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1. INTRODUCTION

The duality between spaces and algebras of functions on spaces is the basis of noncom-
mutative geometry. One gives up the commutativity of the algebras of functions while
replacing them by appropriate classes of noncommutative associative algebras which are
considered as “algebras of functions” on (virtual) “noncommutative spaces”.

For instance, one may consider noncommutative associative algebras generated by
coordinate functions that satisfy relations other than the commutation between them,
thus generalizing the polynomial algebras and thereby defining noncommutative vector
spaces.

There is also a duality between groups and Hopf algebras, where structures on the
algebra of the quantum space represent the corresponding group structures. More precisely,
the coproduct, counit and antipode of a quantum group will represent the product, unit
and inverse operation in a usual group.

This duality can be extended to groupoids and corresponding Hopf algebroids.

Similarly, the quantisation of a space with a group action leads to the notion of a
coaction of a Hopf algebra. In order to quantise a principal bundle one needs additional
structures on the corresponding algebras and this leads to the notion of Hopf-Galois
extension.

Finally, motivated by the idea of quantisation of groups, one can also consider the
duality between 2-groups and quantum 2-groups. We know that a 2-group is a monoidal
category, such that all morphisms are invertible and all objects are weakly invertible. So
there is a corresponding quantisation on the 2-structure, which we call a Hopf 2-algebra.

This thesis is divided into three parts: quantum principal bundles, gauge groups of
Galois objects and coherent Hopf 2-algebras.

1.1. Principal fibrations over noncommutative spheres. In the papers [13] and [14]
noncommutative finite-dimensional Euclidean spaces and noncommutative products of
them were defined. These “spaces” were given in the general framework of the theory
of regular algebras, which are a natural noncommutative generalization of the algebras
of polynomials. Noncommutative spheres and noncommutative product of spheres were
also defined. These are examples of noncommutative spherical manifolds related to the
vanishing of suitable Connes—Chern classes of projections or unitaries in the sense of the
work [I1] and [10].

In this part we go one step further and consider actions of (classical) groups on
noncommutative spheres and quotients thereof. In particular we present examples of
noncommutative four-spheres that are base spaces of SU(2)-principal bundles with non-
commutative seven-spheres as total spaces. This means that the noncommutative algebra
of coordinate functions on the four-sphere is identified as a subalgebra of invariant elements
for an action of the classical group SU(2) on the noncommutative algebra of coordinate
functions on the seven-sphere. Conditions for these to qualify as noncommutative principal
bundles are satisfied. The four-sphere algebra is generated by the entries of a projection
which yields a noncommutative vector bundle over the sphere. Under suitable conditions
the components of the Connes—Chern character of the projection vanish except for the
second (the top) one. The latter is then a nonzero Hochschild cycle that plays the role of
the volume form for the noncommutative four-sphere.

This part is organized as follows. In Section [§ we recall from [I3] and [14] some results
on the quadratic algebras which we will need and some of the solutions for noncommutative
spheres ST, that we will use later on (here R is a matrix of deformation parameters). In

Section El, out of the functions on the seven-sphere S, we construct a projection in a
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matrix algebra over these functions, whose entries are invariant for a right action of SU(2)
and thus generate a subalgebra that we identify as the coordinate algebra of a four-sphere
S%. We also show that this algebra inclusion is a noncommutative principal bundle with
classical structure group SU(2). Sections and relate Connes—Chern characters of
idempotents and unitaries to Hochschild cycles and noncommutative volume forms on a
four-sphere S%. In Section [9.5| the *-structure on the algebra of functions of S} is related
to the vanishing of a component of the Connes—Chern character of the projection (and of
a related unitary), a fact that puts some restrictions on the possible deformation matrices
R, but makes the spheres examples of noncommutative spherical manifolds [I1], [10]. We
also exhibit explicit families of noncommutative four-sphere algebras.

1.2. On the gauge group of Galois objects. The study of groupoids on one hand
and gauge theories on the other hand is important in different areas of mathematics and
physics. In particular these subjects meet in the notion of the gauge groupoid associated to
a principal bundle. In view of the considerable amount of recent work on noncommutative
principal bundles it is desiderable to come up with a noncommutative version of groupoids
and their relations to noncommutative principal bundles, for which one needs to have a
better understanding of bialgebroids.

In this part, we will consider the Ehresmann—-Schauenburg bialgebroid associated with
a noncommutative principal bundle as a quantization of the classical gauge groupoid.
Classically, bisections of the gauge groupoid are closely related to gauge transformations.
Here we show that under some conditions on the base space algebra of the noncommutative
principal bundle, the gauge group of the principal bundle is group isomorphic to the group
of bisections of the corresponding Ehresmann—Schauenburg bialgebroid.

For a bialgebroid there is a notion of coproduct and counit but in general not of an
antipode. An antipode can be defined for the Ehresmann—Schauenburg bialgebroid of a
Galois object which (the bialgebroid that is) is then a Hopf algebra. Now, with H a Hopf
algebra, a H-Galois object is a noncommutative principal bundle over a point in a sense:
a H-Hopf-Galois extension of the ground field C. In contrast to the classical situation
where a bundle over a point is trivial, for the isomorphism classes of noncommutative
principal bundles over a point this need not be the case. Notable examples are the group
Hopf algebras C[G], whose corresponding principal bundles are C[G]-graded algebras and
are classified by the cohomology group H?(G,C*), and Taft algebras Ty, the equivalence
classes of T-Galois objects are in bijective correspondence with the abelian group C.

Thus the central part is dedicated to the Ehresmann—Schauenburg bialgebroid of
a Galois object and to the study of the corresponding groups of bisections, be they
algebra maps from the bialgebroid to the ground field (and thus characters) or more
general transformations. These are in bijective correspondence with the group of gauge
transformations of the Galois object. We study in particular the case of Galois objects for
H a general cocommutative Hopf algebra and in particular a group Hopf algebra. A nice
class of examples comes from Galois objects and corresponding Ehresmann—Schauenburg
bialgebroids for the Taft algebras Ty, an example that we work out in full detail.

Automorphisms of a (usual) groupoid with natural transformations form a strict 2-group
or, equivalently, a crossed module. The crossed module involves the product of bisections
and the composition of automorphisms, together with the action of automorphisms on
bisections by conjugation. Bisections are the 2-arrows from the identity morphisms
to automorphisms, and the composition of bisections can be viewed as the horizontal

composition of 2-arrows. This construction is extended to the Ehresmann—Schauenburg
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bialgebroid of a Hopf—Galois extension by constructing a crossed module for the bisections
and the automorphisms of the bialgebroid.

This part is organised as follows: In Section we recall all the relevant concepts
and notation on gauge groups that we need. In Section [I2], we first have Ehresmann—
Schauenburg bialgebroids and the group of their bisections, then we show that when
the base algebra belongs to the centre of the total space algebra, the gauge group of a
noncommutative principal bundle is group isomorphic to the group of bisections of the
corresponding Ehresmann—Schauenburg bialgebroid. In Section |13 we consider Galois
objects, which can be viewed as noncommutative principal bundles over a point. Several
examples are studied here, such as Galois objects for a cocommutative Hopf algebra,
in particular group Hopf algebras, regular Galois objects (Hopf algebras as self-Galois
objects) and Galois objects of Taft algebras. In Section we study the crossed module
structure in terms of the bisection and the automorphism groups of an Ehresmann—
Schauenburg bialgebroid. When restricting to a Hopf algebra, we show that characters
and automorphisms also form a crossed module structure, and this can generate the
representation theory of 2-groups (or crossed modules) on Hopf algebras. We work out in
detail this construction for the Taft algebras.

1.3. On Coherent Hopf 2-algebras. The study of higher group theory and quantum
group theory is becoming more and more important in various branches of mathematics
and physics, such as topological field theory and quantum gravity. In this part, the main
idea of constructing a coherent quantum 2-group (or coherent Hopf 2-algebra) is to make
a quantization on the 2-arrows corresponding to a 2-category.

In [25] and [I5], the researchers constructed a strict quantum 2-group, while here we
construct a generalization of them. The quantum groups corresponding to the objects and
morphisms are not necessarily coassociative, and thus there will be a corresponding coher-
ence condition. For noncoassociative quantum groups, Hopf coquasigroups [20] usually
offer some new properties and interesting examples, such as functions on Cayley algebras,
hence we are motivated to build the coherent Hopf 2-algebra by Hopf coquasigroups.
Moreover, the nonassociativity of Cayley algebras are controlled by a 3-cocycle coboundary
corresponding to a 2-cochain. This fact will play an important role in satisfying the
coherence condition of a coherent Hopf 2-algebra. We choose a special quantization for
the 2-structure, such that by definition a coherent Hopf 2-algebra will be composed of
two Hopf coquasigroups, which correspond to the “quantum” object and morphisms.

For a coherent 2-group, since all the morphisms are invertible, there is a groupoid
structure based on of the composition of morphisms. Therefore, a quantum groupoid or
Hopf algebroid will naturally exist in the coherent Hopf 2-algebra. These facts result in
two different structures for the quantum 2-arrows. On one hand, it is a Hopf coquasigroup,
which corresponds to the ‘horizontal” coproduct (or tensor coproduct); on the other hand
it is also a Hopf algebroid, which corresponds to the ‘vertical’ coproduct (or morphism
cocomposition). These two kinds of coproducts also satisfy the interchange law. Moreover,
the antipode of the Hopf coquasigroup preserves the coproduct of the Hopf algebroid
while the antipode of the Hopf algebroid is a coalgebra map, which contradicts the usual
property that the antipode is an anti-coalgebra map. The coherence condition will be
described by a coassociator, which satisfies the “3-cocycle” condition. When we consider
Hopf algebras instead of Hopf coquasigroups with trivial coassociator, we will get a strict
Hopf 2-algebra.

For a strict 2-group, there is an equivalent definition, called the crossed module of

group. In the “quantum case” [15], the researchers construct a crossed comodule of Hopf
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algebra as a strict quantum 2-group. Here we show that under some conditions, a crossed
comodule of Hopf algebra is a strict Hopf 2-algebra with trivial coassociator. Several
examples are also shown here, which can be characterised by the corresponding bialgebra
morphisms.

We also produce a generalisation for crossed comodules of Hopf algebras, i.e. crossed
comodules of Hopf coquasigroups, by replacing the pair of Hopf algebras with a special
pair of Hopf coquasigroups. We show that if a Hopf coquasigroup is quasi-coassociative,
one can construct a special crossed comodule of a Hopf coquasigroup and furthermore
a coassociator, using which one can construct a coherent Hopf 2-algebra. An example
is a Hopf coquasigroup which consists of functions on unit Cayley algebra basis. This
Hopf coquasigroup is quasi coassociative and we will give all the structure maps precisely.
Finally, we show that the coassociator is indeed controlled by a 3-coboundary cocycle
corresponding to a 2-cochain.

In Section [15| coherent Hopf 2-algebras are defined and several of their properties are
studied. Section [16[is devoted to a generalisation of crossed comodules of Hopf algebras,
which is shown to be a strict Hopf 2-algebra under some conditions. In Section we
will first give the definition of quasi-coassociative Hopf coquasigroup, and then construct
a crossed comodule of a Hopf coquasigroup and futhermore a coherent Hopf 2-algebra. In
Section [18] the finite dimensional coherent Hopf 2-algebra is discussed, and through an
investigation into the dual pairing, we make clear why quasi-coassociative coquasigroups
are the quantization of quasiassociative quasigroups; we also consider an example built by
functions on a Cayley algebra basis.



Before we talk about quantum principal bundles, gauge groupoids and coherent 2-Hopf
algebras, it will be necessary to introduce principal bundles, groupoids and coherent
2-groups, which we will do from Section [2] to [4 From Section [5] to [7] we will then recall all
the relevant concepts and notation on Hopf algebras, Hopf coquasigroups, noncommutative
principal bundles (Hopf-Galois extensions) and Hopf algebroids that we need.

2. CLASSICAL PRINCIPAL BUNDLES AND EXAMPLES

We start with the definition of principal fiber bundle associated to a group G in the
category of topological spaces.

Recall that a fiber bundle over a topological space M is a triple (P, F, M), which consists
of three topological spaces P, F' and M, together with a surjective map = : P — M,
such that for all z € M, the fiber 7—!(z) is homeomorphic to F. Moreover, the bundle
map is locally trivial, i.e. for all x € M, there is an open neighborhood U of x and a
homeomorphic map f: U x F — 7= *(U) with p; = m o f, where p,; is the projection on
the first factor U.

Definition 2.1. A principal G-bundle over M is a fiber bundle (P, M,G, ), which
consists of two topological spaces P and M, and a topological group G, together with a
bundle map 7 : P — M and a continuous right G-action p : P x G — P over M, such
that:

e The canonical map
X:PxG—=PxyP,  (p,9) (p,pg), (2.1)

is a homeomorphism, where P x,; P is the subspace of P x P:

PxyP={(p,g) e PxP | =(p)=mn(q)}

A principal G-bundle (P, G, M, ) is trivial, if there is a G-equivariant diffeomorphism
between P and M x G.

Let (P, M,G,m) and (P, M, G, n") be two principal G-bundles over M, then a morphism
between them is a G-equivariant continuous map from P to P’

It is known that there is a bijective correspondence between the isomorphism class of
principal G-bundles over M and the homotopy classes of continuous maps from X to
BG, where BG is the classifying space of the Lie group GG. As a result, every principal
G-bundle over a point is isomorphic to each other.

Example 2.2. Recall that there are only four kinds of finite dimensional division algebras
over R, that is: the real numbers R, the complex numbers C, the quaternions H and the
octonions O with dimensions 1, 2, 4 and 8 respectively. We know the real and complex
numbers are commutative and associative. The quaternions are associative but not
commutative. The octonions are not commutative or associative. Now we can construct
four different fiber bundles in terms of the division algebras, which we can also call Hopf
fibrations:

S0 S5 St
Stes 83 5 52
¥ ey ST 51
STy S S8,
The simplest one is S° < St — S!. Considering S* as the unit complex numbers and

SY as the unit real numbers (which are 1), the bundle map 7 : S' — St is given by

7(z) := 22 for any z € S'. The right action of S is the multiplication of +1 on S*.
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The rest of the fibrations can be constructed in the same way, here we only consider
the fibration S* — 93 — S%:

The sphere S? can be views as the set of elements (z,y) € C?, such that ||z||*+]|y||* = 1.
When considering S! as the unit complex numbers, there is a right action of S on S® by
multiplication on the right, i.e. p: ((x,y), w) — (zw,yw), where (z,y) € S* and w € S*.
The bundle map 7 : S? — S? is given by

m(x,y) = Qey" lo|® — ly]*) € * = {(z,r) e Hx Rlez" +72 =1} (2.2)
First we can see that the projection is invariant under the group action, and
(22y") 2zy")" + (ll” = yl*)* = N2 + lyl* + 2ll= P [lyl* = 1.

Thus we get a well defined principal U(1)-bundle. Similarly, % < S7 — S% is a principal
SU(2)-bundle, when we replace complex numbers by quaternions. However, the Hopf
fibration S” < S'® — S® is only a fiber bundle, but not a principal bundle, since by the
non-associativity of octonions, the diagonal action of ST on S*® (i.e. (z,y)<g = (zg,y9))
can not preserve the fiber over S®.

But in this case we can still construct an action of S” on S by charts:

(z,y) qw = ((zy ") (yw), yw), (2.3)

for any (x,y) € S with y # 0 and w € S7, where S can be viewed as unit octonions.
Similarly, we can define

(z,y) qw = (zw, (y2~ ) (zw)), (24)
for any (z,y) € S with  # 0 and w € S”. We can see that this action is invariant under
the projection 7 : S1° — S8, Indeed,

((zy ) (yw)((zy ) (yw)) =zz”,  (yw)(yw)" = yy*
and
((2y ™) (yw)) (yw)* = 2y,

since the subalgebra of octonions generated by any two elements is associative. However,
this action is not associative, i.e. ((z,y)<w) <z # (x,y) < (wz).

3. GROUPOIDS

In this section we will first recall the definition of groupoids and then talk about the
gauge or Ehresmann groupoid as an example.

A groupoid is a small category with all the morphisms invertible. More precisely, we
have the following definition:

Definition 3.1. A groupoid (G°,G',s,t,id) consists of two sets G° (objects) and G*
(morphisms), and three maps s,t : G' — G° (called respectively the source and target
map) and id : G® — G' (called the identity map). Moreover, for any two morphisms
f,g with s(f) = t(g), there is a binary operation (called the composition of morphisms)
o: Gy x; G' — G, where G', x; G' is the pullback of the morphisms s and t, i.e.

Gl GH={(f,9) e G' xG" | s(f)=t(g)},

such that the following conditions are satisfied:

(1)

s(goh)=s(h),  t(goh)=1t(g)

for any (g,h) € G', x; GL.
11



(2) (goh)ok =go (hok), for any (g,h), (h, k) € G5 x; G*.
(3) s(id,) = t(id,) = a, for any a € G°, where we denote the image of id by id,.
(4) For any g € G*, we have
g o ids(g) =g = idt(g) 0g.
(5) For each g € G, there is an inverse g* € G, such that

s(g) =t(g"),  tlg) =s(g").
Moreover, g o g* = idy4) and g* o g = id).
It is well known that a group is a groupoid, which consists of only one object.

Example 3.2. Here we give as an example the gauge groupoid associated to a principal
bundle and examine the corresponding group of bisections; we shall mostly follow the
book [27]. Let 7 : P — M be a principal bundle over the manifold M with (Lie) structure
group G. Consider the diagonal action of G on P x P given by (u,v)g := (ug, vg); denote
by [u, v] the orbit of (u,v) and by Q = P x g P the collection of orbits. Then (M, €, s, t,id)
is a groupoid (called the gauge or Ehresmann groupoid of the principal bundle), with
being the morphisms and M being the objects, and the source and target projections
given by

s([u, v]) == 7(v), t([u,v]) == 7(u). (3.1)
The identity map id : M — P X P is given by
m— id,, = [u, u] (3.2)
for m € M and u any element in 77*(m). And the partial multiplication [u,v'] - [v, w],
defined when 7(v") = m(v) is given by
[u,v] - [V, w] = [u, wy], (3.3)
for the unique g € G such that v = v'g. EI One can always choose representatives such
that v = v and the multiplication is then simply [u,v] - [v, w] = [u, w]. The inverse is
L= [v,ul. (3.4)
A bisection of the gauge groupoid €2 is a map o : M — €2, which is right-inverse to the
source projection, s o 0 = id,;, and is such that too : M — M is a diffeomorphism. The

collection of bisections, denoted B(2), form a group: given two bisections oy and o9, their
multiplication is defined by

o1 * 02(m) := 01 ((t 0 02)(m))oa(m), for me M. (3.5)

[u, ]

The identity is the object inclusion m — id,,, simply denoted id, with inverse given by

o '(m) = <a((t o 0)_1(m))>1; (3.6)

here (t o 0)~! is a diffeomorphism of M, while the outer inversion is the one in (3.4)).
The subset Bp/(€2) of ‘vertical” bisections, that is those bisections that are right-inverse
to the target projection as well, t o 0 = id,;, form a subgroup of B(Q2).
It is a classical result [27] that there is a group isomorphism between B(£2) and the
group of principal (G-equivariant) bundle automorphisms of the principal bundle,

Autg(P) :={¢: P = P; ¢(pg) = ¢(p)g}, (3.7)

'Here one is really using the classical translation map ¢ : P x5 P — G, (ug,u) — g.
12



while Bp/c(€?) is group isomorphic to the group of gauge transformations, that is the
subgroup of principal bundle automorphisms which are vertical (project to the identity
on the base space):

Autpig(P) :={¢: P — P; p(pg) = v(p)g , m(p(p)) = n(p)}. (3.8)

4. QUASIGROUPS AND 2-GROUPS

In this section we will first talk about quasigroups, then we will introduce (coherent)
2-groups.

4.1. Quasigroups.

Definition 4.1. A quasigroup is a set G with a product and identity, for each element ¢
there is a inverse g=' € G, such that g7'(gh) = h and (hg=')g = h for any h € G.

For a quasigroup, the multiplicative associator 3 : G® — G is defined by

g(hk) = B(g, b, k)(gh)k, (4.1)

for any g, h, k € G.
The group of associative elements N(G) is given by

N(G) ={a € Gl(ag)h = a(gh), g(ah) = (ga)h, (gh)a= g(ha), Vg,he€ G},

(
which sometimes called the ‘nucleus’ [20]. A quasigroup is called quasiassociative, if 5 has
its image in N(G) and uN(G)u™' C N(G).

It is clear that any element in N(G) can pass through the brackets of a product. For
example, (g(hx))k = (gh)(zk) for any g, h,k € G and € N(G). Therefore, we have the
following proposition, and hereafter we use m7 : G x G x --- x G — G to denote an n-th
iterated product on G (with index I to distinguish different kinds of iterated products).

Proposition 4.2. Let N(G) be the associative elements of a quasigroup G, and let
mi,mG:GxX G x---xG— G be both n-th iterated products on G. If

m?(ghg% Ty ]-7 e 7.971) = m’r}(ghg% Ty ]-7 e 7gn>7 (42)
for any g1, go, -+ gn € G with 1 is inserted into the m-th position (1 <m <n+1). Then

m?(ghg?a”' y Ly 7971) :m’r}(gbg%”' y Ly so e 7971)7
for any x € N(G) inserted into the m-th position.

Proof. We can prove this proposition inductively. For n = 2, this is obvious by the
definition of N(G). Now we consider the case for n > 3. We can see both sides of equation
are equal to m7% (g1, g2, ,gn) for an (n — 1)-th iterated product m7'. Let
mh (91,92, 5 gn) = mb (g1, Gp)M%n (Gpi1, - -+ 5 gn) for some iterated coproducts
mb., and m%, with p+ ¢ =mn — 2. Assume this proposition is correct for n = N — 1. We
have two cases for the n-th iterated products mfp, m’:

The first case is m?(.gl:g% e 7h/7 T 7971) = miI/’(glv e 7']}/ T agi’-l—l)m?’,’(gi’-l-% T 7971)
and Mm% (g1, g2, Py 5 gn) =m0 (g1, Ry G )M (Gjraa, o s Gn), with @ i =
J+j"=n-1 (h is inserted into the m-th position and m + 1 < ¢, j'). Here i’ has
to be equal to j', otherwise we cal "t get equation (4.2). Thus, min(gyio, - ,Gn) =
m’ T (g] 2, gn) Moreover, m' 1" =m J/,, m$%.,. Then we can use the hypotheses for m} I,
and mJ, with ¢/ = j/ < n. It is similar to consider the case mI/J(gl,g2,~ cyhy e gn) =
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m?,/J, (g1, -g,;r+1)m§/,l,/J,, (giraa, -+ s hy o+, gn) (h is inserted into the m-th position and
m+1>7d 7).

The second case is M7 (g1, 9o, -+ s By s gn) = mi(gr, - by Gire) M (Girvas -+ 5 Gn),s
and m (g1, 92, by o, gn) = mg,(gl, e gy +1)mj;,(g] 49,0ty hy e gy). Since is
equal tom (g1, g2, , gn), we have i'+1 = m = p+1,ie. mP (g1, 92, Gir, hy Gir1 5 Gn) =

my (g1, )M (gis, - gn) = mi (g1, ,gp,h)m%/(gpﬂ, -+, gn). Similarly, m’; =
my(gr, g2, By gn) = mba (g1, - gp)m?ﬁ (h,-+-,gn). Define two iterated products
ml = mo (mh., x idg) and m%™" == m o (idg x m%,). By the hypotheses we have

p+1(gl 5 9p, T ) = m;l[)/—i_l(gl ’ 7gp7x) and mq+1(x7glv"' 7gq) = mg—):l(x7glv"' 7gq)'

Therefore, we have

M (g, g2, Ty gn) =mE (g1 Gy DM (Gpras 5 Gn)
_mG (91 >9p>$)m§/<///(9p+1>"' , Gn)
= (g1 gp)m (T, gprr, - Gn)
=i (g1 gp)mGi (T, Gpy1s - Gn)

:mg(glag%'” y Lyt 7gn)7
for any x € N(G), where the 3rd step uses x € N(G). O
Proposition [4.2] will be useful in the proof of Theorem [£.8] In [20] we have the following:

Lemma 4.3. Let G be a quasigroup. If it is quasiassociative, then we have the following
3-cocycle condition:

(9B(h,k,1)g~)8(g, Wk, 1)B(g, h, k) = Blg, b k)B(gh, k. 1) (4.3)
for any g, h, k.l € G.
Proof. Multiply both sides by ((gh)k)l, we have on one hand
(98(h, k. 1)g™")B(g, hk, 1)B(g, b, ) (((gh) k)]
=(98(h b, D)g )89, b, 1) (89, b ) (gh)k))1) =
—(9B(h, k. D)g™") (g (WD) = g(B(h, k, D((RE)D))
On the other hand,

Bg, h, k) B(gh, k, D)(((gh)k)l) = B(g, b, k1) ((gh) (k1)) = g(h(kl)).

(98(h, k,1)g™")B(g, hk, 1)((g(hk))I)
g(h(kD))

VR

g

4.2. Coherent 2-groups. We know from [37] that a coherent 2-group is a monoidal
category, in which every object is weakly invertible and every morphism is invertible.
More precisely, we have the following definition:

Definition 4.4. A coherent 2-group is a monoidal category (G, ®, I, a,r, 1), where ® :
G ®G — G is the multiplication functor, [ is the unit, o : ® o (® X idg) = ®o (idg X ®)
is the associator, 7, : g® I — g and [, : I ® g — ¢ are the right and left unitor (o, r and

[ are natural equivalence), such that the following diagrams commute.:
14



Qg@h,k,l (g@h)@ (kL) Qg h kol
/ \\
((g®h)Qk)®1 gR(h@(kRL))
O‘g,h,k@ Kg@fah’k’l
(9®(hQk))®1 g hohl 9 ((h®k)®!)
(2)
Qg,I,h

(9@ ®h —————— > g’ ®h)

Tg®m ﬁ@lh

(3) Moreover, there is an additional functor ¢ : G — G, and there are two natural
equivalences i, : ¢ ® t(g) — I and e, : 1(g) ® g — I, such that the following
diagram commutes:

1, ®id l
(981(9)) B9 —————> Tgg —> g
ag’b(g)vgl . 1dg
idy ® e4 Tg
9®((9)®g) gI g

A strict 2-group is a coherent 2-group, such that all the natural transformations «, [, r, i
and e are identity.

There are several equivalent definitions of strict 2-group, one is called the “crossed
module”:

Definition 4.5. A crossed module (M, N, ¢,~) consists of two groups M, N together
with a group morphism ¢ : M — N and a group morphism v : N — Aut(M) such that,
denoting v,, : M — M for every n € N, the following conditions are satisfied:

(1) ¢(yn(m)) =np(m)n=', for any n € N and m € M;

(2) Yom)(m') =mm'm=",  for any m,m’ € M.

Theorem 4.6. There is a bijective correspondence between a strict 2-group and a crossed
module.

Proof. Given a strict 2-group (G, ®, I'), we know both the set of objects G° and morphism
G"' are groups with the tensor product as group multiplications, and with I and id; as units.
Let s,t: G' — G° be the source and target of morphisms in G. Let H := ker(s) C G',
then H is a subgroup of G'. Define v : G° — Aut(H) by

Vo () = idy @ Y ®idg, (4.4)

where g € G° and ¢ € H with s(¢) = I, t(¢)) = h € G°. We can see v,(¢) : [ — ghg™*
is a well defined morphism with its source as I, where we use gg’ to denote the tensor
product ¢ ® ¢’ of any objects g and ¢’. Therefore, v : G — Aut(H) is a well defined
group action. With the target map ¢ : G* — G°, we can check (H,G%t,7) is a crossed
module. First we can see

t(v4(v)) = ghg™ = gt(¥)g".
15



Let ¢ : I — h and ¢’ : I — h' be two morphisms, we have
Yoy (V') =idy, @ Y @ idy—1 = (idy, @ ' @ idp-1) 0 (Y @ id; @ ¢Y7)
=(idp oY) ® (V' 0idy) @ (idp-1 0™ ) = @Y @Y,

where the third step uses the interchange law between the tensor product and morphism
composition. So we get a crossed module (H, G, t,7).

Once we have a crossed module (M, N, ¢,7), we can construct a group M x N, with
multiplication:

(m,n) @ (m',n') := (mAn(m'), nn’),

for any m,m’ € M and n,n’ € N. We can see that the multiplication is associative with
unit (1,7, 1y). The inverse is given by

(m? n>71 = (’Yn—l(mil)a nil)'

Define two group morphisms s,t: M x N — N by

s(m,n) :=n, t(m,n) = ¢(m)n. (4.5)
Define the identity morphism by id: N — M x N
id(n) = (1p,n). (4.6)

There is a composition product o: M X Ng x; M x N — M x N:
(m', ¢(m)n) o (m,n) := (m'm,n).
The inverse of the composition product (m,n)* is given by
(m,n)* = (m~", ¢(m)n).

Clearly, (N, M x N, s,t,id) is a groupoid. The interchange law of products can be checked
as follows: On one hand we have

((m3, ¢(ma)na) o (my, na)) e ((my, ¢(ma)na) © (M2, n2)) (4.7)
=(mymy,n1) @ (mhyma, ny) = (Mymiyn, (Mhms), nins). (4.8

On the other hand, by using the axioms of crossed module we have

((m}, d(ma)n1) @ (my, ¢(ma)na)) o (M1, n1) @ (Mo, n2))
=(M1V(m1)n (M3), B(M1)n1¢(ma)na) o (M1Yn, (Ma2), nins)
= (M Yp(mayns (M) M1, (M2), ma02) = (M1 Yo(m1) (s (M) )2, (M2), ma12)
=(mhymy (n, (mb))my 'may, (ma), nang) = (Mymay, (mh) e, (m2), n1ns)
=(mymiyn, (mymz), niny),

where the second step is well defined since

(M1, (M2) )10 =A(1M1)P(Yn, (M2))N102 = ¢(m1)n1¢(m2)nfln1n2
=p(m1)n1g(ma)ns.

As a result, we have strict 2-group, with objects N (with the group multiplication as the
tensor product on objects), morphisms M x N, tensor product e (for morphisms) and
morphism composition o. Now we briefly check the correspondence is bijective.

On one hand, given a strict 2-group, we can see H x G° is isomorphic to G*. Indeed,

for any morphism ¢ : g — ¢/, (¢ ® id,-1, g) belongs to H x G°. For any two morphisms
16



Y11 g1 — g1 and ¥y go — g5 we know 1) ® 19 is a morphism from g; ® g2 to g] ® g5.
We can see

(¢1 & Z'dgfla 91) hd (¢2 ® idg;1792) :(¢1 & idgfl ® idgl ® ¢2 ® idggl ® /L.dg;17gl & 92)
=(t1 @ thy ®id -1 @idy—1, 91 ® ga).

We can also see the correspondence 1) — (¢ ®id,-1, g) is bijective: Assume (¢ ®idy-1,g) =
(idy, I), then the source of ¢ is I, so 1 = ¢ ® id; = id;, and any (¢, g) € H x G° has a
preimage ¢ ® id, € G'.

On the other hand, given a crossed module (M, N, ¢,~), since s(m,n) = n, we get
ker(s) € M x N is isomorphic to M. O

In general the objects of a coherent 2-group can be any unital set with a binary operation.
However, in this paper we are interested in a more restricted case where the objects of
the corresponding monoidal category form a quasigroup, such that [, r, i, e are identity
natural transformations. We can see that if we make more requirements on the associator
«, then this kind of coherent 2-group satisfies the following property:

Proposition 4.7. Let (G,®,I,a,r,l,1,i,e) be a coherent 2-group. Assume G° is a
quasigroup (with the tensor product as the group multiplication), and that l,r,i,e are
identity natural transformations, and assume in addition that the associator a satisfies
the following:

Mgh = Qg1h = Qgp1 = idgp (4.9)

Qgg=1h = Qg=1gp = 1dp = Qpg g1 = Qg1 4 (4.10)

for any g, h € G°, then we have the following properties:

(i) The morphisms and their compositions form a groupoid.
(ii) The identity map from the objects to the morphisms preserves the tensor product,
i.e. idy ® idy = idggpn, for any objects g, h.
(iii) The source and target maps of morphisms also preserve the tensor product.
(iv) The composition and tensor product of morphisms satisfy the interchange rule:

(91 ® p2) 0 (Y1 @ h2) = (d1 0 91) ® (2 0 ¢a), (4.11)

for any composable pair of morphisms ¢1,101 and po, 5.
(v) The morphisms and their tensor product form a quasigroup.

Proof. The first four of properties are direct results of the definition of a coherent 2-group.

For (v), let ¢ : g — h and ¢ : k — [ be two morphisms. We know the inverse of ¢ (in
the sense of the tensor product) is ¢! := 1(¢) : g7' — h~!. By the naturality of a we
have

b=anp1,0((0RNRY)= (0@ (07 Q) oaggrp =0 (¢ @),

where in the first and last steps we use (4.10)) and the natural transformation ¢ being
trivial. Similarly, we also have 1 = (¢ ® ¢) ® ¢~1. By the same method, we can check
(1 ® ) ®Y =@ =¢® (¢ ®idy). Indeed,

(idy ® ¢) @Y = a0 ((idy ® ¢) ®Y) = (idy @ (9@ Y)) o argp = PR Y,

where we also use that the natural transformations [, are trivial. Thus the morphisms
with their tensor product form a quasigroup.

U
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Theorem 4.8. If G is a quasiassociative quasigroup, then we can construct a coherent
2-group.

Proof. Define H := N(G) x GG, then H is a quasigroup with the product given by:
(n,9) ® (m, h) == (n(gmg™"), gh).
The inverse corresponding to this product is given by
(n.g)™ = (9"'n""'g.97"),

which is well defined since G is quasiassociative. Before we check if H is a quasigroup, we
can see that the adjoint action Ad : G — Aut(N(G)) given by Ad,(m) := gmg™" is well
defined, since on one hand

((gh)m(gh)™")g = ((ghym(gh)~")((gh)h™") = (((gh)m(gh)~")(gh))h™" = ((gh)m)h~",
and on the other hand

(g(hmh~")g™)g = glhmh~) = ((gh)h~") (hmh™") = (gh)(h™" (hmh™"))
=(gh)(mh™") = ((gh)m)h™",

therefore we have
Adgr,(m) = (gh)m(gh)™" = g(hmh™")g~" = Ady o Ady(m),
for any g, h € G and m € N(G). Now we can see H is a quasigroup:

((n,9) ® (m,h)) @ (m,7)~" = (n(gmg™), gh) @ (h"'m™" h, ")
=((n(gmg™"))(Adgn(Adp-1(m™)), (gh)h ™) = ((n(gmg™))(gm~"g7"), g)
=(n,9),

for any (n,g), (m,h) € H. Similarly, we have (n,g)"! ® ((n,g) ® (m,h)) = (m,h).
To construct a coherent 2-group, we also need the objects to be G and ® : G x G — G

to be the multiplication of GG. The source and target maps s,t : H — G are given by

s(n,g) =g  tn,g):=ng.
The identity morphism «d : G — H is given by

id(g) = (1,9).
The composition o : H, x; H — H, is given by
(n,mg) o (m, g) := (nm, g).
The composition inverse is given by
(n,9)" = (n"",ng).

Thus we get a groupoid with the corresponding composition, inverse, source and target
maps. Moreover, the maps s, t and id preserve the tensor product. Indeed, by using that
(G is quasiassociative we have

t((n,g) ® (m, h)) = t(n(gmg~ "), gh) = (n(gmg~"))gh = n((gmg~")(gh))
=n(((gmg~")g)h) = n((gm)h) = n(g(mh)) = (ng)(mh) = t(n, g) @ t(m, h).

The interchange law of products can be also proved as in Theorem [.6]
The associator a: G x G x G — H is given by

Xg,hk = (B(ga h7 k)? (gh)k)7
18



this is well defined since the image of 5 belongs to N(G), and the source and target of a j,
are (gh)k and g(hk). Because G is a quasigroup, we have o 4-1, = ap4-1, = (1,h) = id,
and o gn = Qg1 = g p1 = idg, for any g,h € G. We can also see that « is a natural
transformation. Indeed, let (I, g), (m,h) and (n, k) belong to H, we can see on one hand

g mhnk © (((1,9) @ (m, h)) @ (n, k))
=(B(lg, mh,nk), ((lg)(mh))(nk)) o ((I(Ady(m)))(Adgn(n)), (gh)k)
)

—(B(1g, mh, k) ((1(Ady(m))) (Adga(n)) ) (gh))
and on the other hand
((1,9) ® ((m, h) ® (n, k))) © ag
=(1Ady(mAdy(n)), g(hk)) o (6(g, b, k), (gh)k)

((lAdg (mAdh(n))) (g, h, k), (gh)k).

Since
Bllg,mh, nk) (U(Ad, (m))) (Adyn(n) ) (k)
—(lg)((mh)(nk))
—(1A4d, (mAdy(n) ) Blg, h, k) (gh)k
we get
Bllg, mh, k) ((U(Ady (1)) (Ady () ) = (14dy (mAdy(n)) ) 3(g, b, ),
therefore,

algvmhunk o (((l7g) ® (ma h)) ® (TL, k)) = ((lug) ® ((m’ h) ® (n7 k))) o Oégvhvk‘
The pentagon for being a coherent 2-group is satisfied by Lemma Indeed, let
g,h,k,l € G, on one hand we have

g bkt © gn e = (B(g, b, kL), (gh) (kL)) o (B(gh, k, 1), ((gh)k)])
—(8(g, h, kI)B(gh, k. 1), ((gh)k)])
On the other hand,
(idg ® apgy) © Qg it © (g pk @ idy)
=(gB(h, k,1)g~", g((k)1)) o (B(g, hk, 1), (g(hk))) o (B(g, . k), ((gh)k)])
=((9B(h, k,1)g~")B(g, bk, 1)B(g, h, k), ((gh)k)D),

by using Lemma we get the pentagon. Thus we get a coherent 2-group, where the
natural transformations [, r, e, are identity. Il
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5. ALGEBRAS, COALGEBRAS AND ALL THAT

First we recall some material about Hopf algebras, Hopf coquasigroups and corresponding
modules and comodules. We also review the more general notions of rings and corings
over an algebra as well as the associated notion of a Hopf algebroid. We then move onto
Hopf-Galois extensions, as noncommutative principal bundles.

To be definite we work over the field C of complex numbers but in the following this
could be substituted by any field k. Algebras are assumed to be unital and associative
with morphisms of algebras taken to be unital.

Definition 5.1. A bialgebra is an algebra H with two algebra maps Ay : H - H® H
(called the coproduct) and € : H — C (called the counit), such that

(5.1)

where the algebra multiplication on H ® H is given by (h® g) - (b’ ® ¢') := (hh/ ® gg') for
any h® g,h' ® ¢ € H® H. Moreover, if there is a linear map S : H - H ® H (called
the antipode), such that

mHO(S®idH)OAH:1H€H:mHO(idH®S)OAH, (52)

where my is the product on H, then H is called a Hopf algebra. Let H and G be two
Hopf algebras, a Hopf algebra morphism from H to G is an algebra map ¢ : H — G, such
that

(V@)oo Ay =Agoy, €G oY = €x. (5.3)

In the following context, we will always use Sweedler index notation to denote the
image of a coproduct, i.e.

Ap(h) = ha @ he). (5.4)

For the coproduct of a bialgebra A : H — H ® H we use the Sweedler notation A(h) =
hay ® hey (sum understood), and its iterations: A" = (idy ® Ag) o A%t h = hyy ®
hay @ -+ @ hg,.sy . However, this n-th iterated coproduct is not unique, if the coproduct
is not coassociative.

In order to give a coherent Hopf 2-algebra in the last part, which is a weaker version of

a Hopf 2-algebra, we need a more general algebra structure which is a Hopf coquasigroup
[20].

Definition 5.2. A Hopf coquasigroup H is an unital associative algebra, equiped with
counital algebra homomorphisms A : H - H® H, ¢ : H — C, and a linear map
Sy : H — H such that

(5.5)

(5.6)
A morphism between two Hopf coquasigroups is an algebra map f : H — G, such that
for any h € H, f(h)a, ® f(h)e = f(ha) @ f(he) and ec(f(h)) = en(h).

Remark 5.3. Hopf coquasigroup are a generalisation of Hopf algebras, for which the
coproduct is not necessarily coassociative. As a result, we cannot use Sweedler index notion

in the same way as for Hopf algebras (but we still use h,,®h,,, as the image of a coproduct),
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SO ln general we dOIl’t haVe: h(l)(l) ® h(l)(2) ® h/(Q) - h(1> ® h/(z) ® h(3> - h(l) ® h(z)(1> ® h(z)(Q)
It is given in [20] that the linear map Sy (which we likewise call the ‘antipode’) of H has
similar property as the antipode of a Hopf algebra. That is:

® hySu(he) = e(h) = Su(ha)he),

[ J SH(hh/) == SH(h/)SH<h),

e Su(h)w ® Su(h)e = Su(he) ® Su(hy),
for any h,h' € H.

Given a Hopf coquasigroup H, define a linear map f: H - H ® H ® H by

B(h) = hayySu(he)ma @ hayeaSH(he)ne @ hoeeSH(he) e (5.7)
for any h € H. We can see that
B ((A®idy)oA) = (idyg @ A) o A, (5.8)

where we denote by * the convolution product in the dual vector space H' := Hom(H, C),
(f*g)(h) = f(ha))g(he)). More precisely, (5.8) can be written as

haywm S (o) moheno @ oo eoSEhoe)oelene ® boweeSa(hae)ehe e
=ha) @ haya) @ hye),

which can be derived from the definition of a Hopf coquasigroup. For any h € H we will
always denote the image of § by

B(h) =h'@h? @ n’.
A Hopf coquasigroup H is coassociative if and only if 5(h) = ¢(h)ly ® 1y ® 1y if and
only if H is a Hopf algebra.

Given a Hopf coquasigroup H, a left H-comodule is a vector space V carrying a left
H-coaction, that is a C-linear map §¥ : V — H ® V such that

(idg @6V) 08V = (A®idy)od” , (e®idy)od” =idy . (5.9)
In Sweedler notation, v — §" (v) = v"? @ v, and the left H-comodule properties read
VD @0V ® 0 = 1) @ @D @ y@©
(VN V® =y |

for all v € V. The C-vector space tensor product V @ W of two H-comodules is a
H-comodule with the left tensor product H-coaction

SV VeW — HeVeW, v@w— 1" w ™ @u® @ w®. (5.10)

A H-comodule map ¢ : V' — W between two H-comodules is a C-linear map ¢ : V' — W
which is H-equivariant (or H-colinear), that is, 6" o) = (idy ® 1) 0 §V.

In particular, a left H-comodule algebra is an algebra A, which is a left H-comodule such
that the multiplication and unit of A are morphisms of H-comodules. This is equivalent
to requiring the coaction § : A — H ® A to be a morphism of unital algebras (where
H ® A has the usual tensor product algebra structure). Corresponding morphisms are
H-comodule maps which are also algebra maps.

In the same way, a left H-comodule coalgebra is a coalgebra C', which is a left H-
comodule and such that the coproduct and the counit of C' are morphisms of H-comodules.
Explicitly, this means that, for each ¢ € C,

-1 0 0 -1 -1 0 0
VR, ® = ca) Ve ® cw® ® cp®,

ec(c) = " Vea ().
21



Corresponding morphisms are H-comodule maps which are also coalgebra maps.
Clearly, there are right H-comodule versions of the above ones. Here we use lower
Sweedler notation to denote the image of a right coaction dy : V — V ® H, i.e. doy(v) =
V) ® vyy. More precisely, with a Hopf coquasigroup H, a right H-comodule is a vector
space V' carrying a right H-coaction, that is, a C-linear map dy : V — V ® H such that

(idv &® A) o 5‘/ = (5V ® ZdH) o (SV s (Zdv & 6) 9 (SV = idv . (5.11)
In Sweedler notation, v — dy (v) = v, ® vy, and the right H-comodule properties read,

Vo) @ (V) ® (V) = (Vo)) @ (Vo)) ® V) =2 Vo) ® Uty @ Uy
Vo) €(V)) = U,

for all v € V. The C-vector space tensor product V ® W of two H-comodules is a
H-comodule with the right tensor product H-coaction

yew VAW —VIWRH, v@Ww+r— Vg @ We @ UaWq - (5.12)

A H-comodule map ¢ : V' — W between two H-comodules is a C-linear map ¢ : V' — W
which is H-equivariant (or H-colinear), that is, dy 0 ¢ = (¢ ® idg) o dy.

Similarly, a right H-comodule algebra is an algebra A which is a right H-comodule such
that the comodule map 6y : V — V ® H is an algebra map. Corresponding morphisms
are H-comodule maps which are also algebra maps.

A right H-comodule coalgebra is a coalgebra C' which is a right H-comodule such that
the coproduct and the counit of C' are morphisms of H-comodules. Explicitly, this means
that, for each ¢ € C,

(ca))o ® ()0 @ (ca)m(Ce)a = (€o)a @ (co)e ® cq)
e(co)en = e(0)ln .
Corresponding morphisms are H-comodule maps which are also coalgebra maps. Clearly,
the comodule and the comodule algebra of a Hopf algebra can be given in the same way.
Next, let H be a bialgebra and let A be a right H-comodule algebra. An (A, H)-
relative Hopf module V' is a right H-comodule with a compatible left A-module structure.

That is the left action >y : A® V — V is a morphism of H-comodules such that
§V opy = (by ®idy) o 64%Y. Explicitly, for all a € A and v € V,

(aby v) e ® (aby v)a) = ae) >V Vo) @ auVa) - (5.13)

A morphism of (A, H)-relative Hopf modules is a morphism of right H-comodules which
is also a morphism of left A-modules. In a similar way one can consider the case for the
algebra A to be acting on the right, or with left and right A-actions.

Definition 5.4. A coassociative pair (A, B, ¢) consists of a Hopf coquasigroup B and a
Hopf algebra A, together with a Hopf coquasigroup morphism ¢ : B — A, such that

P(baywy) ® by ®bey = d(ba)) ® by ® by
bayay ® d(baye) ®bey = bay @ @(beywy) @ by (5.14)
baya) ® by ® P(be) = bay ® beyay ® ¢(bey )

Clearly, for any morphism ¢ between two Hopf algebras B and A, (A, B,¢) is a
coassociative pair.

Remark 5.5. A coassociative pair can be viewed as a quantisation of a group and quasigroup,

such that there is a quasigroup morphism which maps the group into the associative
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elements of the quasigroup. More precisely, let H be a group, GG be a quasigroup, and
¢ : H — G be a morphism of quasigroup, such that the ¢(H) C N(G). So we have

due to relations . Since the image of ¢ belongs to the associative elements of G,
¢(h) can pass through brackets. In other words, let m; and m; be two iterated products,
such that m(GRG---@GR1IRGR - - G) =m;(GRG---GR1GER - ®G)
(where 1 is inserted into the m-th position), then m;(GR G- @GR ¢p(h) G R -+ ®
G)=m;(GRG - ®G@® ¢h)® G®- - ®G) (where 1 is replaced by ¢(h)). For
example, assume the 4th iterated products my,m; : G ® G ® G ® G — G given by
mi(g® g ®g" ®g") = (9(q'9")g"” and m;(g ® ¢ ® g" ® g"”) := (99')(¢"g"), then we
have (g(g'0(h)))g" = (99')(¢(h)g") for any g,¢',¢" € G and h € H.

We know for a Hopf coquasigroup, the n-th iterated coproducts A™ are not always
equal when n > 2 (n can be equal to 0, in which case A is identity map). However, given
a coassociative pair (A, B, ¢), there is an interesting property due to Remark and

Proposition [£.2}

Proposition 5.6. Let (A, B, ¢) be a coassociative pair of a Hopf algebra A and a Hopf
coquasigroup B, and let A}, A both n-th iterated coproducts on B. Let A}(b) = by, ®
b[2 & .- ®b[n+1 and A?(b) = le ®bJ2 & .- ®bjn+l. If

bh ®b12®"'®€B(blm)®"'®bln+1 :le ®bJ2®"'®€B<me)®"'®an+1 (5‘15)
for 1 <m <n+1, then we have

b[l®b[2®"'®¢(b1m)®"'®bfn+1:bJ1®bJ2®'..®¢(me)®...®an+l‘

Proof. We can prove this proposition inductively. For n = 2, this is obvious by the
definition of a coassociative pair. Now we consider the case for n > 3. We can see both
sides of equation ((5.15) are equal to the image of an (n — 1)-th iterated coproduct A%,
which can be written as A" = (Af, ® A%,) o A for some iterated coproducts AL, A%,
with p + ¢ =n — 2. Assume this proposition is correct for n = N — 1. We have two cases
for the index of I,,, and J,,:

The first case is that the first index of I,,, and J,, are the same (where the first index
means the first Sweedler index on the left, for example the first index of by ) is 2).
When m < (p + 2), the first indices of I,,, and J,, have to be 1. In this case, we can
see AT = (AZH ®@ A%,) o A and A" = (Aﬁ“l ® A%.,) o A, for some (p+ 1)-th iterated
coproducts A’;jl and AIZFI. Then we can apply the hypotheses for the terms, whose first
indices are 1. For m > p 4 3, the situation is the similar.

The second case is that the first indices of I,,, and .J,,, are different. Assume the first index
of I, is 1 and .J,,, is 2. In this case m has to be equal to p4-2, and A7 = (AP @A, )oA and
A" = (AP, @ AL oA for some iterated (p+1)1—th coproduct AP with (€d§p®63)oA%ﬂ =
A%l and 1terateF1 (¢ + 1)-th Coplroduc.t AL with (ep ®'zd§q) o A%+1 = A% Deﬁ‘ne
AL = (AP, ®idg) o A and AL = (idg @ A%,) o A (notice that AL is not necessarily
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equal to A% and AP is not necessarily equal to AP'), then we can see

by, @by, ® - @ br,) @by, @ Dby, .,
=biy5, ® bays, @+ ® ¢(bays,,,) ® bayry ® +++ & beyrer, |
=bya, ® baya, ® - ® P(bye,,,) @ bayry @+ @by,
=byyxf ® by @+ @ beyyir,, @ P(baye)) ® bayy @ -+ @ bgyier, |
=buyx; ® by, @+ @ bayir,, ® P(biay)) ® byayry @ -+ @ by,
=bayi; @ by @+ @ bayr @ P(bayny) @ by, @+ @ baym,,
=biyxe; ® by @ - @byt @ Pbeyr,) @ bayry, ® -+ @ by,
=bj, ®bs, @@ P(by,) @by, @ @by,
where by, ® by, ® < ® ¢(buys, ,,) = A%H(b(l)) and similar for the rest. The 2nd and

6th steps use the hypotheses for n < N — 1, and the 4th step uses the definition of a

coassociate pair.
U

From this proposition, we can make a generalisation by using the proposition twice: If
b, @b, @ ®ep(br,) ® - Qep(by ) ® - by,
—by, ©by, ® - Qep(by,) @ Dep(by )@ Dby,
for 1 <m <m' <n+1. Then we have
by, ®br, @~ @ P(by,,) @@ ¢(br,,) @ @by,
=by, @by, @@ ¢(by,) Q- @d(bs ,) D - @by,
There is a dual version of the Hopf coquasigroup, which is the Hopf quasigroup [20]:

Definition 5.7. A Hopf quasigroup A is a coassociative coalgebra with a coproduct
A:A— A® A and counit € : A — k, together with a unital and possibly nonassociative
algebra structure, such that the coproduct and counit are algebra maps. Moreover, there
is an linear map (the antipode) S4 : A — A such that:

(5.16)
(5.17)

A Hopf quasigroup is a Hopf algebra if and only if it is associative.

6. HOPF ALGEBROIDS

In the following, we will give an introduction to Hopf algebroids. (There are different
kinds of Hopf algebroids, here we mainly follow the definition in [§]).

For an algebra B a B-ringis a triple (A, i, n). Here A is a B-bimodule with B-bimodule
maps i : A®g A — Aand n: B — A, satisfying the following associativity condition:

pro(p®pida) = po(ids @p p) (6.1)
and unit condition,

po(n®pida) =A=po(idas®pn). (6.2)
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A morphism of B-rings f : (A, u,n) = (A, 1/,n') is a B-bimodule map f: A — A’, such
that fou=p o(f®p f) and fon =1n'. Here for any B-bimodule M, the balanced
tensor product M ®p M is given by

M @p M :=M®M/{m®bn —mb® m/>m,m’€M,b€B'

From [8, Lemma 2.2] there is a bijective correspondence between B-rings (A, i, n) and
algebra morphisms 7 : B — A. Starting with a B-ring (A, u,n), one obtains a multipli-
cation map A ® A — A by composing the canonical surjection A ® A - A ®p A with
the map p. Conversely, starting with an algebra map n : B — A, a B-bilinear associative
multiplication © : A ®g A — A is obtained from the universality of the coequaliser
AR A — A®p A which identifies an element ar ® o’ with a ® ra’.

Dually, for an algebra B a B-coring is a triple (C, A, €). Here C' is a B-bimodule with
B-bimodule maps A : ' - C®pC and € : C — B, satisfying the following coassociativity
and counit conditions,

(A Xp ch)OA:<ZdC KB A)OA, (€®B ch)OA:ZdC: (ldc Xp E)OA. (63)

A morphism of B-corings f : (C,A,e) — (C', A, €) is a B-bimodule map f: C' — (",
such that Ao f = (f®p f)oAand € o f =e.

Definition 6.1. Given an algebra B, a left B-bialgebroid L consists of an (B ® B)-ring
together with a B-coring structures on the same vector space £ with mutual compatibility
conditions. From what said above, a (B ® B)-ring L is the same as an algebra map
n: B ® B — L. Equivalently, one may consider the restrictions

s:=n(-®plg):B—=L and t:=n(lp®p-): B? =L

which are algebra maps with commuting ranges in £, called the source and the target
map of the (B ® B°)-ring L. Thus a (B ® B)-ring is the same as a triple (£, s,t) with
L an algebra and s : B — L and t : B> — L both algebra maps with commuting range.
Thus, for a left B-bialgebroid £ the compatibility conditions are required to be
(i) The bimodule structures in the B-coring (£, A, €) are related to those of the
B ® B°-ring (L, s,t) via
bra<t = st )a for b,/ € B, a € L. (6.4)

(ii) Considering £ as a B-bimodule as in (6.4), the coproduct A corestricts to an
algebra map from L to

LxpLl:= { Zj a; ®p aj | Zj a;t(b) ®p aj = Zjaj ®p ajs(b), forall b e B },
(6.5)
where £ x g L is an algebra via component-wise multiplication.

(iii) The counit € : £L — B is a left character on the B-ring (L, s,t), that is it satisfies
the properties, for b € B and a,d’ € L,

(1) (1) = 15, (unitality)
(2) e(s(b)a) = be(a), (left B-linearity)
(3) e(as(e(a’))) = e(aa’) = e(at(e(a’))), (associativity) .

Similarly, we have the definition of right bialgebroid:

Definition 6.2. Given an algebra B, a right B-bialgebroid R consists of an (B ® B°P)-ring

together with a B-coring structures on the same vector space R with mutual compatibility
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conditions. From what is said above, a (B ® B)-ring R is the same as an algebra map
n: B ® B? — R. Equivalently, one may consider the restrictions
82277('®313>IB—>R and tI:T]<1B®B')ZBOP—>R
which are algebra maps with commuting ranges in R, called the source and the target
map of the (B ® B°)-ring R. Thus a (B ® B)-ring is the same as a triple (R, s, t) with
R an algebra and s : B — R and t : B’ — R both algebra maps with commuting ranges.
Thus, for a right B-bialgebroid R the compatibility conditions are required to be

(i) The bimodule structures in the B-coring (R, A,¢) are related to those of the
B ® B°-ring (R, s,t) via

ba<b :=as(t')t(b) for b, € B, a € R. (6.6)
(ii) Considering R as a B-bimodule as in (6.6]), the coproduct A corestricts to an
algebra map from R to
R xBR .= { Zj a; @p aj | st(b)aj ®pa; = Zj a; ®p t(b)aj, for allb € B } ,

(6.7)
where R xZ R is an algebra via component-wise multiplication.

(iii) The counit € : R — B is a right character on the B-ring (R, s,t), that is it satisfies
the properties, for b € B and a,ad’ € R,

(1) e(1g) = 15, (unitality)
(2) €e(as(b)) = €(a)b, (right B-linearity)
(3) e(s(e(a))a’) = €(aa’) = €(t(e(a))a’), (associativity) .

Remark 6.3. Consider a left B-bialgebroid £ with sy, t; the corresponding source and
target maps. If the images of sy and t; belong to the centre of H (which implies B
is a commutative algebra, since the source map is injective), we can construct a right
bialgebroid with the same underlying k-algebra £ and B-coring structure on £, but a new
source and target map sg :=tr, tg := sr. Indeed, they have the same bimodule structure
on L, since r>b<r’ = sp(r)tp(r')b = btg(r)sg(r’). With the same bimodule structure and
the same coproduct and counit, one can get the same B-coring. By using the assumption
that the images of sy, and t;, belong to the centre of H, we can find that all the conditions
for being a right bialgebroid can be satisfied. Similarly, under the same assumption, a right
bialgebroid can induce a left bialgebroid. Since the image of B belongs to the center of H,
we can also see € is an algebra map, indeed, e(bb') = €(bs(e(V'))) = €(s(e(b'))b) = e(b)e(V).

To make a proper definition of ‘quantum’ groupoid, a left or right bialgebroid is not
sufficient, since we still need to have the antipode, which plays the role of the inverse of
‘quantum groupoid’. Its inclusion allows us to define a Hopf algebroid [§] like so:

Definition 6.4. Given two algebras B and C, a Hopf algebroid (Hp,Hg,S) consists of a
left B-bialgebroid (Hp,sr,tr, A, €r) and a right C-bialgebroid (Hg, Sg, tr, Ar, €r), such
that their underlying algebra H is the same. The antipode S : H — H is a linear map.
Let ur, : H®s, H — H be the B-ring (H, s;) product induced by sy (where the tensor
product ®;, means: hsr(b) s, b = h®;, sp(b)h), and pg : H®,, H — H be the C-ring
(H, sgr) product induced by sg, such that all the structures above satisfy the following
axioms:
(1) SLOELOtR:tR, tLOELOSR:SR7 SROEROtL:tL7 tROEROSL:SL.
(11) (AL ®C ’ldH) OAR = (ZdH Xp AR) OAL and (AR Xp ZdH) ©) AL = (ZdH ®C AL) OAR.
(iii) For be B, ce€ C and h € H, S(t.(b)htg(c)) = sr(c)S(h)sL(b).
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(iv) pro (S®pidy) oA = sgoeg and pgo (idy ®c S)o Ar = sp o€y,

Remark 6.5. We can see axiom (i) makes the coproduct Ay (Ag resp.) into a C-bimodule
map (B-bimodule map resp.), so that (ii) is well defined. The axiom (ii) makes H both a
H-Hpr bicomodule and a Hg-H bicomodule, since the regular coactions A, and Ag
commute.

In order to make sure axiom (iv) is well defined, we need axiom (iii), where S ®p H :
H®p H— H ®,, H maps the tensor product ®p into a different tensor product ®s, , so
that p;, makes sense.

Remark 6.6. In particular, given a Hopf algebroid as above (Hp, Hg, S) such that
(1) B=C;
(2) s, = rgr and t;, = sg, with their images belong to the center of H;
(3) the coproduct and counit of Hj, coincide with the coproduct and counit of Hg;

with the help of Remark [6.3] we know that the left and right bialgebroid structures are
compatible with each other. In other words, the right bialgebroid Hp is constructed from
H as in Remark Therefore, axioms (i) and (ii) are satisfied automatically. The
axiom (iii) asserts that S osp = ty, and S oty = s;. We use A and € to denote the
coproduct and counit for both H; and Hg, s to denote s;, = tgr, and t to denote t; = sg.
So (iv) can be written as:

pro(S®pidg)oA=toe, (6.8)
and
piro (idg ® S) o A =soe. (6.9)
A Hopf algebroid of this kind is denoted by (H,s,t, A ¢, S).

From now on we will only consider the left bialgebroids, Hopf algebroids whose underlying
algebra B is commutative and the images of whose source and target maps belongs to the
center. With the help of Remark we have the definition of central Hopf algebroids,
which is a simplification of the Hopf algebroid of Definition [6.4}

Definition 6.7. A central Hopf algebroid is a left bialgebroid (H, s,t, A, €) over an algebra
B, the images of whose source and target maps belong to the center of H, together with
a linear map S : H — H, such that:

(1) For any h € H and b,V € B,
S(t(b)hs(t')) = t(V')S(h)s(b). (6.10)

(2) pro(S®pidy)oA=toeand ugo (idg ®p S) o A =soe,

where py, : HQsH — H is the B-ring (H, s) product induced by s, and ugr : HQ;H — H
is the B-ring (H,t) product induced by ¢.

Let C' be a B-coring. We denote by x : gHompg(C, B) x gHomg(C,B) — A the
convolution product (f x g)(c) := f(cM)g(c¢®), where ¢ ®@p ¢® is the image of the
coproduct of the coring, and gHomp(C, B) is the vector space of B-bimodule maps. In
[6] we know gHompg(C, B) is a B-ring with unit ¢ : C' — B.

In the following we will use lower Sweedler notation for the coproduct of a Hopf
coquasigroup (include Hopf algebra) and upper notation for a Hopf algebroid. Whenever
we say Hopf algebroid, we mean central Hopf algebroid.

We finish this part with an additional notion that we shall use in Section [14.1
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Definition 6.8. Let (£, A,¢,s,t) be a left bialgebroid over the algebra B. An auto-
morphism of the bialgebroid £ is a pair (P, ¢) of algebra automorphisms, ® : £L — L,
¢ : B — B such that:

(i) Pos=soy;

(ii) Pot =toy;

(iii) (P ®p P)o A = Ao d;

(iv) eod=poe.

In fact, the map ¢ is uniquely determined by ® via ¢ = € o ® o s and one can just say
that @ is a bialgebroid automorphism. Automorphisms of a bialgebroid £ form a group by
composition that we simply denote Aut(L). The automorphisms for a right bialgebroid
are given similarly.

Remark 6.9. Here the pair of algebra maps (®, ¢) can be viewed as a bialgebroid map
(cf. [34], §4.1) between two copies of £ with different source and target map (and so
B-bimodule structure). If s, ¢ are the source and target maps on £, one defines new source
and target maps on £ by s’ := so and t' := t o ¢ with the new bimodule structure given
by b, c<, b= s'(b)t'(b)a, for any b,b € B and a € L (see (6.4)). Therefore we get a new
left bialgebroid with product, unit, coproduct and counit unchanged. .
Clearly, from conditions (i) and (ii) ® is a B-bimodule map: ®(b>c<b) = b>, (c) <, b.
Condition (iii) is well defined once conditions (i) and (ii) are satisfied (the balanced tensor
product in (iii) is induced by ¢’ and ¢’). Conditions (iii) and (iv) imply @ is a coring map,
therefore (®, ) is an isomorphism between the original and the new bialgebroids.

7. HOPF—GALOIS EXTENSIONS

In this section we will briefly recall Hopf-Galois extensions, as noncommutative principal
bundles. These are H-comodule algebras A with a canonically defined map x : A®g A —
A ® H which is required to be invertible.

Definition 7.1. Let H be a Hopf algebra and let A be a H-comodule algebra with
coaction §*. Consider the subalgebra B := A" = {h e A| () =b@ 1y} C A
of coinvariant elements and the corresponding balanced tensor product A ®g A. The
extension B C A is called a H-Hopf-Galois extension if the canonical Galois map

X = (m®id)0(id®B5A) AR A — AR H |, a’®Ba»—>a'a(0)®a(1) (7.1)
is bijective.
We can see that this bijective canonical map is dual to the canonical map of a principal

bundle (see Definition , which is why we call Hopf Galois extensions noncommutative
principal bundles.

Remark 7.2. In the following, we shall always implicitly assume that for the Hopf Galois
extension B C A, the algebra A is faithfully flat as a left B-module. This means that
taking the tensor product ® g A with a sequence of right B-modules produces an exact
sequence if and only if the original sequence is exact. Finite-rank, free or projective
modules are examples of faithfully flat modules.

The canonical map x is a morphism of relative Hopf modules for A-bimodules and right
H-comodules (cf. [I]). Both A®p A and A ® H are A-bimodules. The left A-module
structures are the left multiplication on the first factors while the right A-actions are:

(a®pa)d” :=a®pdd and (a® h)d' :=ad, @ hd,, .
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As for the H-comodule structure, the natural right tensor product H-coaction as in ({5.12)):
AN ARA S ARARH, a®d > ag ®d e ®and (7.2)

for all a,a’ € A, descends to the quotient A ® 3 A because B C A is the subalgebra of
H-coinvariants. Similarly, A ® H is endowed with the tensor product coaction, where one
regards the Hopf algebra H as a right H-comodule with the right adjoint H-coaction

Ad:h v hy @ S(hay) b, - (7.3)
The right H-coaction on A ® H is then given, for all a € A, h € H by
3 (a @ h) = ag) ® hey @ agy S(ha) hiy € AQ HR H . (7.4)

Since the canonical Galois map x is left A-linear, its inverse is determined by the
restriction 7 := X\_11®H’ named the translation map,
A

T:X_l H—A®gpA, hw— h™ Q5h~* .
liy0H

The translation map enjoys a number of properties that we list here for later use. Firstly,
it was shown in [5, Prop. 3.6] that,

(idogdor=(r®id)oA, (r1®S)oflipoA = (id®flip)o (6 ®pid)oT .

On an element h € H these respectively read

h<1> ®B h<2>(0) ® h<2>(1) — h(1)<1> ®B h(1)<2> ® h(2) , (75)

h<1>(0) ®B h<2> ® h<1>(1) — h(2)<1> ®B h(2)<2> ® S(h(l)) . (76)

Furthermore, from [0, Lemma 34.4], for any a € A and h, k € H, we have the following:
h<1>h<2>(0) ® h<2>(1) — 1A ® h y (77)

h=*h=*> =¢e(h)la , (7.8)

(hk)<1> ®B (hk,)<2> — k,<l>h<1> ®B h<2>k,<2> , (79)

h(1)<1> ®B h(1)<2>h(2)<1> ®B h(2)<2> — h<1> ®B 1A ®B h<2> , (710)

a(o)a(1)<1> ®B @(1)<2> = 1A ®B a , (711)

for any h,k € H and a € A. Here we also give a proof:

Proof. For ([7.7), applying x o 7 on the right hand side we can get the result directly.
Applying x on both sides of (|7.11)), we get

<1> <2> _ <1> <2> <2>
X(a0an~" ®p an)™") = apan = aw " o) ® a7 )
= a@) ®an = x(1 ®pa),

where the second step uses ([7.7). Since x is bijective, we get (7.11). By applying id4 @ ey
on ([7.7) we can get (7.8). By applying x ® idy on the left hand side of (7.5)) we get

X(h<l> ®B h<2><0>) ® h<2>(1) — h<1>h<2><0> ® h<2>(1) ® h/<2>(2>
=1®ha) ® he
=ha," " he) ™ 0 @ hay™ 0y @ he,
= X(hoy™” ®p he)™) @ he),

where the 1st and 3rd steps use (7.7)), therefore we get (7.5). By applying ids ®p x ! on
both sides of (7.5 we get

h<1> ®B h<2>(0)h<2>(1)<1> ®B h<2>(1)<2> — h(1)<1> ®B h(1)<2>h(2)<1> ®B h(2)<2>‘
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Then by using ([7.11)) on the left hand side we can get (7.10)). Applying the canonical
map to both sides of ([7.9)), the left hand side is equal to 1 ® gh, while the right hand side

is equal to
h<1>g<1>g<2>(0)h<2>(0> ® g<2>(1)h<2>(1> — 1 ® gh7

where is used here. There are other H-comodule structures on A ®g A and A ® H,
which are: for A ®p A the coaction is given by 0'(a ®p d’) := ap, ® d’ ® ay, for any
a®pad € A®g A. For A ® H the corresponding H-comodule coaction is given by
"(a®@ h) == ae ® he @ anyS(hy)), for any a ® h € A® H. It was given in [2] that the
canonical map Y is a right H-comodule map (so is x~!) for this comodule structure. So

for ([7.6)), we have
h<1>(0) ®B h<2> ® h<1>(1) — (5/ o X_1(1 ® h)
= (x ' ®idg) 0 d"(1®h)
=X (1 ® hg) @ S(hq)
= h""” ®p he™ @ S(ha).
]

Two H-Hopf-Galois extensions A, A’ of a fixed algebra B are isomorphic provided there
exists an isomorphism of H-comodule algebras A — A’. This is the algebraic counterpart
for noncommutative principal bundles of the geometric notion of isomorphisms of principal
G-bundles with a fixed base space. As in the geometric case this notion is relevant in the
classification of noncommutative principal bundles, (cf. [19]).

For structure Hopf algebras H which are cosemisimple and have bijective antipodes,
Theorem I of [33] grants additional nice properties. In particular, the surjectivity of the
canonical map implies its bijectivity. Moreover, in order to prove the surjectivity of y, it
is enough to prove that for any generator h of H, the element 1 ® h is in the image of
the canonical map. Indeed, if x(gx ®5 ¢;) =1 ® g and x(h, ®p h]) = 1® h for g,h € H,
then x(grhy @5 hjg,.) = grhux(1 ®p hjg)) = 1 ® hg, using the fact that the canonical map
restricted to 1 ®p A is a homomorphism. Extension to all of A ®p A then follows from
left A-linearity of x. It is also easy to write down an explicit expression for the inverse of
the canonical map. Indeed, one has x 7' (1 ® hg) = grh; ®p h}g,, in the above notation so
that the general form of the inverse follows again from left A-linearity.

In the following we are also interested in Galois objects: given a Hopf algebra H,
a H-Galois object is a H-Hopf-Galois extension of C. These can be thought of a
noncommutative principal bundle over a point. It is well known (cf. [19]) that the set
Galy (C) of isomorphic classes of H-Galois objects need not be trivial. This is in contrast
to the fact that any (usual) fibre bundle over a point is trivial.
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Part 1. Principal fibrations over noncommutative spheres

In this part we use Einstein convention of summing over repeated up-down indices. An
algebra is always an associative algebra and a graded algebra is meant to be N-graded.

8. A FAMILY OF QUADRATIC ALGEBRAS

8.1. General definitions and properties. In [I3] and [I4] there were considered com-
plex algebras Ag generated by two sets of hermitian elements z = (21, z2) = (27, 25),
with A € {1,..., N1} and @ € {1,..., No}, subject to relations

A oA a, B B

— J— [0}
Tyly = 1y Tyly = TyXy,
/3
riry = Rﬁu abah T} = Rﬁu (8.1)

for a ‘matrix’ (R[’}z) Here Rgz € C is the complex conjugates of the R/’}z‘ € C. The class
of relevant matrices R was defined by a series of conditions that we recall momentarily.

The quadratic complex algebra Apg is a graded algebra Ar = ®pen(ARr), which is
connected, that is (Ag)o = C1. Moreover, the quadratic relations of Ag imply that
there is a unique structure of *-algebra on Ag for which the x3 (A € {1,..., N;}) and the
r$ (o € {1,..., No}) are hermitian, 23 = (27)* and x5 = (z§)*. This structure is graded
in the sense that one has f* € (Ag), < f € (Agr), and Ag is the quadratic x-algebra
generated by the hermitian elements 27 and z$ with the relations .

The z}a% for A < p and the 2925 for o < 3 are linearly independent in (Ag), and
generate (Ag)a together with the x7z§. It is also natural to assume that the z§z} are
independent which implies the equations

Rmfwﬁ_5NW (8.2)

which in turn imply that the a:i‘xg‘ are also independent. Finally this implies in particular
that the z2z% with A < g, the 2325 with o < 8 and the z%z] define a basis of (Ag)s
while by definition the elements 27 and the x5 form a basis of (Ag);.

The classical (commutative) solution is given by

(Bo)sys = 3,05

and Apg, is the coordinate algebra over the product RM x R™2. Thus, the algebra Ag is
though to define by duality the noncommutative product of RV x p R™2| that is Ap is
the algebra of coordinate functions on the noncommutative vector space RVt x p RNz,

If we collect together the coordinates, defining the z% for a € {1,2,..., N1 + No} by
) = 27 and 291 = 29, the relations ) with ( can be written in the form

rz’ =R xcxd (8.3)

The R% are the matrix elements of an endomorphism R of (Ag); @ (Ag);. It follows
from (8.2)) that the R matrix is involutive, that is

RP=1I®]I (8.4)

where [ is the identity mapping of (Ag); onto itself. One next imposes that the matrix
‘R satisfies the Yang-Baxter equation

RINUIOR)(RRI)=ITIR)(RRI)(I®R), (8.5)

which then breaks in a series of conditions on the starting matrix Rz\jﬁ in (8.1). By [13]

we have the following property:
31



Proposition 8.1. The Yang-Baxter equation (8.5)) for R is equivalent to the following

( R;\;“Rgf = R(’;\ngfj for indices (a,b,c) = (Aap)

S Ejjﬁﬁf = E;ﬁﬁgﬁ for indices (a,b,c) = (af)) (8.6)
E=oYe! —=pa ..

| 1T, Rgff = Rng,’;u for indices (a,b,c) = (aApf)

and

( R)RY) = R%‘R’B\Z for indices  (a,b,c) = (Auc)
A=, SHASA . .
RWRZZ = RQLP Rﬂz for indices (a,b,c) = () (8.7)
RMNR,) = EgsR’B\Z for indices  (a,b,c) = (Aap)

. Y — A\«
for the matrices Ry, and Ry,

Finally, additional conditions on the matrix Rgfj comes by requiring that both quadratic

clements (z1)? = S04, (#3)? and (22)? = 3202 (2%)? of Ag be central.

Lemma 8.2. If R satisfies the reality condition (8.2)), together with the requirement that
the quadratic elements (x1)* and (x2)? be central, then we have the symmetry conditions:

A8 _ PP p-1\8
Raﬁ - Rgi - Ra)\ - (R ))\Z' (88)
Moreover, the quadratic conditions

A8 S _ AS ppB A8 — RHBRX
Ry, RS, = RO R and R R, = R RL) (8.9)
are equivalent (under (8.8)) to the cubic relations of the Yang—Bazter equations.

Proof. Assume (z;)? = f\vio(mi‘)Q belongs to the center, then we have

N1 Nl

N, Ny
N2, Y A Y ApN\y B v AY PDAB oY
E (z7)°wy = E L1 Xy = E :leﬁyxle = RﬁuRayxTrlxl’
A=0 A=0 A=0 A=0
thus we can conclude

Ny
A
> RIURN =615, (8.10)
A=0
Similarly, by assuming (z3)? belongs to the center we also have

N2
> RYR = 6254, (8.11)
a=0

From the reality condition (8.2)) we know ng — (R™H%" by (8.10) and (8.11)) we get
R = R\ = (R1)?* by considering the ‘transposition’ in the indices \, p (and a, 3

resp.). Moreover, with the help of (8.8) we can clearly replace and (8.7) by .
U

The general solution of these equations was given in [I4] as follows. By setting
Dla _ Pl
Ruﬂ - RBM
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for the endomorphism R = (]/DZZ‘%‘) of R @ R™ one has the representation

R=) A®B. +iy C,®D, (8.12)

with the A, real symmetric N; x N; matrices and the B, real symmetric Ny x N, matrices,
both set taken to be linearly independent; and the C, real anti-symmetric N; x N; matrices
and the D, real anti-symmetric N X Ny matrices (again both set taken to be linearly
independent). Furthermore, they are such that

[Am As] =0, [Ara Oa] =0, [Caa Cb] =0 (813)
[B,,Bs] =0, [B,,D,] =0, [D4Dy]=0 (8.14)
forr;s € {1,...,p} and a,b € {1,...,q}, with normalization condition
Y AA,®B.Bi+ Y CoCh,® DDy = 1y, @ Ly, (8.15)
r,s a,b

a translation of the condition in (8.4))
With the quadratic elements (z,)% = S0, (2))2 and (72)% = S22, (25)? of Ag being
central, one may consider the quotient algebra

AR/ (($1)2 — ]1, (Z‘2)2 — ]l)

which defines by duality the noncommutative product SM—! x z SM2~1 of the classical
spheres S~ and SM~!. Indeed, for R = Ry, the above quotient is the restriction to
SMi=1 x SN2=1 of the polynomial functions on RN V2,

Furthermore, with the central quadratic element 22 = S0 V2 (20)2 = (21)% + (2,)?,
one may also consider the quotient of Ag

AR/ (132 - ]l) .

This defines (by duality) the noncommutative (N; + Ny — 1)-sphere SF* >~ shown in
[T4] to be a noncommutative spherical manifold in the sense of [I1] and [I0].

8.2. Some quaternionic geometry. When N; = N, = 4, explicit solutions for the
matrix Rgl‘j were given in [I3] and [14] by using results on the geometry of quaternions.
The space of quaternions H is identified with R* in the usual way:

H>q =21 +az'e; + 2%y +2%e5 +—— = (2t)= (22" 2% 2°) € RY.  (8.16)

Here ey = 1 and the imaginary units e, obey the multiplication rule of the algebra H:

3
€ap = _5ab + E EabcCe-
c=1

From this it follows an identification of the unit quaternions U;(H) = {q € H|qq = 1}
with the euclidean three-sphere S* = {z € R*; |[z|]* = 3_ (2#)* = 1}.

With the identification , left and right multiplication of quaternions are represented
by matrices acting on R*:

Lyqg:=qdq — Ej(xr) and Ryq:=q¢ — E (x)

For ¢ a unit quaternion, both E; and E_ are orthogonal matrices. In fact the unit
quaternions form a subgroup of the multiplicative group H* of non vanishing quaternions.
When restricting to these, one has then the identification
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that is £ and £, for ¢ € U;(H), are commuting SU(2) actions (each in the ‘defining

representation’) on R*, or together an action of SU(2);, x SU(2)g on R*, with L/R denoting

left /right action. This action is the adjoint one, an action of SO(4) = SU(2), x SU(2)r/Zo.
Let us denote EX = E;'Z for the imaginary units. By definition one has that

3
EfE; =E Ef,  EfEf=-0ul%) cuck;

In the following, it will turn out to be more convenient to change a sign to the ‘right’
matrices: we shall rather use matrices J := EF and J, := —FE_ . For these one has

3
JEdy =0y dE TR = —al+ Y eweE

that is the matrices J= are two copies of the quaternionic imaginary units. Indeed for
these 4 x 4 real matrices J= one can explicitly compute

3
(Jai),w/ = :F((s(méaz/ - 6ay50u) + Z 5ab05bu5cu- (817)

b,c=1

With the identification U;(H) ~ SU(2), when acting on R*, the matrices J= are a
representation of the Lie algebra su(2) of SU(2), or taken together a representation of
su(2)r @ su(2)g. For the standard positive definite scalar product on R?, the six matrices
JE are readily checked to be antisymmetric, *J* = —J=*, and one finds in addition that

—Ltr(JST) = S

Then, the matrices (Jif, J5, J5°) are canonically an orthonormal basis of AZR** ~ R?
considered as an oriented three-dimensional euclidean space with the orientation of this
basis; mapping J= — JF amounts to exchange the orientation. On the other hand, the
nine matrices J; J,  are an orthonormal basis for the space of symmetric trace-less 4 x 4
matrices.

8.3. Noncommutative quaternionic tori and spheres. Referring to the above, we
have explicit solutions for the deformation matrix in (8.12). Firstly, with any vector

u = (u',u? u?) € R® we get antisymmetric matrices

JI=adt g g T o UL =l Fdt s

With this notation, consider the matrix
Ry =0’ 6065 +i(J)) (I35 (8.18)

Clearly, all the commutation relation (8.13)) and (8.14) are satisfied. Thus, with this
matrix, we define Ap as the x-algebra generated by the hermitian elements z7 and 2,
A a € {0,1,2,3}, with relations

A A a B B .«
il = afxy, TETy = Toy, rias = Rﬁuxle (8.19)

But using the action of SO(3) one can always rotate v to a fixed direction u, and in this
case the resulting matrix R has parameters v’ € R and u € R? constrained to

(W)’ +u? =1,

that is they make up a three-dimensional sphere S®. There is in fact a residual ‘gauge’

freedom in that one can use a rotation around the direction U to remove one component
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of the vector u. Thus if u; and Uy are two orthogonal unit vectors (say in the canonical
basis), we get families of noncommutative spaces determined by the matrices

Ry = w6065 +1 (7)) (u'Ji +u?J5)5, (8.20)
and parameters constrained by a two-dimensional sphere P'(C) = S*/S! = S? being
(u®)? + (u)? + (u?)? = 1.

These constructions lead to natural quaternionic generalisations of the toric four-
dimensional noncommutative spaces described in [I1] for which the space of deformation
parameter is P'(R) = S!/Z, = S'.

Indeed, in parallel to the complex case were there is an action of the classical torus
T2, there is now an action of the classical quaternionic torus T3 = U;(H) x U;(H) =
$3 x §* = SU(2) x SU(2) by *-automorphisms of the algebra Apg given as follows.

In view of the commutations of the J, with the J;" for a,b € {1,2, 3}, the mappings
w1 = J, x, xo = Jy xp for a,b € {1,2,3} leave the relations of Ag invariant and
thus define x-automorphisms of the x-algebra Ag. By setting ¢ = ¢° + ¢%, € H*
q"1+ ¢*J; with obvious conventions, one has from last section (right quaternionic) actions
1 = (@1 + ¢¢J])zy and 29 — (91 + ¢5J, )xo of the multiplicative group H* x H* as
automorphisms of the x-algebra Apg,

This induces an action of U;(H) x U;(H) on Ag by restriction to the ¢ € Uy (H) which
passes to the quotient by the ideal generated by the two central elements (z1)* = 3", (27)?,

(22)? =Y (25)? and defines an action of the classical quaternionic torus Uy (H) x Uy (H)
by x-automorphisms of the coordinate algebra

A((T2)R) = Ar/ ((21)? = 1, (22)? — 1)

of the “noncommutative” quaternionic torus (73)z. The action also passes to the quotient
by the ideal generated by the central element (x1)? + (x5)? and defines an action of the
classical quaternionic torus Uy (H) x Uy (H) by *-automorphisms of the coordinate algebra

A(SR) = Ag/ ((21)* + (22)* — 1)
of a noncommutative seven-sphere S%. As we shall see in what follows, when restricting to
the diagonal action of Uy (H) C U, (H) x Uy (H) on A(S%) will result into a SU(2)-principal
bundles St — S} on a noncommutative four-sphere.

9. PRINCIPAL FIBRATIONS

We are going to define natural SU(2)-principal bundles S, — S}, in the ‘dual’ sense of
a coordinate algebra A(S%) on a four-sphere that is identified as the invariant subalgebra
of the coordinate algebra A(S%) on a seven-sphere, for an action of the group SU(2).

9.1. A canonical projection. In parallel with (8.16)) consider the two quaternions
Ty = ahe,, Xy = 15e,,

with commutation relations among their components governed by a matrix Rgﬁ as in
(8.1). Then, when restricting to the sphere S% the vector-valued function

0= (1) (0.1

(W, 9) = l|za|* + [|2a][* = 1
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and thus we get a projection

— 1) (] = ( ) 02)

Ty 1)
that is p = p* = p?. Define coordinate functions Y = Y% + Y*e;, and Y* by

Y4 = ||z||* — ||z and TY = o] (9.3)
so that the projection (9.2)) is written as

=l =5 ('3 1) (9.4

The condition p* = p leads to
YY*+(YH? =1 and Y'Y+ (YH): =1 (9.5)
YY*=Y*Y and Y*Y*=Y'Y* (9.6)

Thus the coordinate function Y4 is central while comparing the first two conditions requires
YY* =Y*Y and that this is a (central) multiple of the identity. A direct computation
translates these to the conditions

_(YO*Yk o Yk*YO) + Ekmnym*yn — 0,
YOV — YRV 4 g YY ™ =0 (9.8)

for k,r,m = 1,2,3 and totally antisymmetric tensor ,.,,, together with
3

D (Y - YRY ) = 0. (9.9)
n=0
Then condition ({9.5) reduces to a four-sphere relation
3 3
DOVEYR L (VI = 1= ) VYR 4 (Y (9.10)
pn=0 pn=0

Being Y? central, these relations also give that both Z o Y'Y and Z o YHY P are
central as well. In view of the relations - the elements Y# generate the x-algebra

A(S%) of a four-sphere S,. This four-sphere S} is the suspension (by the central element
Y1), of a three-sphere S‘;’{ obtained by reducing 1-) to

Zw*w 1= wa* (9.11)
Remark 9.1. Up to the change Y° — —Y?°, the relations ( — are the same as the

relations (2.4)-(2.6) of [10].

Clearly, the coordinate function Y* is hermitian. On the other hand, as we shall see,
the coordinate functions Y** p© = 0,1,2,3, while not hermitian, are not independent
from the Y*’s with the exphclt dependenee determined by the matrix R’\O‘ In fact the

commutation relations are not additional relations but they are determmed by
the R - which gives the commutatlon relations among the starting x’s.

Lemma 9.2. With the definitions in (9.3)) it holds that

_ Y 1vk k.0 0,.k n,..m
= E xhry, Y = 250 — ToT] — EpnmTyT] (9.12)
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and

3
1v0% __ o 1y kx 0,.k k.0 n,.m
Y = E ik, Y = 212y — 2\ Ty + Eppm T Ty (9.13)

Proof. A direct computation. U

9.2. Noncommutative SU(2)-principal bundles. As mentioned, due to the relations
, the elements Y* generate the *-algebra A(S}) of a four-sphere S%. The algebra
inclusion A(S}) = A(S%) is a principal SU(2) bundle in the following sense.

With [¢) the vector-valued function in (9.1)), let the action of a unit quaternion
w € Uy (H) ~ SU(2) on S% be obtained from the following action on the generators:

aullo) = oyu = (720, 9.14)

1w

Clearly, the projection p and then the algebra A(S%) are invariant for this action.

On the other hand, in general the action does not preserve the commutation
relations of the S, and thus not results into an action by *-automorphisms of the coordinate
algebra A(S%). Let us assume this is the case, that is the action preserves the commutation
relations and postpone to later on the study of deformations that meet this condition.

Dually we can also apply the general theory of Section [7] to construct a noncommutative
principal bundle A(S%) € A(S%) with Hopf algebra A(SU(2)). In order to make the
coaction clear, we will use complex coordinate to construct the Hopf Galois extension.

We know the Hopf algebra A(SU(2)) is an unital complex x-algebra generated by
w1, W1, Wy, We subject to the relation w,w; +wstwy = 1. The coproduct, counit and antipode

is given by:
> (5 2)- (% 50 (% 2)
w —Wy Wi —W2 W1
with counit €(w;) = €(@;) = 1, €(ws) = €(W2) = 0 and antipode S(w;) = Wy, S(wq) =
—Ws.

For the coordinate 2/ and 2%, we define
0 1 2, 3 0, 1 2, .3
21 1= +xy€1, Zp =T+ Tjer, 23 i= Ty + Tge1, 24 1= Th+ ThHeq. (9.15)

Or equivalently, x1 = 21 4+ 29e5 and x9 = 23 + z4e9, Where €1, €5 and e3 are Quaternion
basis, with ejes = es.

The coaction 6 : A(SE) — A(S%) @ A(SU(2)) is given by:

w1 )] 0 0

—wy w; 0 0
0: (ZIJZ27Z37Z4) = (2172272372:4) ® 0 0 w1 W9

0 0 —wy w

(9.16)

By exchanging the coordinate we can see that the algebra generated by A(S%) can also
be written as

A(SL) = C[1, 2153 + 2071, — 2124 + 2223, 2171 + 2973, (9.17)

i.e. A(S}) is generated by a := 2(21Z3+ 2073), B 1= 2(—2124 + 2223) and v 1= 2121 + 2275 —
2373 + 247Z4. By direct computation we can see A(S%) is the coinvariant subalgebra of the
coaction 6. Moreover, we have
a=Y" Y, = B=-Y*_Y¥, gy=-Y. (9.18)
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Proposition 9.1. Let the action of SU(2) in - ) be by x-automorphisms of the coordi-
nate algebra A(S%) and let H = A(SU( )) Then the canonical map

X+ AGST) @ ey ASH) = ASH @ H,  x(o/ @) = 1o(p)
1s bijective.
Proof. With |¢) as in (9.1]), one has that
XYl @) [¥)) = @]6(1V) = (b, ¥) @w =1 w.

Since A(SU(2)) is cosemisimple, surjectivity is equivalent to bijectivity (as described in
the Section . More precisely, we can check on the generators that

X(Z1 ®A(S4) 21+ 22 @ q(st) 22 + 23 (st 23 + 24 (st 1) = 1 @ wr.

X(Z1 ®ast) 22 — 22 ®ust) 21 + 23 ® (st 24 — 24 O g5t Z3) = 1 @ wa.
X(Z2 ®@ast) 21 — 21 @ sty 22 + 21 @ q(st) 23 — 23 O (st Z1) = —1 @ Wa.
X(Z2®A(g4 22+21®A(g4)Z1+Z4®A(g4)24+23®Ag4 Z) =1 ®w;.

0

Notice that the Hopf Galois extension we construct above is associated with a *-
structure. In other words, both the Hopf algebra H = A(SU(2)) and the comodule
algebra A = A(S%) are *-algebras, such that the coproduct, counit and coaction preserve

the x-structure, i.e. (x®@%*)oA = Aox, e(h*) =¢€(h) forany h € H, and (*x@*)od = Jo*.
9.3. Connes—Chern characters. Let A be a unital algebra over C and let A = A/C1
be the quotient of A by the scalar multiples of the unit 1. Given an idempotent,

e = (€}) € Mat,(A) e’ =e,

the component chy(e) of the (reduced) Chern character of e is the element of A ® (A)&2*,
given explicitly by the formula

chi(e) = A\ ((e — 3 1) ® e¥?F)
=\ (“)—%5;;’)@62@62---@6%’“. (9.19)
Here ¢;; is the usual Kronecker symbol and the A; normalization constants.
Similarly, for a unitary

U= (U})eMat,(4)  UU*=U"T,

the component chy 1 (U) of the Chern character of U is the element of A ® (A)®@k+D)
given explicitly by the formula

chy 1 (U) = <y®U*®U®U*®---U®Ui—U*®U®U*®U~--®U*®l[>
2(kt 1) 2(kt1)
—n (U eUleUie- oUE — Ul e U (9.20)

with A\, again normalization constants.
The crucial property of the components chy(e) or ch, 1 (U) is that they define a cycle

in the (b, B) bicomplex of cyclic homology [9], [23], that is
Bchg(e) = bchyyq(e) or Bchy, s (U) = bcthr%(U) (9.21)

where b is the Hochschild boundary operator and B is the Connes boundary operator.
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For a noncommutative spherical manifold [I1], [I0], one asks that the components of
the character vanish but a top one that, due to (9.21)) is then a (non zero) Hochschild
cycle and plays the role of the volume form for the noncommutative manifold. Specifically,
in even dimensions, for n = 2m one asks

chi(e) =0, forall k=0,1,...m—1, (9.22)
and ch,,(e) (with bchy,(e) = 0 from (9.21))) is the volume form. Similarly, in odd

dimensions, for n = 2m + 1 the vanishing condition becomes
Chk+%(U):0, forall k=0,1,...m—1, (9.23)
and Chm+%(U) (with bchm+%(U) = 0 from (9.21f)) is the volume form.

9.4. Volume forms. We have already observed that the unit radius conditions in
requires that the ‘quaternion’ Y = Y% + Y*e;, be such that YY* =Y*Y € 1, ® A(S%)
(in fact be in the centre of A(S%). An important role is played by the components of the
Connes—Chern character in cyclic homology of Y,

chi (V)= (Y @Y - Y*®Y) (9.24)

and
ch%(Y):<Y®Y*®Y®Y*—Y*®Y®Y*®Y>. (9.25)
Here ( - ) indicates the partial matrix trace over My(C), thinking of H as a subset of
M (C). We know that when ch 1 (Y) = 0 the element chs (Y) is a Hochschild cycle which
gives a volume element for the three-sphere S% obtained by the unitarity conditions
YY*=Y*Y = 1,.
On the other hand, for the projection p in ((9.4) one has at once that

cho(p) = ((p— 1 1)) = 0.

Moreover, being the four-sphere S%, the suspension by the central element Y of the three-
sphere S%, the vanishing ch 1 (Y) = 0 would also imply the vanishing of the component

chy(p) (cf. [I0, Theorem 2]), where
chi(p) = ((p — 5 1) @ p™*).

Then, similarly to before, the element chy(p) = <(p — % ) ® p®4> is a Hochschild cycle
which gives a volume element for the four-sphere S%.
We see that the vanishing ch% (Y) = 0 makes both the sphere S% as well as its suspension

sphere S%, noncommutative spherical manifolds in the sense of [I1], [10].

9.5. An analysis of the x-structure. Due to relation , one expect the elements
Y a=0,1,2,3, to be expressed in terms of the elements Y* a = 0,1,2,3. This fact
requires conditions on the possible deformation matrix R, while giving nicer properties
for both spheres S}, and S%. Indeed, they becomes spherical manifolds as mentioned at
the end of previous section. A direct computation shows that the vanishing Ch%(Y) =01is

equivalent to the condition

3
YT RY! - YrRY™) =0. (9.26)

p=0

One has then the following
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Lemma 9.3. [10, Lemma 2] The condition (9.20)) is satisfied, that is ch%(Y) =0, if and
only if there is a symmetric unitary matriz A € My(C) such that

= A" Y'Y v =0,1,23. (9.27)
In turn, the condition Ch%(Y) = 0 is left unchanged by a linear change in generators as
YH—uSt,Y" (9.28)

with u € U(1) and S € SO(4) a real rotation. Under this transformation, the symmetric
unitary matrix A in (9.27) transforms as

A u? STAS. (9.29)

Then it can be diagonalized by a real rotation S and with a further normalization (by a
factor u € U(1)) it can alway be put in the form

1 0 0 0
0 € 0 0

A=1o0 0 e= o | (9:30)
0 0 0 ¢

for suitable angles 6y, 05,05 (see [10] §2]).

10. THE QUATERNIONIC FAMILY OF FOUR-SPHERES

Let us now consider the quaternionic deformations mentioned in section governed
by the deformation matrix in (8.20) and in particular the noncommutative seven-sphere.
As we have seen, there is a compatible action of U;(H) x U;(H) by *-automorphisms
of the corresponding coordinate algebra. Then for the action in we may take the
diagonal action by w = w® + w, € Uy (H) — w1+ w*J; € SU(2), written explicitly on
generators as x; — (w1 + w?J; )xy and o — (W1 + wJ; )xs

Proposition 10.1. Given the commutation relations for the x’s for the matriz (8.20)),
one has Y = A", YV for A € My(C) a symmetric unitary matriz given explicitly by:

Yy 0x u® + iut iu? Yo
Yy u® + jut iu? y!
(YQ*) = ( iu2 u — iul) <Y2) . (10'2)

Proof. A comparison with the matrices (8.17) shows that 1Y = (J¢)u\ x327 for a =
0,1,2,3, with J9 = 1. This allows one to write 3V = (J“) ,\:c1x2 = (J¢)ar RS alat
Then, with the R matrix in (8.20]), a direct computation of (9.13)) yields

and

%Ya* (T2 )an BM $§$1
= (W JF =i I TSI —1u2J2+J+J+) ah
=1 (WY — i JY I —iu J;Y“Jfr),
from which one gets the explicit expressions in and . O
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With the x-structure of the previous proposition one shows that none of the generators
is normal, that is Y#*Y*# £ Y*Y#* while the condition (9.9)) is automatically satisfied. On
the other hand, the commutation relations and (9.8) can be written as:

(u® + iul)(YlYo —YoYh + i (YY? - YY?) =0

(u® — i) (VY2 - Y2Y?) + i (Y3Y!' - Y?Y?) =0
u’(Y?Y?° YOYQ) i (VY3 4+ Y3y 4 i (Y YO Y3Y?) =0
W(Y3YT - VIV — i (YOY? + VYO + il (Y'Y Y2Y3) =0
YY) YY) + i (VY YY) + i (Y- (YH)?) =0
Y =YY + i (YOYP + YPYO) + i (Y Yo)z) =0.

For the structure A in (10.1)) and (10.2), the matrix
0 5ol 2
p fu” +1u 1
A= ( iu? u® —iul) (10.3)

being symmetric and unitary, can be diagonalized by a real rotation S: one finds eigenvalues
A = u® +iy/(u)? + (u?)? = u® +iy/1 — (u0)2. With a further normalization by the
factor u® —iy/(u)? + (u?)? € U(1), the matrix A’ can be put in the form

1 0
<O 616’) ) (104)
and a direct computation gives:
0 ; 12 2)2
. + +
e = L T (W)* + ()" _ (v +iy/(u')? + (u2)2)2.

u® — 1 (u1)2 + (u2)2

The sphere S}, = Sj is then (isomorphic to) a #-deformation, as the one introduced in [11]

(10.5)
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Part 2. On the Gauge group of Galois objects
11. THE GAUGE GROUPS

In [5] gauge transformations for a noncommutative principal bundles were defined to be
invertible and unital comodule maps, with no additional requirement. In particular they
were not asked to be algebra morphisms. A drawback of this approach is that the resulting
gauge group might be very big, even in the classical case; for example the gauge group
of the a G-bundle over a point would be much bigger than the structure group G. On
the other hand, in [2] gauge transformations were required to be algebra homomorphisms.
This implies in particular that they are invertible.

In the line of the paper [2] we are lead to the following definition.

Definition 11.1. Given a Hopf-Galois extension B = A« C A. Consider the collection
Auty(A) :={F € Homyn (A, A)| F|g € Aut(B)}, (11.1)

of right H-comodule unital algebra morphisms of A which restrict to automorphisms of
B, and the sub-collection

Autye, (A) :={F € Auty(A)| F|p =idg}. (11.2)
of ‘vertical” ones, that is that in addition are left B-module morphisms.

Thus elements F' € Auty(A) preserve the (co)-action of the structure quantum group
since they are such that 6o F' = (F ®id)é* (or F(a)e ® F(a)q, = F(aw) ® aq)). And if
in Aut,e.(A) they also preserve the base space algebra B. These will be called the gauge
group and the vertical gauge group respectively: in parallel with [2, Prop. 3.6], Auty(A)
and Aut,.(A) are groups when B is restricted to be in the centre of A by the following
proposition:

Proposition 11.2. Let B = A®" C A be a H-Hopf-Galois extension with B in the
centre of A. Then Auty(A) is a group with respect to the composition of maps

F-G:=GoF
for all F,G € Auty(A). For F € Auty(A) its inverse F~' € Auty(A) is given by
Fl:=mo((Flp) ' ®id) o (m®id)o (id® F ®pid) o (id ® 7) 0 6* (11.3)
where T 1is the translation map, that is for all a € A,
F~Y(a) == (Flp) ™ (a@ Flan ")) an ™ . (11.4)

In particular the vertical homomorphisms Autye,(A) form a subgroup of Autg(A).

Proof. The group multiplication is clearly well defined with unit the identity map on A.
Next, we compute that somewhat ‘implicitly’, ae, F(a,,~">) ®p aq,=>> € B ®p A. Indeed

(64 @p ida)(ae Flan ™) ©p aq)™) = oo F(an ™ )0 @ ama Flan™ o @5 am ™
= apF(ae ™" ) ® anae ™" 0 @p ap ™
= a0 F(a0)™"7) ® awS(apn) ®5 a@ e ™
= 0 F(an)~") @ 1y ®p an) =™,
where the 2nd step uses that F' is H-equivalent map, the 3rd step uses ; since 64 is

right B-linear, everything is well defined. Now, being B the coinvariant subalgebra of A
for the coaction, we have the exact sequence,

i A_id 4 ®i
0 — B - A Y7Qdn popg
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And, since A is faithful flat as left B-module, we also have exactness of the sequence,

iQpi 54 —id A ®id id
0— By A 2 Agy A0 YO

Thus, the equality (04 ®pida)(awF(an, <) @p au <) = ag Flaq,<) @ 1y @p aq,<>>
shows that a., F(am <) ®p ay,~>> € B®@p A and thus F~! in (11.4) is well defined. Let
us check that F~! is an algebra map:
F~(ad") = (F|p) ™" ((ad) 0 F((aa'),=7)) (aa’) )"
= (Flp) (awd o F(d' ") Flaq"")) )y <> ag, <>
=F(a)F(d),
where the 2nd step uses (7.9), and the last step uses the fact that o', F'(d’ )" )®pal,, <> €

(1)
B ®p A and B belongs to the centre of A, thus F'~! is an algebra map. Also for any

be B, F71(b) = (F|g)~'(b), so F7!|5 € Aut(B). Then, for any a € A

F*1<F(a)) = (F|B)*1 (F(a)(O)F(F(a)(1><1>>) F(a)(1)<2>
= (F|)" (Flaw) Flaw=")) ag)™
= (F|B)71 (F(a(o)a(1)<1>)) CL<1)<2>

a?

where the 2nd step uses the H-equivariance of F', and the last step uses ((7.11)). Finally,
F(F~a)) = F((F|B) " (an Flan="))an, ")

= ag Faw™")F(aq™")

= a.

Thus F~! is the inverse map of F' € Auty(A). The map F~! is H-equivariant as well so
it belongs to Auty(A). Indeed, for any a € A we have

A @ agy = F(F~'(a)) o @ F(F(a))o = F(F(a)e) ® F~'(a)q),

where the last step uses the H-equivariance of F'. Applying F~! ® idy on both sides of
the last equation we get

F~ Y aw) ® agy = F'(a)o ® F~'(a)q

so F~! is H-equivariant. We conclude that Auty(A) is a group.
As for the vertical automorphisms, clearly Aut,..(A) is closed for map compositions and
one sees that F~! € Auty,(A) when F € Autye,(A). Thus Aut,.,.(A) is also a group. 0O

Remark 11.3. A similar proposition was first given in [2], for a Hopf algebra H which is
a coquasitriangular Hopf algebra, and A is a quasi-commutative H-comodule algebra. As
a consequence, B belongs to the centre of A. In the present paper, we only require B to
belongs to the centre of A without assuming H to be a coquasitriangular Hopf algebra.

For the sake of the present paper, where we are concerned mainly with Galois objects,
and seek to study their gauge groups with relations to bisections of suitable groupoids,
there is no restriction in assuming that the base space algebra B be in the centre.

12. EHRESMANN—SCHAUENBURG BIALGEBROIDS

To any Hopf-Galois extension B = A“H C A one associates a B-coring [6], §34.13]
and a bialgebroid [0, §34.14]. These can be viewed as a quantization of the gauge or

Ehresmann groupoid that is associated to a principal fibre bundle (cf. [27]).
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12.1. Ehresmann corings. The coring can be given in few equivalent ways. Let B =
A®°H C A be a Hopf-Galois extension with right coaction §4 : A — A ® H. Recall the
diagonal coaction ([7.2)), given for all a,a’ € A by

S AR A ARARH, a®d = ag ®d e ®ayd,,
with corresponding B-bimodule of coinvariant elements,
(A ® A)COH = {a ® EI, - A ® A, a(o) ® &(0) ® a(l)&(l) =a ® d ® 1H} (121)

Lemma 12.1. Let 7 be the translation map of the Hopf-Galois extension. Then the
B-bimodule of coinvariant elements in (12.1) is the same as the B-bimodule,

C={a®acARA: aph®T(an)a=a®a®pla}. (12.2)
Proof. Let a®@a € (A® A)®. By applying (id4 ® x) on ap, ® an, "> @p au,<*>a, we get
) @ )~ a0) ™ 000 ® am ™ @)da) = Ao ® Ao ® awda
=a®a®ly=a® x(a®p 1)
= ([da ® x)(a®a®p 1a),

where the first step uses ([7.7)). This shows that (A ® A)°H C C.
Conversely, let a ® a € C. By applying (ida ® x™1) on aq) ® d) ® an)aa) and using the
fact that x ! is left A-linear and (7.9)), we get

~ ~ 1 1 2>~ 2 1 2>~
Aoy @ Aydy~ "am~" ®p any~ 4w~ = ag ® an~ T @ ag)~a

=a®a®pla
= ([da@x)(e®a®ln),
where in the first step (7.11)) is used. This shows that C C (A ®@ A)«H. O

We have then the following definition [6, §34.13].

Definition 12.2. Let B = A®f C A be a Hopf-Galois extension with translation map

7. If A is faithful flat as a left B-module, then the B-bimodule C in ([12.2)) is a B-coring
with coring coproduct

Ala®a) = ap @ 7(aw) ®a = ae ®ay™" @pay™ @4, (12.3)

and counit
e(a® a) = aa. (12.4)

By applying the map m4 ® idy to elements of , it is clear that aa € B. The above
B-coring is called the Fhresmann or gauge coring; we denote it C(A, H).

Whenever the structure Hopf algebra H has an invertible antipode, the Ehresmann
coring can also be given as an equaliser (see [18]). Indeed, let H be a Hopf algebra
with invertible antipode. And let B = A®H C A be a H-Hopf-Galois extension, with
right coaction 4 : A - A® H, a — §4(a) = a, ® any. Via the inverse of S one has
also a left H coaction 4§ : A — H® A, 46(a) :== S (an) ® ap,. One also shows that
B:=HA={be A|*5(b) =1y ®b}. Using the left B-linearity of 6* and the right
B-linearity of 4 one has a B-bimodule,

AT OHA = ker(64 ®@ idy — idy ® 46)
= {CL ®a € A ® A Qo) ® A1) RKRa=a® Sil(&(U) 0% d(o)} (125)

Lemma 12.3. The bimodule A™ 1A is the same as the bimodules C and (A ® A)<H.
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Proof. Let a ® @ € C. Then, by applying (idy ® idy ® ma) o (idx ® 46 ® id4) on
Ay ® amy<” @pagy”a=a®a®@p 14 we get, for the left hand side,

—1 <1> <1> <2>~ —1 <1> <2>
Aoy @S (a0 1) ® a0y~ (000" = g @ ST (S(amw)) ® auye = au e " a

= ap ® an) I a,

using in the first step and in the second one. As for the right hand side, we get
a® S ay,) ® . Thus ag ®@aq ®a=a® S Hay) ® au), and a®@a € AFOFA.

Conversely, assume a ® a € A OPA. By applying (id4 ® idg ® m4) o (idq @ 7 @ id4)
on ap ®aq ®a=a® S_l(&(1>) ® ay, we get

) @y Qp aw Y a=a® S (aw)™"” @p S (aa) " dw). (12.6)
Now, using (|7.7) in the second step, we have
X(S7H(aw)™ @5 S Haw) ™ aw) = S~ aw) ™S aw) ™ 0w © S~ (aw) ™ oo

=Gy ® S (ae)de =a® 1= x(a®p 1a),

From this S™(au,)<"> ®p S~ (a4))<* e = @ ®p 1 which, when substituting in the right
hand side of (12.6) yields ay) ® ay)<"” @pan,""a=a®@a®p1ls. Thusa®aecC. O

Finally the coproduct ((12.3]) translates to the coproduct on A” [0#A written as,
Ala®a) =a®7(S™ (aw)) ® d), (12.7)

The Ehresmann coring of a Hopf-Galois extension is in fact a bialgebroid, called the
Ehresmann—Schauenburg bialgebroid (cf. [6, 34.14]). One see that C(A, H) = (A ® A)*~H
is a subalgebra of A ® A%; indeed, given a ® a,a’ @ @' € (A ® A)®°H, one computes
0484 (ad' ®a'a) = a0’ )@ 0G0y ® )0 1) ()G = A0)@' BT Ao @Gy = ad'®AaR 1.

Definition 12.4. Let C(A, H) be the coring of a Hopf-Galois extension B = A“H C A,
with A faithful flat as a left B-module. Then C(A, H) is a (left) B-bialgebroid with
product

(a®a)ecam (0 ®@ad') =ad ®da, (12.8)

foralla®a, d ®a € C(A,H) (and unit 1 ® 1 € A® A). The target and the source maps
are given by

t(b)=1®b, and s(b)=0® 1. (12.9)

We refer to [0, 34.14] for the checking that all defining properties are satisfied.

12.2. The groups of bisections. The bialgebroid of a Hopf-Galois extension can be
view as a quantization (of the dualization) of the classical gauge groupoid (see Example
, of a (classical) principal bundle. Dually to the notion of a bisection on the classical
gauge groupoid there is the notion of a bisection on the Ehresmann—Schauenburg bial-
gebroid. And in particular there are vertical bisections. These bisections correspond to
automorphisms and vertical automorphisms (gauge transformations) respectively.

Definition 12.5. Let C(A, H) be the left Ehresmann—Schauenburg bialgebroid associate
to a Hopf-Galois extension B = A“H C A. A bisection of C(A, H) is a unital algebra
map o : C(A, H) — B, such that 0 ot = idg and 0 o s € Aut(B).

In general the collections of all bisections do not have additional structure. As a

particular case that parallels Proposition we have the following.
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Proposition 12.6. Consider the left Ehresmann—Schauenburg bialgebroid C(A, H) asso-
ciate to a Hopf-Galois extension B = A°? C A. If B belong to the centre of A, then the
set of all bisections of C(A, H) is a group, denoted B(C(A, H)), with product defined by

o1 * JQ(CL X EL) = (0’2 o 3) (01(a(0) R a(1)<1>)) 0'2(61(1)<2> ® d),
= 02 (01 (a(0> & CL(1)<1>) a(1)<2> ® &)
= 02(01((a® ) (a® @) (12.10)

for any bisections o1, o9 and any element a ® a € C(A, H). The unit of this group is the
counit of the bialgebroid. And for any bisection o, its inverse is given by

c N a®a) = (00s) " (ac(de @ am~") au~>). (12.11)
Here (00 s)7! is the inverse of 0 o s € Aut(B).

Proof. The second equality in ((12.10]) follows from the fact that bisections are taken to
be algebra maps. The expressions on the right hand side of ((12.10) and (12.11} are well
defined. For any bisection o and any b € B, a € A the condition ¢ ot = idg yields:

o(aw ® aw~7 b) an)™ = o(aw ® aq,™7) ban, ™. (12.12)
As for the multiplication in (12.10)): for bisections oy, 09 and any b € B, we have
o1 % 03(8(b)) =01 %x02(b® 1) = 09(s(01(b®1))) = (020 8) o (a7 0 5)(b).

Being both o 05 and 05 0 s automorphisms of B, we have (0 *x03) 0os € Aut(B). Similarly
one shows that oy x5 (t(b)) = b for b € B, that is (o1 %03)ot = idg. Also, the multiplication
is associative: let oy, 0q, 03 be bisections, and let a ® @ € C(A, H). From

(A ®pideam) o A)(a®a) =ag ®an™ Qpan™ @ap™" ®pae™" ®a,
we have (using in the second step that o3 o s is an algebra map):
(o1 % 02) x 03)(a ® @)
= (03035) ((02 o s5)(01(ap ® aw, 7)) o2(a ™ @ a<2><1>)> o3(ae ™ ®a)

= (0305) <(U2 °© 3)(01(a<0) ® a(1)<1>))> (030 5)(‘72(a(1><2> ® a<2><1>)) o3(ap ™ ®a)
= ((02 x 93) 0 8) (01 (a00) @ ay ™)) (02 * 03) ()™ @ @)
= (01 % (0% 03))(a®a).
The assumption that B belongs to the centre of A implies that the product o; % o9 is an
algebra map. Indeed, for ¢ ® a and o’ ® @’ € C one has,
o1 % oa(ad’ ® d'a)
= (02 0 t)(01((aa)’ o) ® (ad')1,="7)) (o2((aa’), ™ ® @'a))
= (02 0t)(01(a ' 0, ® d'o)"aw, 7)) (02(an, " d' )™ ®@ @'a))
= (02 0t)(01(ap ® am ")) (o2 0 t)(01(a' o) ® a'y"")) (02(a' )™ ®@ &@))(02(a)** @ @))
= (O'l * (72)(@ X &) (0'1 * UQ)(CZI & &’)
The 2nd step uses ([7.9)), the 3rd step uses the fact that oy and o are both algebra maps,
the last step uses that B belongs to the centre.

Thus oy * 05 is a well defined algebra map. Next, we check € is the unit of this

multiplication. Firstly, since B is taken to belong to the centre of A the counit € is an
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algebra map. Indeed, for any a ® a € C(A, H),

° (E(aw) ® a<1><1>>)0(a<1)<2> ® a)

)
) (awan ™) o(aq ™ ®@a)

and for the last equality we use aya,,~'"” ®p a1),=>> = 1 ®@p a. Thus € is the unit.

Next, let us check that the inverse of a bisection o as given in (12.11), is well defined.
The quantity ac(ae, ® aq,<">)aq, <>, the argument of (o o s)™! in, belongs to B.
Indeed, with §4 the coaction as in one has

5 (a0 (@) ® aw =" )i ™) = aw 0 (de © dn =) (@ <2>) © ® an(@m ™))
= )0 () @ )~ )au) =" ® au)a(a)
= a0 (A0)0) ®@ Aoy~ )y~ ® anyaq,
= ao(aw) ® any~'")an ™ @ 1g,

where the 1st step uses that o is valued in B, the 2nd use , the last one uses ((12.1]).
And for any b € B, 07!(s(b)) = (0 05)7'(b), so 67 os = (0 0s)”! € Aut(B); also

o7 (b)) =(cos)Ho(b® 1)) =(cos)((cos)(b))=b,s00 ot =idg.

Next, let us show o~ is indeed the inverse of 0. For a ® a € C, we have

(c7'x0)(a®a)

= (0 08)(0 ap ®an,™7)) o(an,™> ®a)
=(cos ( g0 5) " (a0 (a0 @ a<1><1><1><1>)a(1><1><1)<2>)) o(an™ ®a)
= apo(an "0 ®an" 0" )aw 0 olan, " ®a)
= )0 (ap) """ ® S(an) <) S(an) ™ olap " @ a)
= a0 (ae "7 ap " ®aS(aw) ™) S(aw)™>

agpaS(an)~"S(aw)™
= ad
=e(a®a),
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where the 4th step uses (7.6[), the 5th step uses that B belongs to the centre of A, the 6th
and Tth steps use ([7.§]). On the other hand,

(cxo N a®a) = (07" os)(o(aw @ an)) o ay, ™" ®a)

= (0 05) 7 (0(aw ® an" )) (0 08) Haw > 0(dw @ a7 )an )
= (0 05)  (o(awae ® an =" am ™) an) " aw"*)

=(0os)” 1(0((aa )o) @ (aa)a)™ 1>> (a@)q ™)

= (00s5) Ho(aa®1))
= (0o0s) ' ((c0s)(aa))
=e(a®a),

where the second step uses o~ 1(s(b)) = (0 0 s)~!(b), the 3rd step uses that B belongs to
the centre of A, the 4th step uses ([7.9)), and the 5th step uses that aa € B.
Finally, the map o' is an algebra map:

o (ad @ da) = (0 05) " (ado (@) 0 @ (@) ) (@),
= (oo 5)71(aa/0(d/(o>d<o> ®aw~'"a 21><1>>a2 ><2>a(1><2>)
= (oo s)_l(aa’o( o ® Ga)="7)o(d Q) ® a21)<1>)a21)<2>d(1)<2>)
= (0 0s) Mad'o(@ o) @ al,,"*7)a, " o (Ao © day =" )an )
=(0os)™ (a,0(~/<o> ® a(1)<1>)&§1)<2>a0(&(0) ® C~Z<1><1>)(~1<1><2>)
=(0os)! (a’a(d’ o ® a£1)<1>)a21)<2>) (cos)™! (aa(d(m ® d(1)<1>)d(1)<2>)
=oc Y a®a)o M d ®@d);

the second step uses ([7.9)), the 3rd step uses ¢ is an algebra map, the 5th one uses that
the image of o and d’o (@’ o ® @' 1,<'>)a@’1,"*> are in B, which is in the centre of A. [

Remark 12.7. Having asked that bisections are algebra maps, they are B-linear in the
sense of the coring bimodule structure in . That is, for any bisection ¢ and b € B,

o((a®a)<ab) =o(t(b)eca®a) =o(a®a)o(t(h)) =ola®a)b
and
o(b>(a®a)) =o(s(b)sca®a) =o(a®a)o(s(b)) =o(a®a)(oos)(b).
Among all bisections an important role is played by the vertical ones.

Definition 12.8. Let C(A, H) be the left Ehresmann—Schauenburg bialgebroid associate
to a Hopf-Galois extension B = A®f C A. A wertical bisection is a bisection of C which
is also a left inverse for the target map s, that is 0 o s = idp.

Then the following statement is immediate.

Corollary 12.9. Consider the left Ehresmann—Schauenburg bialgebroid C(A, H) associate
to a Hopf-Galois extension B = A« C A. If B belong to the centre of A, then the set
Buer(C(A, H)) of all vertical bisections of C is a group, a subgroup of the group of all
bisections B(C(A, H)), with the restricted product given by

01 * 0—2(a X C~L) = 01((1(0) X a(1)<1>) 0—2((1(1)<2> X Zl) (1213)
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for any vertical bisections o1, oo. Moreover, the inverse of a vertical bisection is given by

o (a®a) = ao(aw ® 4w ""”) 4w ™ = 0(aw @ 4w, ") aae, . (12.14)

Proof. The right hand side of both ((12.13)) and ([12.14]) is seen to be a vertical bisection. [J

Remark 12.10. We notice that the product (12.13]) on vertical bisections is just the
convolution product due to the second expression for the coproduct in (12.3]),

o1 % 03(a®a) = (01 ®p 02) 0o A(a ® a)
=o1(ap ®aw,") o2(an, " ® a). (12.15)

We show directly that the product in ([12.15)) is well defined, Indeed, for b € B we have

a1(ae ® aq)='7 b) 02(a0),** ®@ @) = o1 ((ap) ® aq,="”) e¢ (1@ b)) 02(an,* @ a)
= 01(a) ®an~7)o1(1 @ b) oa(an, ™" ®a)
= 01(ap ® any~"7) boz(an™ ®a)
o1(aw ® aq)=7) oa(b® 1) 02(an,"* ® a)
( )

= o1(ae ® an,""7) o2(bay, ™ ®a)

with the 4th step coming from o being vertical.

12.3. Bisections and gauge groups. Recall the Definition and the Proposition|[11.2
concerning the gauge group of a Hopf-Galois extension. We have the following results.

Proposition 12.11. Let B = A“" C A be a Hopf-Galois extension, and let C(A, H)
be the corresponding left Ehresmann—Schauenburg bialgebroid. If B is in the centre of
A, then there is a group isomorphism « : Auty(A) — B(C(A, H)). The isomorphism «
restricts to an isomorphism between vertical subgroups o : Autye,(A) — Buer(C(A, H)).

Proof. Let F' € Auty(A) and define o € B(C(A, H)) by
op(a® a) = F(a)a, (12.16)
for any a ® a € C(A, H). This is well defined since

04 (F(a)a) = (F(a)d)e @ (F(a)a)
= F(a) e @ F(a)uan = F(a)ae @ amdq,
= F((Z)Zl & 1H7
where the last equality use ((12.1)), thus F'(a)a € B. And o is an algebra map, since
or((d ®ad) eciam (a®a)) =or(da®ad’) = F(d'a)ad
= F(d)F(a)ad’ = F(d')(F(a)a)d’ = F(d')d'or(a® a)
= O'F(CL/ X d/)O'F(CL X EL),

where the 5th equality uses that B is in the centre of A. It is clear that op ot = idg and
orpos=F|p € Aut(B). Thus op is a well defined bisection. By the definition (12.16]),

gid,(a®a) =aa =e(a®a)
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and for any a ® a € C(A, H) we have
og*op(a®a) = (op o s)(oalaw ®an™")) or(an,™ @ a)
= 07 (Glaw)an ™ @ 1)) op(an, ™ ® a)
= F(G(aw)an, ") Flag,™")a
= F(G(a(o))a(1)<1>a(1)<2>) a
= F(G(a))a
= o) (a®a)
where the 5th step uses ([7.8)).
Conversely, given a bisection ¢, one can define an algebra map F, : A — A by
Fo-(a) = O'(a(()) ® a<1)<1>)a(1)<2> . (1217)
We have already seen (cf. (12.12) that the right hand side of (12.17)) is well defined.
Clearly F,(b) = (o 0s)(b) for any b € B, so F,|p € Aut(B). Moreover,

Fy(aa') = o((aa’) o) @ (aa’))<7)(aa’) )= = 0(awa’' o @ (aqyd' o))< ) (aya' o)<

<1>) <2>a/<1)<2>

/ / 1
= 0(a)a' 0 ®@d 1)~ aw, "7 )ag,

_ / /o<1> <1> <2> I <2>
=0(d o ®d 1,7 )o(ae @ an) "7 )an, "7 ad

= Iy (a)F,(d),
where in the third step we use . Also, F, is H-equivalent:
Fo(a)o @ Fola)a = ol(ap © an)™7)aw™ o ® aq)™ ¢

= 0(a0 ® aq)"7)an, ™ ®ag)
= Fy(a0) ® aq),

where the 2nd step uses (7.5)), thus F, € Auty(A).

The map « is an isomorphism. Indeed for any a®a € C(A, H) and any o € B(C(A, H)):
o, (a®a) = Fy(a)a = o(ag ® apy~"7)ag, ¥ a=o0(a® a),
where the last step uses (12.2). On the other hand, for any a € A and any F € Auty(A):
Fop(a) = op(aw ® aw)™")aw ™" = Flag)aw ™ an™" = F(a).

Finally, for a vertical automorphism F' € Aut,,.(A), it is clear that the corresponding
or € Buer(C(A, H)), and conversely from o € B, (C(A, H)) we have F, € Autye,.(4). O

12.4. Extended bisections and gauge groups. We have already mentioned that gauge
transformations for a noncommutative principal bundles could be defined without asking
them to be algebra homomorphisms [5]. Mainly for the sake of completeness we record
here a version of them via bialgebroid and bisections. To distinguish them from the
analogous concepts introduced in the previous section, and for lack of a better name, we
call the extended gauge transformation and extended bisections.

In the same vein of [5] we have the following definition.

Definition 12.12. Given a Hopf-Galois extension B = A®H C A. Its extended gauge
group AutSy'(A) consists of invertible H-comodule unital maps F : A — A such that their
restrictions F|p € Aut(B) and such that F(ba) = F(b)F(a) for any b € B and a € A.
The extended vertical gauge group Autt” (A) is made of elements F' € Aut$F'(A) whose
restrictions F'|gp = idg. The group structure is map composition.

In parallel with this we have then the following.
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Definition 12.13. Let C(A, H) be the left Ehresmann—Schauenburg bialgebroid of the
Hopf-Galois extension B = A® C A. An extended bisection is an unital convolution
invertible (in the sense of (12.10)) map o : C(A, H) — B, such that o o ¢ = idp and
oos € Aut(B), which in addition is B-linear in the sense of the B-coring structure on C (cf.
Remark [12.7). That is, o((a®a)<b) = o(a®a)b, and o (b>(a®a)) = oc(a®a) (o 0s)(b).
The set of all extended bisections which are invertible for the product :

(0'1 * 0'2)(61 X Zl) = ( 092 O S) (01(&(0) X a(1><1>)) 02(a<1)<2> & EL) (1218)

will be denote by B**(C(A, H)), while BE*(C(A, H)) will denote those which are invertible

ver
and vertical, that is such that o o s = idg as well.

Lemma 12.14. The product (12.18)) is well defined.

Proof. We need to check that oy x g9 is B-linear in the sense of the definition. Now, for
any a ® @' € C and b € B we have

(o1 %x09)((a®a)<b) = (01 % 09)((a ® ab)

030 5)(01(ae) ® an =) (02(an = © ab))
s)(o1(aw ® aw=*7)) oa((any ™ @ a) <b))
Ja®d)b.

Similarly,
(o1 % 09)(b> (a®a)) =

o1 ° 3)( ) (020 8) (01(aw) @ aw ")) 02(a)™> ® a)
= (01 % 02)(a®a) ((o1 * 03) 0 5)(b).

Were the last step uses the identity ((o7 % 02) 0 s)(b) = (02 0 s)(07 0 5)(b), and the last
but one one the fact that o o s € Aut(B) and that B is in the centre. O

Remark 12.15. We remark that (12.11f) is now not the inverse for the product in ((12.18)
since, in contrast to Proposition [12.6] we are not asking the bisections be algebra maps.

Finally, in analogy with Proposition [12.11| we have the following.

Proposition 12.16. Let B = A®? C A be a Hopf-Galois extension, and let C(A, H) be
the corresponding left Ehresmann— Schauenburg bialgebroid. If B belongs to the centre of
A, there is a group zsomomorphzsm a: Auti'(A) — B=Y(C(A, H)). The isomorphism

restricts to an isomorphism @, : Aut™ (A) — BE(C(A, H)) between vertical subgroups.

Proof. This uses the same methods as Proposition [12.11l Given F € Aut*(A), define its
image as in (12.16)): or(a ® @) = F(a)a. Being B in the centre, for all b € B we have,

or(a®ab) = F(a)ab=or(a®a)b,
or(ba® a) = F(ba)a = F(b)F(a)a = op(a® a) (o o s)(b),

that is, oy ((a®a)<b) = op(a®a) b, and op (bb(a@d)) =oF (a®&) (opos)(b). Conversely,
for o € B (C(A, H)), define its image as in o(aw ®aq,<*)ag,<*>. Then
F,(ba) = o(bay ® ay,~"")aq,~* = (0o s)(b ) ( ) ( ) »(a), due to B in the centre
of A. The rest of the proof goes as that of Proposition [12.11 E minus the algebra map

parts). O
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13. BISECTIONS AND GAUGE GROUPS OF (GALOIS OBJECTS

From now on we shall concentrate on Galois objects of a Hopf algebra H. These are
noncommutative principal bundles over a point. In contrast to the classical result that
any fibre bundle over a point is trivial, the set Galy(C) of isomorphic classes of H-Galois
objects need not be trivial (cf. [4], [19]). We shall illustrate later on this non-triviality
with examples coming from group algebras and Taft algebras.

13.1. Galois objects.

Definition 13.1. Let H be a Hopf algebra, a H-Galois object of H is an H-Hopf-Galois
extension A of the ground field C.

Thus for a Galois object the coinvariant subalgebra is the ground field C. Now if A
is faithfully flat over C, then bijectivity of the canonical Galois map implies C = A«
(cf. [36, Lem. 1.11]) and H is faithfully flat over C since A ® A is faithfully flat over A.
Recall from Section [5| that an (A, H)-relative Hopf module M is a right H-comodule with
a compatible right A-module structure. That is the action is a morphism of H-comodules
such that 6" (ma) = mgae ® maaq, for all a € A, m € M. We have the following [31]:

Lemma 13.2. Let M be an (A, H)-relative Hopf module. If A is faithfully flat over C,
the multiplication induces an isomorphism

Mt o A — M,
whose inverse is M 3 m — mgmy,<"> @ my,<*> € M @ A.

With coaction 64 : A — A® H, §4(a) = an ®a), and translation map 7: H — A® A,
7(h) = h<*> ® h=*>, for the Ehresmann—Schauenburg bialgebroid of a Galois object, being
B = C one has (see also [31, Def. 3.1]):

The coproduct (12.3) and counit (12.4]) become A¢(a ® @) = ap) ® ay)~"” @ ay, "> ® a,
and ec(a ® a) = aa € C respectively, for any a ® @ € C(A, H). But now there is also an
antipode [31, Thm. 3.5] given, for any a ® a € C(A, H), by

SC(CL ® d) = &(O) ® &(1)<1>CLC~L<1)<2> . (133)

Thus the Ehresmann—Schauenburg bialgebroid of a Galois object is a Hopf algebra.
Now, given that C(A, H) = (A ® A)®°H Lemma yields an isomorphism

ARA~CAH)®A, Xla®a) =ap ®au " ®an~>a. (13.4)
We finally collect some results of [31] (cf. Lemma 3.2 and Lemma 3.3) in the following:

Lemma 13.3. Let H be a Hopf algebra, and A a (faithfully flat) H-Galois object of H.
There is a right H-equivariant algebra map 6€ : A — C(A, H) @ A given by

C 1 2
6 (a) = aw ® awy)~” @ au) =

which is universal in the following sense: Given an algebra M and a H-equivariant
algebra map ¢ : A — M ® A, there is a unique algebra map ® : C(A, H) — M such that
¢ = (P ®idy) o dC. Explicitly, ®(a ®a) ® 14 = d(a)a.
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The ground field C being undoubtedly in the centre, for the bisections of the Ehresmann—
Schauenburg bialgebroid C(A, H) of a Galois object A, we can use all results of previous
sections. Clearly, any bisection of C(A, H) is now vertical as it is vertical any automorphism
of the principal bundle A. In fact bisections, being algebra maps, are just characters of

the Hopf algebra C(A, H) with convolution product in (12.13]) and inverse in (12.14)) that,
with the antipode in ((13.3]) can be written as 0! = ¢ 0 Se, as is the case for characters.
From Proposition [12.11| we have then the isomorphism

Autyr(A) ~ B(C(A, H)) = Char(C(A, H)). (13.5)

As for extended bisections and automorphisms as in Section [12.4] we have analogously
from Proposition [12.16[ the isomorphism,

Autt(A) ~ B (C(A, H)) = Char**(C(A, H)), (13.6)

with Char®*(C(A, H)) the group of convolution invertible unital maps ¢ : C(A, H) — C.

13.2. Hopf algebras as Galois objects. Any Hopf algebra H is a H-Galois object
with coaction given by its coproduct. Then H is isomorphic to the corresponding left
bialgebroid C(H, H).

Let H be a Hopf algebra with coproduct A(h) = h, ® h,. For the corresponding
coinvariants: hg) ® hoy = h® 1, we have €(hq)) ® he) = €(h) ® 1, this imply h = €(h) € C
and H®H = C. Moreover, the canonical Galois map x : g ® h — ghg, ® h, is bijective
with inverse given by x (g ® h) := g S(hu)) ® hyy. Thus H is a H-Galois object.

With A = H, the corresponding left bialgebroid becomes

CH H)={9g®he HR®H: gu @hy ®gahe=9@0h®1y}
={9®he HR®H: g4 ®5(9e) ® goh =9 @ h® 14} (13.7)

We have a linear map ¢ : C(H,H) — H given by ¢(g ® h) := ge(h). The map ¢ has
inverse ¢! : H — C(H, H), defined by ¢~ '(h) := hy, ® S(h,). This is well defined since

AT (hgy @ S(hey)) = hay @ S(ha) @ heyS(he) = hay @ S(he) © 1a,
showing that h, ® S(hy) € C(H, H). Moreover,
$(67' (h)) = d(hay @ S(he)) = h,
and
¢~ (d(g® h)) = e(h) ¢~ (g9) = €(h) gy ® S(gz) = g ® h.

Here the last equality is obtained from the condition g4, ® S(¢w) ® gah =g h® 1y
(for any g ® h € C(H, H), as in the second line of (13.7))) by applying idy ® idg ® € on
both sides and then multiplying the second and third factors:

9o @ S(9y) €(gw)e(h) =g @ he(ly) = €(h)gn) ® S(9ge) =g @ h.
The map ¢ is an algebra map:
d((g @ h)ec (9 @N)) =d(gg' @ W'h) = gg'e(h)e(h)

=p(g@h)ecdp(g @N).
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It is also a coalgebra map:

(6 ® ¢)(Ac(g®h) = (6 © ) (g ® g™ ® g™ @ h)
= (¢ ®¢)(90) ® S(9e2) ® gis) ® h)
= gu) ® gz €(h)
= An(d(g @ h));

cc(g®h) = gh = en(gh) = eu(g)en(h) = enl(p(g ® h)).

13.3. Cocommutative Hopf algebras. We start with a class of examples coming from
cocommutative Hopf algebras. From [31] (Remark 3.8 and Theorem 3.5.) we have:

Lemma 13.4. Let H be a cocommutative Hopf algebra, and let A be a H-Galois object.
Then the bialgebroid C(A, H) is isomorphic to H as Hopf algebra.

Proof. We give a sketch of the proof that uses Lemma Start with the coaction
04 A— A® H, §*(a) = ap @ a), and translation map 7(h) = h<"> ® h<*>. Firstly, the
image of 7 is in C(A, H); indeed, for any h € H, we get
h<1>(0> ® h<2>(0) ® h<1>(1>h<2>(1) — h(1)<1>(0) ® h(1)<2> ® h(1)<1>(1)h(2)
= huy@ ™" @ haye ™ @ S(hao)he
— h<1> ® h<2> ® 1H

where the first step uses (7.5)), and the second step uses ([7.6). While 7 is not an algebra
map, being H cocommutative, it is a coalgebra map. Indeed, for any h € H,

Ac(r(h)) = h™" 0 @ 7(h™7 ) @ K=
=hey ™" @7(S(ha)) @ hey ™
= he)™" ® hg ™ hey ™ T(S(hay)) hey ™ ha ™ @ ey ™
=h ™" @ hey ™ he) ™ T(S(ha)) hey ™ hey ™ ® hay ™
— h(1)<1> ® h(1)<2> ® h(2)<1> ® h<2)<2>
= (r®@7)(Au(h)),

where the 2nd step uses ([7.6): hu) <" ® hpy ™ @ S(hy)) = b~ @ h=*> @ h='>,,, the
3nd step uses twice (7.10): hyy=" @ by hey =" @ hiy) <> = h<"> @ 14 ® h=*>; the 4rd
step uses H is cocommutative: we change the lower indices 2 and 3; and the 5th one uses:
€(h) ® 1a = 7(S(ha)he) = hey ™ 7(S(hw)) b= Also,

ec(r(h)) = <" h<> = e(h)14.

On the other hand, since H is cocommutative, A is also a left H-Galois object with coaction
dr(a) = ay) ® a and bijective canonical map xz(a ® @) = a.) ® aa. The corresponding
translation map is then 7, = 70 S where S = S~! (since H is cocommutative) is the
antipode of H. The map 77, is a coalgebra map being the composition of two such maps
(for S this is the case again due to H cocommutative).

From the universality of Lemma there is a unique algebra map ¢ : C(A, H) - H
such that 6, = (® ®id4) o 6¢; where 6 : H — C(A, H) ® H as in the lemma. Explicitly,
Pla®@a)®@1a=dr(a)a= xr.(a®a)fora®a € C(A, H). Indeed, with the isomorphism
X in , the map @ is such that xy; = (® ®id4) o X, thus is an isomorphism since x,
and X are such. The map ® has inverse ®~! = 7, and thus is a coalgebra map. O
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Consequently, the isomorphisms and for a cocommutative Hopf algebra H are:
Auty(A) ~ B(C(A, H)) = Char(H) (13.8)

and

Aut§t(A) ~ B“Y(C(A, H)) = Char®"'(H), (13.9)
with Char(H) the group of convolution invertible unital maps ¢ : H — C and Char(H)
the subgroup of those which are algebra maps (the characters of H).

13.4. Group Hopf algebras. Let G be a group, with neutral element e, and H = C[G]
be its group algebra. Its elements are finite sums ) A\, g with A\; complex number. We
assume that {g,g € G} is a vector space basis. The product in C[G] follows from the
group product in G, with algebra unit 1¢ig) = e. The coproduct, counit, and antipode,
making C[G] a Hopf algebra are defined by A(g) = g® g, e(g) =1, S(g) =g~ *.

An algebra A is G-graded, that is A = @yeq Ay and AjA, C Ay, for all g,h € G,
if and only if A is a right C|G]-comodule algebra with coaction 6 : A — A ® C[G],
ar— Yy a,® g fora=>a, a, € A,. Moreover, the algebra A is strongly G-graded, that
is AyAp = Ay, if and only if A, = A<CIl¢l C A is Hopf-Galois (see e.g. [29, Thm.8.1.7]).
Thus C[G]-Hopf-Galois extensions are the same as G-strongly graded algebras.

In particular, if A is a C[G]-Galois object, that is A. = C, each component A, is
one-dimensional. If we pick a non-zero element u, in each A, the multiplication of A is
determined by the products uyuy, for each pair g, h of elements of G. We then have

ugup, = Ng, h) ugp (13.10)

for a non vanishing A(g, h) € C. We get then a map A : G x G — C* which is in fact a
two cocycle A € H?(G,C*). Indeed, associativity of the product requires that \ satisfies
a 2-cocycle condition, that is for any g, h € G,

Mg, )A(gh, k) = A(h, k)A(g, hk). (13.11)

If we choose a different non-zero element v, € A,, we shall have v, = p(g)ugy, for some
non-zero /1(g) € C. The multiplication ((13.10) will become v v, = N (g, h)vy, with

N(g,h) = pu(g)p(h)(u(gh)) Mg, h), (13.12)

that is the two 2-cocycles M and A are cohomologous. It is easy to check that for any
map p(g) : G — C* the assignment (g, h) — p(g)u(h)(u(gh))™, is a coboundary, that is
a ‘trivial’ 2-cocycle which is cohomologous to A(g, h) = 1. Thus the multiplication in A
depends only on the second cohomology class of A € H?(G,C*), the second cohomology
group of G with values in C*. We conclude that the equivalence classes of C[G]-Galois
objects are in bijective correspondence with the cohomology group H?(G, C*).

Example 13.5. From [19, Ex. 7.13] we have the following. For any cyclic group G
(infinite or not) one has H?(G,C*) = 0. Thus any corresponding C[G]-Galois object is
trivial. On the other hand, for the free abelian group of rank r > 2, one has

H2<Zr’ (CX) _ (CX)r(rfl)/Q )
Hence, there are infinitely many isomorphism classes of C[Z"]-Galois objects.

Since H = C[G] is cocommutative, we know from above that the corresponding
bialgebroids C(A, H) are all isomorphic to H as Hopf algebra. It is instructive to show
this directly. Clearly, for any u, ® u;, € C(A, H) the coinvariance condition u, ® u;, ® gh =
uy ® up @ 1y, requires h = g~' so that C(A, H) is generated as vector space by elements
Uy @ ug-1, g € G, with multiplication

(ug @ ug-1) 8¢ (up @ up-1) = A(g, R)AR ™, g7 ugh @ wgn)-1, (13.13)
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Lemma 13.6. The cocycle A(g,h) = Mg, h)A(h™t, g7 1) is trivial in H*(G,C*).

Proof. Firstly, we can always rescale u, to A(e,e)u, so to have A(e,e) = 1. Then the
cocycle condition ((13.11]) yields A(g,e) = A(e,g) = A(e,e) = 1, for any g € G. Next,
with ugup = Mg, h)ug, and wp—1ug—1 = A(h™', g7 )uign -1, on the one hand we have
ugupup-1ug-1 = Ag, W)A(h™Y, g7 )A(gh, (gh) " )u.. On the other hand uyupup-1uy-1 =
Mg, g YAk, hY)u.. Thus

Mg, h) = Mg, g~ AR, h=1) /M(gh, (gh) ™)
showing A(g, h) is trivial since A(g, h) = u(g)u(h)(u(gh))~t with u(g) = Mg,¢7). O

Consequently, by rescaling the generators u, — v, = (g, g_l)’% u, the multiplication
rule ([13.10) becomes vyuy, = N'(g, k) vy, with X'(g, h) = A(g, h)’% A(g, h) that we rename
back to A(g,h) from now on. As for the bialgebroid product in ((13.13)) one has,

(Vg ® vg—1) 8¢ (U, ® V1) = Vgn ® V(gn)—1, (13.14)

and the isomorphism @' : H — C(A, H) is simply ®(g9) = 71.(9) = v, @ v,-1.

As in , the group of bisections B(C(A, H)) of C(A, H), and the gauge group
Autgy(A) of the Galois object A coincide with the group of characters on C[G], which
is in turn the same as Hom(G,C*) the group (for point-wise multiplication) of group
morphisms from G to C*.

Explicitly, since F' € Auty(A) is linear on A, on a basis {v, },ec of A, it is of the form

F(vg) =Y falg)vn,
heG
for complex numbers, f;(g) € C. Then, the H-equivariance of F,
F(vg)0) @ F(vg)a) = F(vg0)) @ vg0y = F(vy) ® g,

requires F(v,) belongs to A, and we get f,(g9) =0, if h # ¢ while f, := f,(g) € C* from
the invertibility of F'. Finally F' is an algebra map:

Mg, h) fonvgn = E (Mg, h) vgn) = F(vgon) = F(vg) F(vn) = Mg, h) fo fnvgn,

implies fy, = fyfn, for any g,h € G. Thus we re-obtain that Auty(A) ~ Hom(G,C*).
Note that the requirement F(v, = 14) =1 = F, implies that F,-» = (F,)~".

On the other hand, the group Aut$*(A) and then B**!(C(A, H)) can be quite big. If
F € Aut$*(A) that is one does not require F' to be an algebra map, the corresponding f,
can take any value in C* with the only condition that f. = 1.

13.5. Taft algebras. Let N > 2 be an integer and let ¢ be a primitive N-th roots of unity.
The Taft algebra Ty, [35], is the N%-dimensional unital algebra generated by generators
x, g subject to relations:

N =0, gNzl, zg—qgr =0.
It is a Hopf algebra with coproduct:
Alz) =1@r+r®g,  Alg)=g®g;

counit:

and antipode:

S(z):=—-xg™',  Slg):=g7".



This Hopf algebra is neither commutative nor cocommutative. The four dimensional
algebra T is also known as the Sweedler algebra.
For any s € C, let A, be the unital algebra generated by elements X, G with relations:

XN=s, GN=1, XG-qGX =0.
The algebra A, is a right Ty-comodule algebra, with coaction defined by
X)) =1z+X®g,  (G)=Gay. (13.15)
Clearly, the corresponding coinvariants are just the ground field C and so A, is a Ty-Galois
object. It is known (cf. [26], Prop. 2.17, Prop. 2.22, as well as [32]) that any Ty-Galois
object is isomorphic to A, for some s € C and that any two such Galois objects A
and A; are isomorphic if and only if s = ¢t. Thus the equivalence classes of T-Galois
objects are in bijective correspondence with the abelian group C. For the corresponding
Ehresmann-Schauenburg bialgebroid C(A, Ty) = (Ay ® Ay)@Tv.
Lemma 13.7. The translation map of the coaction (13.15)) is given on generators by
(9) =G @G,
T(2) =10 X - XG'®G.
Proof. We just apply the corresponding canonical map to obtain:
xor(g) =G 'Gog=1®y,
xor(2) =101+ X®g—-XG'Gog=1xx.
as it should be. U
We have then the following:

Proposition 13.8. For any complex number s there is a Hopf algebra isomorphism
O :C(As, Tn) =~ Th.
Proof. 1t is easy to see that the elements
E=X®G ' -1XG!, TI'=GeGt (13.16)
are coinvariants for the right diagonal coaction of Ty on Ay ® As and that they generate
C(As, Ty) = (A; ® A,)°TN as an algebra. These elements satisfy the relations:
EN=0, TVN=1 ZeI'=¢gZecI. (13.17)

Indeed, the last two relations are easy to see. As for the first one, shifting powers of G~*
to the right one finds
N-1
EN=X"R G+ o XN e X' GN + ()Y @ (XGTHY
r=1
N-1
=[XVe1+Y XV T X + (- o XM GV

r=1

for explicit coefficients ¢, depending on g. Then, using the same methods as in [35] one
shows that, being ¢ a primitive N-th roots of unity, all coefficients ¢, vanish and so
EVN=XVN@ G N+ (-1)Y ® (XG™1)N which then vanishes from X" = 0.

Thus the elements = and I' generate a copy of the algebra Ty and the isomorphism @
maps = to z and I' to g. The map P is also a coalgebra map. Indeed,

A(P(T) =Ag) =9®y,
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while, using Lemma [13.7],
Ac(D) =G @Gy 0G,™ @G =G 'eGeG ' =Tal.
Thus (¢ @ @)(Ac(I") = g ® g = A(P(T")). Similarly,
A®(E) =Ar) =10r+r®y,
while, using Lemma in the third step,
Ac(Z)=Ac(X @G —Ac(1® XG™)
= XXX, TG -101010 XG™!
=1lRr"PRI*EI+XQ¢VTRITRICI-1911® XG™!
—1e (18X -XG'e6) 06 +X a6 eGe6 ! - 101810 X6

:1®1®(X@G‘l—1®XG‘1>+(X@G—l—1®XG‘1>®G®G—1
=1=Z+ZET.

Thus (P @ P)(Ac(E)) =1 @2+ 2®g = A(P(Z)). Finally: e(I') = 1 = €(g) and
€c(Z) = 0 = €(x). This concludes the proof. d

The group of characters of the Taft algebra T is the cyclic group Zy: indeed any
character ¢ must be such that ¢(x) = 0, while ¢(g9)" = ¢(¢") = ¢(1) = 1. Then for
the group of gauge transformations of the Galois object Ay, the same as the group of
bisections of the bialgebroid C(Ay, Ty ), due to Proposition we have,

Autr, (A,) =~ B(C(A,, Ty)) = Char(Ty) = Zy. (13.18)

On the other hand, elements F of AutZ!(A,) ~ B“*(C(As, Tv), due to equivariance
F(a)e ® F(a)q = F(aq) ® ag for any a € A, can be given as a block diagonal matrix

F = diag(My, My, ..., My_1, My)

with each M; a N x N invertible lower triangular matrix

1 0 0 . 0 0
b21 anN—-1 0 . 0 0
b3 b3o aN—2 :
Mj N 0 0
bv-11 bn—12 - ay 0
| b b cee bN,N72 bN,Nfl aa |

All matrices M; have in common the diagonal elements a; (ciclic permuted) which are all
different from zero for the invertibility of M;. For the subgroup Autr, (A;) the M; are
diagonal as well with a; = (a;)* and (a;)" = 1 so that M; € Zy. The reason all M; share
the same diagonal elements (up to permutation) is the following: firstly, the ‘diagonal’
form of the coaction of G in imply that the image F(G¥) is proportional to G¥,
say F(G*) = o, G* for some constant ag. Then, do to the first term in the coaction of X
in (13.15)), the ‘diagonal’ component along the basis element X'G* of the image F(X'G¥)
is given again by ay, for any possible value of the index (.

Let us illustrate the construction for the cases of N = 2,3. Firstly, F'(1) = 1 since F
is unital. When N = 2, on the basis {1, X, G, XG}, the equivariance F(a) ® F(a),, =

58



F(a«) ® a,, for the coaction (13.15) becomes
F(X)o ® F(X)o =102+ F(X)®yg,
F(G) o ® F(G)u, = F(G)®y,
F(XG)® F(XG)y = F(G)®@xg+ F(XG)® 1.
Next, write F'(a) = fi(a)+ fa(a) X + f5(a) G+ fi(a) XG, for complex numbers fi(a). And
compute F'(a)p ® F(a)q = fi(a) 1@ 14 fola) 1@z + X ®9g)+ f3(a) G® g+ fila) (G®
xg+ XG ®1). Then comparing generators, the equivariance gives
filX) = fu(X) =0
fi(G) = fo(G) = fu(G) =0
[(XG) = f3(XG) =0,
while the remaining coefficients are related by the system of equations

LX) (Irz4+ X209+ X)GRg=10r+F(X)® g,
LG Geg=FG)®y,
AXG) 11+ fi(XG) (GRrg+XG®1)=F(G)Qzg+ F(XG)® 1.

One readily finds solutions

f(X) =1, f(X) =1, H(XG) =B
f3(G) = f4(XG) =

with «, 3,7 arbitrary complex numbers. Thus a generic element F' of Aut%t(As) can be
represented by the matrix:

1 100 0 1
| xa B a0 0]]|XxG

F:l’g = 100 ao0llc (13.19)
X 00~ 1)\ X

Asking F' to be invertible requires o # 0. On the other hand, any F' € Autp,(A;) is an
algebra map and so is determined by its values on the generators G, X. From F(G) = oG
and F(X) = yG+X: requiring s = F(X?) = (YG+X)? = v+ (GX +XG)+s yields v = 0;
then 8+ aXG = F(XG) = aXG yields = 0; and 1 = F(G?) = (aG)? leads to o? = 1.
Thus F(X) = X and F(G) = aG, with o® = 1 and we conclude that Autrp,(A,) ~ Z,.

When N = 3, a similar, if longer computation, gives for Auty;”(A;) an eight parameter
group with its elements F' of the form

1 1 0 0 O 0 0 0 0 0 1
XG? B a 0 0 0 0 0 0 0 XG?
XG n —qg ap 0 0 0 0 0 O X%G
G? 0 0 0 ao 0 0 O 0 0 G?
F:fl xa |=fo 0 0 6 o 00 0o of| xa |. @320
X? 0 O 0O X —qgyv 1 O 0 0 X2
G 0 O 0 O 0 0 g O 0 G
X 0 O 0 O 0 0 ~ 1 0 X
X2G-t 0 O 0 O 0 0 6 —qf s xX2Gt

One needs «a; # 0, j = 1,2 for invertibility. By going as before, for any F' € Auty, (A;)

one starts from it values on the generators, F'(G) = ayG and F(X) = vG+ X, to conclude
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that F is a diagonal matrix (in particular F(X) = X) with as = (a;)? and 1 = (ay)3;
thus AutT3 (As) ~ Zg.

14. CROSSED MODULE STRUCTURES ON BIALGEBROIDS

Isomorphisms of (a usual) groupoid with natural transformations between them form
a strict 2-groupoid. In particular, automorphisms of the groupoid with its natural
transformations, form a strict 2-group or, equivalently, a crossed module (cf. [28], Definition
3.21). The crossed module combines automorphisms of the groupoid and bisections since
the latter are the natural transformations from the identity functor to automorphisms. The
crossed module involves the product on bisections and the composition on automorphisms,
and the group homomorphism from bisections to automorphisms together with the action
of automorphisms on bisections by conjugation. Any bisection ¢ is the 2-arrow from the
identity morphism to an automorphism Ad,, and the composition of bisections can be
viewed as the horizontal composition of 2-arrows.

In this section we quantise this construction for the Ehresmann—Schauenburg bialgebroid
of a Hopf—-Galois extension. We construct a crossed module for the bisections and the
automorphisms of the bialgebroid. Notice that we do not need the antipode of bialgebroid,
that is we do not need to defined the crossed module on Hopf algebroid and the crossed
module on bialgebroid is a generalization of the crossed module on groupoid. In the next
section, The construction can also be repeated for extended bisections.

14.1. Automorphisms and crossed modules. Recall that a crossed module is the
data (M, N, u, ) of two groups M, N together with a group morphism p: M — N and
a group morphism « : N — Aut(M) such that, denoting «,, : M — M for every n € N,

the following conditions are satisfied:

(1) p(an(m)) =nu(m)n=t, for any n € N and m € M,

(2) pmy(m’) = mm/m=1,  for any m,m’ € M.

Then, with the definition of the automorphism group of a bialgebroid as given in
Definition [6.8 we aim at proving the following.

Theorem 14.1. Given a Hopf-Galois extension B = A" C A, let C(A, H) be the
corresponding left Ehresmann—Schauenburg bialgebroid, and assume B is in the cen-
tre of A. Then there is a group morphism Ad : B(C(A,H)) — Aut(C(A,H)) and
an action > of Aut(C(A,H)) on B(C(A, H)) that give a crossed module structure to
(B(C(A, H)), Aut(C(A, H))).

We give the proof in a few lemmas.

Lemma 14.2. Given a Hopf-Galois extension B = A®H C A, let C(A,H) be the
corresponding left Ehresmann—Schauenburg bialgebroid. Assume B belongs to the centre
of A. For any bisection o € B(C(A, H)), denote ad, = 0 o s € Aut(B) and let F, be the
associated gauge element in Auty(A) (see (12.17)). Define Ad, : C(A, H) — C(A, H) by

Ad,(a®a) := F,(a) ® Fy(a)
= 0(ap ® a7 )an ™ @ o(de ® a7 )aw ™ (14.1)
Then the pair (Ad,,ad,) is an automorphism of C(A, H).
Proof. Since F, is an algebra automorphism, so is Ad,. Then, for any b € B,
Ad,(t(b) = Ad,(1®0) =1®0(b® 1) = t(ad, (b))
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and
Ad,(s(b) =Ad,(b® 1) =0(b®1)®1 = s(ad,(D)).

So conditions (i) and (ii) of Definition are satisfied. For condition (iii), using H-
equivariance of F,, with a ® a € C(A, H) we get

(Ac(a,m) 0 Ady)(a® a) = Fy(aw) ® an)™"” ®p aq™ @ Fy(a). (14.2)
On the other hand,
((Ady @ Ad,) 0 Acam)(a® @) = Fyaw) ® Fy(an ™) ®p Fy(an ™) @ F,y(a). (14.3)
Now, for any F' € Auty(A), given h € H, one has
F(h="”)®p F(h*) = h="> ®p h=*7, for any h € H. (14.4)
By applying the canonical map y and using equivariance of F' we compute,
X(F(h=7) @p F(h™7)) = F(h™7)F(h™) ) ® F(h™7)q)
F(h=7)F(h™7 ) ® h™*
=Fl4)®h=14®h

using ([7.7). Being x an isomorphism we get the relation ((14.4). Using this for the right
hand sides of (14.2)) and (14.3)) shows that they coincide and condition (iii) is satisfied.

Finally,
(o0 Ady)(a®a) =€(Fy(a) ® Fy(a)) = Fy(aa) = (0 0 s)(aa) = ad, o €(a ® a).

This finishes the proof. U
Remark 14.3. The map Ad, in can also be written in the following useful ways:
Ady(a® @) = o(ap ® ag,"7)an, ™ @ ap) <70 (ap) " @ @)

=0((a®a)w) (@a®a)e (0 0s) oo™ ((a®a)w)) (14.5)
Indeed, for a® o’ € C(A, H), by inserting and using the definition of the inverse ¢ 1,

we compute,

<2> ~ ~ <1>\~x~ <2>
Ay~ @0 (Aey ® any=")ag,

2 1 2 ~ ~ 1 ~ 2
Ay @ )~ e " o (A ® Ay~ )an) "

<1> <2> <1> ~ ~ <1> <2>~ <2>
Aoy ® amy =7 )am = @ ap) = o (A @ any 7 )aw " ag),

=0((@a®a)w) (a® )y (00s) o0 ((a®d)w)

It is easy to see that Ad, o Ad, = Ad,., for any oy, 0o € B(C(A, H)), while (Ad,)™! =
Ad,—1 and Ad, = idea,my. And, of course ad, o ad, = ady.,, with (ad,)™' = ad,- and
ad. = idg. Thus Ad is a group morphism Ad : B(C(A, H)) — Aut(C(A, H)).

Next, given an automorphism (®, ) of C(A, H) with inverse (&1, ¢™1), we define an
action of (®, ) on the group of bisections B(C(A, H)) as follow:

Pro:=p loogod, (14.6)

for any o € B(C(A, H)). The result is an algebra map since it is a composition of algebra
map. Moreover, for any b € B, (® > 0)((b)) = ¢~ (o(t(p(b)))) = ¢ (9(b)) = b, so that
(®>o)ot=idg; while (Pro)(s(b)) = ¢ ((005)(¢(b))), so that (P >0) o s € Aut(B).
And one checks that
(Pro) =00 t=p oo tod. (14.7)
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Lemma 14.4. Given any automorphism (®, ), the action defined in (14.6) is a group
automorphism of B(C(A, H)).

Proof. Let 0,7 € B(C(A, H)), and ¢ € C(A, H), we compute:
(@0 7) % (D> 0o)(c) = (P> 0o)(s(P>7(c))) (P> 0)(ce)
= (cp_l occgodoso cp_l oTo®(cy) ) (go_l ogo CI)(C(Q)))
= (¢ tooosoTo®(cy))(p " oo 0P(cp))
=050 T(®(0) o @(e)
o (rx0)0 D(c)
=d>(Tx0)(c),
where the last but one step uses condition (iii) of Definition Also,
Pre=plocod=plopoe=c.
Finally, for any two automorphism (®, ) and (¥, ) of C(A, H), we have
P (Un(o)=¢ loy loocoVod=(p)toocoVod=(Vod)>o.
In particular !> (P> (o)) = o and so the action is an automorphism of B(C(A, H)). U
Lemma 14.5. For any automorphism (®,¢), and any o € B(C(A, H)) we have
Adgyy = P10 Ad, o ®.
Proof. With a ® a € C(A, H), from ([14.5) we get
(Ad, o <1>>< 8 ~> — o((@(a®@))) ((a® ) (005) 00 (Bla@d))y), (145
while, using ) and ( -, we have
Adany(0 @ > - <<I> D09 81) (198 (920)03) o (8207 (29
— o (o(@((ae >m>>) (@) (950)05) o (¢ 0 0~)(B((a @ 2),).
Since @ is a bimodule map: ®(b(a ® a)b) = @(b)®(a ® @)p(b), for all b,b € B, we get,
(® 0 Adge) (@ ® @) = o(®((a ® @)0)) B((a ® @) (0 05) 00~ (B((a @ 8)y)). (14.9)

That the right hand sides of (14.8) and (14.9)) are equal follows from the equavariance
condition (iii) of Definition [6.8 O

Lemma 14.6. Let o, 7 € B(C(A, H)), then Ad, >0 =T*0o*7 L.

Proof. With a®a € C (A H), using the definition we compute
Ad, > 0(a® ) = (ad; " 0 0)(Ad, (a © @)
= ((Tos)™"o ‘7)( (a®ad)y) (a®a)e (Tos)or ((a®a)w))
— (1 os)((005)(7((a <1>) o((a@@)w) (g0t o (rosor ) (a®a)y))
— (7 os)((008)(rla®d)) o(a @ a)e) (ros) o (@@ d)y))
— (7 os)((rxo)(e® m) r(a®d)e)
=7*x0*x7 (a®a),

where we used (Tos)™! =771os, 0ot =idp and definition (12.10)) for the product. O

Taken together the previous lemmas establish that a crossed module structure to

(B(C(A,H)), Aut(C(A, H)), Ad,>), which is the content of Theorem m
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14.2. Colnner authomorphisms of bialgebroids. Given a Hopf algebra H and a
character ¢ : H — C, one defines a Hopf algebra automorphisms (see [31, page 3807]) by

coinn(¢) : H — H, coinn(¢p)(h) = ¢(hu))hed(S(he)), (14.10)

for any h € H. Recall that for a character ¢! = ¢ o S. The set Colnn(H) of co-inner
authomorphisms of H is a normal subgroup of the group Auty.ps(H) of Hopf algebra
automorphisms (this is just Aut(H) if one sees view H as a bialgebroid over C).

We know from the previous sections that for a Galois object A of a Hopf algebra
H, the corresponding bialgebroid C(A, H) is a Hopf algebra. Also, the group of gauge
transformations of the Galois object which is the same as the group of bisections can be
identified with the group of characters of C(A, H) (see (13.5))). It turns out that these
groups are also isomorphic to Colnn(C(A, H)). We have the following lemma:

Lemma 14.7. For a Galois object A of a Hopf algebra H, let C(A, H) be the corresponding
bialgebroid of A. If ¢ € B(C(A, H)) = Char(C(A, H)), then Adys = coinn(¢).

Proof. Let ¢ € Char(C(A, H)); then ¢~ = ¢ o S¢. Substituting the latter in (14.5)), for
a®a €C(A, H), we get

Ady(a®a) = ¢((a®@a)y) (a®a)s (¢oSe)(la®a)s)
= coinn(¢)(a ® a),

as claimed. O

Example 14.8. Let us consider again the Taft algebra T of Section [13.5. We know from
Proposition that for any Ty-Galois object A, the bialgebroid C(Ty, Ay) is isomorphic
to Ty and bisections of C(Ty, As) are the same as characters of Ty the group of which
is isomorphic to Zy. A generic character is a map ¢, : Ty — C, given on generators x
and g by ¢,(z) = 0 and ¢,(g) = r for r a N-root of unity 7 = 1. The corresponding
automorphism Ad,, = coinn(¢,) is easily found to be on generators given by

coinn(¢,)(g) = g, coinn(¢,)(z) = r'x.

It is known (cf. [32], Lemma 2.1) that Aut(Ty) ~ Autpeps(Ty) =~ C*: Indeed, given
r € C*, one defines an authomorphism F, : Ty — T by F.(z) := rz and F,.(g) := g.
Thus Ad : Char(Ty) — Aut(Ty) is the injection sending ¢, to F,-1.

Moreover, for F' € Aut(Ty) and ¢ € Char(Ty), one checks that Adpy,(z) = Ady(z)
and Adpys(g) = Adg(g). Thus, as a crossed module, the action of Aut(7) on Char(7)
is trival and the crossed module (Char(C(Ty, As)), Aut(C(Ty, As)), Ad, id) is isomorphic
to (Zy,C*,i,id), with inclusion i : Zy — C* given by i(r) := e~?"/N and C* acting
trivially on Zy.

14.3. Crossed module structures on extended bisections. In parallel with the
crossed module structure on bialgebroid automorphisms and bisections, there is a similar
structure on the set of ‘extended’ bialgebroid automorphisms and extended bisections.

Given a left bialgebroid (£, A€, s,t) be a left bialgebroid over the algebra B. An
extended automorphism of £ is a pair (®, ¢) with ¢ : B — B an algebra map and a unital
invertible linear map ® : £ — L, obeying the properties (i) — (iv) of Definition

So, an extended automorphism is not required in general to be an algebra map while
still satisfying all other properties of an automorphism. In particular we still have the
bimodule property: ®(bab) = @(b)®(a)p(h). We denote by Aut® (L) the group (by
composition) of extended automorphisms of £. There is an analogous of Theorem m
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Theorem 14.9. Given a Hopf-Galois extension B = A" C A, let C(A, H) be the
corresponding left Ehresmann—Schauenburg bialgebroid, and assume B be in the centre of
A. Then there is a group morphism Ad : B<(C(A, H)) — Aut®'(C(A, H)) and an action
> of Aut“*(C(A, H)) on B (C(A, H)) such that the group of extended automorphisms
Aut®(C(A, H)) and of extended bisections B (C(A, H)), form a crossed module.

This result is established in parallel and similarly to the proof of Theorem Here
we shall only point to the differences in the definitions and the proofs.
Thus, under the hypothesis of Theorem [14.9] for any bisection o € B***(C(A, H)), define
Ad, :C(A,H) - C(A,H), for any a® a € C(A, H), by
Ad,(a® @) = (0(ag @ a7 )an, ™) @ (a7 (0 05) 0 07 ap ™ ®a)),
=0((a®a)y) (a®a)u (00s) oo™ ((a®a)g) (14.11)

in parallel with (14.5)). Then the pair of map (Ad,,ad, = 0 o s) is an extended automor-
phism of C(A, H). In particular we have, for any c = a® a € C(A, H),

Ac(Ady(c)) = a(cw)) co @p ¢ (0 08) 00 (ew)
= 0(cw) c (008) 007 (ew) ®p o(cw) ¢ (00 5) 007 (ce)
where the 2nd step use (0 0 s) o 07 (cy)) o)) = €(c). With the latter, we have also,
(€0 Ady)(c) = o(cw) €lce) (00 5) 00 (c(s))

o(c) (005) 00 (ce)

= (0 0s)e(c)
= ad,(e(c)).
Moreover, for two extended bisections o and 7 we have, for ¢ € C(A, H),
Ad, o Ad,(c) = Ad, (T(cqy) ¢y (T o 8) o7 )
= S(GdJ(T(Cm))) Adg(c))t (ada o(ros)o 7_1(0<3>)>
= s((s(7(c)) ) (o) e ({5007 cw))) ) to (7o 5) 0 (r 0 8) 07 (cir)

- ( ( 7(cw) ) (0(2 )) Ces) ( 00SOTO s)((T_1 os)oo tew) 7_1(0(5)))>
= (Tx0)(cqy) C ((7‘ * o) 1 T’l(c(g)))
= AdT*O’( )7

with the 2nd step using Ad, is a B-bimodule map. One also shows ad, o ad, = ad,,, and
(Ad,ad.) = (ide(a,m),idp). Therefore (Ad,,ad,) is invertible with inverse (Ad,-1,ad,-1).
When o is an algebra map, reduces to (14.1)) (or equivalently to([14.5)).
If (@, p) is an extended automorphism of C(A, H) with inverse (&1, »!) the formula
is an action of (®,¢) on B**(C(A, H)), a group automorphism of B**(C(A, H)).
We only check F'> o is well defined as an extended bisection since the rest goes as in
the previous section. For a ® @ € C(A, H) and b € B, a direct computation yields:

(Pro)((a®a)<b)=(Pro)la®a)b
(Pro)(br(a®a)) = (P>o)(s(d)) (Pro)(a® a).

Finally, with similar computation as those of Lemma and Lemma one shows
that for any extended automorphism (®, ¢), and any o € B“**(C(A, H)) one has

Adgpy = P71 o Ad, o .
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And that, with o, 7 € B**(C(A, H)), one has

Ad,>o=1x0x7 L

Example 14.10. Consider a H-Galois object A and let C(A, H) be the corresponding
bialgebroid, a Hopf algebra itself. Given an extended bisection o € B“*(C(A, H)) ~
Char®*(H), the expression (14.11)) reduces to

Ad,(a®a) =o((a®a)y) (a®a)e o ((a®ad)s)

In analogy with (14.10) to which it reduces when ¢ is a character (and Lemma
we may thing of this unital invertible coalgebra map as defining an extended coinner
authomorphism of C(A, H), coinn(c)(c) := Ad,(c) = o(cq))c@o ()

In Example [14.8] we constructed an Abelian crossed module for the Taft algebras. The
following example present a non-Abelian crossed module for Taft algebras with respect to
the extended characters and extended automorphisms.

Example 14.11. We know from Section that the Schauenburg bialgebroid C(As, Th)
of any Galois object A, for the Taft algebra Ty, is isomorphic to Ty itself. Thus
Aut®(C(A,, Ty)) ~ Aut®(Ty) is the group of unital invertible coalgebra maps: maps
¢ : Ty — Ty such that ®(hy)) ® P(hy) = ®(h)q) ® P(h)y for any h € Ty with &(1) = 1.

Let us illustrate this for the case N = 2. The coproduct of T5 on the generators z, g
will then require the following condition for an automorphism ®:

D(9)0) ® P(9) = P(g9) ®@ P(g)
P(2) )y @ (1)) = 1@ P(z) + (z) ® g
P(zg9)0) @ P(29)0) = g ® P(xg) + P(xg) ® 1. (14.12)

A little algebra then shows that

®(g) =9
O(x)=c(g—1)+axx
O(zg) =b(1l—g)+axg (14.13)

for arbitrary parameters b,c € C and a1, ay € C* (for @ to be invertible). As in ((13.19)
we can represent ® as a matrix:

1 1 0 0 O 1

| zg b a —b 0 xg
D : p — 0 0 0 p (14.14)

T —c 0 ¢ as T

One checks that matrices Mg of the form above form a group: Aut®*(Ty) =~ Autmops(T)-
Given o € Char®(Ty) we shall denote o, = o(a) € C for a € {1,2,g,2g}. For the
convolution inverse o', from the condition o * 0~! = € we get on the basis that

o= (01 =1,

09(0_1)9 =1,

(14.15)



from which we solve

(07 )g = (og)7",

(o~ ) = —0,(04)” L (14.16)
(o™ ) vg = —Oag(0g)” !
Then computing Ad,(h) = o(h))h 2>0 Y(hy ) leads to
0 0
xg | Ozg O'g — Oy 0
Ady | °0 ) = ; : X 0 (14.17)
z _UI(Jg)il 0 Uﬂc(agyl (gg)il

We see that the matrix is of the form with the restriction that ay = a;*
so that Ad, has determinant 1. Clearly, the image of Char®(T) form a subgroup of
Aut(C(A,, Ty)) ~ Aut® (Ty). Moreover, Ad : Char®*(T3) — Aut®'(T3) is an injective
map. Finally, the action Adg,, will have as matrix just the product:

Mpgy,, = M1 Myq, Mo

(14.18)
1 0 0 0
al_l[az’g + b(gg - 1)] Og _al_l[gxg + b(ag - 1)] 0
- 0 0 1 0

_QQ_I[UJC (09)71 + C((Ug)il -1)] 0 agl[gx (09)71 + C((Ug)il —1)] (09)71

We conclude that as a crossed module the action on Char®(T3) is not trivial.
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Part 3. On coherent Hopf 2-algebras
15. COHERENT HOPF-2-ALGEBRAS

In [25], the researcher constructs a strict quantum 2-group, which can be viewed as a
linear extension of strict 2-group. In [15], the quantum 2-groups are given by a crossed
module and a crossed comodule of Hopf algebra. Both of these papers constructed strict
quantum 2-group, while here we generalize them. When we consider the strict case, the
coherent Hopf 2-algebra in the following will become the dual case of the strict quantum
2-group in [15].

In Section [2| we explain a special case of coherent 2-groups, whose morphisms and
objects form a quasigroup, since usually we are interested in a more strict case where all
the objects have strict inverse and the unit object of the monoidal category is also strict.
Under this condition, we have a more interesting property of the associator. Therefore,
base on the idea of 2-arrows quantisation we can construct a coherent quantum 2-group,
which is also called coherent Hopf 2-algebra.

Definition 15.1. A coherent Hopf 2-algebra consists of a commutative Hopf coquasigroup
(B,mp,1p,Ap,ep,Sp) and a Hopf coquasigroup (H, m, 1y, A, €y, Sy), together with a
central Hopf algebroid (H,m, 1y, A€, S) over B. Moreover, there is an algebra map
(called coassociator) o : H —+ B ® B ® B. Denote the image of « by a(h) =: h! @ h? @ h3
for any h € H, and Sweedler notation for both the coproduct of Hopf coquasigroup and
Hopf algebroid, A(h) =: hy) @ hey, A(h) =1 A" ® h®, such that all the structures above
satisfy the following axioms:

(i) The underlying algebra of the Hopf coquasigroup (H,m, 1y, A, ey, Sy) and the
Hopf algebroid (H, m, 1y, A, €, S) coincide with each other.
(ii) e : H — B is a morphism of Hopf coquasigroups.
(iii) s,t: B — H are morphisms of Hopf coquasigroups.
(iv) The two coproducts A and A have the following cocommutation relation:

(A®A)o A= (idyg ®T®idy)o (A Rp A)o A, (15.1)
where 7: H® H — H ® H is given by 7(h ® g) := g ® h.
(v)
aot=(Ap®idg)o Ag, aos=(idg®Ag)oAp (15.2)
(vi)
es(h)lp@h?@h* =15® e(hy) @ e(he)

W @ep(h?)lp@h® = e(ha) @ 1p @ e(he) (15.3)
hl ® h2 ® €B<h3)1B - 6(h(1)> ® €(h(2>> ® 1B

(vii)

{hisg(hé) @h = Sp(h")h* @ h° = 15 @ e(h) (15.4)

M@ Sp(h)h? = hl @ h2S5(h3) = e(h) ® 15.

(viii) Let x be the convolution product corresponding to the Hopf algebroid coproduct,
we have

(s®@s@s)oa)*((ARidg)oA) = ((ldgy @ A)o A)* ((t Rt R 1) o) (15.5)
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More precisely,
(RN 1) @ s(hV7)h 1)) @ s(BVP)RP
=hO AT @ B ) H(A®2) ® B ) o)t (A7),
(ix) The 3-cocycle condition:
((e@a)od)x((idpR@Ap®idg)oa)x((a®e)od) = ((idpRidgRApR)oa)*((ApRidp®idp)oq).
More precisely, 159
e(h® )RR (T @ B ) T2 B ()2 © B 0 PP )b )7 @ B, PR30 )
—hOIpOL | @ po2p@T @ 3 | p@2 g p3 | p@3,

A coherent Hopf 2-algebra is called a strict Hopf 2-algebra, if H and B are coassociative
(H and B are Hopf algebras), and a = (e @ e ® €) o (A ® idy) o A.

Now let’s explain why Definition is a quantisation of a coherent 2-group (see
Deﬁnition and Proposition, whose objects form a quasigroup. First, the morphisms
and their composition form a groupoid, which corresponds to a Hopf algebroid, and the
tensor product of objects and morphisms forms a quasigroup, which corresponds to a
Hopf coquasigroup.

By the definition of monoidal category, we can see that axiom (ii), (iii) and (iv) are
natural, since the source and target maps from objects to morphisms preserve the tensor
product, and the identity map from objects to morphisms also preserves the tensor
product. The interchange law corresponds to condition (iv). The source and target
of the morphism «,p, is (gh)k and g(hk), which corresponds to condition (v). Since
Q1 gh = Qg1h = Qgp1 = idg,, we have condition (vi). Because o 4-15 = ay-1,, = id),
and oy, 441 = apg-1, = idy, we have the corresponding (vii). The naturality of «
corresponds to condition (viii), the pentagon corresponds to condition (ix). Here we will
still call Definition [15.1] ‘coherent Hopf 2-algebra’ even though it only corresponds to a
special case of “quantum” coherent 2-group.

Remark 15.2. For a strict Hopf 2-algebra, we can see the morphisms s, and e are
morphisms of Hopf algebras, and (v), (vi), (vii) are automatically satisfied. For (viii), we
have

(s®@s®s)oa)((A®idy)o A)(h)

=s(e(hY 1)) ) @ s(e(h™ 2)))h® o) @ s(e(h'" (5)) )2 (3)
=(A ®idy) o A(h)
=h" ot(e(h® ) @ B ot (e(h o)) @ b t(e(h )
=((idg @ A) o A) * ((t @t @t)oa)(h).

For (ix) we can see the left hand side is

6(h(l)<1>)h(2)ih(3)<1)i ® h(1)<2>ih<2>é<1>h(3)<1>i ® h(1)<2)ih<2)é<2>h(3)<1)3 ® h(1)<2)3h<2>35(h(3)<2>)
:E(h(l)<1>>€(h(2)<1>)€(h(3)<1>) ® E(h(1)<2>)€(h(2)<2>)E(h(g)@))
®e(h @) e(h® ))e(h” ) @ €(h ) e(h? ) )e(h® ),
while the right hand side is
h(l)ih(z)i(l) ® h(1)ih(2)i(2> Q h(1>3(1>h(2)§ Q h(1)§(2)h(2)3

=e(h™ ))e(h? 1)) @ €(hY 2))e(h® 15)) @ €(h? ) )e(h® (3)) @ €(hY 1) )e(R? (),
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using the fact that e(h™)e(h®) = e(s(e(h™)))e(h®) = e(s(e(h™M))h®) = e(h), we get that
the left and right hand side of (ix) are equal.

Remark 15.3. In general, for any Hopf algebroid over an algebra B, the base algebra B
is not necessary commutative. However, in order to give a nice definition of coherent
Hopf 2-algebras, we need the maps ¢, s,t to be Hopf algebra maps, since only in that case
condition (iv), (viii) and (ix) make sense. As a result, we assume that the Hopf algebroid
H is a central Hopf algebroid, so the base algebra B is a commutative algebra.

(1) In condition (iv), A®p A : H®p H - (H ® H) ®pgp (H ® H) is well defined
since H ® H has B ® B-bimodule structure: (b® ') > (h® h') = s(b)h @ s(V')W
and (h@K)<a(b@V) =t(b)h@t(V)H, for any bl € B Band h@h' € H® H.
Indeed, for any b € B and h, h' € H we have

(ARp A)(h®@pbrh') =(A®p A)(h®p s(b)h)
(hay ® hey) ®Bes (5(0)m9a) @ $(0) @ 9e)
(hay ® hey) ®Bes (5(ba))ga) @ 5(be))ge)
(t(bay)hay ® H(be)) ) ®pes (90) ® 9e)
(t(0)wha) @ b)) ®peB (90) ® 9o)
=(ARp A)(hab®pgh'),

where in the 2nd step we use that A is an algebra map, and in the 3rd step we use the
fact that s is a coalgebra map. Clearly, the map idy RT®idy : hQh QpepgR4g' +—
(h®pg)® (K ®p¢') is also well defined for any h®@ h', g® ¢ € H® H. Concretely,
(iv) can be written as

hay™ @ hay® @ by @p hey™ = h" ) @p WP o) @ MY ) @p W), (15.7)

for any h € H.

(3) By using condition (v) and the fact that s,¢ are bialgebra maps, we get that (viii)
is well defined over the balanced tensor product ®p, since (s® s® s)oa ot =
(A®Ridg)oAosand (tRtRt)oaos = (idg @ A)o Aot.

(4) The left hand side of is well defined since:

((e®a)o A)(t(D)) =€(t(byy)) @ alt(be)) = bay) ® bayaya) @ beyay@ @ bee
:(ZdB (24 AB X ldB) @) O[(S(b))

(idp @ Ap ®idg) o a(t(b)) =buyu) @ b)) @ by ® bey = a(s(by))) @ €(s(be))
=((a®¢€)o A)(s(b)).
The right hand side of ((15.6) is also well defined, indeed,
((idp ®idp ® Ap) o a)(t(b)) = by @ by @ bayy @ by = ((Ap ®idp @ idp) o a)(s(b)).

Proposition 15.4. Given a coherent Hopf 2-algebra as in Definition[15.1], the antipodes
have the following property:
(i) Ao Sy = (Sy ®p Sp) o A.
(ii) S is a coalgebra map on (H, A, €p). In other words, AoS = (S®@S)oA andegoS = €y.
(iii) If H is commutative, S o Sy = Sg o S.
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Proof. For (i), let h € H,

Su(h®) ®B S (h®)

=(Su(hoyw ) ®5 Su(haym ™)) (A e Su(he)))
(SH(hu)(l) ) ®p SH<h<1) (€3] ))(h(1)<2) ®B haye ® )((SH< )) ! ®p (SH(h@)))(Q))
(SH(hu) <1>) ®pB SH<h<1) 2)(1>))(h<1) 2 ®B h(l) (2))((SH( )) ! ®p (SH(h(z)))(Q))
=(er(hay") @5 ea (b)) ((Su(he))"” @5 (Su(he))?)

=eg(e(s(e(hiy™ ) hay* N ((Su(hey)™ @5 (S(hex))?)

—ep(ha)((Su(he)" @5 (Su(he))?)
=(Su(h)" ®p (Su(h)®

For (ii), on the one hand we have

(S(hV ) ® S(hV ) (M) @ K ) (S(h) ) @ S(h) )
=(S(h™ 1)) @ S(hV o)) (K oy @ KV o) (S(hP™) ) @ S(MP) )
=(S(h ) ® S(h(l)m))(A(h(2>(1)5(h(2)(2 )))
=(S(h" 1) @ S(h ) (s(e(h™®)) 1y ® s(e(h®))z))
=(S(h" 1)) ® S(h" ) (s(e(h? 1)) @ s(e(h™))))
=S(h"ut(e(h® 1)) @ S(h o t(e(h® )

=S (he V' t(e(h1y®))) @ S(heVt(e(hx?)))

=S(h) ® S(he)

on the other hand we have

S(h™ 1)) @ S(hY ) (A 1) @ B ) (S(h?

( m @ S(h?)e)
S(h(l)(l) ) ® S(h(1 )y (1) )))(h(l)@) ® h(l)(2)

(

(

(S(h*) 0wy © S(h?) )
(S(h*) 0wy @ S(h?) )
@)

S(hHM 1)(1)) ®S<h(1 @ )))(h(l) (2) h(l) (2)
h®w)) @ He(h” @) ((S(A))a) @ S(h®

\_/\_/\_/\—/

(
(
(
t
(

(€
t

(€(h™)S(h®))wy @ (t(e(h™))S(h?))e)
A(S(s(e(h™))n™))
A(S5(h)),

and
en(S(h)) = en(S(h))en(h”) = en(S(h)h?) = en(t(e(h)) = en(h).
For (iii), on the one hand we have

S(Su(h®))Su(h?)Su(S(h?)) = S(Su(h™))Su(h?S(h™))

=5(Su(h"))Su(s(e(h®))) = S(Su(h)))s(Sp(e(n™)))
(Su(P)H(Sp(e(h?)))) = S(Su(h”)Su(t(e(h™))))
(Su(h™Mt(e(h?

Su(hVt(e(h)))) = S(Su(h))



where in the first step we use the fact that H is commutative. On the other hand we have
S(Su(h))Su(h)Su(S(h®)) = S((Su(h™) ™) (Su(h))® Su(S(h™))
=t(e(Su(h™)))Su(S(h?)) = Su(t(e(h)))Su(S(h™))
=Su(S(s(e(h™)h®)) = Su(S(h)),

where the first step uses (i) of this Proposition.

Remark 15.5. Sy ®p Sy is well defined, since for any b € B and h, h’ € H we have

(Sg ®5 Sy)(h®@pbrh'") =(Sy @ Sy)(h ®@p s(b)h')
=Sy (h) ®p Su(s(b)h') = Sg(h) @5 Sg(h')SH(s(b))
=Su(h) @5 Su(h')s(Sp(b)) = Su(h) @p s(Sp(b))Su (')
=t(Sp(0))Su(h) ®p Su(h') = Su(h)t(Sp(b)) @5 Su(h')
=Sy (h)Sy(t(b)) @ Sy(h') = Sy(h<b) ®@p Sg(h)
:(SH QB SH)(h <b®p h,)y

where in the 4th and 8th steps we use the fact that s,¢ are Hopf algebra maps; the 5th
and 7th steps use the fact that the image of s, ¢ belongs to the centre of H.

16. CROSSED COMODULE OF HOPF COQUASIGROUPS

We know a strict 2-group is equivalent to a crossed module, so it is natural to construct
a quantum 2-group in terms of a crossed comodule of Hopf algebra [I5]. In this section
we show that if the base algebra is commutative, a crossed comodule of Hopf algebra is
a strict Hopf 2-algebra. Moreover, we will make a generalisation of it in terms of Hopf
coquasigroups, which corresponds to a coherent Hopf 2-algebra.

Definition 16.1. A crossed comodule of Hopf coquasigroup consists of a coassociative
pair (A, B, ¢) , such that the following conditions are satisfied:

(1) Ais aleft B comodule coalgebra and left B comodule algebra, that is:
(i) A is a left comodule of B with coaction § : A — B ® A, here we use the
Sweedler index notation: d(a) = a™" ® a'?;
(ii) For any a € A,

a7V ®a ®a, =an VT ®an” @ ap”; (16.1)
(iii) For any a € A,
ea(a) = aVes(a®); (16.2)

(iv) § is an algebra map.
(2) For any b € B,

(b)) @ ¢(b)” = by1ySB(be)) ® A(bayz)) = baySB(bey2)) @ (biayy): (16.3)
(3) For any a € A,
¢(CLH)> ®a = amSa(aE) @ ag). (16.4)

If B is coassociative we call the crossed comodule of Hopf coquasigroup a crossed

comodule of Hopf algebra.
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Lemma 16.2. Let (A, B,¢,0) be a crossed comodule of Hopf coquasigroup, if B is
commutative, then the tensor product H == A® B is a Hopf coquasigroup, with factorwise
tensor product multiplication, and unit 14 ® 1. The coproduct is defined by A(a ®
b) == an) ® ap Vbyy ® ap)? ® by, for any a @b € A® B, the counit is defined by
eg(a®b) = ea(a)eg(b). The antipode is given by Sy(a ® b) := Sa(a®) @ Sg(a=1b).
Moreover, if B is coassociative, then H is a Hopf algebra.

Proof. A® B is clearly an unital algebra. Now we show it is also a Hopf coquasigroup:

((idy ® €x) o A)(a ® D) =am) @ am)' ™ byea(an ”)ep(be)
=a), ® ap)' " bealap )
=an) @ €a(ap)b
=a® b,

where the 3rd step we use the fact that A is comodule coalgebra,

((eg ®idg) o A)(a®b) =ea(an))ep(ae bu))aw ™ @ b,
=a®b.

Now we show H is also a bialgebra:

li / ! — ! — / ! /
A(ad @) =ad 1) @ ap) Va5 Vbl ) @ a@)Vd )0 @ byt )
o D3 1 (—1p ©,/ /
=a)@' (1) ® Q)" b1y o) T (1) @ GV @ (9)" @ byl (o)
=A(aRb)A(d @),

here we use the fact that B is a commutative algebra in the 2nd step. So A and ey are
clearly algebra maps, thus H is a bialgebra. Now check the antipode Sy for h =a ® b,

hayay ® Su(haye)he
=amm ® ame " ae ™ mbna @ Salam e ”)an™” @ Sp(an e ™ ™ aw ™ 0)bae)be)
=1 ® Ay e T b @ Salam e )an” @ Span e Vae ™ w)
=amm ® ane " 0ae T mb @ Salame”)an” ® Sp(an e ™V 0ae ™V e)
=amm ® Sa(@ay) ™ e b ® Sa(ane) e © Sp(Salane) ™ 0 ae ™ e)
=a®Rb®1,®1p
where in the second step we use the fact that B is commutative, the fourth step use the
fact that a™" ® S4(a®) = Sa(a)™" @ Sa(a)®, indeed,
0 © S4(a®)
=amy1) a7 Sa(aw) T @ Salan ) ”)aw e ” Salaw)”
=am TV Sa(ae) T @ Salan” m)an” 2 Salaew)”
=au) " Sa(aw) " @ ealan™)Sal(am)”
=S4(a)"V ® Sa(a)?,

where in the second and third steps we use the comodule coalgebra property. The other

axioms of Hopf coquasigroups are similar. Thus H is a Hopf coquasigroup.
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When B is coassociative, for any a ® b € A ® B, we also have

((idy @ A) o A)(a®b) =(idy @ A)(an @ ap)""by) @ an)” @ b))
=4y ® @) by @ ey 1) ® a0 ) Ty ® a5 ) @ by
=a) ® ap)' " ae by ® ap)? ® 4@ TVbe) ® ag P @ b,
=aa) ® am)' "V " 0ba ® ap” ® a7V 0)be) @ ag'” @ b,
=(A ®@idg)(an) ® ap) "Vbu ® ap” @ b))
=((A ®idy) o A)(a®Db),

where in the 3rd step we use the fact that A is a comodule coalgebra and in the 4th step
we use the fact that A is a left B comodule. So (H, A, €p) is coassociative. U

From the proof above we can also see that even if A is a Hopf coquasigroup, we can
also get a Hopf coquasigroup A ® B, with the same coproduct, counit and antipode.

Lemma 16.3. Let (A, B,¢,0) be a crossed comodule of Hopf coquasigroup. If B is
commutative and the image of ¢ belongs to the center of A, then H = A® B is a central
Hopf algebroid over B, such that the source, target and counit (of the bialgebroid structure)
are bialgebra map.

Proof. We can see that H is a tensor product algebra. The source and target maps
s,t: B — H are given by s(b) := ¢(by)) ® by, and t(b) :== 14 ® b, for any b € B. The
counit map € : H — B is defined to be ¢(a ® b) := €s(a)b, and the left bialgebroid
coproduct is defined to be A(a ® b) := (ay) ® 15) ®p () @ b). The antipode is given
by S(a ® b) := Sa(a)p(by)) @ bny. Now we show all the structure above forms a left
bialgebroid structure on H. First we can see that s, ¢ are algebra maps, so H is a B ® B-
ring. Now we show H is a B-coring. Here the B-bimodule structure on H is given by
bV (a®b)<b” =s)t(d")(a®b) fora®@be H,V,b" € B. So we have

€(b' > (a ®@b) ab") =e(s()t(b")(a @ b)) = ea(d(V'))a)b o, b"b
=ep(b' 1))ea(a)t bbb =b'e(a @ b)Y,

where we use the fact that ¢ is a bialgebra map in the 3rd step. Clearly, € is an algebra
map from A ® B to B. We also have

(e@e)(A(a®Db)) =(e® €)(an) ® ap by ® ap'” @ b))
=ea(aw))ae T ba) @ ealam™)be
=a""by) @ ea(a™)be,
=ea(a)by), ® b
=Ap(e(a®D)),

where for the 3rd step we use the fact that A is a comodule algebra. So we can see that €

is a bialgebra map from A ® B to B. We can also show s and t are also bialgebra maps,
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since we have

A(s(b)) =A(o(by)) ® b))
=0(b) ) ® (b)) beym @ ¢(by) ) @ by
=d(beym) ® d(bey) by @ G(baye)” @ by
=p(bayay) @ (b)) bwy@e ® dbm e m)®™ ® bee
=0(boy 1)) ® by 2y 1w SB 0w @1 @)bw@e @ ¢(boyemme) @ be e
=0(beym)) @ by ® P(bay@@) ® be e
P(bwyay) @ baye ® G(beya)) @ by
(s ® s)(Ap(b))

where in the 4th and 7th steps we use the axiom of coassociative pairing, and in the 5th

step we use ([16.3]). We also have
A(t(D) =A(1®D) =1®by ®1®be) = (t®@t)(Ap(D)),

for any b € B. So s and t are algebra maps. We can also show A is a B-bimodule map:

A > (a®@b)) =A(o(V 1))a @V ()b)
(' ) wam @ 1) @5 (B(V 1)) 2 @ V' (2))
(V' y)am @ 1) @5 (B 1))@ @ V' ())
(V' )an @ 1) @5 (6 2)0))az) @ V' (2)2))

(

(

(

(' w))ag ®1) @p s(V () (ae @ b)
(' )am @ D)t o) @5 (ap ®b)
=@ w)aw @) @5 (ap @ b)
=b'> A(a ®b),

(
(
(
(
(
(

where in the fourth step we use the axiom of coassociative pairing. We also have
A((a®b)<b) =Ala@bb) = (ap) @ 1) @p (ap @ bV') = Ala@b) < b’
forany a®b € A® B and b’ € B. A is clearly coassociative, and we also have
(idg ®pe) o Ala®b) =a®@b®p 1y,
and
(e®pidy) o Ala®b) =€a(an) ®1Rp (4 D) =1g@®pa®b

by straightforward computation. Up to now we have already shown that H is a B-coring.
Clearly, A is also an algebra map from H to H xg H. Given a ® b,a’ ® b’ € H, we have
((a®b)(a ®@V)) = ea(aa’ )b, and €((a @ b)t(e(a’ @ 1'))) = e(a @ bes(a')V) = es(aa’)bl' .
We also have

c((a®b)s(e(a’ @ 1)) =e((a @ b)(d(ea(a)b ) @V )))
=e(aa’ )bb',

thus € is a left character and H is therefore a left bialgebroid. Since the image of ¢ belongs

to the center of A, we can check that S(t(0')(a ® b)s(b")) = t(V")S(a ® b)s(b') for any
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ae®be Hand V.l € B:
St (a®b)s(b")) =S(ad(d" ) @ b'bb" )
=Sa(ap(V" 1))V )byt o)1) @V 2)b)b" 22
=S4(a) (b)) (b 1)) @ Vbt (o)
=t(t")S(a ®b)s(V'),

where the 3rd step uses the fact that B is commutative and its image of ¢ belongs to the
center of A. Now we can see that

Slap @ 1)(ap ®@b) = Salap)ap @ b= (toe)(a®b),
and
(ag) ®1)S(ae @ b) = awSalae)d(ba)) @ be = (so€)(a®@b)
So H is a Hopf algebroid. O
Lemma 16.4. For A, B and H = A® B as above, we have
(A®A)o A =(idg ®@TRidy)o (A Rp A)o A.
Proof. Let h =a ® b € H, on the left hand side we have
(A®A)oA(h) =an ®1®p ap) @ am by ® ax 0 @1 @5 ar) e @b,
on the right hand side we have
(HeT® H)o (A®p A)o (A(h))
=aa) ® a4 ®p e @ aw' Vb ®ap” @185 aw” @ be
=am ® 1®p ¢ap ™" 1)ae ® a<2>(_1)<2>a<4>(_1)b<1) ®ap” ®1®p a<4>(0) ® by
=au) ® 1 @5 ¢(ap ™ )ae @ ap” Vaw "ba ® 4 @ 1®@p au @ ® b,
=an) ® 1 ®p a<2>(1>SA(a<2><3))a(3) ® a@)(z)( Vaw Vb ® apy e ® 1 ®B ' @ b,
=am ® L ®p ap) ® ar' ™ aw by ®ae” ® 1®p @<4)<0) ® bez)
=au) ® 1 ®p ap) ® ap' by ® 40y ® 1 ®p a0 ® ba),

where in the second step we use the balanced tensor product over B, the fourth step uses
(16.4)), and in the last step we use the fact that A is a comodule coalgebra of B. O

Since for strict Hopf 2-algebra all the axioms of coassociator are trivial, we can conclude:

Theorem 16.5. Let (A, B, ¢,6) be a crossed comodule of Hopf algebra, if B is commutative
and the image of ¢ belongs to the center of B, then H = A ® B is a strict Hopf 2-algebra
with the structure maps given by:
A(a®Db) =au) ® apVbuy ® ap” @ be),
eg(a®b) =eq(a)ep(b),

)
)
Su(a®b) =S4(a"”) @ Sp(a""b),
s(b) =¢(by)) @ by,
1) =1 ® b,
Ala®b) =am ®1®p ap @b,
e(a®b) =ea(a)b,
Sla®b) =Sa(a)p(byy) @ by
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Here are some examples of crossed comodule of Hopf algebras:

Example 16.6. Let ¢ : B — A be a surjective morphism of Hopf algebras, where A is
commutative, such that for any i € I := ker(¢), i,SB (i) ® i,y € B® I. Thus we can
define § : A — B® A by §([a]) := awSp(ag) ® [aw)], where [a] denote the image of
¢. We can see that A is a comodule coalgebra and comodule algebra of B, since A is
commutative. Moreover, and are also satisfied. Therefore (A, B, ¢,d) is a
crossed comodule of Hopf algebra.

FExample 16.7. Let G — H — FE be a short exact sequence of Hopf algebras with injection
i : G — H, surjection 7 : H — E and G is commutative, such that h,, ® m(hy) =
he @ w(hy,) for any h € H. For any k € H, we can see k) Su(ks) @ ke € i(G) @ H,
since k) Sp (k) ® k) € ker(m) ® H. Therefore, we can define a coaction 6 : H - G® H
by 6(h) := hu)Su(hs) ® he (here we identify G and its image under 7). We can see
that the H is a G-comodule algebra and comodule coalgebra. (|16.3) and (|16.4) are also
satisfied. Thus (H, G,1,0) is a crossed comodule of Hopf algebra. Moreover, if the image
of i belongs to the centre of H, then (H,G,1,0) forms a strict Hopf 2-algebra.

FExample 16.8. Let A, B be two Hopf algebras and let A be cocommutative, such that
A is a comodule algebra and comodule coalgebra of B. Define ¢ : B — A by ¢(b) :=

ep(b)14. Clearly, ¢ is a Hopf algebra map, (16.3) and ((16.4)) are also satisfied, since A is
cocommutative. Therefore (A, B, ¢,d) is a crossed comodule of Hopf algebra.

FExample 16.9. Let A, B be two cocommutative Hopf algebras, and ¢ : B — A be a Hopf
algebra map. Define 6 : A - B® A by 6(a) := 15 ® a. Clearly, A is a comodule algebra
and comodule coalgebra of B, and (|16.3|) and (|16.4]) are also satisfied, since A and B are
cocommutative. Therefore (A, B, ¢, ) is a crossed comodule of Hopf algebra.

17. QUASI COASSOCIATIVE HOPF COQUASIGROUPS

In this section we will construct a crossed comodule of Hopf coquasigroup as a generali-
sation of Example [I6.6], and then construct a coherent Hopf 2-algebra. First we define a
quasi coassociative Hopf coquasigroup, which can be viewed as a quantum quasiassociative
quasigroup.

Definition 17.1. Let (C, B, ¢) be a coassociative pair. We call the Hopf coquasigroup B
quasi coassociative corresponding to (C, B, ¢), if:

e ¢: B — (' is a surjective morphism of Hopf coquasigroups.
e For any i € I := ker(¢),

iy SB (i) ®ine € B® Ig,
i0SB(le @) ®ieman € B®Ip.

e [ C ker(B), where 5: B — B® B ® B is the coassociator ({5.7).

(17.1)

Since ¢ is surjective, then for any element x in C| there is an element ¢ € B, such that
x =[c] := ¢(c). If B is a quasi coassociative, by there is a linear map Ad : C' —
B® C, Ad([d) = ¢1)Sp(ce) ® e = coymSp(ce) ® [com] = cSB(ca @) ® [cue)]
for any [c] € C (the last equality hold because of Proposition [5.6). We can see in the
following that Ad is a comodule map and C'is a comodule coalgebra of B. For any b € B,
there is an important result of Proposition 5.6

bay1ySB(bay@)be @ [bay@] = baywmSB(buy@)be @ [bayw o] = bay @ [be)- (17.2)
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Similarly,

SB(b@)be 1 SB(bey) @ [bey)] = SB(be) ® [ba)]- (17.3)
Since I C ker(3), there is a linear map B:C — B®B® B given by S([b]) := A(b), which
is denoted by £(b) = b' ® b* @ b.

Lemma 17.2. Let B be a quasi coassociative Hopf coquasigroup corresponding to (C, B, ¢).
If B is commutative, then the Hopf coquasigroup B and Hopf algebra C' together with the
maps Ad : C — B® C and the quotient map ¢ : B — C' form a crossed comodule of Hopf
coquasigroup.

Proof. We first prove Ad is a comodule map:

cymSB(Ca @) @ cauy@SB(Can) ® [ce] = cuySe(cE) ® coyaySe(ce @) ® [Cowe], (174)

for which it is sufficient to show

C(l)(l)<1>SB(C<1><3)(2>>C<2> ® C(l)(l)u)SB(C(l)(s)(l)) ® [%)(2)]
=cuy1)9B(Cay@)Ce ® CuymmSB(Cuy@ @) ® [Cay@e)-

On the one hand we have

cwmSB(Cne @)@ @ comeSe(Cnmemn) @ [cne)
=Co 9B (Cay)mCamm @ CumeSB(Cne) e tenmedB(Cee) ® [co )]
=cmmmnSB(Came)mCmen @ ChumeSB(Cnn®)etneeSe(Ce) ® [cone)]
=Cmmm @ Com@SE(Ce) ® [cu)@)]
=Cm ® Cy9B(Cer@) ® [cow);
where in the first step we use the definition of a Hopf coquasigroup, in the second and
last step we use Proposition and in the third step we use . On the other hand
we have
cw9B(Caye)Ce ® Cyom9B(chee) ® [ciee)
=Ca) ® c)1)SB(Co)3) B €y
=Coym ® €y @SB(Cy )@ 9B (Ce)s) ® [Co@)]
=Cayn) ® €y SB(Coy1)) €2 291 B (Cor @) ® [Core )]
=Cay) ® €y 9B(Cor) @ [Coym)]s

where in the first and last step we use ((17.2) and ((17.3), the second step uses the definition
of a Hopf coquasigroup, and the third step uses Proposition ({5.6). So we have

cmSB(Co @) ® ¢y SB(Com) ® [co)
=cuymmmIB(Comeme)cme98(¢e) ® coymmeSB(cnmemn) ® lcuyme)
=cwynmmSB(Chm®)Cm@SB(Ce) ® cohmemSelCumee) ® [cnoee)]
=CySB(Cs) ® Co)1ySB(Coy@) @ [Ca )],

where in the first and last step we use the definition of Hopf coquasigroup, and the second
step uses the relation we just proved above. We can see that Ad is an algebra map, since

B is commutative. Now let’s show that Ad is a comodule coalgebra map: On the one
hand

[P @[ @ [0 = cuySe(cy) ® [coyw] @ [co@)-
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On the other hand
[y V[ ™" @ [0y @ [e] )
=caynSB(cwy®) e SB(Ca)s) ® [cyo)] ® [co)e)]
=c1)SB(C@) @ [cam)] @ [co @),
where the last step uses Proposition [5.6, And

ec([c]) = es(c) = cu)Splcw)escw) = [ ea((d™).

(16.3) and (16.4]) are given by the construction of Ad.
O

Now we want to construct a coherent 2-group in terms of the crossed comodule
(C, B, ¢, Ad) we just considered above. In the following we always assume B to be
commutative. Compare to Definition the first Hopf coquasigroup is B. The second
Hopf coquasigroup is H := C' ® B, with the canonical unit and factorwise multiplication.
The coproduct, counit and antipode are defined by the following:

A([(]®D) = [c]o) ® [ Vb ® [ @ b, (17.5)
er(lc] ®@b) :=ep(c)ep(b), (17.6)
Su([c] ®b) = [SB(cay@)] ® Sp(cw)e@@Ss(b) = So(c]”) ® Sp([c]""b).  (17.7)

By Lemma and Lemma [I7.2] we have

H = C ® B is a Hopf coquasigroup.

Then we construct a Hopf algebroid structure on H by Lemma [16.3| with the source
and target maps s,t: B — H given by

s(b) := [by)] ® by, and t(b) :=1c®b, (17.8)
for any b € B. The Hopf algebroid coproduct is given by
A([d ®b) := ([co)] ® 18) ®5 ([c@] ® D), (17.9)
and the counit is given by
([c] ® b) := ep(c)b. (17.10)
The antipode is
S([c] ® b) := [SB(c)bu)] @ b (17.11)

Using Lemma we can also get the cocommutation relation of coproducts:

(A®A)o A =(idg ®TRidy)o (A Rp A)oA.
The coassociator a: H - B® B ® B is given by
a([c] ®0) := B(c) (b ® by @ b)) = €'biya) @ by @ by (17.12)

This is well defined, since B is quasi coassociative with I C ker(f). By using (5.8) we
can check condition (v) of Definition [I5.1}

a(t(b)) = baya) @ buye) @ b
and
a(s(b)) =(bw) ' beymm @ (b)) *beyme@ @ (bay) b e

=ba) ® b)) @ bea2),
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by using (5.7). For condition (vi) of Definition we can see

€B(hiﬂB @0 =15 caymSB(C@)wbay ® cay@SB(Cw)@be = 18 ® €(ha)) @ €(h),

where h = [¢] ® b, and the rest of condition (vi) of Definition can be checked similarly.
For condition (vii) we can see

hiSB(hé) ® h? =cuy19B(C)m19B(Cay@nSB(Ce)me@) ® Cuye @SB (Ce) @b
:Cu)(l)SB(%)(2)<1>)SB(C<2>><1)(1>SB(SB(C@))(D(Q)) ® C<1><2><2)SB(C<2>)(2>b
:13 ® E(h)a

where we use the fact that B is commutative and the rest of (vii) is similar. Now let’s

check (viii) and (ix).
Lemma 17.3. For any h € H, we have
(RN 40 @ (KPR )0y @ s(KOP)R
=h® @t (h®T) @ b o)t (B?2) @ B )0t (hPP).
Proof. Let h = [c] ® b. The left hand side of the equation above is:

(s((can)DNewmwmw] ® [comwe] ™ cwe] ™ mbun) @ (s((cw)?) e w@]® @ [toe] T ebye)

®(s ((Cm) )e@]” @ b)),
while the right hand side of the equation is
[cyn] @ [y T (@) baym ® [cayo]@ o ® [cno]@ e ™ (Ce) b e
B ]”»@ ® (cu) b
So it is sufficient to show
(s((can)Newmwmw] @ [eoyme] ™ leae] ™ w) ® (s((cw)) e we]® @ [to ] ™ @)

(s((c))eae]® © 1)

=[caym] ® [y T (c@)' @ lcaye]@a @ lcame] e ™ () ® [cne] @@ ® (cp)®.
By the definition of Hopf coquasigroup, this is equivalent to

(s ((%)(1)(1)) )[%)(1)(2)(1)(1)] ® [C<1><1><2><1><2)](_1)[Cu)(l)<2>(2)](_U(l)C(l)(z)(1)(1>SB(C<2>)(1>(1>)

®(3((C<1>(1><1)) )[%)(1)(2)(1)(2)]( ' ® [Cu)(1)(2)(2)](_1)<2)C<1><2><1)<2>SB(C(2>)<1)<2>>
(

5((%)(1)(1)) )[%)(1)(2)(2)] ’® Cu)(z)(z)SB(C(z))(z))

X

(-1) i
C<1><1><1><1>] [C<1><1><1><2)] (Cu)(l)(z)) C<1><2)<1><1>SB(0<2>)(1><1>

X

=|
[C<1>(1><1><2>] o ® [C<1><1)(1><2>]( )<2>H)(C<1>(1><2>)2C<1><2)(1><2>SB(C<2>)(1><2>
[

X

0
C) (1><1><2)] @ ® (%)(1)(2)) C<1>(2>(2>SB(C<2>)(2>-

Thus it is sufficient to show
(3((%)(1))1)[%)(2)(1)(1)] ® [Cu)(z)(l)(z)](_l)[Cu)(z)(2)](_1><1>C(2><1)<1>)

(3((%)(1)) )[C(1>(2)(1)<2)]( '® [%)(2)<2>](_1)<2>C<2)<1><2>) ® (s ((Cu)(l)) )[%)(2)(2)] ’® C(2)(2>)

=
[

X

C(l)(l)(l)] [Cu)(l)(z)] )(Cu)(z)) C2y1y)

X

© (-1 ©  (©
comel”w ® lcawel@ e (Cu)(z)) come D Come]Ve® ® (Cu)(z)) Cl2)(2)-
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The left hand side is

(s ((Cu)(l)) ewonn] @ lcnpene] ™ ltheel M veann)
2(s((cori)Dleammm]® @ [aewe] " otone) ® (5((con)®)lenme]® ® cee)
=(s((cq) )1)[%)(1)(1)] [corme] " comunl M meaonen)
3(s((cw))cwme)® @ lcowanl ™ oteonee) ® (5((cw)?ewemnm]® @ coee)
(5((0(1>>1)[C<2)<1)(1><1>] ® leammel tanmm)
3(s((cw)?)cwmme)® @ comwe) ® (5((cw)?)cw o n] @ cowe)
(5((C<1>)1)[C<2)<1 0] ® leomennl M tonene)
3(s((cw)?) e menmm]® ® conwe) ® (5((cw)?) cwwn] ® cowe)
=(s((cw)Dlcwmm] @ comwan) ® (5((cw))cwmonwel @ conwe) ® (5((cw))cwwn] @ cowe)
=[((cq) )1)<1>C 2O®M] ® ((Cu)) ) C@nme ® [((c >) JoCom@n] @ ((C<1))2)<2>C(2>(1><2)<2)
3l((cw)®wewmnl ® (€)Y wtoee
=lcoym] ® ey ® [cormm] B cpnme @ [cown] ® caee

where for the 1st, 3rd, 5th step we use Proposition , in the 2nd, 4th step we use ((17.2)),
and the last step uses (5.8]). The right hand side is:

coymm] ® [C<1)<1><2>]( >(C(1><2>)1C<2><1)(1> ® [C<1)(1>(2>](0)<1> ® [Cu)(l)(z)](o)(z)(fl)(%)(2))20(2)(1)(2)

(0) 3
come]Vo® @ (coh@) ce e

X

Cayw) ® [C(1><2)]( 1)<C<2)<1>)1C<2>(2>(1)<1> ® [C(l)<2)](0)<1) ® [Cu)(z)](o)m(fl)(0(2)<1>)2C<2)<2>(1><2)

ooV ® (C<2)<1)) C2)(2)(2)

[
[
[
[
[cyw] ® [eaye] T e m ® [ewme]Pw @ el o em ® ltae]P o™ ® coee
[
[
[
[

I &

-1 © © (-1 ©  ©
cw] ® [caymml ™ cawme @ tonwl®w @ ltennl® et ® ltonnl®e” ® caee

-1 ©
cwy] ® comn ® [comen] ® Coneal ™ taea ® [Conm@e]” ® co@e

(1) ©
c] ® ¢y @ (@] @ [Comomun]l ™ taeene @ [Comanwm]™® ® e

cwy] ® o @ o] @ Comenn ® Co@enel ® caeee@
=lcoym] ® cpye @ [Comm] ® Come @ [Coyen] ® Coe@

where in the 1st, 3rd, 5th and last step we use Proposition , the 2nd step uses (5.8)),

and the 4th and 6th step use ((17.2)).
U

Lemma 17.4. a: H - B® B ® B satisfies the 3-cocycle condition:
h<1)1h<2>1<1> ® h(1>2h(2)1(2) ® h(1)3(1)h<2)2 ® h<1)3<2)h(2>3
:e(h<1>(1))h(2>1h<3>(1)i Q h<1>(2)1h<2>i<1)h(3>(1)§ Q h(”(z)ih@)i(z)h“)(l)g ® h<1>(2)3h<2>36(h<3>(2))'
for any h € H.
Proof. Let h = [c] ® b, the left hand side is

(C<1>) (C<2>) Wby @ (Cu)) (%)) @bnywe @ (C(n) <1>(C<2>) baye ® (Ca)) (2)(%)) b
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while the right hand side is

C<1>(1><1>SB(C(1>(2>)(C<2>) (C<3>) by @ (Cu)(l)(z)) (%)) (1>(C<3>) bayay @

®(C<1>(1>(2>)2(C<2>)2(2>(%)) by ® (%)(1)(2)) (%)) by

Notice that ¢,y ® ¢ ® ¢ can be replaced by ¢y ® ¢y @ €y OF ¢y @ Cayay @ Ciay(ays
since [c] € C. Now we have

(C(m) (C(2>) ) ® (C(u) (C(2>) @ ® (cw)’w(ce)’ @ (cw) o (cw)’
(C<1><1><1)) (C<1><1>(2>) WCH@H0mOB(Ce)mma @ (C(1><1><1>) (C<1><1)(2>) @Cm@om@9B(Ce)nmwe

®(C(1><1><1)) <1)(C<1>(1><2>) C<1><2)<1><2>SB(C<2>)(1)(2) ® (%)(1)(1)) (2)(%)(1)(2)) C(l)(2><2>SB(C<2>>(2>

and

C<1)<1><1>SB(C<1>(2>)(C@))l(%))1 ® (%)(1)(2)) (C<2>) <1><C<3))2

®(C<1)<1><2>)2(C<2>)2(2>(%)) ® (cayay@) (%))3

=CuymmmmOB C(1><1)<1><2))(%)(1)(2)) (C(1><1)(3>) C(1><2)(1)(1)(1)53(C<2>)(1><1)<1>

3 2 3
®<0<1)(1><1><1><2)) C<1>(1><2>) (2)(%)(1)(3)) C(1><2><1)<2>SB(%))(1)(2)

(
®(C<1)(1><1)<1><2)) (%)(1)(2)) <1)(C(1><1)<3>) C<1><2><1)<1>(2>SB(C<2))(1><1>(2>
(
3

3
®<C<1)(1><1><1)<2)) C<1>(1><2>) C<1><2)<2>SB(C<2>)<2>

Thus to show this lemma it is sufficient to show:

(C<1><1>)1(C(1><2>)1<1>C<2><1><1><1> ® (C<1)<1>)2(C<1)(2>)1(2>C<2><1)<1>(2>
®(C<1>(1>)3<1>(C<1><2))20<2><1>(2> ® (%)(1))3(2)(C<1>(2>)30(2>(2>
:C<1>(1><1><1)SB(C(1><1><2>)(C<1>(2>)1(C(1><3))1C<2)<1><1><1> ® (%)(1)(1)(2))1(%)(2))2(1)(C<1>(3>>20(2>(1><1)<2)

®(C<1>(1><1)<2))2(C<1)<2>)2<2>(C(1>(3))SC(2)<1)<2> & (C<1>(1><1)<2>)3(C<1)(2>)30<2>(2>

Using ((5.8)) the left hand side of the above equation becomes

Cay (1>)1( 1)(2)) WCmm @ @ (%)(1))2(0(1)(2))1(2>C(2><1)<1)<2>

(
(cq) >) (C(1><2)) Coyme @ (C(1>(1)) @(Cae >)30<2>(2>
(
(

®

) (1
Ca) ) (C<2)<1>) WO @ (C<1>) (C<2><1)) @C@ @) 1)@
)°

®

Cay <1)(C(2><1>) Cy2)1)(2) @ (Ca)) (2>(C<2><1)) C2)(2)(2)

3
(C<1>) Ceyma @ (C<1>) Cyay@) @ (Cu)) WCremn @ (Cn) @t
=Ca) Q )1y @ Cay21) D Ci2y(2)(2)-
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Using the Proposition - 5.6] the right hand side becomes

Cayy@) SB(C<1><2))(C<2>(1>) (c (2)(2)(1)) Cy@@mmm @ (C(1><1><2)) (C<2)<1))2<1>(C(2><2><1))26<2)<2>(2><1><1)(2>

(C(1><1)<2) Cya 2 (C(2><2><1) Coewe ® (¢ <1>(1><2>) (C<2><1)) C2)(2)2)(2)

=cuymymSB(Cuy@)(Caa ) (c 2)(2><1)<1>) co@meon ® (Come >) (C<2><1>) <1>(C(2><2)<1>(1>) Cr2)(2)(1)(2)(1) (2)

(

(
(C(1><1)<2) (Cor 2 (Corma 1>) Commoe ® (Come) (C<2><1>)30<2>(2><2)
=CamwIB(

(

2

@C2)@Mm@)E @ (C<1><1)<2>) (c <2>(1>) C2)(2)(2)

) e
)
) e
coe)(Ce (1>) coonmn ® Come) (C<2)<1))Q<) C@we) 0
(C(1><1><2)) Com)
)

=cmmmSB(Cn@)Can @ (Ca)(l)(z)) C@wa & (C<1)<1><2>) Cey2) () & (%)(1)(2)) Co@
=cymmmIB(Caym@)Cae ® (Cu)(l)m(z)) Ceyma @ (%)(1)(1)(2)) Ceayy(2) @ (%)(1)(1)(2)) Ci2)(2)
=Cuy) @ (Cu)(z)) Cywma @ (Cu)(z)) Cyme @ (C(n(z)) C2)2)

=Cu) ® (%)(1)) Cy@mm @ (C<2><1)) Coame @ (C<2)<1>> C2)(2)(2)

=Cu) ® Cy1) @ Cym) @ Cy2) )

where in the 1st, 4th and 6th step we use Proposition [5.6] for the 2nd, 3rd and last step

we use ([5.8), and the 5th step uses (|17.2)).
U

As a result of Lemma [17.2] [16.2] [16.3] [I7.3] and [17.4] we have

Theorem 17.5. Let B be a quasi coassociative Hopf coquasigroup corresponding to a
coassociative pair (C, B, ¢). If B is commutative, then H = C ® B is a coherent Hopf
2-algebra.

Since quasi coassociative Hopf coquasigroups are the quantisation of quasiassociative
quasigroups, we can see Theorem is the ‘quantum’ case of Theorem

18. FINITE DIMENSIONAL COHERENT HOPF 2-ALGEBRAS AND EXAMPLES

In [21] there is a dual pairing between bialgebras, we can see that there is also a
dual pairing between Hopf coquasigroups and Hopf quasigroups. In this section we will
make clear why quasi coassociative Hopf coquasigroup is the correct quantization of
quasiassociative quasi group.

Definition 18.1. Given a Hopf quasigroup (A, A, €4, ma, 14,54) and a Hopf coquasi-
group (B,Apg,eg,mp,1p,S5). A dual pairing between A and B is a bilinear map
(e,0) : B x A — k such that:

e (Ag(b),a®ad) = (byad’) and (bR V', Ay(a)) = (b, a).

e e5(b) = (b,14) and e4(a) = (1p,a).
for any a,a’ € A and b,b’ € B. A dual pairing between B and A is called nondegenerate
if (b,a) =0 for all b € B implies a = 0 and if (b,a) = 0 for all a € A implies b = 0.

Remark 18.2. Given two dual pairings (e, e); : By X A} — k and (e, @) : By X Ay — k
for two Hopf quasigroups A;, As and two Hopf coquasigroup By, Bs, we can construct a
new dual pairing (e, e) : B; ® By X A; ® Ay — k, which is given by (b; ® by, a1 ® ag) :=
(al,b1>1(a2,b2>2 for any ap € Al, ay € AQ and b1 c Bl, bg S BQ. Notice that Al (24 A2 is
also a Hopf quasigroup with the factorwise (co)product, (co)unit and antipode. Similarly,
B, ® B, is also a Hopf coquasigroup. Moreover, if both the dual pairings are nondegenerate,

then the new pairing is also nondegenerate.
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If B is a finite dimensional Hopf coquasigroup, there is a nondegenerate dual pairing
between B and its dual algebra A := Hom(B, k). More precisely, the dual pairing is given
by (b,a) := a(b) for b € B and a € A. In this case A is a Hopf quasigroup, with structure
given by ad’(b) := a(by))d'(bwy), 14(b) := €(b), Aa(a)(b V) = a(bV), eala) := a(1p),
Sa(a)(b) :=a(Sp(b)), for any a € A and b € B. We can see that it satisfies the axioms of
a Hopf quasigroup, for example, (S(ay))(asa’))(0) = an (SB(bay))am) (bea))d (beye) =
a(Sp(bay)beyay)a (beye) = €ala)a’(b), since the pairing of A and B are nondegenerate, we
get the required axioms.

Given a finite dimensional coquasigroup B with its dual A := Hom(B, k), recall the
associative elements of a quasigroup form a subquasi group. We have similarly a subset of

A:
Ny :={a € A| a(uww) = (au)v, u(av) = (ua)v, u(va) = (wv)a, Yu,v € A},  (18.1)

Clearly, N, is an associative algebra. The elements in N4 can pass though brakets for
the multiplication like the associative elements of a quasigroup.

If Ag(Na) € Ny ® Nga, then Ny is a Hopf algebra with the structure inherited from
A. In this case there is also a dual pairing between N4 and B by the restriction of dual
pairing between A and B, which is not necessarily nondegenerate. From now on we will
assume N4 to be a Hopf algebra.

Define

Ig:={be€ B| (b,a) =0 Va € Ny}, (18.2)
we can see that Ig is an ideal of B, since for any b € B, a € Ny and ¢ € Ip,
a(bi) = any(b)aw) (i) = 0. Ip is also a coideal (i.e. Apg(i) € Ig® B+ B ® Ip for
any i € Ig), since N4 is an algebra. As a result, the quotient algebra C' := B/Ip is
a Hopf coquasigroup. We can see that there is also a dual pairing between N4 and C
given by ([b],a) := (b,a), where b € B and [b] is the image of the quotient map in C, and
a € Ny. If ([b],a) =0 for any b € B, we get a = 0. If ([b],a) = 0 for any a € N, we get
b € Ip, so [b] = 0. Thus the dual pairing between C' and N, is nondegenerate. Since N4
is associative and the dual pairing is nondegenerate, we get that C' is coassociative. As a
result, C' is a Hopf algebra.

Remark 18.3. Let (o, @) : B x A — k be a nondegenerate dual pairing between a Hopf
coquasigroup B and a Hopf quasigroup A. Recall the linear map §: B - B® B® B
B(b) = bay1,SB (b)) aya) ® by eyaySB(be)) 1y @ by 5B (b)) 2)
for any b € B. We can see that [ is the dualisation of associator * : AQ A® A — A,
which is given by
Fru®@v@w) = (U (vowa))(S(we)(S(ve)S(ue))) (18.3)

for any u,v,w € A. Indeed, we can see
(B(b),u@v@w) = (b, (udvew)).

for any b € B. We call A quasiassociative, if N4 is invariant under the adjoint action (i.e.
amynS(ay)) € Ny for any n € Ny and a € A) and the image of 8* belongs to N4. We
can see that if a quasigroup G is a quasiassociative (see Definition , then its linear
extension kG is a quasiassociative Hopf quasigroup.

Now we will give an explicit example of a coherent Hopf 2-algebra based on the Cayley

algebra:
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Ezample 18.4. In [20] the unital basis of Cayley algebras G, := {*e, | a € Z}} is
a quasigroup, with the product controlled by a 2-cochain F' : Z§ x Z — k*, more
precisely, eqep = F(a,b)eqp. From now on we also denote € := ¢, and el := —e,,
ie. G, =1{e | acZy ic Zy}, sowe have eiel = F(a, ble, "7 We define kG, as the
linear extension of G,, which is a Hopf quasigroup with the coalgebra structure given by
A(u) =u®u, e(u) =1, and S(u) := u~! on the basis elements.

As we already know from [20] that

C ifn=1
kG, ~ {H ifn=2
O if n=3.
Since kG, is a subalgebra of kG,,, for n < m, we get Nig, C Nig,. We have
C ifn=1
R if n > 3,

since Nyg, = R. In [[20], Prop 3.6] we find that G, is quasiassociative and the dual of G,
is a Hopf coquasigroup B := k[G,| given by functions on G,. Let f! € k[G,] be the delta
function on each element of G,,, i.e. fi(e]) = d,40: ;. We can see k[G,] is an algebra with
generators {f! | a € Z, i € Zy} subject to the relations:

fif {f’ ifa=d and =7

0 otherwise

The unit of k[G,] is Zaezg,iezz fi. The coproduct, counit and antipode are given by

Ap(fi) =Y Flbofi @ fi. (18.4)
v

e8(f2) =0a,00:0- (18.5)

Sp(f;) :==F(a,a)f,. (18.6)

The previous structures make k[G,] a Hopf coquasigroup.

Now we can show k[G,] is quasi coassociative corresponding to the coassociative pair
(k[Gol, k[Gn], ), where 7 : k[G,] — k[Go] is the canonical projection map and k[Go] is just
the functions on { €o, €0} First, we can see that (k[Gol, k[G,], 7) is a coassociative pair
by Definition 5.4} Second, we have

Ly SB(Le) ® Luye € B® Ip
2w SB(L@@) © Teo € B® Ip,
for any = € Ig. Indeed, let € Ip = ker(w), then z is a linear combination of f! with

a # 0. Without losing generality (since every map below is linear), assuming = = f!, we
can see

Teym ® TySB(Teye) = Z F(b,c+d)F(c,d)F(d, d)ff ® fszfz; (18.7)
b+c+d=a
j+k+l=i
the right hand side of the equality is not zero only if b = d. As a result ¢ is equal to a, and
Ty SB(T) ® Taye € B® Ig. Similarly, we also have x,)Sp(2@) @) ® @0, € B® Ip.
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Finally, recall the linear map f: B —+ B® B® B

6(b) = b(l)(l)SB(b@))(l)(l) ® b(l)(2)(1)SB(b(2))(l)(2) ® b(l)(2)(2)83(b(2))(2)

for any b € B.
We can see Iy C ker(3). Indeed, without losing generality, let z = f! with a # 0, then
we have:

Blx)=B(f)= Y. Flb+c+de+f+g)F(bctdF(cdF(e f+g)F(fg)

Jj+k+l+m4ntp=i
b+c+d+e+f+g=a

F(e,e)F(f, N)F(9,9) 1§ ® fEff @ faf?"-
Since a # 0, we can see the right hand side of the above equation is zero (by using
b+c+d+e+ f+g=a). So Ig belongs to the kernel of 5. By Definition :17.1| we can
see k[G,] is quasi coassociative corresponding to the coassociative pair (k[Go|, k[G,], ).

Thus by Theorem there is a coherent Hopf 2-algebra structure, with C' = k[Gy],
and H = k[Gy] ® k[G,]. To be more precise, we give the structure maps:

Afs@f) =Y felesfiof
Jtk=i
e(fo® fl) = es(fo) fis
S f)=> fi®fy

i+n=l

= ) e

m-+n=lI
t(fy) =1® f,.
All the above is the structure of Hopf algebroid over B = k[G,,].
For the Hopf coquasigroup structure on H we have:

Afae fly=>Y_ Fbofiefe ffofh
it
JAk=i

en(fi ® f1) =es(f3fL) = 6i.001000,0;
Su(fo® fo) =F(a,a) f3 ® f,.
Recalla: H—- B® B® B in ,Wehave
alfs@ fi)= D BUNEG+e,d)Fb.e)fy ® f' @ f7).

k+m-+n=I
b+c+d=a

From the formula of 3, we can see that « is controlled by a 3-cocycle corresponding to
the 2-cochain F'. In fact,

B(fH) = Z Fb+c+d,b+c+d)F(b,c+ d)F(c,d)F(d,c+ b)F(c,b)

.k IEZ?
b,c,d€Z2

F(d,d)F(c,c)F(b,b)f] @ f¥® f}
= Z F(b+c+db+c+dap(bc,dF(d,d)F(c,c)Fbb)fl @ ffef

.k, IEZ?
b,c,d€Z2
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where 9 is the 3-cocycle given by the 2-cochain F',

W(b,c,d) = iizccigl;iz Z; — Fb,c+ d)F(c,d)F(d, c + b)F(c, b),

since I’ takes its value in {£1} [20].
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