Ry > YR
—VEX +VE, (Ry'>Y)+[Y, Xz

Ry Inx
:—TOI' (KX)a
as well as
Tor¥ " (a- X,V - b) =VR (Y - b) — Vg (Ra > (- X)) —[a-X,Y - Br

=a-VRY -b+a- (R{'>Y) (Ry' > X)(b)

(Ry 'R > X)
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- Vﬁ;(ll)y«?%l’l?%; N (a- X)) - (Ry "Ry > b)

—a-[X,Y - blr + (R7RIH > (Vb)) (Ry ' >a) - (R > X)
=a-VRY -b+a-(R{'>Y) (R > X)(b)

- (Rl_(ll) > Y)((Rllal)RQ_(ll)) > a)- ((R1(21)R2(2)) > X)

((Ry'Rih) > 0)
—(RIT'RY Ry > a) - VZ%” -
(Ry ' Ryyy) > b)

—a-[X,Y]g - b—a-(R{'>Y) - (Ry' > X)(a)

+H((RTRI) > (Y -0)(Ry ' > a) - (Ry' > X))
=a-VXY -b—a-[X,Y]r b

— (RTT'RY'Ry, ) > a) - VR

))DY«RI(Q R2(2 ) > X)

1(1

m_q
i o (R Riy) B X)

((Ry 'Ry 'Ry > b)

— (R}, 11) Y)((R) 1)R2(1)) >a) - (R 1R2(2)) > X)
((R;*R ) &)
+ (R R B V(R Ry ) > a)

: ((R2_1R1(2)R1_(2)) >b) - (Ry' > X)
=a-VRY -b—a-[X,Y]g-b

- ((R,lLlR;(ﬁ)) >a)- V?[z;’—lR;l)D (Ri(l) >X)-b

— Ry B> V)R Ryy) B @) - (RY 5 Rohy) B X)

(R "Ry = b)

+ (RyhRiy) B YRRy ) > a) - (R 'Ry > X)

(R 'Ry R Rih)) > b)

=q - TorY (X,Y) b

— (R, & Y)(Ry "Ryhy) > a)- (R~ "Ry > X)

((Ry 'Ry 'Ry > 0)

+(R7TRIHY)Ry I >a)- (Ry1 > X) b
—a-Tor¥" (X,Y)-b

and
TorV (X -a,Y) =V Y — Vg DY((RQ_(IUDX)'<R2_(12)>G))_[X'Q7Y]R
=VER!'>Y) (Ry'>a) - V;% 1oy (Ryay > X) - (R > a)

— (RT'R34) & X) - (R5'RT) & Y)(Ryhy, > a)
~[X, R BY]- (R > a)+ X - (R > Y)(Ry' > a)
—TorV (X, R{' > Y) - (Ry' > a)
—(R{T'Ry™) > X) - (Ry'RyUT'RT) & Y)(Ry ! 1> a)
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+ X (R{'>Y) (R, > a)
=Tor¥" (X, R{'>Y) (R;' >a)
=TorV" (X, (R{' > Y) - (R;' > a))
=TorV" (X,a-Y).

This concludes the proof of the lemma. n

There are natural extensions of an equivariant covariant derivative V® on A to
braided multivector fields and differential forms in analogy to differential geometry.
We define the braided dual pairing (-, )r: Q5 (A)@X%L(R) = Aby (w, X)g = w(X)
for all w € QL(A) and X € XL(A). It is H-equivariant, left A-linear in the first
and right A-linear in the second argument.

Proposition 4.5.3. An equivariant covariant derivative V™ on A induces an equiv-
ariant covariant derivative VF on QL (A) via

(VRw, Y g = LR (w,Y)r — (R > w ViaexY )R (4.11)

for all X,Y € XL(A) and w € Qk(A). Moreover, V® and VR extend as braided
derivations to equivariant covariant derivatives

VR XR(A) @ X% (A) = X5 (A) and VR : X5 (A) @ Q% (A) — Q% (A),
respectively. Namely, we inductively set Via = X (a) = V¥a,

VRY AR Z2)=VEY A Z+ (R'>Y) AR VE,  Z

Ry'>X
and 3

VR (wArn) = VRw AR 1+ (RT > w) Ax VR_1>X77
forallae A, X € X,(A), Y, Z € X%(A) and w,n € Q% (A).
Proof. Let £ € H, X € XR(A), Y, Z € X%(A), w € Qp(A) and 7, x € Q%(A) be
arbitrary. Then V*® is well-defined on QL (A), since

LEwY -a)g — (R > w Vg (Y a))r
=L W, YV)r - a+ (Ryj) > w, Ry > Y)r - (Ry' > X)(a)
— (R > w, Vg Ly Y )R a
—(Ri'>w, (R > Y) - (Ry 'Ry > X)(a)=
— (LR w,Y)r — (R{'>w VR Ly Y)R) - a.

It is an equivariant covariant derivative because

(Ve pox (6o B w), Yir =25 o x (6o b w.Y)r — (RT'€) B w, Vi oy Yr
=£) > (LE (W, () > V)r)
— & > (R B> w, Vi ((S(Ee) > Y)r
=) > <VXW S(@)>Y)r
= (VEw), Y)r



102 Chapter 4

shows that it is H-equivariant, while

<V§XW Vir =& W, Y)r — (R{' > w, VR Ryl >
=a - f?(w, Y)R - ((Rl_lR_( ) ) : <(RIQ_IR1_ ) > w, VR >XY>R

2(2)

Y>R

a)-(Ry3,>X)

—a- LR, Y)r —a- (R > w, vg YR
=a- (VEw,Y)r
:<CL ’ @;W,Y)n

and

(VR(a-w),Y)r =LFla-w,Y)r — (R 1(1) > a) - (Rl_(lz) > w), v§;1>xy>7€
—X(0) (. V) + (R B ) - L, (0. Y
—(Ri'>a) (R > w, vgz;,ln;wwn

:<$)7(€(a) "W+ (Rl_l > CL) ’ (622—1>Xw)7 Y>'R

prove that V® provides the correct linearity properties via the non-degeneracy of the
braided dual pairing. To prove that the extension of V* to X% (A) is well-defined
it is sufficient to show that

VY AR Z+ (RT > Y) Ar vR 2

(e (vw;l > Z) A (R B Y)

+ (RT'R7YH > 2) Ar VR (R Y)>
=0
where k and ¢ are the degrees of Y and Z, respectively. Starting from k = ¢ = 0 this
follows inductively by the braided commutativity of Az and the equivariance of V.
Assume that VR, Y =a-VRY and VR(a-Y) = LFa-Y + (R{' >a)- V% xY
for a fixed degree k > 0 of Y. Let the degree of Z be 1. Then

V (Y/\RZ) =V XY/\’RZ"‘(R DY) /\RV ba) (R )Z
2(1) 2(2)>

=a- VXY \r Z + ((Rl_lR_ ) >a)- (Rs'"Ry > Y) Ar ngl xZ
2(2)
—a- VY M Z+a-(R7'>Y)ARVE, Z

Ry 9¢
=a- (VX(Y A= Z))
and
VX¥(a-Y Ar Z) =VX(a-Y) AR Z + Ry > a) - (R > Y) Aw VR_ 2z
=ZLF)- Y ANg Z+ (R > a) - (vg oY) AR Z
+(Ri'>a) (R Y) /\RV(R, e xZ
=L%a) YA Z+ (Ri'>a)-VE., (Y ArZ)

Ry'>X
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show that V® has the correct linearity properties on elements of degree k + 1.
Inductively this shows V7R is an equivariant covariant derivative on X% (.A). Similarly
one proves that V7 is an equivariant covariant derivative on Q% (A). O

In Riemannian geometry, covariant derivatives are always consider together with
a Riemannian metric. We want to generalize them to the braided symmetric setting.

Definition 4.5.4 (Equivariant Metric). For a triangular Hopf algebra (H,R) and
a braided commutative left H-module algebra A we define a k-linear map

g: Xp(A) 04 XR(A) — A
to be an equivariant metric if it is left A-linear in the first argument, H -equivariant

and braided symmetric, i.e. ifg(Y,X) = g(R{'>X,Ry'>Y) for all X, Y € XL (A).
An equivariant metric g is said to be

i.) non-degenerate if g(X,Y) =0 for all Y € X% (A) implies X = 0;
ii.) strongly non-degenerate if g(X, X) # 0 for X # 0;

iii.) Riemannian if g is strongly non-degenerate such that g(X,X) > 0 for all
X € XL(A) and a partial order > on A;
An equivariant covariant derivative VF: Xk (A) @ XL(A) — XL (A) on A is said to
be a metric equivariant covariant derivative with respect to an equivariant metric g
of
LRV, 2)) = g(VRY. Z) + g(Ry' & Y, Vi1 7) (4.12)

holds for all X,Y,7Z € X% (.A).

Note that equivariance of a metric is a quite strong requirement. Similar ap-
proaches which omit this condition are e.g. [4] 7, [57].

Lemma 4.5.5. Any equivariant metric is braided right A-linear in the first argument
as well as right A-linear and braided left A-linear in the second argument.

In the subsequent proposition we prove the existence and uniqueness of a Levi-
Civita covariant derivative in braided geometry: for every non-degenerate equivari-
ant metric there exists a unique metric torsion-free equivariant covariant derivative.
We are even going to prove this for an arbitrary value of the torsion. Note that the
non-degeneracy is crucial in the proof since the equivariant covariant derivative is
defined implicitly in terms of the equivariant metric.

Proposition 4.5.6 (Levi-Civita). Let g be a non-degenerate equivariant metric on
A. Then there is a unique metric equivariant covariant derivative on A with fixed

torsion T': X% (A) = Xk (A).

Proof. Fix an equivariant metric g on A. Any equivariant covariant derivative V*
on A which is metric with respect to g satisfies

2g(VXY, Z) =X (g(Y. 2)) + (Ryy > Y)(8(Rypp) > Z, Ry > X))
— (R > Z)(8(Rayy > X, Ry > V)
— (X, [V, Z]r) + 8(Ryy B V. [Ry ) > Z, Ry ' > X])
+g(Ry' > Z,[Ryhy > X, Ry > Ylr)
—g(X, TorV* (Y, 2)) — g(R{ >V, TorV " (R;' > X, Z))
+g(Ri' > Z, Tor"" Ry > X, Ryhy > Y))

(4.13)
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for all X,Y,Z € XL(A). To see this, we first note that

X(g(Y,2)) =g(VXY, Z) + g(R{ ' > Y, VT Z)
=g(VRY. 2) + g(R{' &> Y. V(R 'Ry > X))
+g(Ri'> Y[Ry > X, Z]R) +g(R{'> Y, TorV " (Ry' > X, 2)).
Then

X(g(Y, 2)) + (Ryhy &> Y)(8(Ryh) > Z, Ry ' > X))
— (RT' > Z)(8(Ry0) > X, Ry > Y)

:g(V§Y, Z) + g(Rl > Y7 vg’lflbz((,r\)ﬁ 17?’51) > X))
V = Y( ()DZ) Ry > X)
(RT'Ryz) > Z, V(R,, iRl 1>X((R2‘1R2 'R, W) >Y))
(Ry 1R ) > 2, [(Ry Rl(l))DY,R2 > X]|r)
(R Ry & Z, Tor¥ " (Ry 'Ry & YV, Ry > X))
V,I ( 2(1)|>X)7€()>Y)
(R{'R —1) > X, vR "y ARTRY'RTY > 7))
(R

+eRI DY, R > X, Zr) + (R > Y, TorV " (R > X, Z))
+ g(
+ g(
+ g(
+ g(

/-1
R2(2>

—g(
— g(
— g( IR 1))>X [(,R’Q_ Ry )DZ;RQQ)DY] )
R _ 1 —
—g((Ry'"Ry)) &> X, TorV ™ (Ry'Ry7H) > Z, Ry > Y))
=2g(VXY, Z)
+gRI' DY, Ry > X, Z)r) +g(Ry > Y, TorV " (R > X, Z))
g(RT'Ryy) > Z (R 'RY) > YRy > X)
g(RT'"Ryy) > Z, Tor¥ ((RglR’—l) >Y, Ry > X))
g(Ry 1R2 )>X (R;'RT™H > Z, RQ(Q > Y]r)
g((Ry 1RI2 ) > X, Tor¥" (Ry'RY™) > 2, R;&l) >Y))
gives the proposed formula. Since the equivariant metric is non-degenerate this
proves that a metric equivariant covariant derivative with a fixed torsion is unique.
To also provide existence we show that the above formula actually defines a metric
equivariant covariant derivative with torsion 7. Replacing X in (4.13) by a - X
for an arbitrary a € A we observe that the terms including torsion are linear with
respect to a, as well as the first and the fourth term on the right-hand-side. The
additional non-A-linear terms of the second and third summand cancel with the
corresponding additional terms of the sixth and fifth summand, respectively. By

the non-degeneracy of g this proves that V* is left A-linear in the first argument.
Similarly one demonstrates the braided Leibniz rule in the second argument. O

The unique torsion-free metric equivariant covariant derivative on (A, g) is said
to be the equivariant Levi-Civita covariant derivative.
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4.6 Gauge Equivalent Braided Cartan Calculi and
Covariant Derivatives

In this last section we prove that the gauge equivalence induced by a Drinfel’d twist
is compatible with the construction of the braided Cartan calculus and the notion
of equivariant covariant derivative. Namely, we describe how the Drinfel’d functor
together with the corresponding natural transformation discussed in Section
deforms the involved structure. For a given braided commutative algebra A we
define the twisted multivector fields and twisted differential forms, as well as the
twisted Gerstenhaber bracket, Lie derivative, insertion and de Rham differential.
If the universal R-matrix is trivial this recovers the well-known twisted Cartan
calculus (see e.g. [7]). Even in the general case, we prove that the twisted Cartan
calculus is isomorphic to the braided Cartan calculus with respect to the twisted
algebra and twisted triangular structure. In particular, this isomorphism (taken
from [7, 54, 63]) intertwines the braided Lie derivative, insertion and de Rham
differential. In a similar fashion we prove that a twisted covariant derivative can
be interpreted as an equivariant covariant derivative on the twisted algebra with
respect to the twisted triangular structure, by applying the same isomorphism. The
concepts of equivariant metric and equivariant Levi-Civita covariant derivative are
respected as well. We refer to [10] Chap. 3-4 for a similar discussion.

Recall that for any Drinfel’d twist F on a triangular Hopf algebra (H,R) and
any braided commutative left H-module algebra A the twisted product

a-rb=(F'>a) - (F,'>0),

where a,b € A, structures A as a left Hr-module algebra which is braided com-
mutative with respect to Rr = Foy RF !, As usual we write Arx = (A, 7). More
general, the Drinfel’d functor

: H
Dring: M — M,

which is the identity on morphisms and assigns to any H-equivariant left A-module
M the same left H-module, however with left Ar-module action

a-rm=(F'>a) (Fyt>m),

where a € A and m € M is an isomorphism of categories. As usual we denote
Mz = (M, 7). On H-equivariant braided symmetric A-bimodules the Drinfel’d
functor

Dring: (A M% ®4) — (i}f/\/lif, ®.ar)

is a braided monoidal equivalence of braided monoidal categories with braided
monoidal natural transformation given on objects M and M’ of # M by

OMM M]:@A]_- M;: > (m®,4fm') — (Fl_l Dm) &4 (Fg_l Dm’) S (M ®AM/)]:.
Fix a Drinfel’d twist F on H in the following.
Lemma 4.6.1. The assignment

(XR(A))r > X — X7 € X5 _(Ar),
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where X7 (a) = (F;' > X)(Fy, ' > a) for all a € Az, is an isomorphism of Hz-
equivariant braided symmetric Ax-bimodules. Namely,
&> X7 =(¢> X)7,
a Rz X]: :(a ]:X) N
X]: Rr A :(X 2 CL)]:
forallé € H,a € A and X € X}, (A), where we denoted the Ax-module actions on

Proof. The assignment is well-defined, since for every X € Derg(A) one obtains an
element X7 € Derg,.(Ar) because

X (a5 b) =(F ' > X)(FoyF ) & a) - (Fopy Py h) b))
=(F' e )((Fn AT B o) (Fp Py ) e b)
FRDFLF) B a) - (R F) b X)(Frh Ao e
=X7(a) b+ (RUFipFy ) > a) - (R Fry Fi ) > X
:Xf(a)-;b+((.7:1(1721}" H>a)- (F Rl}" H> X)) (Fyt
X (a) b+ (FF R B a) - (Fiy o 'R & X) (75
7(a) F b+ ((FT'R71) > a) - ((]'— ]:1 "Rz) > X)((F. 2(2) -7:2
(a) (
( (

Fy' e b)
b)
)

b
)
)
) b

> b)

)
(
( >
( >
a Y
a) Fb+ (Rr>a) 7 (Rry > X)7(b)

0) 7b+ Ry & a) 7 (Rrh > X7)(b)

X7
—X7

for all a,b € A, where we used that (£ > X)7 = £1> X7 for all € € H. The latter
is true because

(&> X7)(a) =5y > (Xf(sf(f ) > a))

FiéFi ) > ((ff "> X)((Fy ' BS(Fobpp Fy B > a))
Fiéwy) > (F 7' > X)(U: 1]'—” 1BS(}“2§(2)}“ }-” HH > a))
]:15(1)) ((I{_l > X)((f 1S(~'r2§ 2(2))5 ) > a))

Fi€m) > (X ((S(Fob)87) > a))

(Finé) &> X)((FupS(F2)B7") > a)

(F1 ]:1(1)5) > X)” (FpFie)S(F)67) > a)

(F1€) &> X)T ((FiFo)S(FaFa)8~") > a)

& X)((6671) > a)

=& > X) (a).

Furthermore, the left and right A-module actions are respected since

=(
(
(
(
(
(
(
(

(a-7 X)) (0) =(Fiy A > a) - (FrpyFa ) > X)(F5 ' > b)
=(F ' >a) - (FhFih) o X)(FypFy ) > b)
=a -7 (X7 (b))
—(a - X7)(b)
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and
(X -7 a)”(0) =(Fry B e X) - (FigyFe ) e a))(Fz‘lDb)
=(F ' > X) (R Fypy F ) > b) - (R Fyy By 1) > a)
—(F "> X)(Foy RV ) B b) - (Fypy Ry f{ Y a)
=(F ' > X)(Fyy FU 'R B b) - (Foy Fo ' Rzg) > a)
((f;})f{—1)>X)((f1( Fr 'R > b) - (F"RE) > a)
X7 (R

hold for all a,b € A. The inverse homomorphism is given by
Derg,(Ar) 2 = — =7 € Derg(A),
where 27 (a) = (Fy > Z)(Fo > a) for all a € A. O

This proves that we can work with X% (A) 7 instead of %%QF(A;). Applying the
Drinfel’d functor on the wedge product

A XR(A) @4 XR(A) = X5 (A)
gives
Dring(AR): (%R(.A) R4 %713(./4)); — X5 (A)~.

So if we want to interpret the image of the wedge product as an actual product on
X% (A)x we have to make use of the natural transformation ¢. We define

Ar = Drin(A) 0 px1 a2 )¢ Xr(A)F @ar Xp(A)r = X5 (A)F

and call it the tunsted wedge product. Furthermore we extend the isomorphism
XR(A)r = Xk, (AF) to higher wedge powers as a homomorphism of the twisted
wedge product, i.e.

(XA Y)Y =X Ap, YT

for all X,Y € X%(A)r, where Ax = Dring(Ar) o ¢xs (4)xs(4). By Lemma
this is well-defined. Inductively this leads to an isomorphism X% (A)r — X% (A
of Hzr-equivariant braided symmetric Az-bimodules. Also the twisted Schouten-
Nigenhuis bracket

[-,-]7: Dring([-,-[r) o pxs a),x8,4): XR(A)Fr @ar XR(A)r = XR(A)F
can be defined. On elements X, Y € X% (A)# the twisted structures read
XA;Y:(.Fl_lDX)AR(F2_1DY)

and

[[X7Y]]]:: [[fl_lePFQ_lDY]]R?

respectively.
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Proposition 4.6.2. This assignment

7 (X;Q(A)J‘V NFs [['7 ]]]:) — (%;2].—(“4-7:)7 ARz, [['v ]]73]-‘) (414)

is an isomorphism of braided Gerstenhaber algebras.

Proof. First note that
(X 7Y)7(a)

(FrnyF ) > X)((Frpy P D e Y)(F ' > a)
(Fi > X)(Foy P B Y)(Fogy Fo ') > a)

(X7 Y7)(a)

for all X,Y € X;(A)r and a € A. Then
(X.Y]r)" =(F" > X, > Y]R)”
=((F'>X) = (F'>Y)”

—(R{I'FH B Y) = (R > X))
=(X-5Y)" ((Rﬂ >Y) r (R}é > X))”
=X m, YT = (R ﬂ >Y) r, (Rpy>Y)”
_X]: "Rr Y]: ( ]—'1 > Y]:) "RF (R;‘% > Y]:)
=[X7 Y7 r,.

Using the defining formula (see Section of the braided Schouten-Nijenhuis
bracket, this implies that

([X.Y]#)" = [X7 Y7 ]r,
for all X,Y € X% (A)r. O

Similarly we define an isomorphism 7: Q% (A)r — Q% _(Ar) of Hz-equivariant
braided symmetric Az-bimodules. On elements w € Q% (A)# it reads

W (XT) = (F' e w)(F ' > X)
for all X € X5 (A)r. In fact w” is an element of Qp (Az) since
W (X7 rya) =" (X -7 a)
=(F ' > w)((Fn i) > X) = (FogFe ') > a)
=(FihyA ) e w)((FgF ) e X) - (F ' >a)
S W) (F e X)
(Xf) Fa

7)

for all a € A. Furthermore we define

(wArn)” =w’ Ag,n”

for all w,n € Q% (A)x. Applying the Drinfel’d functor and the natural transforma-
tion ¢ on Z% and i leads to

g}-i X;Q(A)]: KF Q;Q(A)]: — Q;Q(A)]:,
i” X;Q(A)]: RF Q;Q(A)]: — Q;Q(A)]:,
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while the de Rham differential becomes d: Q% (A)z — Q%' (A) 7 after utilizing the
Drinfel’d functor. On elements X € X%(A)r and w € Q% (A)r the twisted Lie
derivative and twisted insertion read

.i”fw—fn Folow) and ifw =
2 X

Frlsx (F5 ' >w),

iR

]—' > X

while the de Rham differential remains undeformed. We refer to
(Q;Q(A)]:, /\]:, g}—, i}—, d) and (%rk(/‘)]—‘, Nr, [[', ]]]:)

as the twisted Cartan calculus (with respect to F and R).

Theorem 4.6.3. The twisted Cartan calculus with respect to R and F is isomorphic
to the braided Cartan calculus on Ax with respect to Rx via the isomorphism *. In
particular

(gj(}'w)}' _.,%R]:w]:

(if(w)f —17;§wf

(dw)” =dw”
for all X € X% (A)r and w € Q% (A)r.

Proof. For a € A, X,Y € XL (A)r and w € Oz (A)# we obtain

(A

(B (Pt o w)”

(RT'WF > w) (R > X))
((Fr 1R]—'1) > w)((Fy 1RF2) > X)
(R71 > w)” (Rz > X))

=(Rz1 > w”)(Rz > X7)

(1XW)

—1§§w]:
since 7 is an isomorphism of Hr-equivariant braided symmetric Az-bimodules.
Similarly
(da)”(X7) =(F7 "> ( a))(Fy ' > X)
=(A(F " > a))(F ' > X)

(RTF > X)(RVFTY) > a)
(Fr 1Rf1) > X)((Fy 1RF2) a)
RF%DX) 72 > a)
71> X7) (R, > a)

da)(X7),

respects the braided commutator we obtain

(R
(R

(
(
(
(
(
(R
(

follows, and since ©

4 (X7 Ay YT) =(R7 & X7)(Ryb & w”)(YT)
~ (R7 > Y7)(Rz, > (w7 (X7)))
WF([X}—v Y]:]RJ-')
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=((F'"Rz1) & X)(Fyy Fi ' Rizh) & w) (Foppy Fo ) > Y)
— (F7'Rp) & Y)(F "Rz & (Fy7 b w)(Fy > X))
— W7 (X, Y]5))

=((Frny P " RAD) & X)(FypyFa ' Rzp) B w)(Fy ' > Y)
— (RUFED e YV((RS'F o (F ! > w)(F ' > X))
—(Flow)(F > [X,Y]F)

=((FriyRiF D) o X)(Frpy Ry AT B w)(F ' > Y))
—(R{'FH e V)R > (Fry B B @) (Frg B ) & X))
— (F o ) ([(Fy B > X, (Fy P ) > Yg)

(R FyyF ) & X (R B w) (Fypy Fo ) > Y)

— (R Fopy P ) B V)RS > (F o w)(Foy F ) > X))

— (F o) (Fh AT B X (Fagy B = V)

(dw)” (X AFY)T)

(dw)" (X Ag, Y7T).

Moreover, since d is equivariant

Rr F _[:R F
LFw =iyF dryw

=7 dw” — difFw”
iR (dw)” — d(ifw)”
=(ifdw)” — (difw)”
=([i%, dJrw)”
=(Lxw)”,
follows. In degree zero there is nothing to prove and higher degrees are generated

by the lowest two degrees. Since © respects the wedge product this concludes the
proof of the theorem. O

Let M be an H-equivariant braided symmetric A-bimodule and V*: X} (A) ®
M — M an equivariant covariant derivative with respect to R. Define the twisted
covariant derivative as

On elements X € X, (A)7 and s € M this reads
Vis—= VR, (F'es).

Filox

Lemma 4.6.4. V7 satisfies £ > (Vs) = Vf(l)DX(ﬁ(g) >s), Vi xs=a-5Vis and
Vila-rs)=(Z%a) rs+ (Rp>a)5 (Vi

Flox)

forallae A, X € XL(A)r and s € M.
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Proof. Let £ € H,a € A, X € ¥, (A)r and s € Mz. Then
€6 (V5s) = Voo (€ Fr ) o 5) = VE (6 > 9)
shows that V7 is Hr-equivariant, while also

Vixs =(FiFHea)- (VR

- Fyl>s))

J-'é 1)|>X(

]:2(2)]:2_1) > 5))

1(2)

(Fiiea)- (V.

2(1)]'J I)DX((

(Friea) (F' > (Vi (B >9)
=a -5 (V%s)

and

Vilars) =i (FnF ) >a) - (FpFi ) e a)
=(LE o (Foy P B a) - (FypFy ) > )
H(RUF0FT) > a) - (Vi x (Fop B ) B 9))
=(F e (L5 (BT ) (F e s)
+((]-"2<1)R11]-"2‘) a) - (vR

1
(FamyRa Fi-

(f > s))
=(LXa)rs+ ((]:1_(%)]:1 1R}'1) >a) - (VRm) ) |>X(]:2 s))
=(LXa)Fs+ Rz >a) 5 (Vi,wexs)

hold. O

Note however that strictly speaking V7 is not an equivariant covariant deriva-
tive with respect to Rz, since it is a map Xk (A)r ® Mz — Myx. Using the
isomorphism X% (A)r — X% (Ar) we are able to view V7 as an equivariant co-
variant derivative on Mz with respect to R nevertheless. This is done in the next
proposition.

Proposition 4.6.5. Let V7 be an equivariant covariant derivative with respect to
R on an object M in T M 4. Then we can define an equivariant covariant derivative

VR X5 (Ar) ®F Mz — Mg

with respect to Ry via
ViZs = VL

for all X € XL (A)z and s € Mx. If V7 is an equivariant covariant derivative with
respect to R on X% (A) there is an equivariant covariant derivative

VR'FZ I%I(A]:) QF %%3/?("4]:) — %7137(./4]:)
with respect to Rz defined by

VEY? = (VYT
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for all XY € XL(A)7. The corresponding extensions
VR7. %%QI<A]:) RF %;QF(.A]:) — %;QF(A}')

and

VR7: X (Ar) @7 O (AF) = Q. (AF)
of the latter to braided multivector fields and braided differential forms satisfy

VRZYVT = (VEY)T and ViZw” = (Viw)”
forall X € X5(A)7, Y € X (A)r and w € Q% (A) 7.
Let g be an equivariant metric on A. Then, the twisted metric gr is defined by
gr(X,Y) =g(F ' > X, F ' >Y)

for all X|Y € X% (A). In the next lemma we prove that it actually deserves this
name, i.e. that gr is an equivariant metric. Furthermore we show that the as-
sighment LC: g — V7, attributing to a non-degenerate equivariant metric g its
corresponding equivariant Levi-Civita covariant derivative V7, is respected by the
Drinfel’d functor, i.e.

Drin]:l IDrin]:

commutes. Remark that g might not be non-degenerate in general. Nonetheless,
V7 is well-defined as twist deformation of V®. Furthermore it is metric with re-
spect to g7 and torsion-free, while it might not be the unique equivariant covariant
derivative with those properties. However, any torsion-free equivariant covariant
derivative V on Az which is metric with respect to gr is mapped to V¥ via the
inverse twist Drinz-1. This follows from the uniqueness of the equivariant Levi-
Civita covariant derivative V*® on (A, g = (gr)7-1). In other words, V7 is the
unique equivariant Levi-Civita covariant derivative on (Ax, gx) up to the kernel of

Fn: XhH(A) @ XL (A) = Xh(A) @ XL (A).

Lemma 4.6.6. For any equivariant metric g on A, the twisted metric gr is an
equivariant metric with respect to Ry on Ar. Moreover, twisting the equivariant
Levi-Clivita covariant derivative with respect to g leads to a torsion-free equivariant
covariant derivative V7, which is metric with respect to gr. If g7 is non-degenerate,
V7 is the unique equivariant covariant derivative with those properties.

Proof. Let X,Y € X;(A). The relation

2 (g7 (Y. 2)) = g7 (VLY. Z) + g7(Rz &V, Vi1 Z)

follows from .ZFg(Y, Z) = g(VRY, Z)+g(R;'>Y, VR tox
of g, V® and #". The last statement holds since Tor¥” =0 if Tor¥" = 0. O]

Z) and the H-equivariance

Notice that Lemma even holds for metrics which are not equivariant if one
assumes F to consist of affine Killing vector fields (c.f. [4] Sec. 6.2).
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Submanifold Algebras

We introduce the notion of submanifold algebra on a braided commutative left
H-module algebra A for a triangular Hopf algebra (H,R), slightly modifying the
approach of [79] (see [37] for a recent discussion on submanifold algebras). It gener-
alizes the concept of closed embedded submanifolds from differential geometry. In
a nutshell a submanifold algebra is given by an algebra ideal C C A which is closed
under the Hopf algebra action. In particular, the surjective projection pr: A — A/C
commutes with the H-action. In the course of this chapter we want to make sense
of the following commutative diagram

Geometry on A ———— Geometry on A/C
Drin]::[ IDrinf s (5 . ].)

Geometry on Ay ——— Geometry on Ar/Cr = (.A/C)]E

where F is a Drinfel’d twist on H. This vague picture should be interpreted in the
following way: first, we prove that the geometric data on A/C, namely the braided
Cartan calculus, equivariant metrics, covariant derivatives, curvature and torsion,
are gained as projections of the corresponding objects in A and secondly, we prove
that this projection commutes with the Drinfel’d functor. In Section and Sec-
tion we study the horizontal arrow, projecting the braided Cartan calculus and
equivariant covariant derivatives, respectively, while the vertical arrow together with
the commutativity of the diagram are examined in Section Note that we have
to accept two axioms in order to receive well-defined projected equivariant metrics
and covariant derivatives. However, since those assumptions are quite mild we still
obtain Riemannian geometry on smooth submanifolds as a special case of our the-
ory. Finally, in Section we give an explicit example of twist deformation of
the 2-sheet elliptic hyperboloid. Starting from the commutative algebra of smooth
functions with the pointwise product, the vertical arrows of correspond to a
quantization and the commutativity of implies that twist deformation quan-
tization and projection to the quadric surface commute. A different approach to
Riemannian geometry on noncommutative submanifolds, based on the choice of a
finite-dimensional Lie subalgebra g of Der(A) and a vector space homomorphism
g — M into a right A-bimodule M, is considered in [3].

Fix a triangular Hopf algebra (H,R) and a braided commutative left H-module
algebra A for the rest of this chapter.

113
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5.1 Braided Cartan Calculi on Submanifold Alge-
bras

For any algebra ideal C the coset space A/C becomes an algebra with unit and
product induced from A. The elements of A/C are equivalence classes of elements
in A, where a and b are in the same equivalence class if and only if there exists an
element ¢ € C such that a = b+ ¢. Choosing an arbitrary representative a € A
we denote the corresponding equivalence class by [a] or a + C. This constitutes a
surjective projection pr: A — A/C, which assigns any element of A its equivalence
class. It is easy to verify that pr is an algebra homomorphism. The projection is
injective if and only if C = {0}.

Lemma 5.1.1. Let C C A be an algebra ideal such that Hi>C C C. Then A/C is a
left H-module algebra and braided commutative with respect to the same triangular
structure R.

Proof. From general algebra we know that the coset space A/C is an algebra with
respect to the induced multiplication if and only if C is an ideal. The induced left
H-action, i.e. £ > pr(a) = pr({ > a), where a € A and £ € H, is well-defined if and
only if H > C C C. For the same reason the action respects the algebra structure
and > descends to a left H-module algebra action. Since the braiding is encoded
via the Hopf algebra action A/C is braided commutative. ]

It is intuitive that not all braided vector fields on A can be projected to a braided
vector field on A/C. In the end braided vector fields are braided derivations and
in particular endomorphisms of A. They only descend to an endomorphism of A/C
if C is a subspace of the kernel. It turns out that this is the only obstruction: let
X € Derg(A) such that X(C) C C, then

pr(X)(pr(a)) = pr(X(a)), (5.2)

where a € A, defines a braided derivation pr(X) on A/C with respect to R. In fact,
pr(X) is well-defined exactly because of the condition X (C) C C and it inherits the
braided derivation property from X.

Definition 5.1.2. A braided derivation X € Derg(A) is said to be a braided tangent
vector field (with respect to C) if X(C) C C. We denote the k-module of braided
tangent vector fields on A with respect to C by X}(A). The k-submodule of braided
tangent vector fields X € X;(A) satisfying X(A) C C is denoted by X (A). The
corresponding elements are called vanishing vector fields.

The braided tangent vector fields are closed under the module actions and the
braided commutator. This is discussed in the next lemma. Note that we are able
to define a left H-action on the image of pr: X;(A) — X% (A/C) by

£ pr(X) =pr(§ > X) (5.3)

for all ¢ € H and X € X}(A). With (5.3) we have a natural candidate for a left H-
action on X% (A/C). However, since it is only defined on the image of the projection
this sets a further condition on the ideal C.
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Definition 5.1.3. If the k-linear map pr: X} (A) — Xk (A/C) defined in eq.([5.9) is
surjective, the braided commutative algebra A/C is said to be a submanifold algebra
and C a submanifold ideal.

Fix a submanifold ideal C for the rest of this section. We want to stress that by
our definition this includes the property H > C C C.

Lemma 5.1.4. X} (A) is an H-equivariant braided symmetric A-bimodule and a
braided Lie algebra, while X}(A) is an H-equivariant braided symmetric A-sub-
bimodule and a braided Lie ideal. Furthermore,

pr: X} (A) = X5 (A/C) (5.4)

is a homomorphism of H-equivariant braided symmetric A-bimodules and a homo-
morphism of braided Lie algebras with kernel X{(A).

Proof. According to Lemma X% (A) is an H-equivariant braided symmetric A-
bimodule and a braided Lie algebra with respect to the braided commutator. So it
is sufficient to prove that the module actions and the braided commutator are closed

in X} (A). Let a,b€ A, X,Y € X}(A) and ¢ € H. Then (a- X)(C) =a- X(C) CC,

(X-a)(C)=X(R{'>C)- (Ry'>a) CC
and (> X)(C) = &y > (X(S(&2)) > C)) C C, while

[X.Y]R(C) = X(Y(C)) — (RT' > Y)(Ry' > X)(C) €C

since C is an ideal and H > C C C. This proves that X}(A) is an H-equivariant
braided symmetric A-sub-bimodule and a braided Lie subalgebra of Xk (A). If
X € X}(A) and Y € X1(A) we obtain (a- X)(A) = a- X(A) C C,

(X a)(A) = X(Ri'>A) - (Ry' >a) CC,
(€ > X)(A) = &q) > X(S(§2) > A) € C and

[X.Y]r(A) = X(Y(A) = (R > Y)((Ry' > X)(A)) €C

foralla € A and £ € H, since C is an ideal and H >C C C. The projection respects
the H-module action by definition, while it respects the left and right A-module
actions since

pr(a - X)(pr(b)) =pr(a- X(b))
=pr(a) - pr(X(b))
=(pr(a) - pr(X))(pr(b))

and

pr(X - a)(pr(b)) =pr((X - a)(b))

(

(Ry

pr(X)pr((Ry )) pr((Ry' > a))

=pr(X)(Ry" >pr(b))~(732 > pr(a))
=(pr(X) - pr(a))(pr(b))
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hold. Finally,

Ri'>Y)(Ry' > X)(a))
) —pr(Ry > Y)(pr((Ry' > X)(a)))

(pr(a))) = (Ry' > pr(Y))(Ry ! > pr(X))(pr(a)))
=[pr(X), pr(Y)]z(pr(a))

proves that pr is a homomorphism of braided Lie algebras. By definition X}(A) is
the kernel of the projection. O

~—

In the light of Lemma we are able to reformulate Definition in the
following way.

Definition 5.1.5. Let C C A be an algebra ideal. Then A/C is a submanifold
algebra if there is a short exact sequence

0— X5(A) = XH(A) 5 X5L(A/C) =0
of H-equivariant braided symmetric A-bimodules and braided Lie algebras.
In particular, the braided exterior algebra
X3 (A) = X (A) = A D X[ (A) @ (X (A) Ar X (A) B -

of X}(A) is an H-equivariant braided symmetric A-sub-bimodule of X% (A) accord-
ing to Proposition [B.3] If we extend pr: X}(A) — X% (A/C) as a homomorphism of
the braided wedge product, i.e.

pr(X ArY) = pr(X) Ar pr(Y’)
for all X,Y € X7 (.A), we obtain the following result.
Proposition 5.1.6. There is a short exact sequence
0 — kerpr — X(A) 25 X%(A/C) — 0
of braided Gerstenhaber algebras. In particular,
pr([X,Y]r) = [pr(X), pr(Y)l=
for all X,Y € X3 (A).

Proof. This is a consequence of Lemma [5.1.4] since the braided multivector fields
are generated in degree zero and one. To prove that the projection respects the
braided Schouten-Nijenhuis bracket one recalls the expression of [-, -]z on factorizing

elements (see Section [4.2)). [
For braided differential forms w = ag - da; Ag -+ Ag da, € Q% (A) one defines
pr(w) = pr(ao)d(pr(ai)) Az - -+ Az d(pr(an))

and as for braided multivector fields we define a left H-action on Q%(A/C) by
E>pr(w) =pr(f>w) forall £ € H and w € Q% (A).
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Proposition 5.1.7. There is a short exact sequence of differential graded algebras
0 — ker pr — Q% (A) 5 Q% (A/C) = 0,
where ker pr = @kzo ker pr* is defined recursively by ker pr® = C and
ker pr*t! = {w € QLM (A) | i%w € ker pr* for all X € X[(A)}
for k > 0.

Proof. Since every braided differential form can be written as a finite sum of elements
ag-daj; Ag - - -Arda,, where ay, . .., a, and the projection pr: A — A/C is surjective,
it follows that the above sequence is exact. By definition the projection commutes
with the de Rham differential. O

There are braided Cartan calculi on A and A4/C with respect to R according to

Theorem |4.4.2] In Proposition and Proposition we proved that the pro-
jection respects the algebraic structure of X% (A) and Q% (A). As a natural question

we ask if also the geometric data of the braided Cartan calculus is intertwined by
the projection. A positive answer is given in the following theorem.

Theorem 5.1.8. The braided Cartan calculus on A/C is the projection of the braided
Cartan calculus on A. Namely,

hold for X € X3(A) and w € Q% (A).

Proof. By definition, the projection respects the de Rham differential. In a next step
we prove that this is also the case for the insertion. Let X € X} (A) and w € Q%L (A).
We can assume without loss of generality that w = adb for a,b € A. Then

iR xyPr(w) =ik ) (pr(a)d(pr(b)))
=1€>1f(731_1 a) - pr(Ry"' > X)(pr(b))
=pr(R;" >a> r((Ry! > X) (b))

=pr((Ry" > a) - (Ry' > X)(b))
=pr(ixw)

holds. Similarly one proves that the insertion of a braided vector field into a higher
order braided differential form is respected by the projection and since i% ARY = = iRl
for another Y € X}(A) the same is true for the insertion of braided multivector fields
of any degree. Since the braided Lie derivative is the graded braided commutator
of the insertion and the de Rham differential it is also respected by the projection.
Furthermore, according to Proposition and Proposition pr: X3(A) —
X% (A/C) and pr: Q% (A) — Q% (A/C) are surjections. This concludes the proof of
the theorem. O
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As a special case we recover that the classical Cartan calculus on a closed embed-
ded submanifold t: N — M of a smooth manifold M is obtained by the pullback
QM) — Q°(N) of differential forms and restriction ¢*: X3 (M) — X°*(N) of
tangent multivector fields to N. The latter is defined for any X € X;(M) as the
unique vector field X |y € X'(N), which is c-related to X, i.e. Tye(X|n), = X,y for
all ¢ € N, where Tye: TyN — T,;yM denotes the tangent map (c.f. [75] Lem. 5.39).
In particular,

Lot (w) = 1"(ZLxw), L-x)t'(w) =" (ixw) and de*(w) = " (dw)

for all X € X*(M) and w € Q°*(M).

5.2 Equivariant Covariant Derivatives on Subman-

ifold Algebras

Fix a submanifold ideal C of A and a strongly non-degenerate equivariant metric g
on A in the following. There is a direct sum decomposition

Xp(A) = X (A) ® X, (A),

where X! (A) are the so-called braided normal vector fields with respect to C and
g, defined to be the subspace orthogonal to X!(A) with respect to g. Namely,
X € XL(A) is an element of X.(A) if and only if g(X,Y) = 0 for all Y € X}(A).
Then we define pry: X (A) — X3 (A/C) as the k-linear map which first projects to
the first subspace in the above decomposition and applies pr: X} (A) — X% (A/C)
afterwards. In particular pry(X) = pr(X) for all X € X;(A).

Lemma 5.2.1. The braided normal vector fields X (A) are an H-equivariant braided
symmetric A-sub-bimodule of X5, (A) and prg: X5(A) — XR(A/C) is a homomor-
phism of H-equivariant braided symmetric A-bimodules.

Proof. Corresponding the first claim, it is sufficient to prove that the module actions
are closed in X} (A). Let a,b € A, £ € H and X € X;.(A). Then

gla- X -0,Y)=a-g(X,Ri'>Y) - (Ry'>b)=0
and
g(E> X,Y) =) > g(X, S(€) > Y) =0

follow for all Y € X}(A), since X} (A) is an H-equivariant braided symmetric A-sub-
bimodule and g is H-equivariant as well as left A-linear and braided right A-linear
in the first argument. In particular, this implies that pr, respects the H-action and
A-bimodule actions: the tangent and normal parts are closed under the actions and
pr: X}(A) — XL(A/C) is a homomorphism of H-equivariant braided symmetric
A-bimodules according to Proposition [5.1.6] This concludes the proof. O

Note that the definition of braided normal vector fields still makes sense for non-
degenerate braided metrics and that also in this case they form an H-equivariant
braided symmetric A-sub-bimodule of X} (A). Nonetheless we stick to strongly
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non-degenerate braided metrics in this section, which is motivated in the following
lines. Recall that the vanishing vector fields X}(.A) were defined as the kernel of the
projection pr: X} (A) — X% (A/C). Consider the k-linear map

ga/c: %%Q(A/C) ®.a/c .’f%z(A/C) — A/C (5.5)

which is determined by g4/c(prg(X), prg(Y)) = pr(g(X,Y)) for all X,Y € X5 (A).
It is well-defined if the following property holds.

Axiom 1: for every X € Xj(A) there are finitely many ¢; € C and X' € X} (A)
such that X = Zci - X1

This is for example the case if X}(.A) is finitely generated as a C-bimodule. Note
that every linear combination ¢ - X with ¢ € C and X € X](A) defines a vanishing
vector field. Moreover, since we assumed g to be strongly non-degenerate it follows
that g/ is strongly non-degenerate as well, if the following property holds.

Axiom 2: if X € X;(A), then g(X, X) € C implies X € X;(A).

Note that non-degeneracy of g in combination with Axiom 2 is not sufficient to
prove non-degeneracy of g4/c. We further would like to point out that in the case
of closed embedded smooth submanifolds both, Axiom 1 and Axiom 2 are satisfied
and that any Riemannian metric is strongly non-degenerate in our sense. Let us
perform a rigorous proof of the above discussion.

Lemma 5.2.2. Let C be a submanifold ideal of A and g a strongly non-degenerate
equivariant metric on A such that Aziom 1 and Aziom 2 are satisfied. Then ga/c is a
well-defined strongly non-degenerate equivariant metric on A/C and any equivariant
covariant derivative V¥: XL(A)@XL(A) — Xk (A) on A projects to an equivariant
covariant derivative

Vitopr(Y) = prg(VEY),

on A/C with respect to R, where X,Y € X} (A).

Proof. As already claimed, Axiom 1 assures g4,c to be well-defined, since

ga/c(prg(X), prg(Y)) =ga/c (prg<zi: Ci - Xi),prg(Y)> = pr (g(i} ¢ - X, Y))
:Pr(;Ci'g(Xi7Y)) =0

J/

-

eC

and similarly g4/c(prg(Y), prg(X)) = 0 for all X € Xj(A) and Y € X (A). We
prove that g4/ has the correct linearity and symmetry properties. Let a € A,
X,Y € X, (A) and £ € H. Then

gase(pr(a) - prg(X), prg(Y)) =gasc(prg(a- X),prg(Y))
:pl‘(g(a - X, Y))
=pr(a-g(X,Y))
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=pr(a) - pr(g(X,Y))
=pr(a) - gac(prg(X), prg(Y)),

ga/c(prg(X) - pr(a), prge(Y)) =gasc

and

E > gasc(prg(X), prg(Y)) =€ > pr(g(X,Y))
=pr({ > g(X,Y))
=pr(g(§n) > X, &2 >Y))
=ga/c(Prg(§a) > X), pry(§) > Y))
=ga/c() > prg(X), {2y > prg(Y))
hold, proving that ga,c is a k-linear map X% (A/C) @4/c X (A/C) — A/C. 1t is

braided symmetric since

gA/C(prg(Y)vpr ( )) (g( ))
=pr(g(R;' > X R, >Y))
=ga/c(prg(Ry' > X), prg (R > Y))
=ga/c(Ry" > prg(X), Ry" > prg(Y))
for all X, Y € X (A). Using Axiom 2 we prove that g4/¢ is strongly non-degenerate.
Let X € XL(A/C) and choose Y € X/(A) such that pr(Y) = X. Then
0= gA/C(Xa X) = pI‘(g(Y, Y))

implies g(Y,Y) € C,i.e. Y € X{(A) by Axiom 2. In other words g4/c(X, X) = 0 im-
plies X = 0, which is equivalent to the statement that X # 0 implies g/¢(X, X) #
0, i.e. strong non-degeneracy of g4/c. From Axiom 1 it follows that VAC is well-
defined. In fact, for X = >, ¢; - X' € Xj(A) and Y € X;(A) we obtain

VA/(C ypr(Y) = prg(VRY) = pr, < Z C - VEiY> =0
-
€x5(A)

and

Vs pr(X) =prg ( Z V(e - Xi))

eCc eCc
-1 R
exl(A) R

€X5(A)
=0,
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since V¥ is left A-linear in the first argument and satisfies a braided Leibniz rule
in the second argument. Clearly V4/C is k-linear. It is left A /C-linear in the first
argument, since

A/C AJc
Vpr/(a)-pr(X)pr(Yv) :Vpr/(cuX)pr(Y) = prg(VZE-XY) = Prg (a ’ V§Y>
A
=pr(a) - prg(VEY) = pr(a) - (V3 pr(Y)
and for all X,Y € X}(A) and a € A it satisfies a braided Leibniz rule

Vo (pr(a) - pr(Y)) =Voi (pr(a- V)
=prg(VE(a- V)

:prg((;ff;}a) Y4+ (Ri'>a)- (V§;1>XY>>
:pr(iﬂ;}a) pr(Y) + pr(Rf1 >a) - prg(ngDXY)

_ A/C
=(Zroxopr(a) - pr(Y) 4+ (R > pr(a)) - (VRglbpr(X)pr(Y))
in the second argument. This concludes the proof of the lemma. O]

The curvature and torsion of a projected equivariant covariant derivative coincide
with the projections of curvature and torsion of the initial equivariant covariant
derivative. This underlines how the concepts of braided commutative geometry on
submanifold algebras A/C can be obtained from the ones on A.

Corollary 5.2.3. Under the assumptions of Lemma the curvature RV and
the torsion Tor¥™'* of the projected equivariant covariant derivative VA/C are given
by
AJC R
RY™ (pr(X), pr(Y))(pr(Z)) = prg(RY ™ (X,Y)2)
and

Tor™™ (pr(X), pr(Y)) = prg(Tor¥" (X,Y))

for all X,Y,Z € X}(A). If furthermore, V® is the equivariant Levi-Civita covariant
derivative with respect to g, VA/C is the equivariant Levi-Civita covariant derivative
on A/C with respect to gac.

Proof. Let X,Y,Z € X/(A). According to Lemma VA is an equivariant
covariant derivative on A/C with respect to R. In particular, its curvature and
torsion are well-defined and

RV (pr(X), pr(Y))(pr(2)) :V;t/(g()vgt/g,)pr(Z) - V;:Z_Clbpr(y)v;i/cDpr(X)pr(Z)
~ Vi mmePr(2)
=V VS pr(Z) — v;‘t/(;l_lmv;i/(; oy PE(2)
- Vilix Y]n)pr(Z )

R 'R R

:prg<RVR<X, Y)Z)
as well as

Tor™ (pr(X), pr(Y)) =ViGpr(Y) = VS (Ra* & pr(X)

Ry 'epr(Y)
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— [pr(X),pr(Y)]r
=pr (VXY = VX, (Ry'>X) —[X,Y]r)

R>Y

:prg<T0r (X7 Y))
hold. If V*® is the Levi-Civita covariant derivative with respect to g, then

LYY, Z) =g(VXY. Z) + g(R{' > Y, Vi 2),

where X, Y, Z € XL (A), implies
$§§<X>gA/c(pr(Y) pr(Z)) gpr(X)pr(g(Y7 7))
=pr(Z¢g(Y, Z))
=pr(g(VEY. 2) +g(R{' > Y, VR_i  2))
=g.4/c(prg(VXY), pr(2))
+8ac(Pr(Ry B Y),pry (Vi1 Z))
=ga/c(Vinoypr(Y), pr(2))

_ A/c
+gac(Ry > pr(Y), Vnglbpr(X)Pf(Z))

for all X,Y,Z € X}(A). Since
Tor¥™ (pr(X), pr(Y)) = pry(Tor¥" (X, Y)) = prg(0) = 0

VA/€ is the unique equivariant Levi-Civita covariant derivative on A/C with respect
to ga/c. This concludes the proof. O

One extends the projection prg: X%(A) — X%(A/R) to braided multivector
fields by defining it to coincide with pr on A and to be a homomorphism of the
braided wedge product on higher wedge powers. On braided differential forms we
set pry = pr.

Corollary 5.2.4. Under the assumptions of Lemma[5.2.9, the equivariant covari-
ant derivatives VA/C: XL (A/C) @ X%(A/C) — X%(A/C) and VAC: XL(A/C) @
Q% (A/C) — Q% (A/C), induced by the projected covariant derivative VA/C on A/C

are projected from the covariant derivatives induced by V™. Namely,

VA/(C ypr(Y) = prg(VXY) and @fr/(iopr(w) = pr(Viw) (5.6)
forall X € X/ (A), Y € X2(A) and w € Q%(A).
Proof. Let X,Y € X}(A) and w € Q%(A). Then

(Voo pr(@), pr(Y))m =L (pr(@), pr(Y))e — (Ry' > pr(w), Vé/ e PT Y ))R
=Zpiopr((@, Y)r) = (pr(Ry & w), prg(Vie i Y))w
=pr(LE (W, Y)r — (Ri' > w, Vi Vr)

:Pr<<?xwa Y)®)
=(pr(Viw), pr(Y))=
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we proved (5.6) for all X € X}(A), Y € XF(A) and w € Q% (A) for a fixed k > 0.

implies 6;4/(?()pr(w) = pr(VRw) by the non-degeneracy of (-,-)z. Assume now that
Let X,Y € X[ (A), Z € X¥(A), w € QL (A) and n € Q% (A). Then

Vino) (pr(Y) Aw pr(Z)) =(V3Gpr(Y) Ar pr(2)

pr(X)
—_ A/C
F (R Y) Ag (Vnglbpr(X)pr(Z))

=prg(VXY) Ar Z + (R & Y) Ar (Vg Z))
=pr (VX (Y Ar 2))

and

VS (r(w) A pr(n)) =(VAS pr(w)) Ar pr(n)

+ Ry B w) Ar VRl o Pr()

=prg((VEw) Ar 1+ (Ri > w) Ar (VR (1))

=prg(VX(w Ar 1))

prove that (5.6) even holds for all X € X}(A), Y € XF1(A) and w € QO (A). By
an inductive argument we conclude the proof of the corollary. O]

As a special case, we recover the observation (see e.g. [69] Chap. VII Prop. 3.1)
that the Levi-Civita covariant derivative on a Riemannian manifold projects to any
Riemannian submanifold.

5.3 Gauge Equivalences and Submanifold Alge-
bras

In the next theorem we prove that the gauge equivalence given by the Drinfel’d
functor is compatible with the notion of submanifold ideals. In other words, the
projection to submanifold algebras and twisting commutes. In the particular case
of a cocommutative Hopf algebra with trivial triangular structure this means that
twist quantization and projection to the submanifold algebra commute.

Theorem 5.3.1. Let C be a submanifold ideal of A. Then, for any twist F on H,
the projection of the twisted Gerstenhaber algebra (X7 (A)z, Az, [, ]7) of braided
multivector fields on A which are tangent to A/C coincides with the twisted Ger-
stenhaber algebra (X% (A/C)x, Ax, [, -]x) on A/C. Moreover, the twisted Cartan
calculus on AJC is given by the projection of the twisted Cartan calculus on A.

Namely, Q% (A/C)r = pr(Q%(A)x),
L7 xpr(w) = pr(LY w), i, xypr(w) = pr(ifw) and d(pr(w)) = pr(dw)

for all X € X3(A) and w € Q% (A).

Proof. Note that the twisted multivector fields are a braided Gerstenhaber algebra
since the braided multivector fields which are tangent to .A/C are an H-submodule
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and a braided symmetric A-sub-bimodule of X%(A). We already noticed that
pr: X3(A) — X*(A/C) is surjective. Let X, Y € X$(A) and a € A. Then

pr(X) Arpr(Y) = (F ' > pr(X)) Ar (Fy ' > pr(Y)) = pr(X A Y),

and similarly [pr(X), pr(Y)]r = pr([X, Y]x) and pr(a)-zpr(X) = pr(a-zX) follow.
Moreover,

.,iﬂrf(x)pr(w) =Y

R
Flepr(X)

(75! & pr(w)) = pr(LKw)
and
0P (W) =150 o (F ' B pr(w)) = pr(izw)
for all X € X;(A) and w € Q%(A) by Theorem [5.1.8| O

In zero degree X9(A) = A. Thus, Theorem implies that the twisted product
on (A/C)r
pr(a) - pr(b) = pr(a -r b), (5.7)
where a,b € A, coincides with the projection of the twisted product on Ar. Fur-
thermore, twisted equivariant covariant derivatives behave well under projection.
Fix a strongly non-degenerate equivariant metric g and a submanifold ideal C such
that Axiom 1 and Axiom 2, defined in the previous section, are satisfied. Also fix
an equivariant covariant derivative V7 on A.

Proposition 5.3.2. For any twist F on H, the projection of the twisted covariant
derivative coincides with the twist deformation of the projected equivariant covariant
derivative, i.e. (VA/C);(X)pr(Y) = prg(VXY) for all XY € X{(A). Similar state-
ments hold for the induced (twisted) equivariant covariant derivatives on braided
differential forms and braided multivector fields.

Proof. For all X,Y € X}(.A) one obtains
Prg(VEY) =prg(VEa  (Fo ' B Y) = VIS (or(F ' > Y)

Frlsx pr(F e X
AJc _
:vﬂ/‘lwrm(]: y e pr(Y)) = (V)] pr(Y)

and similarly one proves the statements about the induced equivariant covariant
derivatives. ]

There are explicit formulas for the curvature and torsion of the twisted covariant
derivative on a submanifold algebra in terms of the initial curvature and torsion.

Corollary 5.3.3. For all X,Y,7Z € X}(A)
R (pr(X), pr(Y)) (pr(2))

_Rpve ((«7:1_(})]:1_1) > pr(X), (]-"1—(;)]-“;_1) > pr(Y)) (F5 ' > pr(2))

—pr (RVR ((fl(})}“;l) > X, (FipFe ) > Y) (Fylie Z))
and

Tor™7 (pr(X), pr(Y)) =Tor"™" (F; ' & pr(X), Fy ' > pr(Y))
=pr (TorvR(Ffl > X, Fyl > Y))

hold.
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Proof. Let X,Y,Z € X}(A). Then
RV (pr(X), pr(Y)) (pr(2))
AJC\F AJC\F AJC AJC
:(v / )pr(X)(v / )pr(Y)pr(Z) (v / )Rflbpr Y)(v / >’R l>pr(X)p (Z)

A/C\NF
- (V / )[pr(X),pr(Y)]R]__pr(Z>
=V oV (FomFoh) & pr(2))

Fiepr(X) C(F, <1>]-' Yspr(Y)

B Vé/clnﬂ)wr(y)vg;)f R pr(X )((}—2_(;)}";_1) > pr(Z))

B V.i—/jT)DPY(X),fI(E)Dpr(Y)] (F5 ' > pr(2))
_v.ﬁ/cbpr(X)in.{iUf )Dpr(y)((-r{(%)f;l) > pr(Z2))

B VZ¥1C<1>?' 'R Bpr(Y )véf/lc@)ﬁ IR;lL 2)>pr(X)(‘F51 > pr(Z))

- VE‘J/;—(;;;I)W(X) (Fry P Hepr(Vr (75! > pr(2))
_vﬁ/cbpr(X)vi;{c( LF- )Dpr(y)((FQ_(g)fg_ ) > pr(2))

Vot sty Viert 2P B PZ)

=~ Vi (F5' > pr(2)

[(Fia >J-' )l>pr(X),(]—'1’(%>]-';*1)1>pr(y)}7z
=RY(F 7 B pr(X). (Fip B> ™) B pr(V)) (5 > pr(2))

and

Tor™™7 (pr(X), pr(Y)) =(VA) ] epr(Y) = (VY7o
— [pr(X), pr(Y)|r,

=V o (P2 B pr(Y)
- V““/ﬂww ((Fy "Rizp) > pr(X))
— A B pr(X), By e pr(V)le
=V o (F B pr(Y)

Fr l>pr

Rz; > pr(X))

A 1
Vi gty (R F ) 1 pr(X)

— []-"1 > pr(X),]-"Q_1 > pr(Y)|r
=TorV" (F' > pr(X), Fy ' > pr(Y))

follow, where we viewed (VA4/€)7 as a covariant derivative with respect to Rx
(see Proposition [4.6.5)) and we identified [-, -]z, with the twisted commutator as in

Proposition [4.6.2

O

This completes the discussion of the commutative diagram ({5.1). We conclude
the chapter with the study of an explicit example of twist deformation quantization

on a smooth submanifold.
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5.4 Twist Deformation of Quadric Surfaces

The purpose of this section is to suggest an explicitly construction scheme for twisted
Cartan calculi and exemplifying this by elaborating one example. The strategy is
to consider some classes of submanifolds of R, find suitable symmetries which
inherit explicit Drinfel’d twists that also respect the submanifolds and project the
twisted Cartan calculi to the submanifolds. This should illustrate the utility of
the abstract machinery we developed in the previous sections. The reason not to
consider a deformation of the submanifolds from the beginning but rather performing
a detour, is that the Cartan calculus on R? is much easier to handle. Furthermore,
the submanifolds are given in terms of relations in coordinates of R”. From our
previous results we know that projection and twist deformation commute, so we are
able to first quantize R” and pass to the submanifolds afterwards. Let us quickly
recall the notion of symmetries for RP. Consider global coordinates z = (2!, ..., zP)
of RP together with the dual basis (9y,...,0p) of vector fields with *-involutions
(z9)* = 2* and 9f = —0;. Assume that there is a % g-module *-algebra action
>: %g @ C*(RP) — €=(RP) for a complex Lie *-algebra g. The induced % g-
actions on X = X%, A...AN0;, € XF(RP) and w = w;,..;, dz™™ A ... Ada™ €
QF(RP) are

£ X = (§uy &> XT5) (€ > 03) Ao A (Egery > 8iy) € XF(RP)
and
> w= () B> wipiy ) (A(Ey > ) AL A (A€o > 2%)) € QF(RP)
for all £ € % g, respectively, where & > 0; € X*(RP) is defined by
Levof =& > (L5, (S () > f)) € €(RP)

for f € €>°(RP). As symmetries g of R”, we choose a finite-dimensional Lie *-
subalgebra of X'(RP) with module algebra action >: Z g ® €>°(R”) — ¢ (RP),
given by the Lie derivative .Z. In fact, for all £, € % g one has %, f = Z:( %, f),
Af = [ and Z(fg) = (L) )Ly 9), Zel = €(§)1 for all f,g € €>=(RP),
which is easily verified on primitive elements. Now, let us turn to the submanifolds
we are interested in. Consider a smooth function F': R” — R having zero as a
regular value. According to the regular value theorem (see e.g. [75] Cor. 5.24),
the zero set N = F~1({0}) is a closed embedded submanifold of dimension D — 1.
We denote the embedding by ¢: N — RP and the corresponding vanishing ideal
of functions by C. As an additional assumption we suppose that N is closed under
the *-involution. The surjective projection pr: Q°*(R”) — Q°(N) is given by the
pullback of ¢. On functions it reads pr: €°(R”) > f+— f+C € €><(N). A vector
field X € X!'(R”) on R is tangent to N if and only if its action on functions respects
the vanishing ideal, i.e. if and only if ZxC C C. As usual we write X € X} (RP)
in this case. The Lie *-algebra X!(R”) can be projected to X*(NN) by assigning to
every tangent vector field on X € X}(RP) the unique t-related vector field on N
(c.f. [75] Lem. 5.39). Geometrically one might think of this ¢-related vector field
as the restriction of X to ¢«(N). On the other hand one might view this projection
as assigning to X its equivalence class consisting of all vector fields on RP that
coincide with X up to vector fields Xy € X'(RP) satisfying Zx, %> (R”) C C. More
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generally, X?(RP) is the Gerstenhaber algebra of multivector fields on R? which are
tangent to N and pr: X$(R”) — X*(N) denotes the surjective projection with kernel
X3(RP). Since we are interested in quantizing the submanifold N we have to require
g C X}(RP) C X!'(RP). In other words, we have to choose g such that %,C C C.
If this is achieved, the extension to the universal enveloping algebra automatically
satisfies .2, ,C C C, giving a well-defined % g-module *-algebra action on ¢ (R”)
that projects to a % g-module *-algebra action on €*°(N). From now on D = 3.
We are going to discuss a twist quantization of the 2-sheet elliptic hyperboloid,
which is a quadric surface of R3. The cases of the 1-sheet elliptic hyperboloid and
the elliptic cone are entirely similar and likewise all quadric surfaces of R admit a
twist quantization (see [57]). Furthermore, we limit our consideration to the Cartan
calculus and its twist deformation and only mention that functions, vector fields and
differential forms on the submanifold are determined by relations that admit twist
quantization, such that the latter controll the twisted objects. This point of view is
immersed in [57].

2-Sheet Elliptic Hyperboloid

Let a,c > 0 be two positive parameters. The zero set N = f,2,({0}), where

foru(z) = %xlx?’ + g(x2)2 +c (5.8)

is said to be the 2-sheet elliptic hyperboloid in light-like coordinates. It is a closed

embedded smooth submanifold of R? according to the regular value theorem. It is

obtained from the more common normal form frc(y) = 3((y*)* +a(y®)? — (v*)%) + ¢

of the defining equation via the coordinate transformation
(O RNUPY e R S S R (5.9)
from Cartesian coordinates (y',4?%,y%). The three vector fields
H =22'0, — 220,
E :iaxlaz — 2\/az*0s,

Va

1
El :%x?’ﬁg — 2\/5.1'281

of R3 satisfy
|H,E|=2F, [H,E'| = —2E" and [F', E] = H.

They span the Lie *-algebra g = s0(2,1) and provide a basis of the tangent vector
fields X} (R?), since

H(forn) = E(forn) = E'(foen) = 0.
Then, according to Example ii.)

F =exp <§ ® log(1 + ihE)) c (g %g)[h] (5.10)

is a unitary Jordanian Drinfel’d twist and Theorem also in the form of eq.(5.7)),
implies the following proposition.
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Proposition 5.4.1. The tuist star product
frrg=(F ' f)(F, > g), where f,g € €°(R?),

induced by the unitary twist projects to a twist star product on the 2-sheet
elliptic hyperboloid N, i.e. f*zr g € €¥(N)[[h]] for all f,g € €>*(N). Note that
(€>°(N)|[[h]], *xF) is a *-algebra with *-involution

fr=80)>f (5.11)

forall f € €°(N), where § = F1S(Fz). Furthermore, we obtain twist deformations
(X*(N)7, A7, [-,-]7) and (Q°(N)xz, Ar) as projections from R>.

There is an explicit description of the twist deformed Hopf *-algebra structure
of Z g7 (compare also to [60]). Using the commutation relations of H, E, E’ as well
as the series expansions

°O E)"
log(1 + ihE) Z —in

1 el - — 1h z% —ihE)" (5.12)
TTEE ; n(—ihE)
we prove some preliminary equations.
Lemma 5.4.2. For alln >0
E" =(H — 2n)E", E™ =(H +2n)E™,

(Y sop(2r), (B eop(f) 09

hold. Furthermore we obtain

E
log(1 4+ ihE)"H = H log(1 +ihE)" — 2ihn1 hE log(1 + iAE)" ! (5.14)
and
log(1 +ivE)"E' =F'log(1 4+ ihE)"
1
— ihnH log(1 + ihE)" !
thnf log(1 +1hE)"™ 1= p
E
2—1 1 ihE n—1
+nh TESTIIE og(l +1ihE)
E
2 —1)————log(1 + ihE)" 2
+ h*n(n )(1—|—ihE)2 og(l +1ihE)
for alln > 0.

Proof. First remark that

E'"H = E"Y(H —2)E = (H — 2n)E",
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where n > 0, implies

log(1+ihE)H ==

- i (_Zi) (H —2n)E"

=Hlog(1 +1ihE) — 24hE Y (—ihE)""

n=1

=H log(1 4+ ihFE) — 2i .
og(1 +ihE) lhl—l—ihE

Inductively, this leads to

E
. n o . n—1 . o
log(1 4+ ihE)"H =log(1l +ihE) <H log(1 + ihE) 21711 n ihE)

=H log(1 +ihE)" — 2ihn log(1 + ihE)™"!

1 +ihE
for all n > 0. Furthermore
E"E' =E"Y(E'E — H)
=E"'E'E+ (2(n—1) — H)E" ™!
=E'E"+2((n—-1)+n—-2)+---+1)—nH)E""
=E'E"+nn—-1)E"" —nHE"

where we employed the "little GauB” > " n = % Then
(—in)"
n

(=ih)

log(1 4+ ihE)E = — E"FE'

NE

n=1

3

(E'E™ +n(n —1)E™' —nHE" ")

NE

1

n

=F'log(1 +ihE) — ihH

1 [o@)
h —h n—1 _1 Enfl
T+inE ;( iR (n = 1)

—E'log(1 + ihE) — ihH

2 _ i \n—2 _ n—2
1+ihE+hE;( i %(n—-1)E

L p b
1 +ihE (14 ihE)?

=F'log(1 +ihE) — ihH
and inductively, for n > 1 we obtain

log(1 +iRE)"E' =log(1 + ihE)" " (E log(1 + ihE)

1 E
—ihH h?
MTTTRE T (1+ihE)2)

=log(1 +ihE)" *E'log(1 + ihE)
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1
1 +ihE

E e
+ FLQW IOg(]. + lhE) 1

=log(1 +ihE)" ' E'log(1 + ihE)

—ihlog(1+ihE)"'H

—ih (H log(1 + ihE)"!

1

~ 2ik(n —1) 1+ihE

E
log(1 + ihE)" 2
T inp o8l HikE) )

+ hQﬁ log(1 + ihE)"!
=log(1 +ihE)" ' E'log(1 + ihE)
1
1 +ihE

E e
m 10g<1 + lhE) 2

— ihH log(1 + ihE)™ !
+2h*(n — 1)
E
2 log(1 +ihE)"!

+h LB og(l +ihE)
=FE"log(1 +1ihE)"

1
1 +ihE
+2R7((n—1)+(n—2)+---+1)

—ihnH log(1 + iRE)™ !

E
TR R

+ nhQﬁ log(1 + iRE)" !
=FE"log(1 +1ihE)"
1
1 +ihE

E e
m log(l + lhE) 2

—ihnH log(1 + ihE)" "
+ *n(n — 1)

E e
+nh2mlog(1 +1FLE) 1.

Lemma 5.4.3. The twisted coproduct and antipode of % gr are given by

Ar(H) =A(H) - ih<H® 1 +ihE)’

Ax(E) =A(E) +ihE® E,

T 1
ArE) =10 F +E " Hen
AP)=le B+ ey 2( @ 1+ihE)

3 (e ) e )

Sr(H) =S(H)(1 +ihE),

and

ihE)"?
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_ S(E)
1 +4ikE’

i K (H ih? H
SF(E') =S(E')(1 +ihE) — %HQ + 5 (5 - 1) HE + 17 (1 - 5>HE2,

Sr(E)

respectively.

Proof. Note that (H ® 1) commutes with F. However

) ® log(1 4+ ihE)"H

H
2

— i 1 E ' ® | Hlog(l +ihE)"™ — 2ihn log(1 +inE)" !
2 1+1iAE

1® H)F —ih| H
(1® H)F 1h( ®1+ihE)]:

only commutes up to the second term, proving

Ar(H) = A(H) — ih(H@ . +ihE)’

since H is primitive, i.e. A(H) = H®1+1® H and Ax(H) = FA(H)F . On
the other hand 1 ® ¥ commutes with F, while

=1 /H\"
FER1) =) H(?) E ®log(1 +ihE)"
n=0
=1 (H "
:(E®1)Z—<5+1> ® log(1 + ihE)"

n!
n=0

=(F®1)exp ((g + 1) ® log(1 + ihE)).
Then
Ar(E)=1®FE
+(E®1)exp ((g + 1) ® log(1 + ihE)> exp ( - g ® log(1 + ihE))

H H
1@ E+(E®1)exp <(5 + 1) ®log(1 +ihE) — o ®log(1+ ihE))
=1 F+ (F®1)exp(l ®log(l +ihE))
—A(E) +ihE® E,

where we used in the second equation that the exponents commute, leading to a
trivial BCH series. Similarly to the last computation we obtain

F(E @1) = (B @ 1) exp ((g - 1) @ log(1 + ihE)),

which implies
1

/ -1 _ / _ . _
FE'@1)F =(E'®1l)exp(—1®]log(l +ihE)) = E' ® T ihE
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On the other hand

.1 /H\"
FlQE) = Z ~ (5) ® log(1 + ihE)"E’

o0

1 (H\"
— Z — (5) ® (E’ log(1 + ihE)" — ihnH log(1 + ihE)"~*

n!
0

E o
+ HHQW log(l + lhE) 1

1
1 +ihE

n=0

n

+ W*n(n —1) > log(1 + ihE)”‘2>

E
(1+ihE)

ih 1 h? E
—(1® E')F — §(H®H1 +ihE>}—+ 5(}1@ aTTER +mE)2)f

B, E
* Z(H @ (1+ihE)2>]:

. ih 1
_(1®E)]-"—5(H®H1+ihE>}"

W/ (H E
+7<H<?+1> ®© (1+ihE)2)]:’

leading to

2 1 +ihE

(3 ) e )

Combining this with F(E’® 1)F ! we obtain the formula for the twisted coproduct
of E’. For the twisted antipode Sz note that §(T)S;c(§@) =€(é)1 = S;c(ﬁa))f@ for
all £ € 2 g. Applying this to £ = H gives

FleB)YF' (10 E) - @(H@@H L )

E
1 +ihE’

implying

S(H) = SF(H)(l_ih1+ihE) :Sf(H)HlihE‘

Since S(H) = —H and 14 ihE is the inverse of = this gives Sx(H) = S(H)(1+
ihE). Similarly, Sx(E) = li(f;j)g follows. Finally, for the twisted antipode of £’ we
obtain

0 =e(E')L = Sp(E)E

T 1R " E
_F' + Sy(E e mym ola(E i) —2
TS E) g P f( (2+ ))(1+ihE)2’

which implies

-~
2)

/ / ; in - H L
Sr(E") =S(E")(1+1ihE) + gsf(H)H - 35f<H(§ + 1)) 1 +ihE
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: in :
=S(E")(1 +ihE) + ES(H)(l +ihE)H
R? (S(H)(1 +ihE)
— 1)S(H)(1+ihE
2( > * )S( VA HRE) T E
in
=S(E") (1 +ihE) — —H2(1 +ihE) — P HE
2
+h_<S(H)(1+1hE) +1)HE
2 2
/ - ih o, 2 2 ?
:S(E)(1+1HE)—§H +5H E—ﬁHE-i-?HE
h2
+ 7 S(H)(1 +ihE)HE
' : 1o h? 2 2 n?
:S(E)(1+1hE)—§H +7H E—-nWHE+ —HE
h? iR’
— THY(L+ihB)E + %HW
2
=S(E")(1 +ihE) — %HQ + hz H*E — hWHE + F; HE
2 3 53
g hH2E2+£HE2
4 4 2
in n? (H in3 H
= 1 +ihE) — —H* + — —1|HE+—(1—-—= |HE”
S(E") (1 +1ihE) 5 2(2 ) —1—2( 2)
O

Since N is given in terms of relations of coordinate functions x!, 22, 23, it is worth
to study their twist deformation in detail. Note that H > a' = \;2%, where we define
)\1 =2= —)\3 and /\2 = 0. Then

(Fil> o) @ (Flsa?) i - ((%) ) (log(1 + ihE)" > 27)
ni;o ~ <%) ® (log(1 +ihE)" > 27)

=1'® ((1 +1ihE) ¥ 27)

and

(@) =8(B) > (a")" = (FS(F)) > =
1

i n!>n log(1 + ikE)" <Z>n>>x

—(1+ihE)" % > o

follow. Since E'> ' = §i—=x' — 264 /ax?, E* >z’ = §iz' and E" > 2" = 0 for n > 2
we conclude the following result.
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Lemma 5.4.4. The twisted star products of coordinate functions on N are

ZL‘l *xF (L’l :(ZL‘l)Q,

ol p 2? =3'a? — ﬁ(xl)Q,
Vva
ot xr 2® =2t 4 2ihyv/ax'2? — R (2')?,
2?2 *r ot =22t foralll <i<3
3% r 2t =xla?,
23 *r 2? =2 + %xlxg’,

23 xr 2® =(2%)? — 2ih/ax?2®.
Furthermore, the twisted *-involution on coordinate functions is given by
()7 =2, (237 = 2? and (2°)*7 = 2° — 2ih/ax?,

The relation defining N becomes

1
§x3 *xr ot + ng *xr x4+ c=0. (5.15)

Similarly one calculates the twisted wedge product of coordinate vector fields
and differential 1-forms and determines the submanifold condition in terms of the
deformed generators (see [57]). Instead we further examine the twisted insertion and
Lie derivative. Note that the de Rham differential is undeformed since it commutes
with the Hopf *-algebra action.

Lemma 5.4.5. One coordinate vector fields the twisted insertion and Lie derivative
read

P N
iy w =iy, (1 +ihE)> > w),
LFw =% (1 +ihE)? > w),

for all w € Q*(N). Using the left €°°(N)-linearity of i¥ and £ in the first argu-
ment as well as %,y = %1y and LY,y = 5L +(—1)" L5 for all X € X°(N)
and Y € XY(N), these formulas can be used to determine the action of higher mul-
tivector fields.

As a last observation we consider the Minkowski metric
1
g = i(dxl ® dz® + d2° ® dz') + d2? @ da? (5.16)

in the case a = b = 1, i.e. for the circular 2-sheet elliptic hyperboloid. Note that
(5.16]) is in fact the Minkowski metric, however not in Cartesian coordinates but
rather in the coordinates (5.9)).

Proposition 5.4.6. The Minkowsk: metric on the circular 2-sheet elliptic
hyperboloid N is U g-equivariant and admits a twist quantization

1
gr = §(dx1 ®rdz® +dr’® @ dat) + do? @ da? + 2iAv/adz! @7 do? + RPdz! @7 da!
(5.17)
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The corresponding twisted Levi-Civita covariant derivative reads

ViH =VH +2ivVE,

Vi H=VpH—-2wVpkE,

VIE =VyE +ivViyH — 20*VyE,
VLE =VpE —wVpH

(5.18)

on generators of g, while we are not listing the combinations that keep undeformed.
Using the left €°°(N)-linearity in the first argument and the braided Leibniz rule
in the second argument these formulas determine the twisted Levi-Civita covariant
derivative on higher order vector fields.

Proof. Let X € X;(R?). Then

n

i ol ((—)n > E) ® (log(1 +irE)" > X)

n=0

(Fi'> B)® (F

Z - E® (log(1 +ihE)" > X)

® (1 +irE) ' > X)
and similarly

(FI'o B (F,'e X) =F' @ ((1 +ihE) > X),
(Fi'bH)e(F'>X)=H® X

follow, implying ([5.18)). O



Appendix A

Monoidal Categories

This first appendix recalls some well-known concepts of category theory which are
used without reference throughout the thesis. It is included for convenience of the
reader and should be seen as a reference section rather than a self-contained chapter.
After recalling the definitions of category, functor and natural transformation we
continue by discussing their (braided) monoidal versions. We close this appendix by
explaining rigidity and some fundamental properties of rigid monoidal categories.
As sources we refer to [68] Part Three, [77] Chap. 9 and [35] Chap. 5. For a general
introduction to category theory not only focusing on quantum groups see [§].

A category C consists of a class ob(C) of objects and a class hom(C) of morphisms.
For every morphisms f of C there is a source object A and a target object B and we
say that f is a morphism from A to B, writing f: A — B. The class of morphisms
from A to B is denoted by hom(A, B). For three objects A, B and C of C we
require the morphisms hom(A, B) and hom(B,C) to be composable, i.e. for two
morphisms f: A — B and g: B — C there is a morphisms in hom(A, C'), denoted
by g o f. The composition is defined to be associative, which means that for three
composable morphisms f, g, h one postulates (hog)o f = ho(go f). The last
axiom says that for each object A of C there is an identity morphism ids: A — A,
satisfying f oidy = f and id4 o g = ¢ for any morphism f: A — B and g: B —
A. One calls a morphism f: A — B an isomorphism if there exists a morphism
f~': B — Asuchthat f~'of =idy and fo f~!' =idg. The category C is said to be
small if ob(C) and hom(C) are sets. If for a category C the morphisms hom(A, B)
form a set for every pair of objects A, B it is said to be locally small. Prominent
examples are the categories Set with sets as objects and functions between sets as
morphisms, gVec with objects being vector spaces over a fixed ground field K of
characteristic zero and linear maps as morphisms and A with k-algebras as objects
and algebra homomorphisms as morphisms. The appropriate notion of morphism
between categories C and D is given by a (covariant) functor F: C — D. It assigns
to every object A of C an object F(A) in D and to any morphism f: A — B
in C a morphism F(f): F(A) — F(B) such that F(go f) = F(g) o F(f) and
F(id4) = idp(ay for all morphisms f: A — B and g: B — C'in C. A contravariant
functor F': C — D reverses the order in the sense that F(f): F(B) — F(A) for
f: A— B. In this case F(go f) = F(f) o F(g) has to be adapted in the definition.
Functors can be composed in an obvious way and for every category there exists the
identity functor. This leads to the category of categories with categories as objects
and functors as morphisms. Two categories C and D are said to be isomorphic
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if they are isomorphic in the category of categories. Plunging down deeper into
the abyss of category theory we define a natural transformation ©: F — G of two
(contravariant) functors F,G: C — D to be a collection of morphisms in D of the
form ©4: F(A) — G(A) for every object A of C, such that for every morphism
f:A— BinC one has Op o F(f) = G(f) 0 ©4. If all ©4 are isomorphisms the
functors F' and G are said to be naturally equivalent. Furthermore, we say that two
categories C and D are naturally equivalent if there are two functors F': C — D
and G: D — C such that G o F and F o G are naturally equivalent to the identity
functors. To digest this bunch of definitions and absorb some of its nutrition we
invite the reader to consider Proposition in Section

The notion of categories is extremely useful to organize concepts. However, many
of the examples we want to encounter inherit more structure. For this reason we
review the definition of a monoidal category. In a nutshell one mimics the prop-
erties of the tensor product of vector spaces on a categorical level. Starting with
a general category C we assume the existence of a functor ®: C x C — C obeying
an associativity constraint. Namely we postulate the existence of an isomorphism
avvw: (UV)@W — U® (VW) for any triple U, V, W of objects in C, such
that

ay,v,w

UeV)eW 22 Ug (Ve W)
(r29)sh] |retwen
U VYo W LY U g (V! @ W)

commutes for all morphisms f: U — U’, g: V — V" and h: W — W’ in C. In other
words, there is a natural equivalence a: ® o(® x id) — ® o (id x ®) of functors
C*3 — C. For a K-vector space V we know that K@ V =2V = V @ K. This result
is generalized by the left and right unit constraint of an object I in C, which are
natural equivalences ¢: ®o(I xid) — id and r: ®o(id x I) — id of functors C — C,
respectively.

Definition A.1 (Monoidal Category). A category C together with a functor ®@: C X
C — C satisfying an associativity constraint with respect to a and an object I of
C satisfying a left and right unit constraint with respect to £ and r is said to be a
monoidal category, if in addition the pentagon relation

(UeV)eW) o X " UeV)e (We X) Y Ue (Ve (We X))

aU,V,W®iXm TidU Rav,w,x

UeVeWw)eX y U (VoW X)

ay,vVew,X

and the triangle relation

v, 1w

VeIl)eW > Ve (I W)
Tvém AEW
VeWw

hold, for all objects U,V,W, X in C. If in addition o, and r are identities the
category C is called strict monoidal.
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In this thesis we assume all monoidal categories to be strict monoidal, which can
be done without loss of generality according to [68] Sec. XI.5. As already mentioned
as a motivating example, the category xVec is monoidal with functor given by the
usual tensor product of vector spaces and unit object K. Also the categories Set
and A of sets and associative unital algebras over a commutative unital ring k
are monoidal with functor given by the Cartesian product and the tensor product of
algebras, respectively. The latter coincides with the tensor product of k-modules but
endows the tensor product of two algebras with the tensor product multiplication,
ie. (a®x)-(b®y) = (ab)®(zy) for alla,b € A, x,y € X defines an associative unital
product on the tensor product of two algebras A and X. However, the category 4 M
of left A-modules for an algebra A is not monoidal in general. In fact, it is monoidal
with respect to the usual associativity and unit constraints of k-modules if and only
if A is a bialgebra (see Proposition . Since categories are always considered
together with their morphisms, the next definition is relevant in this context.

Definition A.2 (Monoidal Functor). A functor F': C — D between two monoidal
categories (C,®¢, I, (€, r%) and (D, ®p, Ip,aP (P, rP) is said to be a monoidal
functor if there 1s a natural transformation

Eap: F(A)®p F(B) - F(A®c B)
for any pair (A, B) of objects in C and a morphism ¢: Ip — F(Ic) such that

) O (A),F(B).F(C)
—

(F(A)®p F(B)) ®@p F(C F(A) ®p (F(B) ®p F(C))
Z4,B®pidp(c) lidF(A)®DEB,C
F(A®c B) ®@p F(C) F(A)@p F(B®:C)
EA®CB,cl lEA,Bcacc
F(ai,B,c)
F((A®¢ B) ®c C) » F(A®c (B®c¢ C))
id®p¢ $Q@pid
TDl lEA,IC and Epl lEIc A
F(re) F(te)
F(A) F(A R Ic) F(A) F([c ¢ A)

commute as diagrams in D. If = and ¢ are isomorphisms in D, the monoidal functor
F is said to be strong monoidal. If = and ¢ are even identities in D, F s said to
be strict monoidal.

It is clear that natural transformations of monoidal functors should respect the
underlying monoidal structure in addition.

Definition A.3 (Monoidal Equivalence). A natural transformation ©: F — F’
between monoidal functors (F,=,¢) and (F',Z',¢') between monoidal categories C
and D 1s said to be a monoidal natural transformation if

F(A) ®p F(B) —%5 F(A®c B)

Ip
y X‘ and eA@D@Bl leA@CB
@ =/
F(I¢) e s F'(Ic

) F'(A) ®p F'(B) —225 F'(A ¢ B)
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commute for all pairs (A, B) of objects in C as diagrams in D. If © is a natural
isomorphism in addition, it is said to be a monoidal natural isomorphism. Finally,
two monoidal categories C and D are called monoidally equivalent if there exist
two monoidal functors F: C — D and F': D — C together with monoidal natural
isomorphisms F' o F' — id¢ and F o F' — idp.

Commutativity constraints of a monoidal category (C,®,I,«,{,r) are natural
isomorphisms 5: ® — ® o7 of functors C x C — C, where 7: C x C — C x C denotes
the flip functor 7(A, B) = (B, A) for any pair (A, B) of objects in C. Demanding
compatibility with the associativity constraint we end up with the definition of a
braiding.

Definition A.4 (Braided Monoidal Category). A monoidal category (C,®,1,a,t,r)

1s said to be braided monoidal if there is a commutativity constraint B satisfying the
hexagon relations

QA B,C

(A9 B)©C 28 A9 (BeC) 22 B ) A

6A,B®idcl laB,C,A

ap,A,C idp®pBa,c

(BRA)RC — BRA®(C) — B (C® A)

and
A2 (BoC) S (4s B)oC M5 0o (As B)
idA®5B,Cl laEIAB )
A®(C®B) 2% (A0 0)o B2 (c e A) o B

which are commutative diagrams in C. If Bp 4 0 fap = idagp the braided monoidal
category is said to be symmetric. A monoidal functor F: C — D between braided
monoidal categories is called braided monoidal functor if

F(A) ®p F(B) =2 F(A@c B)

BBomeis| |Fe5s)
F(B) @p F(A) =% F(B &c A)

commutes in D for any pair (A, B) of objects in C.

The commutativity constraint 8 of a braided monoidal category is also called
braiding. 1t follows that the braiding respects the unit object, i.e. that

AR T Par sy TR A
A

commutes for every object A in the braided monoidal category. Another interest-
ing class of monoidal categories is given by rigid ones. Their key feature is that
they admit dual objects in a way which generalizes the following example: a finite-
dimensional K-vector spaces V' possesses a basis e, ..., e, € V and a corresponding
dual basis ', ..., e" € V* = Homg(V,K), such that ¢’(e;) = 9% and every element
v € V can be represented as v =Y i, €'(v)e;.
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Definition A.5 (Duality). For a strict monoidal category (C,®,I) we say that an
object A* of C is an left dual object of an object A of C if there are morphisms
eva: A QA =T andmy: I - AR A* in C such that

(ida ®eva) o (ma ®idag) =1ids

and

hold. If there are left duals for two objects A and B we can define the left transpose
f*: B* — A" of a morphism f: A — B by

An object *A is said to be a right dual of an object A if there are morphismsev'y: A®
*A— T and7y: I —*A® A such that

(eV/A X idA) o (idA X 7Tf4) =idy

and
<1d*A & eVlA> 0] (71'14 (24 id*A) = ld*A

hold. If there are right duals *A and *B of two objects A and B, the right transpose
“f:*B —*A of a morphism f: A — B is defined by

*f = <ld*B X eV/B) ) (ld*B (] f & ld*A) ) (71'14 & id*A>.

If there is a left and a right dual for every object in C we call the strict monoidal
category C rigid.

In fact, rigid strict monoidal categories behave very much like the category x Vecy
of finite-dimensional vector spaces. This is underlined in the next proposition, taken
from [68] Prop. XIV.2.2.

Proposition A.6. Let (C,®, 1) be a rigid strict monoidal category.
i.) For all morphisms f: A — B and g: B — C in C one has
(go f) = ffog® and id’y = ida-.
ii.) There are natural bijections
Hom(A ® B,C) = Hom(A,C ® B¥)

and

Hom(A* ® B,C) = Hom(B, A® C),
where A, B, C are objects in C.

iii.) There is an isomorphism (A ® B)* = B* ®@ A* for any two objects A, B in C.
Similar statements hold for the right transpose. Moreover, there are isomorphisms
(A2 A (FA)".

Note that in general (A*)* 2 A and *(*A4) 2 A.
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Braided GraBimann and
Gerstenhaber Algebras

Let k be a commutative ring with unit 1. A graded module over k is a direct sum
V* = @,z VF of k-modules. Note that V* itself is a k-module with respect to
the component-wise action. Remark that the notion of graded modules is usually
utilized in the context of graded rings (see [26] Chap. II Sec. 11). For our purpose it
is sufficient to restrict our consideration to usual rings which can be seen as graded
rings concentrated in degree zero. A map ®: V* — W* between graded modules
Ve =Dy VF and W* = DBcs W* is said to be homogeneous of degree k € 7 if
O(V*) C WHHE We often write ®: VV* — Wtk in this case. As an example, consider
the Grafimann algebra (Q°(M), A) of differential forms for a smooth manifold M.
It is a graded R-module as well as a graded ¢°°(M)-module and the de Rham
differential d: Q*(M) — Q*F1(M) is a homogeneous map of degree 1. The graded
commutator of two homogeneous maps &, U: V* — V* of degree k and ¢ is defined
by
(D, U] =DoT — (—1)"T o .

In Section braided differential forms (Q%(A), Ag) of a braided commutative
algebra A for a triangular Hopf algebra (H, R) are introduced as a generalization to
differential forms on a smooth manifold. In the following lines we give the general
framework for this space to fit in (see also [I3]). It is the generalization of Graimann
algebra in the category of H-equivariant braided symmetric A-bimodules. Remark
that braided Lie algebras and their quantum analogues can be formulated in a more
general categorical setting (see e.g. [61L [78]).

Fix a triangular Hopf algebra (H, R) and a braided commutative algebra A. For
any H-equivariant braided symmetric A-bimodule we are able to define the tensor
algebra

TM=PM =AM MesM) @

kEZ

with respect to the tensor product ®4 over A, where by definition M* = {0} if
k <0 and M° = A. The tensor algebra T*M is an associative unital algebra with
respect to the product given by the tensor product ® 4 and the unit 1 € A.

Lemma B.1. The tensor algebra T*M of an H-equivariant braided symmetric A-
bimodule is an H -equivariant braided symmetric A-bimodule with respect to the fol-
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lowing module actions, given on factorizing elements my; @4 - -+ @4 my, by

ED (M @4 @amy) =&y >my) @a - @a (Ewy) > M),
a'<m1®A"'®Amk):(a'm1)®A"'®Amk,
(m1®A'®Amk‘)a:m1®A®A(mka’)

forallE € H and a € A, where k > 0.

It is an easy exercise to verify this lemma. Furthermore, there is an ideal I in
(T*M, ®4), generated by elements m; ®4 - - ®4 my € TFM which equal

M@ @AMi—1 ®A <R/1_1 > <(R1_1 >my) @a (R B> (Miy1 @4+ @ mj—l))))
R4 (Ry ' > my) @amiys @4 @amy,
for a pair (7, ) such that 1 <7< j <k.

Lemma B.2. The left H-action and the left and right A-actions from Lemma[B.]]
respect the ideal I.

Proof. Let £ € Hya€ Aand mi ®4---®@4my € I for a k > 1. Then
(Ey>ma) @a - ®a (§wy > mg) = E D> (M1 Q- Oa )

=£> (ml RA - @ami_1 @4 (Rlll > (
(R > my) @4 (R > (Mig1 @4+ @4 mjl)))>
@4 (Rlz_l D> M) @AM @4 @4 mk)
=) > <m1 R4 Q4 mi—l) ®a ((5(2)73,1_1) > (
(R >my) @4 (R > (M1 @4+ @ mj—l)))>
R4 (EnRy ") > mi) @4 &) > <mj+1 Qu R mk)
=0 > <m1 QA -~-®Am“) QA (R'll > (
(6 R b my) @4 (E0R3") B (i 04w+ 0amy-1)) )
®aA ((Rlz_lf(m) > m;) ®a§(s) > (mj—H XA Qa mk>
=y >m1) ®a - ®a (§i—1) >Mmi—1) B (R/fl > (

(Ri€0)) & my) @4 (Ry' & (€sny B mist) @4+ - D4 (Egot) & mj_n))))

®a (R &) B mi) @a (g1 B> M) @ -+ @a () > )
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for a pair (7, j) such that 1 <14 < j < k, which implies {i>1 C I. The left A-module
action is only affected if ¢ = 1. In this case

(@-m1) @amo @4 Qamy=a-(m; - 4 my)
=a - ((Rlll > ((Rll ij) ®A (R;l > (mg ®A"'®Amj1)))>

XA (R/{l D> my) @A M1 Q4 D4 mk)

(o (RIGR) & m) 4 (R R o (s 00+ wamy1) )
R4 (Ry 1> my) @amjyr @4 Qa4

~((RGRTR o ) 0 (RIGRGR: = 2 -+ 0m;-1))
@4 (Ry > a) (Ry "> my)) @amjps Qa--- @amy

~((RGR & m) 04 (R R o (ma a4y )
D4 (Ryy > a) - (Ryg) > m1)) @amyys ©a--- @amy

~(Ri e (Re 2 my) 04 (R o (ma 4+ 4,21 )

®.A (Rlzfl > (a-m1)) @amjp @4 D My
On the other hand, if 1 <i< j=k

MI@a- - Q@aMmi—1 Qs (M -a) = (M @4 Ramy)-a

=11 @4 ©4mio1 ©a (R’fl > ((Rfl > my,)
AR > (Mig1 ®4- @4 mk—l)))) @A ((R;_l >m;) - a)
=my @4 Qami—1 u (((Rllzll)Rl_l) >mg) - (R > a)
D4 (Ryy Ry R B (mig1 @4+ ®a mkl))) 4 (Ryz) Ry ") > my)
=My @ Dami—1 @a (((RlllRll) >mg) - (R~ 1> a)

®a <<R/2I(71;R/1N71R271) > (M1 ®a - Qa mkl)))
4 (Rym Ry "Ry > my)
=M1 Qg @ami—1 Qg ((Rll > my) - (Rll/fl > a)

®a (R _1R2(_2§R 22)) B (Mig1 @4+ ®4 mk—l)))

"

@4 ((Ry —1722(—57& ) B> m;)

=M1 Q4 Qami—1 @4 ((731_1 > (my - a))
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®A ((Rllu_lRQ_é)) D> (Mit1 @4 @4 mk—l))) ®.A ((R;"*R;é)) > m;)
@ © A M1 B («R&*Ri) > (my - a))

O (R R ) (s 4+ i) ) @ (R RS ) )
=My QA Qami—1 D4 (((RulnRil) > (my - a))

S (RAR) B (s -+ @) ) 84 Ry &)
=My @4 Qami_1 Q4 (R’fl > ((Rf1 > (my, - a))

R4 Ry > (Mip1 @4+ ®4 mk—l)))) @4 (R > m;)

shows that the right A-action also respects the ideal. This concludes the proof of
the lemma. N

By Lemma and Lemma we conclude the following statement.

Proposition B.3. The quotient T*M/I is a well-defined associative unital graded
algebra and an H -equivariant braided symmetric A-bimodule.

We denote the quotient by A°* M and the induced product by Ag. On factorizing
elements mq Ag - - - Ag mi € A* M the induced module actions read

§[> (m1 AR AR mk) :(6(1) Dml) AR AR (E(k) > mk),
a-(my Ag -+ Armyg) =(a-mq) Ag -+ Ag My,

(ml/\R---/\Rmk)-a:ml/\n---/\n(mk-a),

where ¢ € H and a € A. Note that the module actions respect the degree by
definition.

Definition B.4. The associative unital graded algebra and H -equivariant braided
symmetric A-bimodule (A*M, Ar) is said to be the braided Grafimann algebra or
braided exterior algebra of the H -equivariant braided symmetric A-bimodule M.

We prove that the product of a braided Graffimann algebra inherits the braided
symmetry from M.

Lemma B.5. Let M be an H-equivariant braided symmetric A-bimodule. The
braided wedge product N is graded braided commutative, i.e.

Y AR X =(DMR! > X) A (Ry' > Y)
for all X € A*M and Y € A°M.

Proof. Consider two factorizing elements X = X; Ag --- Ag X € AFM and YV =
Yi Ar -+ Ar Yo € AYM. First remark that

X = —X1 AR AR Xi—l AR (Rl_l > Xz‘+1) AR (R;l > Xl) AR XH_Q AR AR Xk;,
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for any 1 < i < k since
Xi®a - @aXp+ X104 - @aXim1Qa(RT > Xit1)0a(Ry ' > X)) @4 Xi10@ 4 - - @ a Xy,
is an element of /. Then

XARY =X1 Ag - AR Xpe AR Vi Ar - AR Yy
—(—1)“)(1 /\R  Ar Xpo1
Ar (Rigy B Y1) Ar - Ar (Ryp > Ye) Az (R > X)
=(— 1)“)(1 Ar A Xioa Ar (RTRI @) > Y1) Ag -
M (R 1R1) >Yy) Ar (Ry > Xi1) Ar (Ry B> X5)
=(-1)**X -~-/\RXk2/\R(R()>Y1)/\R---
Ar (R, DYZ) A (R > (X1 Ar X))

=(—1)"”€(731_1 >Y) Ar (Ry' B> X)
follows. o
It remains to generalize the concept of Gerstenhaber algebra to our setting.

Definition B.6. An associative unital graded algebra and H -equivariant braided
symmetric A-bimodule (8°, \g) is said to be a braided Gerstenhaber algebra if the
module actions respect the degree and if there is an H -equivariant graded (with degree

shifted by —1) braided Lie bracket [-,-]r: &% x &% — &F-1 e,
[X, V] = —=(=D)*VEDRI!T > V), (R > X)]e
and
[, [Y. ZIz] = [[X. Y]r. ZIr + (D) VIR & Y), [(Ry! > X), Z]r]=
satisfying a graded braided Leibniz rule
[X,Y Ar Z)r = [X,Y]r A Z + (1) VYR! B Y) A [(Ry' > X), Z]w
with respect to Ag in addition. Above X € &%, Y € & and Z € &°.

Let &°® be a braided Gerstenhaber algebra. It follows that &° is an associative,
braided commutative H-module algebra and &! is a braided Lie algebra. Moreover,
®!is an H-equivariant, braided symmetric °-bimodule and ®* is an H-equivariant,
braided symmetric &!-bimodule. This means that for any X € &' we can define
the braided Lie derivative £F = [X, ]r: &% — &* which is a braided derivation,
ie.

LREY ML) =LY AN Z+ (R >Y) A (R > LR Z

for all X € &' and Y, Z € &°. It furthermore satisfies %7)%71/]72 = LRLF —

R 1
(ZR >Y°§“ﬂR ) XforallXYG@
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