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Abstract

We provide a differential structure on arbitrary cleft extensions B := A®" C A for an H-comodule
algebra A. This is achieved by constructing a covariant calculus on the corresponding crossed product
algebra B#,H from the data of a bicovariant calculus on the structure Hopf algebra H and a calculus
on the base algebra B, which is compatible with the 2-cocycle and measure of the crossed product. The
result is a quantum principal bundle with canonical strong connection and we describe the induced bimodule
covariant derivatives on associated bundles of the crossed product. All results specialize to trivial extensions
and smash product algebras B# H and we give a characterization of the smash product calculus in terms of
the differentials of the cleaving map j: H — A and the inclusion B < A. The construction is exemplified
for pointed Hopf algebras. In particular, the case of Radford Hopf algebras H, . q) is spelled out in detail.
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1 Introduction

Without doubt, principal bundles play a decisive role in differential geometry, topology and gauge theory. An
ingenious generalization to quantum principal bundles on noncommutative algebras was proposed by Schneider
[25] and Brzezinski-Majid [7]. The central idea is to employ Hopf-Galois extensions [15], where an H-comodule
algebra A encodes the total space, the Hopf algebra H replaces the structure group and the base is given by
the subalgebra B = A®°H C A of H-coinvariant elements. Principality of such a quantum bundle is then
characterized by the invertibility of the Hopf—Galois map A ® g A — A ® H. In order to ensure an appropriate
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geometric behaviour one commonly assumes faithful flatness of the Hopf-Galois extension, thus resulting in a
categorical equivalence of B-modules and A-H-Hopf modules [25]. Throughout the last decades the notion of
quantum principal bundle has been featured in numerous articles [8] [13] [I6], just to name a few, establishing it
as common knowledge in noncommutative differential geometry.

A class of particular interest is given by cleft extensions, i.e., H-comodule algebras A which admit a cleaving
map j: H — A. The latter is a convolution invertible comodule map and it provides an explicit inverse of
the Hopf-Galois map. It was shown by Doi-Takeuchi [IT] that cleft extensions are precisely the Hopf-Galois
extensions with the normal basis property, meaning that A is isomorphic (as comodule algebra) to the crossed
product algebra B#,H with B = A°H and, conversely, every crossed product algebra gives rise to a cleft
extension. A crossed product algebra is determined by a 2-cocycle o: H® H — B and a measure (this is a weak
version of an action) of H on a o-twisted H-module algebra B. In case of the trivial 2-cocycle we recover smash
product algebras B#H, which correspond to trivial extensions B = A C A. The isomorphism A = B#,H
provides a certain triviality of the bundle, in the sense that the total space algebra can be expressed through
the base algebra and structure Hopf algebra, however, we would like to stress that the algebra structure of
B#,H is nontrivial, as it involves the measure and 2-cocycle. It follows that cleft extensions are automatically
faithfully flat if the antipode of the Hopf algebra is invertible and one considers vector spaces [6].

While in classical differential geometry there is a canonical differential structure on every manifold, namely
the de Rham calculus, in noncommutative geometry there are typically many differential calculi on a given non-
commutative algebra. For this reason, a noncommutative differential structure requires additional information,
for example a spectral triple in the framework of noncommutative geometry [9], or an ideal in the kernel of the
counit in case of a covariant calculus on a Hopf algebra [27]. The main contribution of this paper is to provide a
canonical covariant calculus on arbitrary cleft extensions B = A®H C A (or, equivalently, on arbitrary crossed
product algebras B#,H) from a bicovariant calculus (Q2!(H),dz) on the structure Hopf algebra H and a cal-
culus (Q'(B),dp) on the base algebra B, which is compatible with the 2-cocycle and measure of the crossed
product. We call it the crossed product calculus. The construction (Section is in the spirit of the normal
basis property, where the 1-forms Q!(A) on A are build as the direct sum (Q}(B) ® H) ® (B ® Q'(H)) and the
A-bimodule actions mimic the crossed product multiplication; the differential is the sum d4 = dg +dy. In a
similar way, higher order forms are constructed (Section and we prove that the crossed product calculus
forms a quantum principal bundle (Section in the sense of [7], meaning that there is a short exact sequence

0— QYB)® H— Q'(4) 5 A °HQY(H) — 0,

where ver denotes the vertical map and “HQ!(H) are the left H-coinvariant 1-forms on H. This allows us
to identify Q'(B) ® H as the horizontal forms and B ® Q!(H) as the vertical forms of the quantum principal
bundle. It follows that the quantum principal bundle is strong (i.e., AQ'(B) = Q!(B)A) and regular in the
sense of [2] (it descends from the universal quantum principal bundle with strong connection). We describe
the induced bimodule covariant derivatives on all associated bundles. As an application, we construct higher
order vertical maps and exact sequences for the crossed product calculus and show that the noncommutative
de Rham cohomology H3 (4) can be computed from the tensor product of cohomologies Hi, (B) @ Hyi (H) via
the Leray—Serre spectral sequence. We further give a bijection between connections and connection 1-forms on
the crossed product calculus (Section , using the notion of fundamental vector field.

For the convenience of the reader we include preliminaries (Section , recalling the notions of Hopf algebra
theory and noncommutative differential geometry which are relevant for the crossed product calculus, rendering
the presentation self-contained. To further justify the importance of the crossed product calculus we conclude
the paper with explicit examples (Section 4 arising from pointed Hopf algebras, particularly from the Radford
Hopf algebras Hy, , .. We would like to stress that the resulting calculus on a pointed Hopf algebra H is
covariant with respect to the group algebra of G/N, where G and N are the groups of group-like elements of
H and of the indecomposable component of H containing the unit, respectively. In particular, it is not covered
by the Woronowicz classification [27].

It is important to note that part of this paper is inspired by the work [20] of Pflaum—Schauenburg. They
construct a canonical covariant calculus on trivial extensions B = A°H C A or, equivalently, on smash product
algebras B#H. The results of this paper generalize the findings in [20], in the sense that we consider crossed
product algebras B#,H, with arbitrary 2-cocycles 0: H ® H — B. The generalization is not straightforward,
since, for example, the necessary compatibility of o with the differential of B which we provide is automatic in
case of the trivial 2-cocycle. We further give a classification of the smash product calculus in Section [3.2] in
terms of the differentials of the cleaving and inclusion maps. There are interesting classes of cleft extensions
which are not trivial (see Example and Section , in particular in the context of pointed Hopf algebras,
which further justify the relevance of this generalization. Let us also point out the reference [I], where differential
calculi on double smash products are considered. A generalization to double crossed products might be feasible
and we leave this as a future project. To avoid confusion let us clarify that the authors of [I] use the name
cross product instead of smash product, while we follow the convention of [19], where crossed products allow
for non-trivial 2-cocycles and measures.



2 Preliminaries

In this section we recall some basic notions and results concerning (co)action compatible modules, crossed
product algebras and cleft extensions, noncommutative differential calculi, as well as quantum principal bundles
and their connections. The reader who is familiar with these concepts can proceed to Section 3] which contains
the first original contribution of this paper.

We fix a field k and all vector spaces are understood to be k-vector spaces unless otherwise specified. By a
linear map we mean a k-linear map and the unadorned tensor product ® is the one of vector spaces. All linear
maps whose domain is a tensor product will usually be defined on generators and understood to be extended
by linearity. Algebras over k will be associative and unital. Our general references for Hopf algebra theory
are [26] and [19], where one can find the notions of coalgebra, bialgebra, Hopf algebra and (co)modules. We
denote the multiplication and the unit of an algebra by m and w, while the comultiplication and the counit of
a coalgebra are denoted by A and ¢; S will denote the antipode of a Hopf algebra, which we always assume
invertible in the following. Given a coalgebra C' we will use Sweedler’s notation for calculations involving the
comultiplication, meaning we shall write A(c) = ¢; ® ¢o for any ¢ € C' (with the usual summation convention,
where ¢; ® ¢y stands for the finite sum >, ¢} ® ¢b). Given a right (resp. left) C-comodule M we use Sweedler’s
like notation for calculations involving the coaction p: M — M ® C (resp. A: M — C' ® M), namely we omit
finite summation and write p(m) = mo @ my (resp. A(m) = m_1 ® my), for any m € M.

Equivariant and covariant modules

For H a bialgebra it is well-known that the category of left H-modules g9t is a monoidal category: for every
M and N in g0 the tensor product M ® N has a left H-action given by h- (m ® n) = hy - m ® hg - n for
every h € H, m € M and n € N, where we denote the actions on M and N by the same symbol. The unit
object is the base field k with left H-action given by h -k = e(h)k for every h € H and k € k. Similarly,
one defines the monoidal categories My of right H-modules and g9y of H-bimodules. Dually, the category
of right H-comodules MM is monoidal: for every M and N in 9M¥ the tensor product M ® N has a right
H-coaction given by pyen(m @ n) = mo ® ng ® myn; for every m € M and n € N. The unit object is k with
right H-coaction py(k) = k ® 1y for every k € k. Similarly, one defines the monoidal categories 9 of left
H-comodules and 9 of H-bicomodules.

A left H-module algebra is an algebra object in the category g9t. Explicitly, an algebra (A, m,u) is a left
H-module algebra if A is a left H-module such that m: A® A — A and u : k — A are left H-linear maps, i.e.,
for all h € H and a,b € A we have

h-(ab) = (hy-a)(ha-b)  and  h-14 =e(h)la.

Morphisms of left H-module algebras are left H-linear algebra morphisms. Similarly, right H-module algebras
and H-bimodule algebras are defined.

A right H-comodule algebra is an algebra object in the category 9. Explicitly, an algebra (A, m,u) is
a right H-comodule algebra if A is a right H-comodule such that m : A® A — A and v : k — A are right
H-colinear maps, i.e., for all a,b € A we have

p(ab) = apby ® a1by and p(la) =14 1p.

Morphisms of right H-comodule algebras are right H-colinear algebra morphisms. Similarly, left H-comodule
algebras and H-bicomodule algebras are defined.

Given a left H-module algebra A, we can consider the category of left (right, bi) A-modules in g9, denoted
by A(g9M) ((#9M)a, A(g9N)4). We refer to an object M in the category 4(gN) as a left H-equivariant left
A-module. Explicitly, M is a left A-module M with action A®@ M > a ® m — am € M which is also a left
H-module with action H @ M 5 h® m +— h-m € M such that

h-(am) = (hy - a)(hz - m) forall he H, a € A and m € M.

A morphism of left H-equivariant left A-modules is a left H-linear and left A-linear map. Similarly, left H-
equivariant right A-modules and A-bimodules are defined.

Analogously, if A is a right H-comodule algebra, we can consider the category of left (right, bi) A-modules
in the category 9, denoted by 4(OMH) (MT) 4, 4A(MHF)4), even removing the parentheses. An object M
in 4 (M) is called a right H-covariant left A-module. Explicitly, M is a left A-module with action A ® M >
a ®m — am € M which is also a right H-comodule with coaction p : M — M ® H such that

plam) = agmo ® aymy for all a € A and m € M.

Morphisms of right H-covariant left A-modules are right H-colinear and left A-linear maps. Similarly, right
H-covariant right A-modules and A-bimodules are defined.
For more information about equivariant and covariant modules we refer the reader to [24].



Crossed product algebras

In this subsection we present crossed product algebras and their correspondence with cleft extensions, see [11]
or [I9, Chapter 7]. Let H be a Hopf algebra and B an algebra. We say that H measures B if there is a linear
map H® B — B, h®b+ h-b, such that h - 1p = ¢(h)1p and h - (bb') = (hy - b)(hy - V') for all h € H and
b,b’ € B. Let further 0 : H® H — B be a linear map which is convolution invertible, i.e., such that there exists
a linear map o~ : H ® H — B such that o(hy ® h})o~1(ha ® h}) = e(hh/)1p = 071 (h1 @ h})o(he ® hb) for
every h,h/ € H. Then the crossed product B#,H of B with H is the vector space B ® H endowed with the
linear map

(B H)® (B®H)— B®H, (b h)@ (b @Rh) — blhy-b)o(hs @ h}) @ hghy (1)

for all b,b’ € B and h,h' € H. It is well-known (see e.g. [19, Lemma 7.1.2]) that the crossed product B#,H
is an associative algebra with multiplication given by the assignment and unit 1 ® 1y if and only if the
following two conditions are satisfied:

i.) B is a o-twisted left H-module, i.e., 1y -b =10 for all b € B and
he (B -b) = o(hy ® B, (hatly - b)o~  (hs @ RY)
for all h,h' € H and b € B.
ii.) o is a 2-cocycle with values in B, that is, c(h ® 1) = e(h)lp = o(lg ® h) for all h € H and
(h1 - o(hy ® hY))o(he ® hyhy) = o(h ® hi)o(hohy @ h")
for all h,h',h"" € H.

We refer to an algebra B satisfying i.) and ii.) as a o-twisted left H-module algebra. It is straightforward
to prove that, in case the above assumptions are satisfied, B#,H is a right H-comodule algebra with right
H-coaction p :=Idg ® A: B#,H — (B#,H) ® H. Note that (B#,H)*°" = B klyg = B. In the following
we refer to B#,H with the associative product as the crossed product algebra. The product will be denoted
by

(b@h)- (' @h")=bh1-b)o(he ®h}) @ hshi

forb@h,b’ @ h' € B#,H.

A particular class of crossed product algebras is obtained from left H-module algebras B with trivial 2-
cocycle h ® h' — e(hh’)1p. The corresponding product is (b ® h) - (b’ @ ') = b(hy - b') ® hoh' and one obtains
B+#H, the smash product algebra of B and H.

We recall that crossed product algebras classify cleft extensions, with smash product algebras corresponding
to trivial extensions. Let A be a right H-comodule algebra and consider B := A°¥H the subalgebra of right
H-coinvariant elements. We call B C A a cleft extension if there is a convolution invertible morphism j : H — A
of right H-comodules, the so-called cleaving map. If j : H — A is a morphism of right H-comodule algebras
we call B C A a trivial extension. By definition, every trivial extension is a cleft extension. The convolution
inverse of a cleaving map j: H — A is commonly denoted by j~': H — A. The cleaving map is injective and
we can assume it to be unital without loss of generality.

Any crossed product algebra B#, H is a cleft extension B C B#,H with cleaving map j : H — B#,H, h —
1 ®h. Note that j=1 : b+ 07 1(S(hs) ® h3) ® S(h1). Conversely, given a cleft extension B C A with cleaving
map j : H — A, define a measure on B

H®B — B, h@bw h-b:=j(h1)bj ' (ho)
and a 2-cocycle with values in B
oc:H®H =B, hoh' — a(h@h') = j(h1)j(h}))i "  (hahd).

Then A = B#,H are isomorphic as right H-comodule algebras via 6 : a — agj~'(a1) ® ag, with inverse
=1 :b® h — bj(h). A cleft extension is a trivial extension if and only if the corresponding crossed product
algebra is a smash product algebra. We refer to [19, Theorem 7.2.2] for a proof of this correspondence (see also
[I'7, Chapter 6]).



Noncommutative differential calculi

In this subsection we recall differential structures on noncommutative algebras, together with some well-known
classification results. The original source of this material is [27] and we refer the reader to [2, Chapter 1 & 2],
[23] for more details.

A map f: V*® — W* between N-graded vector spaces V* = @, .y V", W* =D, oy W" is of degree k € Z
if (V™) C Wn*k for all n € N, where we set W~" = {0} by default. The tensor product V* @ W* of N-graded
vector spaces V', W* becomes an N-graded vector space with (V@ W*)" := @ _, Vk @ Wn=Fk for all n € N.
Recall that a differential graded algebra (A®,A,d) is an N-graded vector space A®* = @, .y A", endowed with
a degree 0 map A: A®* ® A®* — A®, the wedge product, a degree 1 map d: A®* — A*T!, the differential, and an
element 1 € A%, such that A is associative and unital with respect to 1, and such that d? :=dod = 0, as well
as the Leibniz rule

dlwAn)=dwAn+ (—-1)"wAdn

hold for all w € A™ and n € A®. A morphism @ : (A°,A,d) — (A’*, A/, d’) between differential graded algebras
is a linear map ® : A* — A’® of degree 0 such that ®(w An) = P(w) AN ®(n) and Pod =d' o ® for all w,n € A°®.
Furthermore, ® is an isomorphism if it is invertible.

A differential calculus (DC) on an algebra A is a differential graded algebra (2°(A), A,d) with Q°(A4) = A
such that, for all n > 1, the vector space 2"(A) is spanned by elements of the form ada'! A - - - A da™ with
a’ € A. A morphism ® from a DC (2°(A), A,d) on an algebra A to a DC (Q2°(A’), A’,d’) on an algebra A’ is a
morphism of the underlying differential graded algebras.

Given (Q°(A),A,d) and (2°(A4"),A,d’) DCi on algebras A and A’, respectively, we call an algebra map
f A — A differentiable if there exists a morphism Q°(f) : Q*(A4) — Q*(A’) of differential graded algebras
with QO(f) = f. Thus, Q°(f) : @,,502"(A) = B, >, 2" (4’) is an algebra map defined by a collection of
linear maps Q"(f) : Q"(A) — Q"(A’) such that d’ o Q"(f) = Q"T1(f) o d. Observe that Q°(f) is completely
determined by f since Q"(f)(a’dal A - Ada™) = f(a®)d'(f(a')) A--- Ad'(f(a™)) for all a' € A.

Let H be a Hopf algebra and recall that an N-graded vector space V = @, . V" is a graded right H-comodule
if there is a right H-coaction p : V — V ® H such that p(V") C V" ® H for all n > 0. Thus, for any n > 0,
the vector space V" is a right H-comodule via the restriction and corestriction p™ := ply» : V" - V" @ H
and we can write p = @, cyp". A linear map ¢ : V. — W of degree k between graded right H-comodules
(V,pv) and (W, pw) is said to be right H-colinear if plif* o ¢" = (¢" @ Idg) o p% for all n > 0, where
" = @lyn : V" — WHE A graded right H-comodule algebra is a graded algebra which is also a graded right
H-comodule and the algebra structure is compatible with the right H-coaction in the usual sense. A differential
calculus (2°(A), A,d) on a right H-comodule algebra (A, p4) is called right H-covariant if (Q°(A), A) is a graded
right H-comodule algebra with graded coaction p : Q®(A) — Q°(A) ® H such that p° = p4 and the differential
d:Q*(A) — Q°(A) is right H-colinear. Similarly, left H-covariant and H-bicovariant DC are defined on left
H-comodule algebras and H-bicomodule algebras, respectively. In case of the comodule algebra H with coaction
given by the coproduct we call an H-covariant calculus covariant, i.e., we omit the reference to H. We also use
the expression (2°,d) for a DC on an algebra A when the latter is clear from the context.

On every algebra A one can construct the universal DC (Q2,d,,) as the common kernel of adjacent tensor
product multiplication [2, Theorem 1.33]. If A is a right H-comodule algebra, then (28, d,,) is right H-covariant.
Moreover, every DC on A is a quotient of (Q22,d,,), see e.g. [12, Appendix B]. The latter means that, if (2°,d) is
an arbitrary DC on A, there is a surjective morphism (29, d,) — (2°,d) of differential graded algebras. Thus,
the universal DC on A is an initial object for the category of differential calculi over A, while the trivial calculus
on A is a terminal object.

Given a DC (©2°,d) on A and a DC (€2'*,d’) on another algebra A’ there is a DC (Q2%,,dg) on the tensor
product algebra A® A’, called the tensor product calculus. The graded module Q2 := @} _, Q@0 F becomes
a graded algebra with multiplication determined on homogeneous elements w,n € Q°® and W', 7’ € Q'® by

Wew) g (@) = (=D MW An) © @ A7),
The differential on QF is given on homogeneous elements by
dew®w) =dwew + (-1)¥wedu.

This construction implies that DCi form a monoidal category with the monoidal unit given by the trivial calculus
on k.

In many situations the knowledge of (Q!,d|4) is sufficient to describe the full differential calculus on A,
e.g. via "maximal prolongation" (see [2, Lemma 1.32]) or via a braided exterior algebra construction (see [27,
Theorem 4.1]). This motivates the importance of such "first order" DC data, defined as follows: a first order
differential calculus (FODC) on an algebra A is a tuple (Q'(A),da), where:



i.) QY(A) is an A-bimodule;
ii.) dg: A — Q(A) is a linear map which satisfies the Leibniz rule d s (ab) = (daa)b + ad zb for all a,b € A;
iii.) Q1(A) = AdaA = spang{adab | a,b € A} (surjectivity condition).

A morphism of FODCi (Q'(A),da) — (QY(B),dp) is a pair (f,F), such that f : A — B is a morphism of
algebras, F': Q1(A) — Q'(B) is an A-bimodule map, where f defines the A-bimodule structure on Q!(B), and
Fody =dgof. An isomorphism of FODCi (Q2'(A),d4) and (Q'(B),dp) is a morphism (f, F): (Q'(A4),d4) —
(QY(B),dp), such that f and F are invertible.

Given (Q2!(A),d4) and (QY(B),dp) FODCI, an algebra map f : A — B is called differentiable, if there
exists a map F : Q1(A) — Q!(B) such that the pair (f, F) is a morphism of FODCi. Observe that in this case
F is uniquely determined by f via F(adab) = f(a)dg(f(b)). Thus, we sometimes write F' = f One easily
verifies that if (f, F): (Q1(4),da) — (Q'(B),dp) is an isomorphism of FODCi the inverse algebra morphism
f=1: B — A of f is automatically differentiable with f~1 = f~1 QY(B) — QY(A), the inverse A-module
morphism of f

Let us briefly discuss the first order of covariant DC on comodule algebras. Consider a right (left) H-
comodule algebra A and a FODC (2!(A),d4). The latter is said to be right (left) H-covariant if Q'(A) is in
A (vesp. H9M4) and dy is in M (resp. HM). Given an H-bicomodule algebra A, we say that (Q21(A),da)
is H-bicovariant if Q(A) is in TMY and d, is in ZMI. As in the more general case of DC, we usually omit
the reference to H in case of the H-comodule H itself with coaction given by the coproduct, i.e., we speak of
right/left or bicovariant FODC' in this setting.

We recall from [2, Theorem 2.26] the classification theorem due to Woronowicz (for the original source of this
result see [27, Theorem 1.6]): every right covariant FODC on H is uniquely determined (up to isomorphism) by a
left H-ideal I C HT := kere. The corresponding right covariant calculus on H is given by Q' (H) := (H /)@ H
and dgh = (7 ® Id)(A(h) — 1y ® h), where the left and right H-actions are

h-(lgl@h') = [higl @ hat', ([g] @ B') - h = [g] @ h'h

for h,h' € Hyge H" and n: H* — H" /I, g~ 7(g) := [g] denotes the quotient map. The right H-coaction
on QY(H) is p := Idg+,; ® A. This FODC is bicovariant if and only if Ad,(I) € H ® I, where Ad; denotes
the adjoint left coaction Ady, : H — H @ H, h + h1S(h3) ® ho. In this case, the left H-coaction on Q(H) is
given by

Mg} ® h) = g15(g3)h1 @ ([g2] ® h2),

forallge H and h € H.

Quantum principal bundles and connections

We recall from [7] the definition of a quantum principal bundle and of a connection on it, see also [2], Section 5.4].
In this subsection H denotes a Hopf algebra, A is a right H-comodule algebra and we write B := A®°H C A for
the subalgebra of coinvariants. Given a FODC (2!(A),d) we always consider the pullback calculus on B: this
is the FODC (Q'(B),dg) given by the restrictions Q!(B) := BdaB C Q'(A), dp := da|p: B — QY(B). We
further define the horizontal forms as the A-bimodule generated by Q*(B), i.e., Qf .(4) := AQY(B)A C Q' (A).

Then, a quantum principal bundle (QPB) on A is the data of a right H-covariant FODC (2!(A),d) on A and
a bicovariant FODC (Q(H),dy) on H such that the vertical map

ver : QY(A) — A® “HQ(H), ada’ — aafy @ S(a))dpal
is well-defined and the Atiyah sequence
0 — QLo (4) -5 QY(A4) 5 A ©HQY(H) — 0 (2)

is exact in 22N, where i is the inclusion.
If the vertical map is well-defined one clearly has Q]  (A) C ker(ver). Thus, we have a QPB if ver is
well-defined and surjective such that ker(ver) C Q  (A). Let us discuss a criterion for ver to be well-defined.
Let A be a right H-comodule algebra with a FODC (Q'(A),d4) on A and a bicovariant FODC (Q!(H),dg)
on H. By [20, Theorem 2.8] we have that p : A — A ® H is differentiable if and only if (Q2!(A),d4) is right
H-covariant and there is a map 7 : Q*(A) — AOg Q' (H) in 49T such that (Id4 ® dgr)op = mods. Using the
isomorphism ¢ : AOx QN (H) - A® ©HOYH), a® v+ a® S(y_1)y we obtain

pom(adaa’) = apay®@S((ardgal)—1)(ardmal)o = apai®@S(ara))asdgay = agag@S(a))e(ar)dgal, = ver(adaa’).

Thus, if we assume to have a bicovariant FODC (Q!(H),dy) and a FODC (Q2!(A),d4), p being differentiable
is equivalent to (Q'(A),d4) being right H-covariant and ver being well-defined (see also [2, page 425]). If p



is differentiable then m = 75 o p, where m : QY (A ® H) — A ® Q' (H) is the canonical projection, and so
ver = ¢ o my 0 p. Moreover, p’ := 7 o p is the right H-coaction of Q'(A), where m : Q'(A® H) — Q' (4A)®@ H
is the other canonical projection.

Note that the inclusion i : Qi (A) — Q!(A) is a morphism in 49 and that A® 2O (H) is in 4MH with
left A-action given by the multiplication on the first tensor factor and right H-coaction given by the diagonal
one. If ver is well-defined then it is automatically right H-colinear, indeed

ver(adaa')o ® ver(adaa’), = (aaj)o @ (S(a))dmab)o @ (aagy)i(S(a))dmab):
= apag @ S(az)1(dmas)o ® arayS(ay)2(dmaz)
3)

/

/ / / I\
= apay ® S(as)dyay ® aya)S(ay)ag

= ver((adaa’)o) @ (adaa’);.

Thus, exactness of the sequence in 49 coincides with its exactness in 49t .

A connection is a splitting of (2)), i.e., a morphism ¢ : A®“HQ(H) — Q'(A) in 49 such that veroc = Id.
Equivalently, a connection is a morphism 7 : Q1(A) — Q(A) in 49 such that mom = 7 and ker(w) = Q) (A).
In fact, as shown in [2, Proposition 5.41], the two notions of connection coincide: to each 7 one associates ¢
such that c(a ® ) = mver}(a ® «) for all a € A and v € ©HQ!(H) and to each c is associated 7 = co ver. A

connection 7 is called strong if (Id — 7)d4 A C Q*(B)A (cf. [I3, Definition 2.1] and [2, page 426]).

Consider the universal FODCi (QL(A),d%) and (QL (H),d%). These form a QPB if and only if B = A% C A
is a Hopf—Galois extension, i.e., if and only if the canonical map

can: ARp A — A® H, a®pa — aa) ® a)

is bijective. This result is due to [B, Lemma 3.2], see also [13, Proposition 1.6]. In the literature this is sometimes
referred to as the universal QPB. Connections on the universal QPB are given by unital right H-colinear maps
w: H— A® A (where H is endowed with the right H-coaction Adg : h — he ® S(h1)hs and A ® A with the
diagonal right coaction), such that

canomow =14 ®Idy,

where 7: A® A - A®p A is the quotient map. We also recall that, when the Hopf algebra H has invertible
antipode, the right H-coaction p on A converts to a left H-coaction A(a) = S~!(a1) ® ag for all a € A, making
A a left H°P-comodule algebra. Then, Id4 ® p and A ® Id4 make A ® A into an H-bicomodule. So, when
H has bijective antipode, strong connections on the universal QPB correspond to unital bicomodule maps
w: H — A® A such that maw(h) = e(h)14 for all h € H (see [2, Lemma 5.8]). Moreover, when H has bijective
antipode, the existence of a strong connection is equivalent to faithful flatness of A as a left B-module and to
the right H-equivariant projectivity of A, i.e., to the fact that there exists a left B-linear and right H-colinear
map s: A — B® A such that m o s = Id4, where m is the restriction of m4 to B® A (cf. [I0, Corollaries 2.2
and 2.4], see also [6, Section 6.4]). If B C A is a cleft extension with cleaving map j there exists such an s,
namely 5(a) = a0j~ (ar) ® j(as)-

In [2| page 427] a QPB is called regular if it descends from the universal QPB (i.e., from a Hopf-Galois
extension) such that the latter has a strong connection. Hence, a QPB on a cleft extension is always regular in
this sense. Moreover, a QPB is called strong if AQ!(B) = Q!(B)A as subspaces of Q!(A), see [2, Section 5.4.2].

3 The crossed product calculus

Given a left H-module algebra B, a bicovariant FODC on H and an H-module FODC on B, there is a
canonical right H-covariant FODC on the smash product algebra B#H (see [20, Theorem 2.7]). In Section [3.1]
we generalize this construction to the case of the crossed product algebra B#,H, when B is a o-twisted left
H-module algebra. A characterization of the smash product calculus follows in Section [3:2] Higher order forms
for the crossed product algebra are constructed in Section the QPB structure of crossed product 1-forms
and corresponding bimodule covariant derivatives on associated bundles are discussed in Section |[3.4] while we
prove the 1:1 correspondence of connections and connection 1-forms of the crossed product calculus in Section

3.1 Crossed product 1-forms

In this subsection H is a Hopf algebra and B is a o-twisted left H-module algebra. We introduce a right
H-covariant FODC on the crossed product algebra B#,H. First, we define a twisted analog of a B-bimodule.

Definition 3.1. Let M be in gMp. We say that M is a o-twisted B-bimodule if there exists a linear map
«« H® M — M such that for allm € M, h,h' € H and b,b’ € B



i) lg-m=m,
ii.) h-(bmb') = (hy - b)(hg -m)(hs-b'),
iii.) h-(h'-m) =o(hy @ h})(hahly - m)o= (hs © h).

If o is the trivial 2-cocycle we recover the notion of left H-equivariant B-bimodule. Indeed, in this case B
becomes a left H-module algebra and the first and third equations imply that M is in g9, while the second
equation confers that the left and right B-actions of M are left H-linear, so that M is in g(g9M)5.

Lemma 3.2. Let (QY(B),dg) be a FODC on B such that there exists a linear map - : H ® Q' (B) — QY(B)

with
h- (bdgb') = (hy - b)(ho - dpb') (3)
dg(h-b) =h-dgb (4)
dB oco=0 (5)

for every h € H and b,/ € B. Then QY(B) is a o-twisted B-bimodule.

Proof. Since every 3 € Q'(B) is a finite sum 8 = b'dgb; with b, b; € B, it is sufficient to show i.), 44.) and iii.)
of Definition for bdpt’, with b,b’ € B. By assumption Q!(B) is a B-bimodule and clearly i.) holds, since

- bds?) @ (1 01 - dst) D b (11 - 1) = bl
Furthermore, for all b, 5, 5" € B and h € H, we have
h- ((deb’)b”) h- (G((ApY)B")) = k- (bdp(Bb") — B dpb")
(hl b)(ha - dp(b'b")) — (hy - bb')(hs - db")

2 (hy - b)dp(hy - V") — (hy - b)(hy - V) (hs - dgb")
(hy - b)dp((hy - V) (hs - V")) — (hy - b)(ha - b)dp(hs - V)
(h - b)di(hs - ) (hs - 0") D (hy - b) (s - db) (hs - )

=

=

(hy-bdgb')(hy - 1),
which implies
h- (b dgt" ") = h - (bb'db”")b"") = (hy - bV'dgb")(ha - V")
= (hy - bb")(ha - dgb”)(hs - b'"")
= (hy - b)(hg - V') (hs - dgb”)(hy - V")
= (hy - b)(hy - b/dgb")(h3 - 1),

i.e., 7i.) holds. For iii.) we observe that, given , we have

dB(Jil(h ® h/)) = E(hlhll)dg(ail(hQ ® h;)) = 071(h1 ® hll)O'(hQ & hlz)dB(O'il(hg, ® hlg))
=0 (h ® hy)dp(o(he ® hy))o ™t (hg @ hy) + 0 (hy @ hy)o(he @ hy)dp(o ™" (hs @ h3))
= U_l(hl & hll)dB(O'(hQ & hlg)(f_l(hg & hg)) - O'_l(hl & hll)dB(E(th/Q)lB) =0.

Thus, we obtain that

h (B - bdgb) = (hy - (B} - b)) (ha - (hy - dpb)) = (h1 - (R} - b))dp(he - (R - V)
= o (h1 ® hY)(hahl - b)o ™' (hs ® hy)dp(o(hs @ By)(hshy - V)0~ (he © hg))
— o(h1 @ K,)(hahly - b)o " (hs @ By)o(ha @ B)dp(hshl - H)o (hs @ )
= o (h1 ® hY)(hahl - b)dp(hshy - b)o ™" (hy @ hY)
= o(h1 © hy)(hahy - b)(hahy - dpb’)o ™" (ha © )
= a(hn @ hy)(hahty - (bdpb'))o ™" (ha © h3),

where in the fourth equation we used the Leibniz rule and . O

Note that, if the map - : H ® Q'(B) — Q'(B) in Lemma exists, then it is unique, since by and it
is completely determined as h - (bdgb’) = (hy - b)dg(he - V') for all h € H and b,b’ € B.



Definition 3.3. Let (Q'(B),dg) be a FODC on a o-twisted left H-module algebra B. We say that it is a
o-twisted H-module differential calculus if there exists a linear map - : H @ QY(B) — QY(B) such that ,
and of Lemma are satisfied. In particular, Q*(B) is a o-twisted B-bimodule.

Remark 3.4. To explain the nomenclature of the previous definition, recall that in [20, Definition 2.5] an H-
module differential calculus on a left H-module algebra B is a FODC (QY(B),dg), where QY(B) is in g(gIN)
and dg is in g9N; it follows that Q*(B) is in g(g9M)p. In Deﬁm’tz’on we recover this case if o is the trivial
2-cocycle. Indeed, as already mentioned, Definition implies that Q(B) is in g(g9M) B, while of Lemma
implies that dp is left H-linear. Observe that () is trivially satisfied when o is trivial, while we will show
that when o is not trivial it is a necessary condition in order to construct the FODC on the crossed product
algebra B#,H

Lemma 3.5. If M is a o-twisted B-bimodule and N is in ML then (M @ H)® (B® N) is in B#aHmtg#gH
with respect to the B#,H-actions determined for all b,b’ € B, h,h' € H, 3 € M and vy € N by
W oh)2(BR@h+b&y)— b (k) - B)o(hy @ hi) @ hihe + b (k] - b)o(hly ®v-1) @ hyo (6)
BOh+b@y)@ (' @1) = B(hy-0)o(he @ b)) @ hahy +b(y—2 - b')o(y-1 ® h}) @ vohs (7)
and right H-coaction
pP:C—oC®H, [LOh+b@7— Oh Q@hy+b®7v ® 1. (8)

Proof. Let C:= (M ® H)® (B® N) and fix b,b',b” € B, h,h/,h"" € H, B € M and v € N. We first show that
C is a B#,H-bimodule. Indeed, using that M is a o-twisted B-bimodule and B is a o-twisted left H-module
algebra, we obtain

O"@h") (' @R - (B@h) = (" @h")- (¥ (hy - B)a(hy @ h1) @ hshs)

)-
= V(WYY (R, - B)o(hy @ ha))o(RY @ hha) @ R K, hs
(Y V)5 - (B - B)) (B - o (ks & hn))o (] © Wyha) © hHyh
=0b"(hy) - V)o(hy @ b)) (h5hYy - B)o~H(h) @ hy) (ke - o(h) @ hy))o(hi @ hiha) @ b hghs
— V(B <)o (5 © i) (W5 hS - B (b @ By ) (b @ By ) (i hE, @ h) @ B highs
=/ (W - V)o(hY @ B (hihy - B)o(RIhy @ hy) @ hYH,hy
= (' (] V) (g © ) © Wihy) - (B@ )

= (" @r)V' @) (Beh)
and
(1p@1p)-(Bh)=1(1g-B)o(lg ® h1) @ 1ghe = Be(h1) @ ha = S & h.
Similarly, it follows that
bB" @ nh")-((b' @~ (bx7)
=
=
=b( a(hy ® hY)
=b"( a(hy ® hY)
( ( 1)

)= (0" @h")- (V' (h] -b)o(hy ®v-1) ® hyy0)
1-b)a(hy @ - 1))0(]1/2/@( 570)-1) ® 3 (h370)o
(hy - (B} - b)) (h3 - o(hy @ y—2))o (ki ® hyy—1) @ hih)vo
(hzhs - b)o~ (W @ hiy)(hE - o (h)y © v-2))o(hg @ hiy-1) @ hihgo
(h5hy - b)o~ (b @ hy)o(hy @ hy)a(hghy © v-1) @ h7hgyo
(s - Do (R @ 1) © i
1) 2)
(

hll (
hl/ )
h// . /)
hl/ I)
— b// hl/ . )0_ hl/ ® hl
. (b//(h// . b/) (h/l ® h

((b” Qh (b/ Q h )

® h//h/ (b ® ’Y)
b®7)
and
(Ip®@1g) - (b®y) =1(1g -b)o(lg ®v-1) @ 1gyo = be(y-1) ® 70 =b®@ 7.
Thus, C is a left B#,H-module. The fact that C' is a right B#,H-module follows in complete analogy.
Moreover, the two actions are compatible, indeed

(V@) - (B@h)- ¥ @h") = (¥ (h - B)o(hy @ h) @ hgha) - (b @ 1)
=V (R} - B)o(hly @ hy)(hyha - b")o(hyhs @ hY) @ hihyhy

= b/ (k- B)a(hh @ hy)(hha - b )o (R @ ha)o(h @ hy)o(hghs @ hY) @ hiyhehy
=V(hy - B)o(hhy @ h1)(hshg - b )o (B @ h3)(hy - o(hy @ hY))o(hg @ hshfy) @ hhhehy
=/ (R} - B) (W - (hy - ")) (Hly - oy @ ) (hy © hshiy) © hishah
=b(h}-B(hy-b")o(hy ® h’l’))a(h’2 ® hghy) @ hihahy
= @N) - (B(hy - b")o(hy @ BY) @ hshl)

=W @) (Boh)- O ©h"))



and

(V' @h)-(bev) V' h”) (V' (B} - b)o(hy @ v-1) @ hyyo) - (" @ h")
=b'(hy-b)o(hy @ y-1)((h3y0)—2 - b")a((h370)—1 @ hY) @ (h3v0)ohy
=V'(h} - b)o(hy @ y_3)(hyy—2 - b")o(hyy—1 @ h{) @ hiyohy
=0b'(hy -b)o(hy @ v-5)(hgy—a-b")o~ (h4®%3)0(h'5®%2) (hgv-1 @ hY) ® hiyohy
= V' (hy - b)o(hy @ y_5)(hiy—a - b")o " (hy @ v_3)(h5 - o (72 ® h))o(hG @ y_1hy) @ hiyyohs
=b'(hy - b)(hy (7 3 0")(hy - o(v-2 @ hi))o (h4®7 1thy) @ hiyohs

=bV'(h} - b(y—2 - b")a(y-1 @ hY))o(hy @ (yohs)—1) ® hi(v0hy)o
=0 en)-(b ( —2 -V )o(y-1 @ hY) ® yohy)
= ah)-(bey)- " @h").

Hence C is a B#,H-bimodule. Recall that B#,H is a right H-comodule algebra with p: B#,H — (B#,H)®
H b h—b® h; ® hy. Clearly, C' is a right H-comodule via

pP:C—oC®H, BRh+b@y—BRhQhy+bRy QM 9)

and we show that p’ is compatible with the B#,H-actions, so that C' is in B#UHzmg#aH. We have

P(BRh+bRy)- (' @h')=p'(B(h1-0)o(he @ h}) ® hahy +b(y—2 - b)o(y-1 ® h}) @ yohs)
= B(h1 - V)o(ha @ b)) @ hghly @ hahly + b(y—2 - b')o(v-1 @ h}) @ yohb @ y1h4
=(B®@h1) - (V' ®@hy) @ hahy + (b@70) - (V' @ hy) @ yihy

and

PV @N)- (BRh+b27))=p (b'(hy - B)o(hy @ h1) @ hsha + b (h] - b)o(hy @ y-1) @ hsyo)
=0'(h) - B)o(hly @ h1) @ hihy @ hyhs + b (R} - b)o(hly @ v_1) @ hyyo @ hym
= (' ®@h}) - (B® hy) @ hhhy + (' @ hY) - (b®70) ® hyy,

so the thesis follows. O

Corollary 3.6. Given (QY(H),dy) a bicovariant FODC on H and (Q'(B),dg) a o-twisted H-module FODC
on B, (N(B)® H)® (B® QY (H)) is in B#UHme# u with left and right B#,H-actions given by (6)) and (7)),
respectively, and right H-coaction given by (§ .

Finally, we construct the announced right H-covariant FODC on B#, H, starting from a bicovariant FODC
on H and a o-twisted H-module FODC on B. We call it the crossed product calculus on B#,H

Theorem 3.7. Given (Q'(H),dy) a bicovariant FODC on H and (2*(B),dp) a o-twisted H-module FODC
on B we obtain a right H-covariant FODC (Q'(B#,H),d,) on B#,H, where

Q' (B#,H) := (QY(B)® H) @& (B® Q' (H)) and dy, : B#,H — Q' (B#,H), b@ h > dpb®@ h+b® dgh.

Moreover, the right H-coaction of B#,H is differentiable with respect to this calculus.

Proof. By Corollary we know that Q' (B#,H) = (QY(B)® H) ® (B ® QY(H)) is in B#UHEDTFBI#GH. Ina
next step we prove that dy_, as defined above, satisfies the Leibniz rule. Indeed, we have

(dg, (0@ h))-(V"@h)+ (@) (dg, (V' @)

=(dgb@h+b®dgh) - (V @h')+ (b@h)- (dgt’ @ B’ + V' @ dgh')

= (dpb)(h1 - b)a(he @ hy) @ hahy + b((drh)—2 - b)o((dmh) -1 ® k) @ (dmh)ohs
4 b(hy - db)o(he © K)) © hally + b(h1 - B)o(he ® (dgh')—1) ® ha(dsh')o

= (dpb)(h1 - V')o(he ® h}) @ hshy + b(hy - )0 (he @ hY) @ (dirhs )l
+bdg(hy - b )o(he @ hy) ® hahly + b(hy - b')o(he @ h}) @ hadphl

= b(h1 - V)o(he ® hy) ® du(hahy) + dp(b(hy - V))o(he ® hy) @ hshy

= b(hy - V)o(he ® hy) @ du(hshy) + dp(b(hy - V)o(he @ 1)) @ hshy

=dy, (b h)¥ @ 1)),

where we used the fact that dy is left H-colinear and in the third equality, Leibniz rules of dy and dpg in
the fourth and in the fifth.
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Furthermore, Q' (B+#,H) is generated by dy, (B#,H) as left B#,H-module. In order to prove this it is
sufficient to show that the left B#, H-submodule of Q'(B#,H) generated by dy, (B#,H) contains bdpb’ @ h
and b® hdgh’ for every b,b’ € B and h,h’ € H. The first element is obtained by

(b 1p)dy, (V' @h)— (bb' @ 1y)-dy, (1 @ h)
=0b®1ly) - (dgb @h+V @dgh) — (0V' @ 1g) - (1 @ dugh)
=b(1g -dpt)o(lg @ h1) @ Lghe +b(1g - V)o(lg @ (dgh)-1) @ La(dmh)o
—bb'(1g - 1p)o(lg @ (dgh)-1) ® 1g(dgh)o
= deb/E(hl) ® hQ = deb/ ® h,
while for the second element we have that
(bo~(hy ® BY) ® ha) - dy, (15 @ hy) = (bo ™ (hy ® hY)) ® ha) - (1p ® dphb)
= bO'_l(hl ® hll)(h2 . 1B)J(h3 ® (dHh/z)fl) ® h4(dHh12)0
= bdil(hl & h’l)é‘(hg)g(hg ® hlg) ® h4dth
= ba'_1<h1 ® h/l)O'(hg ® hIQ) & hgdHhé
= b{:‘(h1)€(h/1) & thHhIQ =b® hdgh/,
using again that dg is left H-colinear. Hence, the surjectivity condition is shown and (Q'(B#,H),dx, ) is a
FODC on the crossed product algebra B#,H.

Now, denoting by p the right H-coaction of B#,H, define p: QY (B#,H) — Q' ((B#,H) ® H) as B ® h +
bRy B&h @has+b®75 ®7v1 +b®v-1 ®~. This is a morphism in gy pMpy, g, since
P @) (BRh+b@7)) =l (b - B)o(hy @ hi) @ hshsy + V' (k] - b)o(hy ® y-1) ® hi0)

=V (- B)o(hly, @ h1) @ hishe @ hyhs + V' (B - b)o(hh ® v_1) @ hiyo ® hym
+ ' (hy - b)a(hy @ 7-2) ® hyy-1 @ Ry
= (V' @ 1) (B ® h1) ® hyhy + (V' @ 7)) (b ® v0) ® hyyr + (B @ hy) (b ® v-1) ® ko
=0 eN) pBRh+bey)
and, analogously, p((B@h+b®7)- (U @h')) =p(BRh+b®7) - (V) @ h'). Furthermore, we have

pdy, (b@h) =dpb@h1 @ hy +b® (dgh)o ® (dgh)1 +b® (dgh)-1 ® (dgh)o

=dpb®h1 @hy +b®dgh; @ ho + bR h1 @ dihs :d#a(b®h1)®h2—|—b®h1 R dghs

— dgp(b® h),
hence p is differentiable. Then, (Q!(B#,H),dy, ) is right H-covariant such that, denoting the canonical
projection by m : Q(B#,H) @ H) — QY(B#,H) ® H, the right H-coaction on Q(B#,H) is given by
pi=mop:BRh+bR®y+— BRh ®hs+b®v ®71. On the other hand, the right H-covariance of the
calculus also follows explicitly from the computation
pldg, (b h)=p(dgb@h+b®@dgh) =dpb®@h; ® ha + b® (dgh)o @ (dgh); =dgb®@ hy @ he + b @ dghy @ he

=dy, (b®@h) @hy = (dg, @ Idy)p(b® h),

using that dg is right H-colinear. O

As one easily verifies, the above crossed product calculus (Q'(B#,H),dy,) reduces to the smash product
calculus (Q'(B#H),dy) of [20, Theorem 2.7] in case of a trivial extension, where o is the trivial 2-cocycle.

We show that the condition dg o o = 0 is necessary in case we want (Q'(B#,H),d4,) to be a FODC on
B#, H starting from a bicovariant FODC (Q!(H),dg) on H and a FODC (Q'(B),dp) on B such that Q!(B)
is a o-twisted B-bimodule.

Proposition 3.8. Let (2(B),dp) be a FODC on B such that Q' (B) is a o-twisted B-bimodule and (Q'(H), d )
a bicovariant FODC on H such that (Y (B#,H),dy, ), as defined in Theorem is a FODC on B#,H. Then
dB o0 = 0.

Proof. Since Q'(B) is a o-twisted B-bimodule and Q' (H) is in {9, then Q' (B#,H) is in py, uMp, 4 by
Lemma [3.5 Since dy, satisfies the Leibniz rule by assumption we obtain
dp(o(h1 ® hY)) @ hohly, + o(h1 ® b)) @ dg(hehb) = dg, (0(hy @ b)) @ hohy) =dy, (1 @ h)(1g @ 1))
= (dy,(1p@n) (1@ h')+ (1p @ h)dy, (1p @ h')
=o(h1 ® h}) @ (dgha)hly + o(hy @ h}) ® hadghl
= o(h1 ® hy) ® dp (hah}),
so that dg(o(h1 ® h})) @ hehl, = 0 and then dg(o(h ® 1')) = 0, for every h,h' € H. O
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We conclude this section by discussing an example of the crossed product calculus construction. It is based
on a cleft extension which is not trivial, with a non-trivial 2-cocycle, and thus goes beyond the smash product
calculus approach. More examples, based on pointed Hopf algebras, will be outlined in Section [4]

Example 3.9. We now exemplify the construction of the crossed product calculus given in Theorem on
the noncommutative 2-torus. Here A = Clu,u™", v,v™1/{vu — e?uv) is the algebra generated by two invertible
generators u,v, modulo the relation vu = e®uv, where § € R. Then, A is a right H-comodule algebra, where
H = C[t,t7!] is the Hopf algebra with coproduct, counit and antipode given by A(t") = t" @ t", £(t") = 1
and S(t") = t™", for n € Z. The coaction p : A — A ® H is defined on generators by p(u) := u® t and
p(v) :=v @t~ and extended as an algebra morphism. The subalgebra of coinvariants is given by B = A“H =

spanc{(uv)® | k € Z} and B C A forms a cleft extension with cleaving map defined as
jiH = A, tFs kR ok,

for all k > 0, see [T]|]. In particular, j is not an algebra morphism and thus B C A is not a trivial extension.
The convolution inverse j=' : H — A is given by j=1(t*) = u™F and j=1(t=%) = v™F, for all k > 0. Hence we
obtain - : H® B — B, h®@ b+ j(h1)bj *(hs) and o : H® H — B, h® K + j(h1)j(h})i~t(hahb) such that
A= B#,H as right H-comodule algebras. More explicitly, for k > 0 and | € Z, we have

th - ()t = uF (uo)lu™F = e M (uo)!, R (uw)! = oF (uv)loF = eF (uv)!,

i.e., t* - (uwv)t = e (u)!, for all k,1 € Z. Moreover, for all k,s > 0, we have

o(t* @ 1) = wFutu= R =1, ot F@t7%) = vFuto BT = 1
while
kys,s—k _ ,—i0s(k—s), s, s f <k
u vsu e usv®  if s
o tk ® %) = ukvs —1 tk—s _ —
( ) . ) uFok if s>k
and

IOk g gk ifk <s
ot @t*) = vkt T (R = X k sk s f - .
vRutvtTR = eyt if k> s

We now construct a crossed product calculus on B#,H. Let us observe that, for a FODC (Q'(B),dg) on B,
the linear map - : H @ QY(B) — QY(B) given by

t* - () dp((u0)*)) = (¢ - (w0))dp(t" - (u0)*) = e M) (o) d g ((u0)*)

is well-defined for all k,1,s € 7. Hence, by Lemma (QY(B),dp) is a o-twisted H-module calculus on B if
and only if dg o o = 0 is satisfied. Let us assume that dg o o = 0 holds true. Since o(t ®t~1) = uv, we obtain
dp((uv)) = 0 and then dp((uv)') =0 for all 1 > 0. But now, from the Leibniz rule we obtain

0= dp((u)(uv)™") = (wo)dp((ue) ™),  0=dp((uv)™" (w)) = dp((uv)™")(u).

Thus, dp((uv)™) = (uwv)™' - ((ww)dp((ww)™!)) = 0 and so dp((uwv)') = 0 for all I < 0. Hence (Q'(B),dp)
has to be the zero calculus on B. As a consequence, Q' (B#,H) = B @ Q'(H) and dy, = Ildp ® dy, where
(QY(H),dy) is a bicovariant FODC on H. We choose the bicovariant calculus on H given in [2, Ezample
1.11]. Fir a complex number q¢ # 0,1, —1 and define Q*(H) as the left H-module generated by dgt such that
dytt" := q"t"dyt, foralln € Z, anddy : H — QY (H) asdg(f(t)) == %:{)(t)dlqt for any rational polynomial
f in t. The right and left H-coactions are simply given by p : Q1 (H) — QY(H) ® H, t"dgt +— t"dyt @ t"+!
and X : QY (H) — H @ QY(H), t"dgt — t"T @ t"dgt, respectively. Hence the left and right B#,H-actions on
QY (B#,H) are given by

(uwv)t @ tF) - (uwo)™ @ t"dgt) = (uo)' (t* - (wv)™)o (t* @ ") @ tht"d gt
— _eiekm(uv)l+mo_(tk ® tn+1) ® tk+"dHt
and
()™ @ t"dgt) - ((wv)! @ t*) = (wo)™ ("L - (w))o (" @ t*) @ (t"dgt) - t*
— qke—ie(n+1)l(uv)l+mo_(tn+1 ® tk) ® tk+ndHt,
for all l,k,m,n € Z, where o assumes the previous values. Moreover, the right H-coaction on Q'(B#,H) is
given by (uwv)! @ t"dgt — (wv)! @t*dgt @ t" L. Even if the o-twisted H-module calculus on B is the trivial one,
the non-trivial o appears in the structure of the crossed product calculus on B#,H. In the last section we will

discuss a class of examples of crossed product calculi for which the o-twisted H-module calculus on B is not the
trivial one.
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3.2 A classification of the smash product calculus

In this subsection we consider a right H-comodule algebra A such that B := AH C A s a trivial extension. We
denote the algebra inclusion by ¢ : B — A and the cleaving map by j : H — A. In the following, we characterize
the calculi on A which are isomorphic to the smash product calculus (Q'(B#H),dy) via the differential of the
algebra isomorphism A = B#H. Recall that the calculus (Q'(B#H),dy) is obtained from Theorem if one
considers the trivial 2-cocycle and it corresponds to the calculus given in [20, Theorem 2.7]. Calculi on smash
product algebras have also been considered in [1] and [I8], Section 4].

Lemma 3.10. The algebra morphisms 1 : B — B#H, b+— b® 1y and 1o : H — B#H, h — 1 ® h are
differentiable.

Proof. Clearly ¢; and 1 are morphisms of algebras. We consider the morphisms i7 : QY(B) — QY (B#H),
B Belgand iz : Q1 (H) — QYB#H), v+ 15®7v. Now i1(b30) = b0 @1y = (b@1y)-(B@1y)- (W @1g) =
bi1(B)V, so i1 is a morphism of B-bimodules and 73 (hyh') = 1p@hyh' = (15@%)-(15@7)-(15QK') = hiz(y)h, so
i3 is a morphism of H-bimodules. Furthermore, i1dgb = dgb®1y = dyt1band irdyh = 1p@dgh = dgioh. O

Note that 7 and 73 are injective. Observe also that, in case of a pure crossed product B#,H (i.e., with o
not trivial), ¢o is not a morphism of algebras in general.

Remark 3.11. Consider a FODC (Q'(A),da) on A and the corresponding pullback calculus (2*(B),dg) on
B, where we recall that dg := da|p : B — QYB) C QY(A). In particular, the inclusion t: B — A is
differentiable. In order to build the right H-covariant FODC on B#H given by Theorem we need that
(QY(B),dp) is an H-module FODC, i.e., there must exist an action - : H @ QY(B) — QY(B) that satisfies
h-(bdgb’) = (hy - b)(hg -dpb’) = (hy - b)dp(hy - V'), i.e.,

h- (bdpb') = j(h1)bj~* (h2)dp(ji(hs)b' i~ (ha))
= j(h1)bb'da (5" (h2)) + j(h1)bdp ()i~ (he) + j(h1)bji " (ha)da(j(hs))b'j " (ha)

orallh e H, b,b' € B.
[

(10)

We know that the smash product algebra B#H is isomorphic to A as right H-comodule algebras through
0: A — B#H, a — apj *(a1) ® ag, with inverse ! : b ® h + bj(h). We are now prepared to give a
classification of the smash product calculus in terms of the embedding ¢: B — A, the cleaving map j: H — A
and a "commutativity condition" on the differential d4.

Theorem 3.12. Let B C A be a trivial extension with cleaving map j : H — A. Consider a FODC (2(A),da)
on A with QY (A) torsion-free as left and right A-module and (Q(B),dp) the corresponding pullback calculus on
B and a bicovariant FODC (Q'(H),dg) on H. Then, (Q'(A),da) is isomorphic to (2 (B#H),dy) through 0
if and only if:

(1) j is differentiable with j injective.

(2) TN (B))j(H) N o(B)j(Q(H)) = {0}.

(3) da(j(h1))bj=t(ha) = —j(h1)bda(j = (h2)) for all h € H, b€ B.
If these conditions are satisfied then (Q'(A),da) is a right H-covariant FODC on A.

Proof. We are assuming that (Q'(B),dp) is an H-module FODC in order to build (Q'(B#H),dy), i.e., that
is satisfied. Thus, (Q'(A4),d4) and (Q(B#H),dy) are isomorphic through 6 if and only if 6 is differentiable

and 0 is bijective (equivalently, §~! is differentiable and #—1 is bijective). We prove that this is equivalent to
(1), (2) and (3).

Suppose that (Q1(A4),da) = (Q(B#H),d4) as FODCi through 6. Then, § and 6! are differentiable with
61 =01 QY B#H) — QY(A). Furthermore, we know that uo is differentiable by Lemma Thus, since
j =071 01y, we obtain that j is differentiable with 3 =010 3. In particular, the diagram

—

QL(H) —25 QLUB#H) 55 Q1(A) —— 0'(B)

N P R

H B#H A B

L2 071 L

commutes. Moreover, i5 and #—1 are injective, so j is injective and holds.
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We give the explicit expression of g1 , which is uniquely determined by 6~!.

0 1((b® 1g)du(t @ h) — (0 @ 1)du(lp @ h))

Yb@ 1g)da(0 (B @ b)) — 071 (b @ 15)da (07 (15 @ h))
bda(b'j(h)) — bb'da(j(h)) = bb'da(j(h)) + bda(b')j(h) — bb'da(j(h))
bda(b')j(h)

01 (bdpb/ ® h) =0~
o~

and so §-1 LQYB)® H) =1(QY(B))j(H), while
0-1(b® hdgh') =0-1((b® h)du(lp @ K)) = 0" (b@ h)da(0~ (15 ® 1)) = bj(h)da(i(R)) = bj(hdyh)

and then 6-1(B @ Q' (H )) = o(B)j(Q(H)). Thus, we obtain

,\A

(6-1('(B) @ H)) NO(0-1(B ® Q'(H)))
{(B)® H)N(B® Q! (H))
2

from which 2(Q(B))j(H) N u(B)j(Q(H)) = {0} follows, since 8 is injective. Thus, is satisfied.

Furthermore, recalling that j=1(h)o ® j71(h); = j 1 (ha) ® S(h1) and j=1(hh') = j=1(h')j~1(h) for all
h,h' € H, we obtain

0(da(j(h1))bj " (ha))

60" (B))j(H) N u(B)j(Q'(H)))

N

0
= (@
{0

Ay (0(j (71)))0(bj " (ha))

A (G(h1)og (G (hi)r) @ G(ha)2)(boj ™  (h2)ag ™" (b1j ™" (h2)1) @ baj ™' (ha)a)

=dyu(1a @ h1)(bj " (ha)j ' (S(hs)) ® S(ha)) = (1a @ dghy) (b~ (S(hs)ha) ® S(ha))

= (14 ®@dgh1)(b® S(h2)) = (dgh1)-1-b) ® (dghi)oS(h2) = (h1 - b) @ du(h2)S(hs)
—(h1-b) @ hadpu (S(h3)) = —((h1 - b) @ ho)(14 ® du(S(hs3)))

= —(j(h1)bj ™" (h2) @ h3)dy(1a @ S(ha)) = —0(j(h1)b)dx(0( " (h2)))

= —0(j(h1)bda (i (h2)))

and then, since 9 is injective, we obtain that holds true.

On the other hand, suppose that , and are satisfied. First note that, since is satisfied, using
we have h - (bdgb') = j(h1)bdp(b')j~1(hs) for all h € H and b,b’ € B. Thus, we obtain

h-B=j(h1)Bj " (hs), for all h € H and 3 € Q(B). (11)

Next, we show that §! is differentiable, i.e., that there exists a B# H-bimodule morphism o1 . OY(B#H) —
Q!(A) such that =1 ody = d4 0071, We define
1B h+b®q) =0B)j(h) +bj(y), for B&h+b®~ye QL (B#H).
Then
0-Tdy (b®h) = -1 (dpbh-+bodgh) = Wdpb)j(h)+bj(dgh) = da(b)j(h)+bda(j(h)) = da(bj(h)) = da0~" (bDN),
since j is differentiable by . Furthermore, 9-1isa morphism of B# H-bimodules. Indeed, we can compute
0=t @ ') (B h+b®7)) = 0= (] - B) @ hiyh+ b (W - b) @ hiyy) = b (k- B)j(bh) + b (h} - b)j ()
0 (1) 85" () () () + V4 by () ()
= b'j(h")Bj(h) + b/ j (R, )bj =" (hy)j(h4)j () = b'i(h")Bj(h) + b/j(h)bj(7)
= (') (Bj(h) +bj(~)) = 07 (b @ h')(@B)j(h) +bj(7))
=W eK) 0 Y(BRh+bDA),
as well as
0-1(B@h) - (V) @h')) = 0= (B(hy V) © hah') = B(ha - V)i (hah') = Bj(ha)b§ ™" (ha)j(ha)j (k') = Bi () j(h')
=0-1(Bah) (V@)
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and

O-1((b® hdgh') - (V' @ ")) = 0-L(b((hdgh')_1 - V') @ (hdgh')oh!) = 0L (b(hyl - b)) @ hady (Ry)R")
= b(hahy - V)G (had s (Wo)B") = bj(hahy)b' 5" (hahb)j(hs)da(i(h5))i(h")
= bj(h)j(R)V' 5" (ho)da(i(h3))j(h") = —bj(h)j(hi)b'da(i~" (h))j(hy)i(R")
B0 () aa GG (W) ()R = b (R)AA(G (RO (") = b (R )0~ ( & 1)
= 0-1(b® hdgh') - (' @ B").

Hence, we have that 0~ is differentiable and -1 is given by (i (40 ((® )+ /iép( ol ®7). Now we show that

01 is bijective in order to obtain that it is an isomorphism of B# H-bimodules. The right and left A-actions
16 4y and ,ulQl(A) on Q'(A) are injective since Q! (A) is a right and left torsion-free A-module. Moreover, ¢, 7, j

are injective and so is 3 by , thus ,ual(A)O(fQ@j) and ,ulQl(A)O(L®3) are injective. It follows that 0-1is injective,
sinc/e\f(Ql(B))j(H) Nu(B)j (L (H)) = {0} holds true by ([2). Therefore, it only remains to prove the surjectivity
of 0=1. Let adaa’ € Q'(A) be arbitrary and consider (agj~'(a1) ® az)dg(api=t(a}) @ ab) € QY (B#H). Thus,
we have
(a0j ™ (a1) ® az)(dp(agi " (a)) ® ay + apj ™ (a7) @ dpas)

= apj " (a1)(az - dp(agi ™' (a1))) ® azas + aoj ™" (ar)(az - agj~'(a})) ® azdmay

o . . . . _ . _ -~
aoj " (a1)j(az2)dp(agi ™" (ah))i ™ (as) ® asal + agji ™" (a1)j(az)agi ™" (al)j~ " (as) ® asdga

= aodp(api~" (a1))i ™ (a1) @ asah + agagy ™~ (ah)j~ ' (a1) ® azdpras,

which implies

—

0= ((a0j " (a1) ® az)dy(apj~(a}) @ ay)) = 0T (aodp(apj~ (a}))j~ (a1) ® azaly + agapj~*(a})j " (a1) ® azdprah)
= aoda(api~"(a1))i ™" (a1)j(az)i(ab) + aoagsi~ (a1)i ™" (a1)j(az)da(j(az))
= ada(agj~"(a))j(as) + aagi ™ (ah)da(j(as))

= a(da(agj” l(aﬁ))J(aé) +%J "(ah)da(i(as)))

= ada(apj~"(a})j(ah)) = ada(age(al))

=adad’.
Thus, -1 is also surjective and consequently it is an isomorphism of B# H-bimodules. Hence, (Q'(A),d4) &
(QY(B#H),dy) and the converse implication follows.

If (QY(A),da) = (QY(B#H),dy) are isomorphic as FODCi through @ then, clearly, (Q2'(A),d4) is a right
H-covariant FODC since this is true for (Ql(B#H ),d%). More explicitly, we define the right H-coaction
p: QN A) = QY (A)®@ H by p:= (0~ 01 @ Idy) o p'o 6, where o/ is the right H-coaction on Q' (B#H), so that 6
is automatically right H-colinear. Using that 9 is left A-linear and that the left B H-action of Q' (B#H), 6
and d4 are right H-colinear we explicitly obtain

pladad’) = (071 @ 1) (0(a)d4 (0(a'))) = (01 @ Idsr)(B(a)od(0(a'))o @ O(a)1dye(0(a'))1)
— (677 @ Tdy)(0(ag d#w(a’) )@ mf(e)) = (ﬁ 1) 0a0)d(8(05)) & )

Then, Q1(A) is in A9 since A is a right H-comodule algebra and d4 is right H-colinear. O

Remark 3.13. Note that, assuming a non-trivial calculus (Q'(A),da) on the algebra A (ie., Q' (A) # {0})
such that QY (A) is torsion-free as left (right) A-module, it easily follows that A can not have zero divisors.

3.3 Higher order forms

In this subsection H denotes a Hopf algebra and B a o-twisted left H-module algebra with measure -: HQB — B
and 2-cocycle 0: H ® H — B. In the following we introduce higher order forms on B#,H. By generalizing
Definition [3.3] we give the following:
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Definition 3.14. Let (2*(B),dp) be a DC on B. We say that it is a o-twisted H-module DC' if there exist
linear maps - : H @ Q™"(B) = Q™(B) for alln > 1, such that
b (00dgb' A~ Adpb™) = (hy - 0°)(hg -dpb) A+ A (Bpyq - dpb™),
h-dgb=dg(h-b),
dpoo =0
for all b,8°,...,b" € B and h € H.

Let us discuss some immediate consequences of the above definition.

Remark 3.15. From the first two equations in Definition we obtain that the linear maps - : HQQ"(B) —
Q™(B), if they exist, are uniquely determined by

h-(b%dgbt A Adpb"™) = (hy - b")dp(he - bY) A--- Adp(hpyr - b7).
Clearly 17 - B =3 for all B € Q*(B) and, as in the proof of Lemma[3.3, one shows that
h- (B -B) =a(hy @ h})(hahly - B)o " (hg @ hy) for all B € Q*(B) and h,h' € H. (12)
In addition,
h-(BAB)=(h1-B)A(he-B') forallh € H, B € Q"(B) and ' € Q™(B) (13)

holds true for arbitrary n,m > 0. Hence, we have that the graded algebra Q*(B) is a o-twisted left H-module
algebra with measure given by the collection of the linear maps - : H ® Q" (B) — Q"(B), for n > 0.

Given a bicovariant DC Q°*(H) it is proven in [23, Lemma 5.4] that A is differentiable if and only if Q®*(H)
is a differential graded bialgebra with Q°(H) = H as bialgebras. Thus, in this case, we have Q®*(A) : Q*(H) —
Q% (H ® H). For an arbitrary v € Q°*(H) we write Q®(A)(y) = 1) ® ) and, denoting by o QMY He H) —
OF(H) ® QY(H) the canonical projection, for a homogeneous element v € Q/(H) and k +1 = j we write
T (A)(7) =t Y<1,k> ® V<215, so that QI (A)(y) = D kti=j V<1k> ® V<25 in accordance with [20]. In terms
of this notation, the fact that 2°(A) is an algebra map reads

AL YA = D, (D" vcirs Aerps @ Y<2is> AvVea s (14)
k+i=j
k/+l/:j/

for every v € Q/(H) and ~/ € Q7' (H). Applying the projection 7% to the equation (Id ® Q*(A))Q*(A)(y) =
(Q°(A) @Id)Q*(A)(7y) gives

V-1 @Y0,<1,k> @ V0,<2,0> = V<L,k>,~1 @ V<1,k>,0 @ V<2,0> (15)
and we have a similar formula for the projection 7%*%0.
We now define higher order forms on B#,H by generalizing Theorem [3.7]

Theorem 3.16. Let (2*(B),dp) be a o-twisted H-module DC on B and (Q°*(H),dy) a DC on H with respect
to which A : H — H ® H is differentiable. Let us define

O"(B#.H) =P (B)@ Q' (H)  foralln >0

1=0

and set

WA W ®Y):=(-1)*wA (v_2-w)o(r21 ® 7 1) ® (0 AY),
dy,(wW®7):=dpw @+ (-1)'w®dgy

for w € QYB), v € QI(H) and w' € QF(B). Then (Q*(B#,H),dy,) is a right H-covariant DC on B#,H.
Furthermore, the right H-coaction p : B#.H — (B#.,H) ® H is differentiable with differential

Q% (p) : Q*(B#.H) = Q*((B#oH) @ H)
W&y = w @) © 2
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Proof. First, note that A is a map of degree 0, since this is the case for the products of Q*(B) and Q°*(H),
AMQ"(H)) CH®Q"(H) and H-Q"(B) C Q"(B) for all n > 0. Now, we show the associativity of the product.
Given w € Q¥(B), w' € Q" (B), w" € Q" (B),vy€ QI (H),y € ¥ (H) and v € O (H), we obtain

—~

W) AW ® ’y’)) AW’ ®4") = (1) (w A (7-2 - w)o(1-1 ®7.1) @ 70 A) A (w” @)

= (1) G A (yop - w)a(r=1 @7 0) A (o A)—2 - @) (Yo Ae) -1 ©771) ® (30 Ao)o A

= (—1y wA(v 4 w)o(y-3 @7 5) A (—27g - W) (=171 ®971) @ 90 Ao Ao

= (—1)I DTG A (16 W) Aa(1s @ 5) (V-ar g - @ )o T (=3 ® 7 g)o (Y2 ® 7 o)o(Y_17y @7 1)
@ Ao Ao

(=)D G A (yg W) A (Yog - (Vg - w0")) (Y2 - 0 (Yog @77 0)) 0 (Y1 @ Y17"1) @ Yo Ao Al
(1T G A (v (WA (Vg - "o ( o @A) (71 @ (Y A ) =1) @ Y0 A (T Ao

=WY) A1) W' A 5w )o(v 1 ®7"1) @A)
= (WA (W Y)A (W' ®~")).

[

Furthermore, d  satisfies the Leibniz rule, indeed

dg, (W) AW @) + (1) (w®7y) Ady, (W ®@7)

dpw ®7) A (W ®7) + (~1)(w @ dg) A (W @) + (-1)H (w @ 7) A (dpw’ ® ) + (-1 (w e ) A (W @ du?)
1Y dpw A (7=2 - W) (721 @ 71) @ 70 Avh + (1)U G A (dg)—2 - w)o((drr) -1 @ 7-1) @ (dry)o A

+ (—1) DG A (yp - dpw’)o (-1 ©911) ® Y0 Al + (1) HT WA (v_5 - Vo (v-1 © (day)—1) @ 10 A (day)o
= (-1 dpw A (72 - W) (71 @7 1) @70 AYh + (=17 (W A (12 - w)a(v-1 ® 7 4) @ dryo A

n

= (—1)"(dpw A (-2 @) (71 @ 71) @ 90 AYh + (D)'w Adp((v-2 - )o (71 @7.1)) @70 A7)

+ (1) (WA (o2 w)o (721 ® Y ) @ Ao Ah + (1w A (Yo w)o(v-1 @7 1) ® Y0 Aduh)

177 (dp(w A (7-2 - w)o (-1 ®7.1)) ® 70 Avp) + (1) HH (W A (-2 - ) (721 ®91) @ dir (0 A )
177 (dp(w A (-2 - w)o(y-1 ®71)) @70 Avp + (=1 w A (72 - w')o(y-1 @71) @ dr (90 A 7))
177 dg, (w A (-2 - w)o (-1 ®Y.1) @70 A7) = di, (w @ 7) A

(
(

= (

(—

(-1)

(=1)

(D)™ wAdp((v-2 - w)o (121 ®91)) @70 Avh + ()T WA (v_p - w)o (121 @41) @90 Adug
(-1)

(=

(—

(-

(—

(W' ®9),

where in the third equality we use second and third equations of Deﬁnltlo while the fact that di =0
follows in complete analogy to the tensor product DC. Hence (Q°(B#. ,d#g) is a differential graded
algebra such that Q°(B+#,H) = B#,H. Moreover, from Theorem we know that Q' (B#,H) is spanned
by elements of the form (b ® h)dg, (V' ® 1), for b,b’ € B and h,h’ € H. Now, suppose that for a fixed n > 1
Q"~1(B#,H) is spanned by elements of the form (b°®h%)dy, (' @A) A--- Ady, (B" 1 @h"~1) for b € B and
hi € H. A generic element in Q" (B#,H) is a sum of elements in Q¥(B) ® Q!(H) with k,l € {0,...,n} such
that k41 = n and then, by using the "surjectivity condition" of Q¥(B) and Q!(H), sum of elements of the form
(b%dgbt Adgb® A -+ - AdpbF) @ (h°dght A - Adgh!). Then, we have

(B2dpb @ 1) A ((dpb* A--- Adpb®) @ (ROdght A--- Adght))
= b0dpbt A (1 -dpb® A--- Adpb®)o(lg @ (ROdght A--- Adgh) 1) @ 1z (h°dgh* A--- Adihl)o
= (b°dpb* Adpb* A -~ Adpb®) @ (hOdght A -+ Adghl)

and (dgb? A --- Adpb?) @ (ROdgh! A --- Adgh') is in Q"1 (B#,H), which is by hypothesis a finite sum of
elements of the aforementioned form. Since 8%dgb' ® 1y = (0°®1py)dy, (b' ® 1), we can conclude by induction
that Q" (B#,H) is spanned by elements of the form (b°® h%)dy, (b' @A) A+ Ady, (b" @ h™) with b' € B and
h € H. Thus, we have obtained that (Q°(B#,H),dy,) is a DC on B#,H and it is right H-covariant since
the DC (Q°*(H),dy) is right covariant.

Finally, we show that the algebra map p : B#,H — (B#,H) @ H, b® h — b® hy ® hy is differentiable.
Writing Q°(A)(7) = 7111 @72}, we define Q*(p) : Q*(B#,H) — Q*((B#,H)@ H) as Q°*(p)(w®7) = w@y1 @72
such that Q°(p) = p.
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Then, °(p) is an algebra map. Indeed, given w, w’, 7, 7' as before, we obtain

() (W) AW 7)) = (1" () (WA (v-2-w)a(y-1©721) @70 Ap)
= (D" wA (v=2 - w)o (721 @ 71) ® (Yo A0 @ (Y0 A7) )
@ Y
@ Z (1" TR WA (vog - w)o(v-1 ® 9 ) ® (Y0,<1,6> A 7(/),<1,k/>) ® (70,<2,1> A 76,<2,l’>)
kti=j
k)/+l/:.j/
= > EDFHEEOGA (yar ks, W) o (Yt ks, 1 @Yot s 1) © (V<1 k5.0 A1 s 0) @ (Y<is A Voo )
k+i=j
k,+l/:‘;l
= Z (=)' ) (w0 @ verps) AW ® Yerprs) © (V21> Ao )
kti=j
k/+l1:j/
= Z (W ®v<1k> ® Y<2,15) AW @ Voy s @ Vogps)
k4l=j
k/+l/=j/

= Q°(p)(w @ V)AL (p) (' ® ),
where we used for v and 7/ in the fourth equation and the product

A (Q°(B#.H) ® Q°(H))® = Q*(B#, H) © Q°(H)
We7)e®ey)— ()" MwAY)e (yAy)

in the sixth equation. Furthermore, from dg o 2°(A) = Q°*(A) o dy, we obtain that

Q*(p)dg, (w®7) = Q(p)(dpw @7 + (-1)“lw ® dry) = dsw © Y1 © Y2y + (-1 w @ (day) © (de)p
= dpw ® Yy ® 2 + (—1)*lw ®@ dg (v ® v2) = de(w @ Y1y ® Y2)
=deQ*(p)(w 1),
hence Q°(p) o dy, = dg o Q°(p). Thus, p is differentiable. O

As one easily verifies, the above crossed product DC (Q°(B#,H),dy, ) reduces to the smash product DC
(Q*(B#H),dy4) of [20, Theorem 3.5] in case o is the trivial 2-cocycle. Moreover, we observe that the DC
O®(B#,H) restricted to zero-forms on H coincides with the crossed product algebra Q°®(B)#,H. The latter
can be understood as a crossed product of differential graded algebras if we consider the trivial DC on H.

3.4 Quantum principal bundle and connections

Now we study some constructions related to the FODC on the crossed product algebra B#,H. In this subsection
we show that there is a (regular and strong) QPB on B#,H with respect to this calculus. Afterwards, we study
bimodule covariant derivatives on associated bundles of the crossed product algebra. Furthermore, we compute
the noncommutative de Rham cohomology of B#,H from the cohomologies of B and H via the Leray—Serre
spectral sequence. The latter employs higher order vertical maps and Atiyah sequences.

We consider B#,H as right H-comodule algebra via p := Idp ® A and the right H-covariant FODC
(QY(B#,H),dy, ) on it given in Theorem when (Q!(B),dp) is a o-twisted H-module FODC on B and
(QY(H),dp) is a bicovariant FODC on H. Recalling that (B#,H)*H = B&kly, the induced pullback calculus
on B ®kly is given by

Q' (B@kly) =span {(b® 1y)dy, (Y @ 1g) | b, € B} = span, {bdgb' @ 15 | b,b' € B} = Q' (B) @ kly
with differential given by the restriction and corestriction of dy_. The horizontal forms are
QU Bty H)or := (Bt H) (V' (B) & Kl t) (B, H) = Q1(B) ® H.
The last equality holds, since clearly Q' (B#,H)nor € QY(B) ® H and, given bdgh’ ® h for b,b' € B and h € H
(b 1g) - (dpb @ 1)) - (1p @ h) = (bdgl/ @ 1) - (1p @ h) = bdgb'e(h1) @ hg = bdgb’ @ h.

We prove that the horizontal forms fit into a short exact sequence, forming a QPB. This QPB is automatically
regular, in the sense that it descends from a universal QPB with a strong connection.
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Theorem 3.17. Given (Q'(H),dy) a bicovariant FODC on H and (Q'(B),dg) a o-twisted H-module FODC
on B, there is a regular and strong QPB on the crossed product algebra B#,H. Explicitly,

0— QY(B)® H -5 QYB#.H) 25 (B#,H) @ 10 (H) — 0 (16)

is an ezact sequence in gy p9M, where 11 is the inclusion and (Q*(B#,H),dy, ) is the right H-covariant FODC
on B#.H, constructed in Theorem[3.7}

Proof. Since we have shown in Theorem 3.7 that the right H-coaction p : B#,H — (B#,H)®H is differentiable
we have that ver = ¢ o 7}, o p is well-defined, where

p: QN (B#,H) — Q' (B#,H) ® H),
BROR+bR7—LRh Qha+bR@7% @71 +b®v-1 ® 70,

7l QY (B#,H) @ H) — (B#,H) @ QY (H) is the canonical projection and
2 # # proj
¢ : (B#,H)OgQ'(H) — (B#.H) @ “°HQ'(H), bOh@y—=b@h®S(v_1)70

is an isomorphism. Thus, we obtain ver(S®h+b®7v) = b®y_2®S(v_1)70, which we can rewrite as ver = poma,
where 79 : QY (B#,H) — B® Q!(H) is the canonical projection and p : B® Q' (H) — (B#,H) @ °2Q(H) is
the linear map defined by p(b® ) :=b® v_2 ® S(7—1)v0. Observe that p is left B#,H-linear, since we have

p((' @ 1) - (b@v)) =p' (k] -b)a(hy @v-1) @ hyyo)
=0V (h) - b)o(hh @ v-3) @ hiyy—2 @ S(hyy—1)hso
=b'(h} - b)o(hy @ v—3) @ hiy—2 @ S(v-1)70
=0 @N)(b®y-2) ®S(v-1)70

for all b, € B, h' € H and v € Q' (H).

We show that p is bijective in order to obtain that ver is surjective and that ker(ver) = ker(m) = QY(B)® H.
We define the linear map g : (B#,H) @ QY H) - B® Q'(H) by g(b® h ®7) := b ® hy. The morphism g
is the inverse of p. Indeed, given b® h ® v € (B#,H) ® “HQ(H), we have

pg(b@h®v) =pb®hy) =b® (hy)-2 ® S((hy)-1)(h7)o = b & h1y—2 ® S(hay-1)h370
:b®h1®5(h2)h3’y:b®h®’7

since 7 is in “HQ!(H) and, given b® v € B ® Q' (H), we obtain

gp(b®@7) = g(b®v-2® S(7-1)%) =b®@1-25(7-1)70 =b®@e(v7-1)0 =b® 1.

Thus, p is bijective and the sequence is exact in gy, g9, hence we have a QPB on the crossed product
algebra B#,H. Since crossed product algebras correspond to cleft extensions, the regularity of the QPB follows.
Finally, observe that (Q!}(B) ® H)°° = Q!(B) @ H*°" = Q!(B) ® kly and then, using [2, Corollary 5.53], the
QPB is strong (the bijectivity of the antipode of H is needed here). O

Remark 3.18. Note that clearly (0(B) @ klg)(B#,H) = Q' (B) ® H since every 3@ h € Q1(B)® H can be
written as (B®1p)-(15®h). Since the QPB of Theorem|[3.17 is strong we also obtain (B#,H)(Q'(B)®kly) =
QY(B)® H.

We show that the above QPB exhibits a canonical strong connection. We recall that a connection is a
section ¢: (B#,H) @ QY H) — QYB#,H) in gy, g7 of the vertical map and it is strong if (Id — co
ver)dy, (B#,H) C Q' (B)(B#,H).

Proposition 3.19. The QPB on the crossed product algebra B#,H of Theorem[3.17 admits a strong connection
c: (B#.H) @ “HQY(H) —» QY(B#,H), (bQh)®@7—b® hy.

Proof. Let us define ¢ := 1509, where 15: BQQY(H) — Q' (B#,H) is the canonical inclusion and g: (B#,H)®
©HOQLH) - B QYH), b®@ h®v+— b® hy. We already know that 12 is a morphism in pg_ g9, Moreover,
g is left B#, H-linear since

gV @) - (b®h@7)) = gt/ (k] - b)o(hy ® h) ® hyhs ® ) = V' (K] - b)o(hy @ ha) © hshay
=b'(h} - b)a(hly @ hay_1) @ hishoyo = b () - D)o (hhy @ (hy) 1) ® hi(hy)o
=W oh) - gbhy)
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for all b,b’ € B, h,h’ € H and v € ©°7Q!(H) and right H-colinear, indeed
gb@h®7)o®@g(b@h®@7)1 =b® (hy)o @ (hy)1 =b® h1vo ® hoy1 = (9 ® Idg) (b ® h1 ® Yo ® ham).

Thus, g is a morphism in B#UHDJTH and then also t50g is in B#UHEDTH. Since ver = poma, where p: BRQ (H) —
(B#,H) @ “°HQY(H), b® v+ b®v_2 ® S(y_1)70 is the inverse of g, we obtain

veroity0g =pomyotyog=pog=1Id,

proving that ¢ = 15 o g is a connection. It remains to prove that c is strong.
On elements b ® h € B#,H the strong condition (Id — c o ver)dy, (B#,H) C Q'(B)(B#,H) reads dgb ®
h+b®dgh —c(b®h; ® S(he)dghs) € QY(B)(B#,H). The latter is satisfied, since

dpb@h+bdgh—c(b®hy ®S(h2)dHh3) = de®h+b®dHh—b®h1S(h2)dh3 =dgb®h = (de®1H)(1B®h)
holds. O

Remark 3.20. As we recalled in the preliminaries, given a right H-comodule algebra A, B C A is a faithfully
flat Hopf-Galois extension if and only if there exists a strong connection on the universal FODC on A. This is
also equivalent to the existence of a linear map 1 : H — A® A, h i 1(h) := h) @ h®) such that the following
equalities are satisfied for all h € H:

I0g) =1a®@1a,  AYA® =¢(h)1y,

MY @ ()@ (M) = (h)M @ (h)P @ ha,  (M)g @ (hV); @ k) = (he)M @ S(h1) @ (ha) P,

see [0, Theorem 6.19 and Theorem 6.20]. In case of the tensor product algebra B ® H, as well as the smash
product algebra B#H, such a morphism | is given by h — 1p ® S(h1) @ 1 ® hs, which descends to a strong
connection | : °HQV(H) — QY (B#H), £ — 1p ® &, see [4, Example 5.55]. Note that h — 1g @ S(h) is the
convolution inverse of the cleaving map j : h — 1g ® h in the trivial case. According to [2, Corollary 5.14]
strong connections on trivial extensions are equivalent to morphisms o : Ht — QY(B). The previous choice
corresponds to the trivial «.

We show that the strong connection of Proposition|3.19 is the generalization of precisely this connection to
cleft extensions and the crossed product calculus. In the crossed product case the convolution inverse of the
cleaving map is given by j= : h — o~ 1(S(h2) ® h3) ® S(h1). It follows that the map | :== (j7' @ j)A : h —
o 1(S(he) @h3)@S(h1) ® 15 ® hy satisfies the previous four properties. Hence, we obtain the strong connection
[:HT — QYB#,H), h— hWdy, h® = j71(hy)dy, (j(he)). We compute for h € HT

I(h) = (071 (S(h2) @ hg) ® S(h1))(15 @ drha) = 0~ (S(h2) @ h3)o(S(h1)1 @ (drha)-1) © S(h1)2(drha)o
== Uﬁl(S(hg) ® h4)0(5(h2) ® h5) ® S(hl)dth == ]-B ® S(hl)d[{hg = ]-B ®w(h),

where @ : HT — “HQY(H), h > S(h1)dghe denotes the Cartan-Maurer form, a surjective map (see e.g. [2,

Theorem 2.26]). Thus, c((b® h) ® @w(g)) = b® hl(g) = b ® hw(g), where b€ B, h € H and g € H*, in fact
recovers the strong connection of Proposition[5.19

Using the strong connection of Proposition we can construct covariant derivatives of associated bundles
of the crossed product QPB. Recall that, given a FODC (Q2'(B),dp) on an algebra B, a covariant derivative
on a left B-module E is a linear map Vg: E — Q' (B) ®p E obeying the left Leibniz rule

VE(be) =dgb®pe+b-Vge,

for e € E and b € B. In the notation of [2| page 227] we denote by g€ the category whose objects are given
by pairs (E,Vg) where E is a left B-module and Vg is a covariant derivative on E and morphisms are left
B-linear maps intertwining V. More explicitly, a morphism between two objects (E,Vg) and (K, V) in g€ is
a left B-linear map T: F — K such that Vg oT = (Id®pT)oVg. If E is a B-bimodule, a covariant derivative
Veg:E— QYB)®p FE on E is called bimodule covariant derivative if it is equipped with a B-bimodule map
op: E®p QY(B) —» QY(B) ®p E obeying Vg(e-b) = og(e ®p dgb) + (Vge) - b, for e € E and b € B. Note
that og is not an additional data as, if it exists, it is uniquely determined by the stated condition. Hence,
being a bimodule covariant derivative or not is a property of a covariant derivative Vg on a given bimodule E.
A particular class of interest is given by the associated bundles E := (A ® V)°H  where B := A®? C Ais a
regular QPB and V is a right H-comodule, see [T, Definition A.3]. Here E is a B-bimodule with left and right
B-actions given by multiplication on A. Those admit associated covariant derivatives, see [2, Proposition 5.48].
We give their explicit expression for the regular QPB on the crossed product algebra of Theorem [3.I7} they
correspond to the differential on the base algebra.
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Proposition 3.21. Given V a right H-comodule, then the B-bimodule E := ((B#,H) ® V) with actions
induced from the multiplication of B#,H, acquires an associated covariant derivative Vg : E — QY(B) ®p E
given by

Veb@h®v)=Id—cover)dy, (b®@h)@v=dgb®h v,

where ¢ is the canonical strong connection of Proposition[3.19 Moreover, Vg is a bimodule covariant derivative

with associated o : E @5 QY(B) — QY(B) ®@p E defined by cp(b@h®@v®p ) :=b(hy - B) @ hy @ v.

Proof. The first part follows by applying [2, Proposition 5.48] as we have discussed before. It remains to prove

that og is a B-bimodule map obeying Vg(e-b) = op(e ®p dpb) + (Vge) - b, for e € E and b € B. We compute
op(b' - (b@h®@vepB) =ce(®b@h@vep ) =bbh-)@h@v=0 op(b@h®vepf),

as well as

O'E((b®h®v®3ﬁ)-b/)ZO'E(b@h@U@Bﬂb/)Zb(h1'ﬁb/)®h2®v
=b(hy-B)(ha V)@ h3@v=0p(b@h®v®p ®A3) b

forallb@h®v e E, b € Band 8 € QY(B). Thus, og is a B-bimodule map. Moreover, we have

Ve(b@h®v) V) =VE(bh -b)@h@v) =dg(b(hy - V)) @ ha @0
=bdg(h1 V)@ hs @v+ (dpb)(h1 - V') ® ha ® v
=0b(hy-dpt)@hy @v+ (dpb@h @) -V
=opg(b@h®@vepdpl)+ Ve(boh@v)- b

and then the thesis follows. O

We close this subsection by studying another application of the crossed product QPB.

Leray—Serre spectral sequence. The noncommutative de Rham cohomology of a DC (2°,d) on an algebra
A is the graded algebra
ker(d|gn)
R(A) = ———

where we understand d|g» = 0if n < 0. In the following we show that the noncommutative de Rham cohomology
of a crossed product algebra B#,H is determined by the noncommutative de Rham cohomology of the base
algebra B and of the structure Hopf algebra H. Namely, we prove that there is a spectral sequence with second
page E5? = HY . (B) @ Hi; (H), which converges to Hag (B#,H).

Recall that a spectral sequence of degree rg > 0 is a collection (E2®, D, );>,, of Z-bigraded vector spaces
EX* =@y sez EFY (where EM* is assumed to be zero if either k < 0 or £ < 0) and linear maps D,.: EF¢ —

EF7=m+ such that D, o D, = 0 and B, = H*(E,, D,), where

k0 . ker D,
H (Er, D'r) T Im DT|E7:—7~,4+7»,1 .

One calls (E®*, D,) the r*" page of the spectral sequence. So the above means that the (r + 1) page is
isomorphic to the cohomology of the rt* page.

Now we proceed by constructing a filtration of Q°®(B+#,H), which will then provide the announced spec-
tral sequence. Recall from Theorem that the right H-coaction p: B#,H — (B#,H) ® H is differen-
tiable with differential Q°(p): Q*(B#,H) — Q*((B#,H) ® H) and let us denote the graded components by
PV EE QM (B#L.H) — Q" F(B#,H) @ QF(H). We define for m,n > 0

n—kk ifm<n

F"(Q"(B#,H)) = {”Mmkew

0 otherwise

a filtration of Q°(B#,H). The corresponding spectral sequence (E®*, D,.),>1 of degree 1 is constructed in the
following way. Its first page is the Z-bigraded vector space £}, where

. _FP(QPTI(B#, H)) FP(QPTITY (B, H))
ker <d#g~ Frri (T (BA, H) FIJ+1(QP+G+1(B#UH))>
EDT = .
. Fp(Qp+q*1(B#dH)) FP(QP+Q(B#O_H))
Im <d#c7' PPt (B#, H)) FP+1(QP+Q(B#UH))>
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The differential Dy: E?9 — EP™% is the one induced from dg, on the quotient and higher pages are defined
as the cohomology of the previous pages. According to [2, Lemma 5.58] the spectral sequence (E2®, D;)p>1
converges to Har (B#,H).

In the rest of this subsection we show that the above spectral sequence coincides with famous Leray—Serre
spectral sequence (see [2, Theorem 4.66]). In order to do this we have to introduce higher order analogues of
the vertical map. We recall once more from Theoremthat the right H-coaction p: B#,H — (B#,H)® H
is differentiable with

Q%(p): Q*(B#.,H) = Q*((B#,H) ® H),
W&y = w1 © 2,

where Q*(A)(y) = v ® 7z is the differential of the coproduct A: H — H ® H with graded components
QA)(Y) = Doppimn V<th> @ Y<20> = Do V<im> @ Y<2,n-m> for v € Q"(H). We denote the graded
components of crossed product forms by w! ® v/ € QY(B) ® Q7(H). Following [2, page 449] we define for all
n>0andn>m>0

ver™ " O (B#, H) — Q" (B, H) @ <HQ " (H)

Z wi ® ,yj = Z wi ® lyj<1,m> ® S((7j<27nfm>)*1)(Wj<2,nfm>)07
it+j=n i+j=n

where we recall that ’yil7m> ® 7227n_m> =0if m > j or n —m > j. In other words, ver” "~ is defined as
the composition (Id ® ¢ =) o ™"~ 0 Q"(p), where 7™~ : Q" ((B#,H) @ H) — Q™(B#,H) @ Q"™ (H)
is the canonical projection and ¢"~™: Q""™(H) — <HQr=m(H) ~ — S(y_1)7y is the projection on left
H-coinvariant elements.

Note that ver®! = ver: QY (B#,H) — (B#,H) ® “°HQ(H) is the classical vertical map. More in general,
for n > 0, the vertical map ver®" : Q" (B#,H) — (B#,H) ® ©2Q"(H) is given for w’ € Q(B), v € Q'(H),
be Band h € H by

vero’"(w" Qh+w @y +. - +uwl@qyn? —|—b®7”) =b@7%,@SOY ) -

We have shown in Theorem that ver = ver%! fits into a short exact sequence, the Atiyah sequence (16)).
It turns out that also ver®™ for n > 0 give rise to short exact sequences and, under a flatness assumption, the
same is true for all higher vertical maps ver” ™.

Proposition 3.22. The sequence

0 — QUB) A QN (B#y H) — Q(B#oH) " (B#, H) © TQ"(H) — 0 (17)

is exact for all n > 0.

Proof. Since i is injective, for the exactness of (17)) it remains to prove that the map ver®™ is surjective with

ker(ver”™) = Q1(B) A Q"1 (B#,H), for every n > 0. Observe that ver®” = p” o, where 7, : O"(B#,H) —
B®Q"™(H) is the canonical projection, and p" : BRQ"(H) — (B#,H)@“HQ"(H), b2y™ = b@y" @85 (v )78
for all 4 € Q" (H). The inverse of p" is given by ¢g": (B#,H)®“2Q"(H) - BRQ"(H), b h®@y" — b hy"
as one casily verifies. Thus, ver®” is surjective and ker(ver”") = ker(m,) = @Z;é Q" *(B)®QFH) =
QL(B) A Q" (B#, H). O

Then, under a flatness assumption, all the hypotheses of [2] Lemma 5.60] are satisfied and so we obtain:

Corollary 3.23. If Q™ (B) is flat as a right B-module for all m > 0 then

0 — QM (B)AQ" Y (B#,H) —= Q™(B) AQ"(B#.H) 2" Q™(B)®p (B#.H) @ “HQ"(H) — 0 (18)
is exact for allm >0 and m > 0.

Hence, by specializing [2, Corollary 5.62] to our setting, we obtain that the spectral sequence (E2®, D, );>1
is the Leray—Serre spectral sequence and, in case Hqg (H) is left-invariant, we obtain an explicit description of
the second page in terms of the cohomology of the base algebra and structure Hopf algebra. More explicitly,
we obtain:

Proposition 3.24. Let (Q*(B),dg) be a o-twisted H-module DC on B and (Q°(H),dn) a DC on H with
respect to which A : H — H ® H is differentiable. If Q™(B) is flat as a right B-module for all m > 0 and
Hawr (H) is left-invariant, then we get a spectral sequence with second page E5? = Hip (B) @ Hig (H) which
converges to Har (B#,H).
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3.5 Connection 1-forms and fundamental vector fields

In this subsection we fix a Hopf algebra H with invertible antipode and a bicovariant FODC (Q'(H),dg)
on H, as well as a o-twisted left H-module algebra B and a o-twisted H-module FODC (Q!(B),dg) on
B. Moreover, we assume that “?Q!(H) is finite-dimensional and we consider the quantum tangent space
T.H := Homy(“°HQ(H),k), as introduced in [27]. We structure T.H as a right H-comodule via T.H —
(T.H) ® H, a + ag ® aq, where ag(y)ar = a(y0)S™ (1) for any v € QY (H), see e.g. [20, Definition 4.4].
To any « € T, H corresponds a noncommutative vector field (in the sense of [3, 4]), namely the left B#, H-linear
map
a:= (Id® a)over: QY (B#,H) — B#,H

see [2, Corollary 6.2 and page 490]. Moreover, @ is vertical, meaning that a(Q'(B) ® H) =0 and a(lp ® v) =
a(y)lp ® 1y for all v € «©HQL(H). Tt is the unique vector field with these two properties (since @ is left
B#, H-linear and every b ® v € B ® Q!(H) can be written as (b® v_2) - (15 ® S(7-1)7)) and thus, following
[20, Definition 4.6], we call @ the fundamental vector field corresponding to o € T  H.

Suppose that dim(“#Q'(H)) = n and let {z;}/_, be a basis of T.H and {27}7_, be the dual basis of
©HOL(H), which can be identified with (T.H)*. Recall that, in the setup of this subsection, a connection
1-form is an element ¢ = 37| x; ® ¢; € (T.H @ Q' (B#, H))*, satisfying 3", 2; @ @(¢;) = a® 1p @ 1y,
for all « € T.H. This definition is in complete analogy with |20, Definition 4.10], however in case of the crossed
product, rather than the smash product calculus. The following lemma and proposition are the corresponding
analogues of [20, Lemma 4.12 and Theorem 4.13]. We report here their proofs for the sake of completeness.

Lemma 3.25. An element ¢ € (T.H ® QY (B#,H))*°" is a connection 1-form if and only if (Id ® 73)(¢) =
Z?Zl z; ®1p ® 1, where my : QY (B#,H) — B ® Q' (H) is the canonical projection.

Proof. First note that, given an element ¢ = -7, z; ® ¢; € (T-H®Q'(B#,H))°", we can write ¢; = ¢;+ ¢/
where ¢ € QN(B)® H and ¢ € BRQ'(H), for every j = 1,...,n. But now 37, z; @ a(¢;) = Y., ; @ a(¢)
for all a € T. H and furthermore (Id®@ o) (¢p) = > =17 ® d)” Thus, the claim of the lemma follows if we prove
that Y37, 2; ®a@(¢]) = a® 15 @ 1y holds for all a € T.H if and only if Y27 z; @ ¢f =377 2, @1p® z7.
Clearly, if we have that }37_  z; ® ¢/ =377 2, ® 15 ® 27, then

ij@)oz Zojj Id®aver13®m] Zozx] 2;R1pR1Ig=a®1lp®ly
j=1
for all « € T.H. On the other hand, suppose that Z?:l r;@a(¢]) =a®lp®ly foralla € T.H. As a
consequence, given k,i € {1,...,n}, we have 37 25 (2" T (¢]) = x1(2")1 @1 . We know that ¢ € BRQ! (H)
and that g : (B#,H)@“°H QY (H) - BoQ'(H), b@h®@v +— b@hyand p: BRO (H) — (B#,H)@°H Q! (H),
bR~y b®v_2® S(v-1)y are inverse isomorphisms in B#GHQT(H. Thus, for all j € {1,...,n}, we can write
O =371 9(bij @hiy@at) =31 b @ hy jx'. Hence, we can compute

n

bij ® ,J:Zzl@)hzlm] = Z(Id@wj)pg(bzl@)hzl@x Zld@)mj (big @ higat)
1=1 1=1

(Id X xj)ver(bi,l X hi,l.’t ij il & hl l:L' Z fk SL'j bk 1 ® hy, aT )
k=11=1

o (@)T5 () by @ byt sz )75 (6}) = z5(x')1p @ 1,
k=1 =1

1
INNgERN

3 |l

[

foralld,j € {1,...,n}. Thus, if i # j we obtain that b; ;®h; ; = 0 while if { = j we obtain that b; ;Qh; ; = 1pQ1ly
andthengb;.’:1B®5cJ for every j =1,...,n. Hencez_lxj(}i)qﬁ”—zj 1T, @1l @ad. O

Remark 3.26. Given a connection 1-form ¢ = Ej:l z; @ ¢j, we then have

¢ = Z%@gf? +Zx]®13®xj

7j=1

where ¢, € QY B)® H for j =1,....,n. Thus, for all v € “°HQL(H), we obtain
ij( ij (;5 +ij Vgl = ij ng +15®7y
j=1
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and then

ij( ver(¢;) ij ver(¢i) +ver(lp ®y) = 1p @ 1y @ 7. (19)

Observe also that the coevaluation map k — (T.H) @ (T-H)*, 1x — 2?21 x; ® 27 is right H-colinear. Thus,

since 2?21 Tjo®1lp® mé ® a:jlx{ = 2;21 ;@1 ® 2 ® 1y, the fact that ¢ is coinvariant is expressed by
n n

Zj:l Tjo @ (25;-0 ® :Z?j1¢;-1 = Zj:l T; ® ¢; ®1py.

Proposition 3.27. For the crossed product calculus there is a bijection between connections and connection

1-forms. Explicitly, to a connection c : (B#.H) @ ““HQY(H) — QY (B#,H) we assign the connection 1-form

be 1= Z;‘Zl r;@c(lp®lpea’) € (T.H® QY (B#,H))", while a connection 1-form ¢ = 22‘;1 ;@ ¢; €

(T.H @ QY (B#,H)) corresponds to the connection
¢yt (B#.H)® ® TN H) » Q' (B#,H)
b®h®'y»—>z:xj (b h) - ¢)).
j=1

Proof. First suppose to have a connection ¢ : (B#,H)®%"QY(H) — QY (B#,H), i.e., a morphism in g4 g7
such that ver o ¢ = Id and define ¢, := 2?21 2;@c(lp®@lg®al) € T.H @ Q'(B#,H). Observe that
b € (T.H @ QY (B#,H))° | indeed

me@ (1 @1y ®1/) @ zjic(lp @ 1g ® 27), =Z zjo ® c(lp ® 1y @ ) @ zj17]
j=1

<.
||

r;@c(lp®lg®al)® 1y,

<
Il
—_

|

since c is right H-colinear as well as the map k € 1y — Y7 2; ® 2/ € T.H ® (T.H)*. Furthermore, we have

Z.Tj@@(C(lB@lH@l‘J ij (Id ® a)ver(c(lp @ 1y @ x79)) Za (z7) )2 ®1p®1lg=a®1p® 1y,
j=1 j=1
thus ¢. is a connection 1-form.

On the other hand, if we have a connection 1-form ¢ = Z?:1 z; ® ¢; € (T.HRQ (B#,H))*°H , we can define
¢y (B#,H)@HO (H) — Q' (B#,H) as the morphism in g4 g9 given by cs(1p@1p®7) = 2?21 zi(v)e;,
so that c,(bQ@h®7v) = (bQh) - cs(lp R 1lg @) = Z;L:1 zj(7)((b®h) - ¢;). We have that ¢, is also right
H-colinear, indeed

n

i (N h) - dj)o @ (bR D) - ) 1—2% (0 & h1) - djo) @ haoja

I
M:

co(b®h®@7)0 ®cs(b@h @)1
1

<.
Il

<
Il
—

I

7;(70)((b @ hi) - djo) @ hae(m1)pj1 = Z ((b® h1) - djo) ® havow;(10)S ™ (1) dj1

2j0(70) (b ® h1) - 6jo) @ harizjidjn = Y (70)((b® h1) - &) © ham
=1

<
Il
—

I

Q
—~
S

® h1 ®70) @ havi,

using that the left B#,H-action of Q'(B#,H) is right H-colinear and that ¢ is a coinvariant element. Thus,
e is a morphism in py aIMH and, since ver is left B#,H-linear, we also have

vercy(b®@h®@v) = (b®h) - ij )ver(¢;) .(b®h) (IRl ®y)=b@h®"7,

so that cg is a connection.
It remains to prove that we have a bijection. If we start with a connection ¢ with corresponding connection

1-form ¢. = Z?Zl z; ®c(lp ® 1y @ 27) and then we consider the connection ¢y, we obtain

co. (b h®7y) = Zx] (b@h)-clp® 1y @) Zx] Je(b@h@al) = c(b®@ h®7),
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ie., cy, = c. On the other hand, if we start with a connection 1-form ¢ = Z?Zl z; ® ¢; with corresponding

connection ¢y and then we cqnsider the connection 1-form ¢., = Z?Zl T; ®cy(lp @ 1y @ 27), we obtain
Pe, = ¢, since cy(lp @ 1y @a7) = Y1 x(2?)p; = ¢; and thus the thesis follows. O

Note that connection 1-forms ¢ are in bijection with right H-comodule maps w : “#QY(H) — QY (B#,H)
which satisfy ver o w = 1 ® Id. The bijection assigns a connection 1-form ¢ = Z?lexj ®p; tow vy
S zj(7)¢; and a map w of the previous type to the connection 1-form Z?:1 z; @ w(x?). Thus, Proposition
M can also be recovered from [2, Proposition 5.41].

4 Construction for pointed Hopf algebras

We apply the construction of the FODC on B#,H developed in Theorem to build examples of FODCi on
pointed Hopf algebras.

Pointed Hopf algebras as crossed products. Recall that a coalgebra C is called simple if it is not 0
and it has no non-zero proper subcoalgebras and that C is called pointed if all its simple subcoalgebras are
1-dimensional. A bialgebra (Hopf algebra) is pointed if it is pointed as a coalgebra. Since the set of group-like
elements is in 1-1 correspondence with the set of 1-dimensional subcoalgebras via g — kg (see e.g. [26], Lemma
8.0.1 ¢)]), C is pointed if and only if the coradical Cy of C, i.e., the subcoalgebra of C' given by the sum of all
its simple subcoalgebras, is the group algebra k[G(C)]. Among the classical examples of pointed Hopf algebras
are group algebras, universal enveloping algebras and the g-deformations of the universal enveloping algebras
of semisimple Lie algebras. It is known that pointed Hopf algebras can be seen as crossed products as we recall
in the following.

Proposition 4.1 ([21, Theorem 15.2.4]). Every pointed Hopf algebra H is isomorphic to H1#,k[G/N], where
H, is the indecomposable component of H containing klgy and kK[G/N] is the group Hopf algebra over G/N,
with G and N the groups of group-like elements of H and Hy, respectively.

Let us recall some details of the previous result. Given {g; };c7 a complete set of representatives for the left
cosets of N in G, we have that H = @,.; Hy, = @,z H19:, see [2I, Proposition 15.2.3]. Let g; = g;:IN
for all 4 € Z. The measure - : k[G/N] ® H; — H; is given by g - a := giag; *, while the 2-cocycle
o : k|G/N] ® k[G/N] — H; is defined in the following way. Given ¢,j € Z, then ¢;g; = ¢; for a unique
[ € 7. Hence, there is a unique n; ; € N C H; such that g;g; = n; jgi. One then defines o by o(g; ® g;) = n; ;.
Moreover, the isomorphism of Hopf algebras f : H — H1#,k|G/N] is given by f(ag;) = a ® g; for all a € H;
and ¢ € Z, where H1#,k[G/N] has the tensor product coalgebra structure.

Differential calculus on pointed Hopf algebras. Let H = H;#,k[G/N] be a pointed Hopf algebra with
notation as before. In the following we build a right k[G/N]-covariant calculus on H. Starting from a o-
twisted k[G/N]-module FODC on H; and a bicovariant FODC on k[G/N], we then use the construction of
Theorem The bicovariant FODCi on k[G/N] are described by the classification theorem of Woronowicz
(27, Theorem 1.8]). In particular, we know that every bicovariant FODC (Q!(k[G/N]), dyc/n)) on k[G/N]
is such that Q'(k|[G/N]) := k[G/N] ® (k|[G/N]*/I), where I C k[G/N]T is a right ideal of k[G/N] and
dgje/nigi = Md @) (g ® g — ¢ ® 1) = g; ® [gi — 1], where 7 : k[G/N]* — k[G/N|t/I, a — [a] is the
quotient map. Note that the condition Adgr(I) C I ® k|[G/N] is automatically satisfied. Observe also that
k[G/N]* consists exactly of those elements Y-, 7 k;g; in k[G/N] such that ", ; k; = 0, that we denote by k;g;,
summation understood. Left and right k|G /N]-actions are defined as

i€l

g1 (9 @ [kigil) = qig; @ [kigi]  and  (g; @ [kigi]) - i = G391 © [Kigiqu],
while left and right k[G/N]-coactions are given by
Ag; @ [kigi]) == g; ® g; ©@ [kigi] ~ and  p(g; @ [kigi]) := g; ® [kigi] ® g;-
We also need a o-twisted k[G/N]-module FODC on Hj, i.e., a FODC (Q'(H;),dg,) such that there exists a
linear map - : kK[G/N] ® Q'(Hy) — Q'(H1) which satisfies (3], and of Lemma In particular, from
and we know that this linear map, if it exists, is uniquely determined by
gi - (adp,a’) = (g; - ), (g; - d) = giag; 'du, (g:a'g; ") (20)

for every a,a’ € Hy and g; € k[G/N]. Thus, one has to prove that is well-defined. Furthermore, we need
dm, (n;;) = 0 for every n; ; € N and ¢, j € Z in order to satisfy . In particular, holds true if dg, |y = 0.
We summarize the previous discussion in the following statement.
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Proposition 4.2. Given a pointed Hopf algebra H = Hy#,Kk[G/N], a right ideal I C k[G/N]* and a o-twisted
k[G/N]-module FODC (Q'(H;),dy,) on Hy we obtain a right kK|G/N]-covariant FODC (Q*(H),dy) on H.

Observe that the above calculus on H is not right H-covariant in general and thus it does not fit the
classification theorem of Woronowicz.

Let us briefly analyze some special cases of the construction of Proposition considering cocommutative
pointed Hopf algebras, for which the 2-cocycle is trivial.

Remark 4.3. i) If H is a cocommutative pointed Hopf algebra then N = {1} (see [21, Proposition 15.3.1])
and so G/N = G. Hence, the measure becomes g-a = gag~! for all g € G, a € Hy and the 2-cocyle is such
that c(g®¢') = 1y for all g,¢' € G. As a consequence, H is isomorphic to the smash product Hi#kG as
it is said in [21, Theorem 15.3.2]. In this case, given a right ideal I C K[G]t and a k[G]-module FODC
on Hy, by Pmposz’tion we obtain a right kK[G]-covariant FODC on H.

it.) Two special cases of i.) are the group Hopf algebra k[é] for a group G and the universal enveloping
algebra U(g) for a Lie algebra g; for these two examples, the isomorphism with the smash product is
trivial. Indeed, (k[G]); = klg since k[G] = @D, cc kg as coalgebras and G(k[G)) = G, while G(U(g)) =1
and U(g)1 = U(g), since U(g) is irreducible (see [21, Corollary 7.6.5]) and the irreducible components
coincide with the indecomposable ones in the cocommutative case (see [21l, Proposition 15.53.1]). In the first
case the right k[G]-covariant calculus on k[G] is simply the starting bicovariant FODC on k|G|, while in
the second one the right covariant FODC on U(g) is simply the starting calculus on U(g) where QY (U(g))

is equipped with trivial coaction.

Now we consider a class of examples of pointed Hopf algebras not cocommutative in order to preserve the
pure crossed product in the isomorphism and we build the corresponding right covariant FODC explicitly.

The pointed Hopf algebras H,, ;. Consider the pointed Hopf algebras Hy, , 4 given in [2I], page 477]
(which were introduced in [22]). Thus, let 7,n > 1 and M = rn and suppose that k has a primitive M*™ root of
unity q. Let H = Hy, , 4 be the Hopf algebra over k, sometimes referred to as Radford Hopf algebra, described
as follows. As an algebra H is generated by a and x subject to the relations

=1, 2" =0, za=qax

and the coalgebra structure of H is given by
Ala)=a®a, Alz)=1®z+zRa".

Using the previous notation, G = (a) and N = (a”), so that G/N = {a? | i = 0,...,7—1} = C,., where C, is the
cyclic group with r elements. Hence, H(;, , ) has r distinct indecomposable components: Hi, Hya,. .. JHiam L.
Observe that, considering » = 1, one obtains the Taft algebra, which is indecomposable and has G = N =
(a). We know that H,, , has a basis given by {alz™ | 0 < 1 < M,0 < m < n}, so that Hing =
Do<i<rro<men ka'z™ as vector spaces. Thus, it is not difficult to deduce that

Hy = @ ka™ @ @ ka"z2™ @D @ ka" (=1 pm

0o<m<n 0<m<n 0<m<n

and we know that H & Hy#,k[C,] by Proposition So, an element x € Hy is of the form x = > o, ;- apmaltz™,
with oy, € k and then the measure on H; is given, for all ¢ € {0,...,r — 1}, by B

aX — aiXGM—i — Z al,maialrxmaM_i — Z ahmqm(M_i)aialTaM_ixm — Z ahmqm(M_i)a“’xm,
0<m,l<n 0<m,l<n 0<m,l<n
thus it simply changes the coefficients of x. Consider a FODC (Q'(H;),dg,) on H; and two elements a'"z™
and a*"z* of the basis of Hj, for indexes 0 < I, k,m,s < n. Then, a'"2™dy, (a*"2*) € Q'(H;) and we obtain
E . (alrxde1 (aers)) — aialrxmaM—idH1 (aiaersaM—i) — qm(JVI—i)alr’xde1 (qS(M_i)a/erS)
_ q(M—i)('rn—i—s)alrxde1 (ak:rl,s)'
This shows that is well-defined for every FODC on H;. Furthermore, note that for i,k € {0,...,r — 1}
we have 0 < [+ k < 2r —2. Thus, if 0 < I+ k < r —1 we have ata® = 1a!t* for unique 1 € N, while
if r <l+k < 2r—2 we have adla¥ = a"a'* " with 0 < [+ k —r < r — 2, for unique a” € N. Thus,
o :k|[G/N] @ k|[G/N] — (a") C H; is defined by
1 if 0<I+k<r-—1
a” i r<i4+kE<2r—2

o(al @ ak) :{
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and this implies that, in order to satisfy , we have to require dg, (a”) = 0. So, if the FODC on H; satisfies
dg, (a”) = 0, assuming that dg, (a*") = 0 for k an arbitrary positive integer, we obtain

dg, (a(kﬂ)”) =dy, (a*"a") = a*"dy, (a") + dg, (a*")a" = 0

so that, by induction, dg, (V) = 0. For a generic element x = 5., -, apmal™x™ € Hy this gives

dm, (x) = Z ama"dg, (™) + Z mdp, (@)™ = Z ama"dg, (™). (21)

0<m,l<n 0<m,l<n 0<m,l<n
Thus, we have obtained the following result:

Proposition 4.4. Given the pointed Hopf algebra H(, ,, o) = (H(y.n,q))1#k[C;], a right ideal T C k[C.]" and
a FODC on (Hy,, q))1 which satisfies we obtain a right k[C,]-covariant FODC on H ., 4

Let us consider a more specific example in order to show all the details of the right covariant FODC.

Example 4.5. Let r =2 and n = 2. The generators a and x are subject to the relations
a*=1, 2 =0, za = qaz,
where q is a primitive fourth root of unity. We have two indecomposable components, i.e., Hy and Hia, where

H, = @ kz™ @ EB ka’z™ =kl & kz @ ka? & ka’x.

0<m<2 0<m<2

Therefore, for H = H324) an element x € Hy is of the form x = al + Bz + va? + §ax for o, 3,7,6 € k and
G/N ={1,a} = Cy. Thus, o : k[Cs] @ k[C2] — (a®) C H; is defined by

—  — 1 ifl=k=0, I=0k=1, l=1,k=0
J(al®ak):{a2 ifl:kzl

and the o-twisted k[Cs]-module FODC on Hy is determined by dp, x, so that
dg, (x) = adg, 1 + Bdg, = + vdgy, (@) + 6dg, (a*z) = Bdg, = + da*dg, .

The only right ideals I of k[Ca] which are contained in k[Co]™ =k(a — 1) are I = {0} and I =k(a —1). Since
the latter choice gives a trivial quotient we elaborate on the first one, which corresponds to the universal FODC.
For I = {0} we have that Q' (k[C,]) = k[Cs] @ k(a — 1) and dyjc,ja = a ® (a — 1). Thus, dyc,)(el + fa) =
fa® (a—1), fore, f € k and the right K[Cs]-covariant FODC (Q'(H1#,k[Ca]),dy,) on H1#,k[Cs], where
QL(H, #,k(Co]) = (Q1(Hy) @ K[Co]) @ (Hy 9 K[Cy] @ k(a — 1)), is given by

dy, (x @ (el + fa)) = du, (X) ® (el + fa) + x ® dyje,) (el + fa)
= (Bdy, x + da*dy, ) ® (el + fa) + (al + Bx +vya® + da’x) ® fa® (a — 1)
=fBedg,r @ 1+ Bfdp,r @ a+ dea’dg,r ® 1+ dfa’dpz ®@a
t+aflepa®(@a-1)+Afreaw(@a—1)+vfa®®a®(@a—1)+dfa’r®@a® (a—1)

for all x ® (el + fa) € Hi#,k[Cy].
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