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BRAIDED SYSTEMS: A UNIFIED TREATMENT OF ALGEBRAIC
STRUCTURES WITH SEVERAL OPERATIONS

VICTORIA LEBED

Abstract

Bialgebras and Hopf (bi)modules are typical algebraic struc-
tures with several interacting operations. Their structural and
homological study is therefore quite involved. We develop the
machinery of braided systems, tailored for handling such multi-
operation situations. Our construction covers the above exam-
ples (as well as Poisson algebras, Yetter—Drinfel’d modules, and
several other structures, treated in separate publications). In
spite of this generality, graphical tools allow an efficient study
of braided systems, in particular of their representation and
homology theories. These latter naturally recover, generalize,
and unify standard homology theories for bialgebras and Hopf
(bi)modules (due to Gerstenhaber—Schack, Panaite—Stefan, Os-
pel, Taillefer); and the algebras encoding their representation
theories (Heisenberg double, algebras 2, %', 2 of Cibils—Rosso
and Panaite). Our approach yields simplified and conceptual
proofs of the properties of these objects.

1. Introduction

In [14] we developed representation and (co)homology theories for braided objects
in a monoidal category C (e.g., C = Vecty). We interpreted associative / Lie algebras
and self-distributive structures as braided objects, and could thus apply our theories
to them. As a result, we unified classical constructions into one, and explained their
otherwise mysterious similarities. The aim of this article is to extend the braided
approach to more complicated algebraic structures.

Concretely, an object V in C is called braided when endowed with a morphism
o: VO2 — V&2 gatisfying the Yang—Baater equation (YBE) o'o?c! = 02010?, where
ol = 0 ®1dy and 02 = Idy ®o. For instance, in [14] we showed that a unital asso-
ciative algebra is braided, with o44s(v ® w) =1 ® v - w. However, this one-object-
one-morphism setting is very restrictive. For instance, a bialgebra comes with several
operations: (co)multiplication and (co)unit. Its Gerstenhaber—Shack (co)homology is
defined on Hom(H®", H®™) ~ H®™ @ (H*)®" and involves two objects, H and H*
(here H is finite-dimensional). A way out is to consider a family of objects (V4,...,V})
in C endowed with morphisms o;;: V; ® V; = V; ® V;, © < j, satisfying the colored
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algebraic structure
operations

defining relations
structural morphisms
Structure(C)

usual modules

usual complexes

braided system

braiding components o; ;
colored YBEs

braided morphisms
BrSyst,.(C)

braided modules

braided complexes

WU TR TIT

Table 1: Braided interpretation for algebraic structures

version of the YBE on all tensor products V; ® V; ® Vi, with ¢ < j < k. This is what
we call a rank r braided system, a notion central to this article. The r = 2 case recov-
ers the WX Z-systems of Hlavaty—Snobl [10], motivated by the concept of quantum
doubles. They classified such systems in dimension 2 and studied their symmetries.

Sections 2-3 extend the representation and (co)homology theories of braided ob-
jects to braided systems. Multi-versions of braided modules and braided (co)chain
complezes are defined; the latter take the former as coefficients. Further sections ex-
plore braided systems encoding various algebraic structure, in the sense of Table 1.
The row BrSyst, (C) <> Structure(C) means that the categories of the algebraic
structures we work with (e.g., bialgebras in C) are recovered as subcategories of
the category of rank r braided systems in C. Properties of our structures and their
(co)homologies are then deduces from general results on braided systems.

The braided systems considered here are composed of unital associative alge-
bras (UAAs) (Vi, pi,v;), with as diagonal braiding components o, ; the associativ-
ity braidings cass = v; ® u;. In Section 4 we study such systems, and relate them to
braided tensor products of algebras V =V, ® --- ® V;. Concretely, we show that mor-
phisms &; ; for i < j complete the associativity braidings o;; into a braided system

structure if and only if they define an associative multiplication on ? by
2r—2/¢2r—4,2r—3 2 -1
pir = (e @@ p1)éts (€375 &5 7)oy €y €1 )
where fﬁ ; denotes the morphism §; ; applied at positions p and p + 1.

Rank 2 braided tensor products are at the heart of Majid’s braided geometry [16,
17, 18]. They provide an algebra analogue of the product of two spaces in non-
commutative geometry. A pleasant consequence of Majid’s work is the construction
of new examples of non-commutative non-cocommutative Hopf algebras as bicross
products, which are particular cases of braided tensor products.

The case of general r independently appeared in two different frameworks:

1. Martinez, Pena, Panaite, and Van Oystaeyen considered iterated twisted tensor
products of algebras in Vecty, and studied various Hopf algebraic, geometric,
and physical examples [11]. Their motivation came from braided geometry.

2. Cheng [4], generalizing Beck [1], introduced the notion of iterated distributive
laws. Categorical motivations (a study of interchange laws in a strict n-category)
led her to work in the monoidal category of the endofunctors of a given category.

All these approaches relate the associativity of psr to the YBESs for the §; ; with
i < j, combined with the naturality of the & ; w.r.t. the multiplications p; and p;.



BRAIDED SYSTEMS 3

structure braided system br. modules br. complexes
algebra A 01,1 = OAss algebra mod. bar,
A A, A°P O12="T algebra bimod. Hochschild
. . Gerstenhaber—Schack,
bialgebra, H, H 91,2 = Obi Hopf mod. Panaite-Stefan [7, 27]
op = = 1
H H,H?, |o12=7T,034=T, Hopf bimod. Ospel, Taillefer

I{*7 (H*)Op other 04,5 = Obsi [25, 31]

Table 2: Braided interpretation of the algebra and the bialgebra structures

Our main contribution is a treatment of all the conditions ensuring the associativity
of ¢ in terms of YBEs:

associativity of y; <= YBEon V; @V, ®V;
compatibility between &; ; & i < YBEon V;@V;®V; new
compatibility between & ; & p; <= YBEon V;@V; ®V;

compatibilities between the { <= YBEon V;®V,; ® Vi } known

This entirely braided interpretation is made possible by our associativity braiding.
Among its advantages is the applicability of the braided (co)homology machinery to
braided tensor products of algebras; this turns out to be fruitful in our examples.

Sections 5-7 explore braided systems of UA As encoding generalized two-sided crossed
products (as defined by Bulacu, Panaite, and Van Oystaeyen [3]) and finite-dimensional
k-linear bialgebras. For the latter we propose two braided systems, recovering Hopf
modules and Hopf bimodules as corresponding braided modules, and yielding a graph-
ical interpretation of Hopf (bi)module homology, which is more workable than the
original definitions. Both systems are presented in Table 2. Here 7 is the transposi-
tion v ® w — w ® v (or the underlying braiding if one works in a symmetric category);
opi: H® H* — H* ® H is defined, using Sweedler’s notation, by

opi(h®1) = <l(1),h(2)>l(2) ®h(1); (1)

and, when writing o; ; = 0455 Or 0p;, we mean the formulas for o445 or op; applied
to the (bi)algebra corresponding to V; ® V; (e.g., 02,4 in the last line is calculated
according to Formula (1) for H°P-°°P). The components o; ; = 0455 are omitted.

Note the the braiding components in the systems above are not necessarily invert-
ible. For instance, o; has an inverse if and only if H is a Hopf algebra. This yields a
braided interpretation of the existence of an antipode.

The braided system from the third line of Table 2 yields an inclusion of the category
of bialgebras in vecty into BrSyst,(vecty). Nichita’s work [22, 2, 23] can be seen
in the same light. To encode associativity, he uses a generalization of the self-inverse
braiding 0155 = v @ p+ 1 @ v — Idy o2, proposed by Nuss in the context of descent
theory for noncommutative rings [24]. Our o455 works in more general categories,
and moreover better suits for homological applications.

The representation-theoretic part of the article follows the philosophy of present-
ing complicated structures using something well understood—here modules over a
well-chosen algebra. The complexity is now hidden in this algebra, which for some
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complicated structure corresponding complicated algebra
bimodule over an algebra A enveloping algebra A ® AP
Hopf module over a bialgebra H Heisenberg double s#(H) = H*Q@H
Hopf bimodule over algebras 2 (H) = (H @ HP)Q@(H* ® (H*)°P),
a Hopf algebra H % (H), and Z(H)
YD module over a bialgebra H Drinfel’d double 2(H) = H*®HP

Table 3: Algebras encoding Hopf and Yetter—Drinfel’d (bi)module structures

purposes can be treated as a black box. Table 3 contains examples (for the YD ex-
ample see [15]). Notation ® is here to stress the use of braided tensor products.
Concretely, we interpret the structures from the left column as braided modules over
certain braided systems of UAAs (e.g., those from Table 2). Further, in a very general
setting we identify braided modules over a braided s%stem of UAAs with modules over

the corresponding braided tensor product algebra

MOd(V17~~~1VT§O'i,'L:UAssagi,j) = M0d<\7'

The right column of Table 3 contains the relevant V algebras. Our general braided
system theory now applies to the structures from the table. In particular, using our
explicit permutation rules for components of a braided tensor product, we include the
algebra 2 (H) of Cibils—Rosso [5] and its versions # (H) and 2°(H) described by
Panaite [26] into a family of #S5; = 24 algebras. Explicit isomorphisms between these
algebras and equivalences between their module categories are given. This circumvents
the technical calculations and generalizes some results of [26]. Further, we obtain
structural results for certain braided complexes—e.g., we recover the Hopf bimodule
structure of the bar complex of a bialgebra with coefficients in a Hopf bimodule.

We finish with a list of other “braided-systematizable” structures, the work on
which is in progress.

1. Our braided system for generalized two-sided crossed products works in particu-
lar for H-(bi)(co)module algebras. Repeating our study of bialgebra braided ho-
mology in this context, one recovers Yau’s deformation bicomplex of module al-
gebras [34]. Braided tools also simplify Kaygun’s treatment of H-equivariant A-
bimodule structures used in his Hopf~Hochschild module algebra homology [13].

2. Combining o4ss with the Lie algebra braiding from [14], one gets a rank 2
braided system encoding the non-commutative Poisson algebra structure. Its
braided homology includes Fresse’s Poisson algebra homology [6].

3. The braided system machinery also applies to the quantum Koszul complezes
of Gurevich and Wambst [8, 32].

Notations and conventions

All our structures live in a strict monoidal category (C, ®,I); the reader can have
in mind the category Vecty of vector spaces over a field k for simplicity. The word
“strict” is often omitted for brevity, as well as the word “monoidal” in the terms
“braided / symmetric monoidal category”. Given an object V in C, we succinctly



BRAIDED SYSTEMS 5

denote its tensor powers by V" = V®" V0 = I. Further, given a morphism ¢: V! —
V7, the following notation is repeatedly used:

o' =12 @p @ Iagt—t Ly e (2)

and similarly for morphisms on tensor products of different objects. Working with a
family of objects (V1, Va,...), we put Id; = Idy,.

The already classical graphical calculus is extensively used in this article. Dots de-
note objects in C; horizontal gluing represents tensor product; graph diagrams encode
morphisms from the object corresponding to the lower dots to that corresponding to
the upper dots; vertical gluing stands for morphism composition, and vertical strands
for identities. All diagrams read from bottom to top.

Notations Sy, By, Bj stand for the symmetric groups, the braid groups, and the
positive braid monoids. Their standard generators are denoted by, respectively, s;
and 0;, 1 <t <n—1.

Acknowledgments

The author is grateful to Marc Rosso for sharing his passion for quantum shuffles; to
Muriel Livernet, Frédéric Chapoton, and Frédéric Patras for illuminating discussions;
to Paul-André Mellies and Eugenia Cheng for pointing out connections between this
work and recent results involving distributive laws in category theory; and to the
reviewer for helpful questions and remarks.

2. Braided vocabulary

The notion of braided system generalizes the more familiar braided objects.

Definition 2.1. o A rank r braided system in C is an ordered family V1, V5, ..., V,
of objects endowed with a braiding, i.e., morphisms o, ;: V; @ V; — V; ® V; for
1 < i < j < r satisfying the (colored) Yang—Bazter equation
(O’j7k ® Idl)(Id] ®Ui,k)(0i,j (9 Idk) = (Idk ®0i,j)(0i,k & Id.J)(IdZ ®Uj,k) (3)
on all the tensor products V; ® V; ® V;, with 1 < z_g 7 < k <r. Such a system
is denoted by ((Vihgigr; (Ui,j)lgigjgr) or briefly (V,E).
o A braided morphism f: (V,&) — (W, ) between two braided systems in C of the

same rank 7 is a collection of morphisms (f; € Home (V;, W;))1<igr respecting
the braiding, in the sense that, for all 1 <17 < j < r, one has

(fi ® fi)oij =& ;(fi ® f5)- (4)
e The category of rank r braided systems and braided morphisms in C is denoted
by BrSyst,.(C).
e Rank 1 braided systems are called braided objects in C.
e For 1 < s <t <, the braided (s,t)-subsystem of (V,7), denoted by (V,7)[s, t],
is the subfamily V, ..., V; with the corresponding components o; ; of ©.

The notion of braiding thus defined is
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/J J
Y irjk ijrk

Figure 1: Braided systems versus colored braids

1. positive: the o;; are not supposed to be invertible (the term pre-braiding is
sometimes used in such situations);

2. partial, i.e., defined only on certain couples of objects;

3. local: contrary to the usual notion of braiding in a monoidal category, no natu-

rality is imposed.

Graphically, a braiding component is represented as a braid whose strands are
“colored” with the corresponding objects V;, or simply with the indices ¢ (Fig. 1A).
The definition allows a j-colored strand to overcross only strands colored with indices
i < j. The diagrammatic counterpart of the (colored) YBE is now the (colored) third
Reidemeister move (Fig. 1B), which is at the heart of braid theory. One can thus
work with braided systems by manipulating positive braid diagrams.

Each component of a braided system is a braided object. Even better:

Proposition 2.2. Given a braided category (C,®,1,c¢), one has, for allr € N, a fully
faithful functor
(BrSyst,(C))*" — BrSyst,.(C),
(Vi,oi)ici<r = Vi, Vs 044 1= 04,045 := cv, v, fori < j), (5)
(fi : Vi = Wihicicr ¥ = (fii<isor
Proof. There are three types of tensor products on which one should check the colored
YBE (3) in order to verify that (5) defines a braided system:
1. On V; ® V; ® V;, (3) is simply the YBE for o;.

2. 0nV,@V,@V,; and V; @ V; ® V;, i < j, (3) expresses the naturality of ¢ w.r.t.
o; and o; respectively, which always holds in a braided category.

3. OnV, ®@V; @ Vi, i < j <k, (3) coincides with the YBE for the categorical braid-
ing ¢, which is again automatic in a braided category.

Now, for morphisms, condition (4) is automatic for i < j thanks to the naturality
of ¢, and for 7 = j it is equivalent to f; being a braided morphism. Thus our functor
is well defined, full, and faithful on morphisms. o

Observation 2.3. IfC is preadditive, then for all r one has a category automorphism
BrSyst, (C) +— BrSyst,.(C),
(V3 (0ihi<icicr) ¢ (V3 (=i )i<ii<r)s
fe— T
Definition 2.4. e A right (braided) module over (V,&) € BrSyst,.(C) is an ob-
ject M equipped with morphisms 5 = (p;: M ® V; — M )1<i<r satisfying, for all
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Pj _ pi
braided module PN pi K p; kj
\

M i j M i j

Figure 2: Right braided module

1<i<j<r

pi(pi @ 1d;) = pi(p; @ 1di)(Idy @035) = MeVioV;—M.  (6)

e Left braided modules and left/right braided comodules, as well as braided
(co)module morphisms, are defined in a similar way.

e The category of right braided modules and their morphisms is denoted by

Mod(vﬁ). Notation (V,E)MOd is used in the left case, and Mod""™

(V:¥)Mod in the co-cases.

and

As shown in Fig. 2, braided modules can be handled by manipulating a particular
type of knotted trivalent graphs; see. [12, 33, 35] for the theory of the latter.

In this article and in [15] we interpret, among others, algebra bimodules and Hopf
and Yetter—Drinfel’d modules as modules over certain braided systems.

Observation 2.5. A (V,7)-module structure on M boils down to a collection of
(Vi, 04.4)-module structures on M, compatible in the sense of (6).

Observation 2.6. In an additive category, (V,@)-modules can also be viewed as mod-
ules over the associative algebra T(V)/<g’ —1d), where V=V1 & Vo d---®dV, amal-
gamates all the components of our system, and (o —Id) is the ideal generated by the
images of the maps 0; ; —1d; ®1d;: V@ V; = V; @V, +V, @V, = VRV.

The notions of right and left (V,7)-modules coincide for the unit object I. Condi-
tion (6) takes in this case a simpler form (p; ® p;)o;; =pi®@pj: V;V; = L

Definition 2.7. A braided character is a right (= left) (V,7)-module structure on I.

Ezample 2.8. In a preadditive C, a braided character &; on any V; extended to other
components by zero becomes a (V,7)-character.

The invertibility of some of the o; ; is helpful in extending braided structures. It
also allows one to interchange the corresponding components of a braided system
without changing the module category:

Proposition 2.9. Take (V,7) € BrSyst, (C) with 0, ,+1 invertible for some p.
1. The family (V1,...,Vp_1,Vot1, Vp, Vg, ..., Vo), equipped with the old o; ; on
the tensor products V; @ V; with (i,7) # (p + 1,p) and with a;le_l on Vpp1 @V,
is a braided system, denoted by s,(V,7).
2. The categories of braided modules for the original and the rearranged systems
are equivalent: Mod(v 7) ™ MOdsp(V )

Proof. Notation (2) is used throughout the proof.
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1. One has to check four types of new instances of the colored YBE.
(a) OnV; ® Vp41 ® V), with ¢ < p, the YBE reads

2 1 /. -1 \2_ /. —1 1 2 _1
Oip41%ip(0p pi1)” = (0 p11) 0700 pis
or equivalently
1 2 1 _ 2 1 2
Op,p+1%,p+1%,p = TipTip+19p,p+1-

This is precisely the YBE on V; ® V,, ® V},1; for the original system (V,7).
The remaining types are similar, and can be summarized as follows:

(b) For j > p+ 1, the YBE on V11 ® V, ® V; for s,(V,7) is equivalent to the
YBE on V, ® V41 ®V; for (V,5).

(¢) The YBE on Vi1 ® V41 ®V, for 5,(V,7) is equivalent to the YBE on
Vy, ® Vi1 ® Vyyq for (V,3). _

(d) The YBE on V41 ®V, ® V), for 5,(V,7) is equivalent to the YBE on V, ®
Vp ® Vpy1 for (V,5).

2. Given an object M equipped with the morphisms p;: M ® V; — M, the list of
compatibility conditions (6) one has to check for (V,7) differs from the list for
sp(V,7) only in the conditions for i = p, j = p + 1:

Pp+1(pp @ Idpi1) = pp(pp+1 @ 1dy) (Idar @0 pi1)
versus pp(Pp+1 @ 1dp) = ppt1(pp @ Idpy1)(Idas ®J;;+1).

The second one composed with the invertible morphism Idys ®0p, p41 on the
right yields the first one. So the identity functor of C and the permutation
Pp < pp+1 of the components of p give the announced category equivalence. [

Remark 2.10. More generally, fix a permutation § € S,., and take (V,7) € BrSyst,.(C)
with the o, ; invertible for all 4,5 reversed by 6. The family (Vop-1(1),...,Vo-1(r)),
equipped with the old o, ; on V; ® V; with 6(¢) < 6(j) and with oi_j on the remain-
ing couples, is a braided system, denoted by 6(V, 7). This yields a partial S,.-action on
BrSyst,.(C) and equivalences between the corresponding braided module categories.
Notations s,(V,7) and 8(V,&) are motivated by this remark.

Corollary 2.11. Let (V,7) be a braided system in an additive monoidal C, with
0;,; invertible for all s <1i < j <t. Then one can glue the objects Vs, ..., V; together
into Ve 1= @E:s Vi, and extend the braiding onto (Vi,...,Vs_1, Vs, Vit1,-.-, Vi)
by putting olv,ev, 1= O'Z-le foralls <i<j<t

Note that the invertibility of o;; is not required here even for s < ¢ < ¢.

Proof. We consider only the case s =t — 1 =: p; the general case follows by induction.
The colored YBEs appearing here come from the systems (V,5) and s,(V,7), except
for the YBE on V, ® Vp41 ® V,, and on V41 ® V, ® Vp41. To handle these last two
cases, observe that the argument from the proof of Proposition 2.9, Point 1 remains
valid for t =p and j =p+ 1. O

A particular case of Corollary 2.11 yields the gluing procedure for Yang—Baxter
operators (or, in our terms, for braided objects), studied by Majid and Markl [19].
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3. A homology theory for braided systems

We now generalize the braided (co)homology theory, developed in [14] for braided
objects in C, to braided systems (V,7). In this section C is additive monoidal. In
particular, the collection & assembles into a partial braiding, still denoted by &, on

V=VieVead - &V,

and the family 7 defining a right (V,%)-module M assembles into p: M @ V — M.
We first show that the collection 7 suffices for a partial version of Rosso’s quantum
shuffle (co)products [28, 29]. Recall that the shuffle sets are the permutation sets

6(1)<0(2)<...<0(p1),
Shm,pz,...,pk = {9 € Sp1+p2+m+pk 0(p1+1)<...<0(p1+p2), }
L 0(p+1)<..<0(p+pr)

with p =p; + -+ + pr—1. Think of permuting p; + p2 + - - - + pi elements preserving
the order within k consecutive blocks of size p1, ..., pk, just like when shuffling cards.

Recall further the projection B;" — S, sending a generator o; to the corresponding
generator s;, and its set-theoretic Matsumoto section

+
Sp — B,
0 = 85, Siy " Siy — iy iy -+ iy s

where s;, s, - - - 5;,, is any of the shortest words representing 6 € S,,.

Notation 3.1. We denote by By the image of § € S,, under this map.

We also need a partial B} -action on V¢ for (V,5) € BrSyst,.(C). For a genera-
tor o; of B; and a summand Vi, ® ... ® Vj, of Ve k <... < kg, it reads

ag; — O—Ii%,kwrl = k‘ ‘ k% ‘ k‘ .
ot ks kigr t kg

Here Uzi,ki«#l € Home(Vi, ® - @ Viey, Vi, @ - @ Vi, @ Vi, ® -+ @ Vi, ). This ac-
tion agrees with the usual graphical depiction of braids from B;.

Notation 3.2. The partial action described above is denoted by B; Sbr o,

Definition 3.3. A degree d (reverse) ordered tensor product for (V,5) € BrSyst,.(C)
is a tensor product Vi, ®...® Vi, with ky <... <kg (respectively, ki > Lz kq).

The direct sum of all such products is denoted by T'(V);” (respectively, T(V)5).

The T(V)7 sum up to T(V)” :=T(W) @ T(V2) ® - -- @ T(V;), and the T(V){

sumup to T(V)< :=T(V;) T (V1) ®@--- @ T (7).
Armed with these notations, we give multi-versions of quantum shuffle operations.

Definition 3.4. Take a braided system (V,7) in BrSyst,.(C).
e The multi-quantum shuffle product is defined by

Bpq= Y. B 2 TV @T(V)5 = T(V)isg (7)
0€Sh, 4

where (By)? (W ® U) is declared zero when it is undefined or misses the T(V);rq
part of VP14,
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e Dually, the multi-quantum shuffle coproduct is defined by

Opa= ., Bor)” : TV, »TWV)y TV (8
0€Shy 4

.....

Condition (7) should be thought of as the dual of the more intuitive condition (8).

For an ordered tensor products W in T'(V),7

summands of T'(V),> @ T(V);”. That is why C has to be additive. The case of rank
r =1 is exceptional: one needs a preadditive C only.

its image © (W) lives in several
(o2

Proposition 3.5. Morphisms (7)-(8) are well defined, and give an associative mul-
tiplication (respectively, a coassociative comultiplication).

Proof. When (reverse) ordered products are fed into formulas (7)-(8), the braid-
ing 7 is applied only to products V; ® V; with i < j, on which it is defined. The
(co)associativity is proved as in the rank 1 case (see [14, Theorem 1]). O

We now explain what we mean by a homology theory for a braided system (V7).
Definition 3.6. e A differential for (V, ) is a morphism family {d,: T(V);” —
T (V)71 }n>o satisfying d,,—1d, = 0 for all n > 1.

e A bidifferential for (V, &) consists of 2 families { d,,, d.,: T(V);? = T(V);7_1 }a>0
satisfying d,,—1d,, = d,,_1d,, = d},_1dn + dp,—1d], = 0 for all n > 1.

e Replacing T'(V), with M @ T(V).> ® N (for some objects M and N) above,

n

one gets the notion of (bi)differentials with coefficients in M and N.
Everything is now ready for constructing a multi-version of braided complexes.

Theorem 3.7. Take a braided system (V,%) in an additive monoidal category C. Let
(M,p) and (N, ) be a right and, respectively, left (V,7)-modules. The morphisms

(“d)n = (p @ dp ) on)(Idy ® O 1n-1® Idy),

(d)\)n — (—1)n_1(IdIVI®T(V):71 ®)\)(IdM & 95 n-1,1® IdN)
from M@T(V);? @ N to M@T(V);?; @ N then define a bidifferential with coeffi-
cients in M and N. (Here —7 is the braiding obtained from & as in Observation 2.5.)

Proof. Our verifications use (A) the coassociativity of @ (Proposition 3.5), and (B)

the definition of braided modules, reformulated in an additive C as

p(p®ldy)(Idy @ o 1,1) =0, A(ldy ®>\)(961,1 ®Idy) = 0.

Concretely, writing 0@ instead of Idy; ® © ®Idy or @ ® Idy for brevity, one has
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Figure 3: Braided left differential

(Pd)n—1("d)n = (p®1d...) 95 1n—2(p®1d..) @E 1,n—1
= (p ® Id)(p ® Id)(IdM®V X 95 Ln,Q) —@E 1,n—1

@ (peld.)(p®Id. )(Idy® 0O 11 ®1d..) © 2,2

= ((plp@1dy)(ldy © © 1,1)) ®1d..) @ 252 =0

and similarly for d*. In the same way, one calculates

(d)\)nfl(pd)n = (*1)7172(/’ ®Id®A) 95 1,n—2,1 = *(pd)nfl(d)\)n' u

The differential (“d),, is a signed sum (due to the negative braiding —7) of the
form 377" (—1)""1(¥d)y;;. The term (“d),; is presented in Fig. 3. Its sign can be read
off its diagram as the crossing number. Similar holds for (d*),,.

Corollary 3.8. Any Z-linear combination of the families (“d), and (d),, from the
theorem is a differential for (V,7) with coefficients in M and N.

The (bi)differentials from the above theorem and corollary are called braided.

Remark 3.9. e DBraided differentials are functorial. Concretely, take systems (V, )
and (V',); braided modules (M, p) € Mod 5, (N, A) € (7.7 Mod, and simi-
larly for (V',3); braided morphism f: (V,5) — (V',5); and morphisms ¢: M —
M’ ¢: N — N’, compatible with f in the sense of pi(p ® f;) = pp; and X(f; ®
1) =1 \; for all 4. Then one has the intertwining diagram

p— _®’Vl p—
MeTWV)y e N—2L 20 Mm@ eN
dn B .y

— ®n—1 i
MoTWV)7 , 0N —22T 2 o)z, oN

e There is a dual cohomology theory for (V,) with coefficients in braided comod-

ules. Here one has to work with T'(V){", since a braiding on (V;,...,V;) in C

n 9
corresponds to a braiding on the reversed system (V,.,...,V7) in C°P.
e Braided bidifferentials refine to a precubical structure, enriched with degenera-
cies if the braided system carries a “good” comultiplication (i.e., compatible
with & and 7-cocommutative); see [14] for details in the braided object case.
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e Braided differentials (°d),, (or (d*),,) can be defined with coefficients on one side

only, i.e.,on M @ T(V),” (or T(V),? ® N).

n

Notation 3.10. The obvious morphism from (V;, @ ---®@V;,) @ (V;, @ ---®@V},) to
Vii®---@V;,)®(Vi, ®---®V;,), induced by & and diagrammatically presented as

SN , is denoted by &. (Here we suppose i, < jn, for all n,m, so that & is

applicable to V; @ V;, )

Proposition 3.11. Take a braided system (V,7) € BrSyst, (C) and cut it at some
level t, 1 <t <r. That is, consider the (1,t)-subsystem (V,7)[1,t]. Denote it by
(7/,5). Take also a braided module (M, p) € Mod 7 .

1. For anyn, M ® T(V/)T? is a (V,@)[t,r]-module: for t <i <, define

-/

_ —
i = (pi @ 1oy ) (1t @F ey ) - MT(V); @ Vi MeT(V);, .

2. The braided differentials *d on (V/,E) with coefficients in M are braided module
morphisms for the structure above.

Proof. Let us prove the compatibility relation (6) for #r; and #r; with ¢ << j <r.
Working on M ® T(VI)? ®V; ® V;, and using notation (2), one gets

P (P . X _ ) — Sl=2 1=2 n+2
i (P ® IdJ(IdM@T(v/); ®0;;) = p; O )= viPiO (V)= v, i
112 n+2 (A 11 2 2
= PiPi%r@) > vievi%ii = PiPi% %) viev,
(B) 1 1-2

B _ 12 12 _
= PPiTr T viav, = Pi%r@e v, PO r@ ey, — (T @ 1dg),
where (A) is a repeated application of (3), and (B) follows from relation (6) for p;

and p;. The compatibility between #r; and 7d, t < ¢ < r, is verified similarly. o

Applied to a braided object (V, o) and a braided character on it, Proposition 3.11
endows all the tensor powers V™ with a braided (V, o)-module structure. Inspired by
this example, we call adjoint the braided modules from the proposition.

4. A proto-example: braided systems of algebras

The braided systems studied in this section have unital associative algebras (UAAs)
as components V;. We exhibit a bijection between such systems and braided tensor
products of algebras, identifying braided modules over the former with usual modules
over the latter. Proposition 2.9 then yields rules for permuting the factors of braided
tensor products of algebras. Examples will follow. In this section C is monoidal, not
necessarily additive.

The braidings we use in the associative setting come with additional structure:

Definition 4.1. e Denote by BrSyst}(C) the category of

— braided systems (V,) € BrSyst,.(C) enriched with distinguished morphisms
U= (v;: I = Vi)igigr, called units, and
— morphisms from BrSyst,.(C) preserving the units.
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Objects (V,7,7) of BrSyst¥(C) are called rank r pointed braided systems.

e A right module over (V,5,7) € BrSyst)(C) is a right (V,7)-module (M, p) sat-
isfying p;(Idpys ®v;) = Idps for 1 < @ < r (i.e., units act trivially). The category
of such modules and their morphisms is denoted by MOd(V,E,U)' Similar defini-
tions and notations are assumed for left modules.

We now show that different aspects of the UAA structure for (V, u, v) are captured
by the associativity braiding

Oass =v@u : VV=IQVV VRV

When working with several UAAs, notation o455(V) or oass(V, p,v) helps avoid
confusion. The category of UAAs and algebra morphisms in C is denoted by Alg(C).

Theorem 4.2 ([14]). 1. One has a fully faithful functor
Alg(C) — BrSyst}(C) (9)
(Vi p,v) ¥ (V.0 4ss, V),
f—f
2. The associativity braiding o ass 1S idempotent: 0 AssT Ass = TAss-
8. The YBE for o ass is equivalent to the associativity for u, under the assumption
that v is a unit for u (i.e., p(Idy @v) = p(v @ Idy) = Idy ).
4. For a UAA (V,u,v) in C, one has an equivalence of right module categories

MOd(V#L’V) <L> MOd(V,aAss,u)
(M, p) «— (M, p),
where on the left one considers usual modules over UAAs, and on the right the

pointed version of braided modules.

5. Let C be preadditive. For a module (M,p) € Mod(y,, ) ~ Mod(y, .. 1), the
left braided differential *d on (M ® V™),>0 coincides with the classical bar dif-

ferential d,, = p' + >0 (—1)'pt.
Remark 4.3. o A more elegant functor Alg(C) — BrSyst,(C) is obtained by com-
posing (9) with a forgetful functor; however, it is not full.
e Point 2 shows that the braiding o 455 is highly non-invertible in general.

e The equivalence in 3 holds under a mild unitality assumption; such normaliza-
tion conditions are ubiquitous in our braided approach.

e Point 4 for M =T ensures that an algebra character is a braided character.
e Dualizing, one recovers the category of coalgebras in C inside the category of
co-pointed (= endowed with a distinguished co-element) braided objects:
coAlg(C)— BrSyst/{(C),
(V,Aye) — (V, 0conss = £ Q@ AL e),
f—1r
The algebra-coalgebra duality in a preadditive C can now be seen inside the

category of bipointed braided objects BrSyst%(C ). Indeed, this category is self-
dual, the notion of braiding being so; and it encompasses both Alg(C) and
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UASS <—> % O’;‘SS H }(y

Figure 4: Associativity braidings: 04ss and its vertical mirror version o’

&%: wﬁ/ W=Nw

Figure 5: Naturality

coAlg(C) (take zero maps as the missing (co)units):
coAlg(C) — BrSyst!(C) +— Alg(C).

e In the theorem, the associativity braiding can be replaced with its right version
0les = ®@v. In this case left modules should be taken as coefficients in the
last point. The diagrams of the two associativity braidings are shown in Fig. 4.

From now on, we work with several interacting UAAs V;. After some technical
definitions, we study compatibilities between the braidings oass(V;), and interpret
them in terms of (a multi-version of) braided tensor products of algebras.

Definition 4.4. e Take a V' € Ob(C). A pair of morphisms (n: I — V,e: V = 1)
is called normalized if en = 1dy.
e Take V,WW € Ob(C). A morphism £: V@ W — W ® V is natural with respect to
a morphism @: V™ — V™ (or ¢p: W™ — W™) if
g M (p@ldw) = (Idw @@)E' -+ €"
(recall Notation (2)), or, respectively,
€M (Idy @Y) = (Y @ Idy )Em - - - €L

In the case V = W both conditions are required.

The naturality conditions for n =1, m = 2 and V = W are diagrammatically pre-
sented in Fig. 5. In this example, one recovers two of the six Reidemeister moves from
the theory of knotted trivalent graphs [12, 33, 35].

Theorem 4.5. In a monoidal category C, take UAAs (Vi, i, Vi)i<i<r, and mor-
phisms & j, 1 <1< j <r, natural with respect to v; and v;. Let each unit v; be a
part of a normalized pair (v;,€;). Then the following statements are equivalent:

(A) The morphisms & ; = 04ss(Vi), 1 <i <, complete the & ; and the v; into a
pointed braided system structure on V.

(B) Each &, ; is natural with respect to w; and w;, and, for each triple i < j <k,
the & satisfy the YBE on V; @ V; @ Vj,.

(C) A UAA structure on 37 =V, QV,_1®---® Vi can be defined by putting
By = (r @ -+ @ 1) 552( 3,7;4 %,T373) T (ggfl,r T ;;1‘517«)’ (10)
VG = QU1 @ @ 1. (11)
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PPN
O KN e AN KO

Figure 6: Braided tensor product of UAAs; YBE on V; ® V; ® V}; naturality w.r.t. p;

The multiplication (10) for » = 3 is diagrammatically presented in Fig. 6A. Note
the inverse component order in the definition of <X7, ensuring that p¢ is well-defined.

Proof. We show that assertions (A) and (C) are both equivalent to (B).
Start with (A). The YBE on each V; ® V; ® V; is guaranteed by Theorem 4.2. On
Vi ®V; ® V; with ¢ < j, the YBE becomes

(&, @1d;)(Id; ®&; ) (v @ s @1d;) = (Id; Qs @ ) (&5 @ Id;)(Id; @& 5)

(see Fig. 6B for a graphical version). But this is equivalent to ; ; being natural w.r.t.
s (Fig. 6C): compose the former with Id; ®p; to get the latter, and compose the latter
with (&,; ® Id;)(v; ® Id; ® Id;) to get the former (in each case, use the naturality of
&, ; w.r.t. the units to pull the truncated strands out of all crossings). Similarly, the
YBE on V; ® V; ® V}, i < j, is equivalent to & ; being natural w.r.t. p;. This yields
the equivalence (A) < (B).

To conclude, we need the equivalence (C) < (B). It compares local and global
properties of a braided system of UAAs. The following maps relate these two scales:

[,j:Z/T®---®l/j+1®1dj®uj_1®---l/12‘/}%‘7. (12)

Given a collection &; ; from (B), one checks (e.g., graphically) that psr and v
from (C) define a UAA structure. This generalizes the verifications necessary to define
the tensor product of algebras in a braided category. To show that all the conditions
from (B) are needed, consider the associativity relation for ps; composed with

o cither;; ® ;@ 1: V; @ V; @ Vi, — ?3 on the right and the ¢, at all the positions
except for 4, j, k on the left (this gives the YBEon V; ® V; ® Vi, i < j < k);

e Oor ;LR VRV, 0V — ?3 on the right and the ¢; at all the positions
except for 4, j on the left (this gives the naturality of & ; w.r.t. p;);

e or ;R L ViV, @V, — V®3 on the right and the ¢; at all the positions
except for 4, j on the left (this gives the naturality of & ; w.r.t. p;).

For example, in the second case the naturality of the & w.r.t. the units yields
(ass-ty for p)(4i ® i ® ¢j) = (15 @ vz @ 1;)(nat-ty condition from Fig. 6C).
Applying the €, one gets rid of the term (1; ® pgr ® ;). O

The theorem gives a braided (A), an associative (C), and a mixed (B) interpretation
of the same phenomenon. For certain structures, associativity verification can be
considerably simplified by checking (A) or (B) instead.
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Definition 4.6. A braided system of the type described in the theorem is called
a (pointed) braided system of UAAs, and the UAA V is called the braided tensor
product of the UAAs Vi,...,V,, denoted (abusively) by <I7 =V, V1 ®--- V.

3 3 3

Remark 4.7. The €; were used only to prove (C) = (B), i.e., to go from the global
setting to the local. One could instead impose (C) for all subsystems of V, and work
in appropriate subsystems instead of composing with the ¢;. In particular, for r = 2
the theorem holds true even without the normalized pair condition.

Remark 4.8. Some or all of the morphisms &; ; = 0455(V;) can be replaced with their
right versions o’y (V;). The theorem still holds true, with analogous proof.

Example 4.9. Take UAAs V; in a braided category C, and put §; ; = cy, v;. The cate-
gorical braiding c is natural w.r.t. everything, in particular the units. Proposition 2.2
then translates as condition (A) from the theorem. The UAA structure on V deduced
from (C) recovers the usual tensor product of algebras in a braided category.

In an additive category, the braided tensor product <I7 is alternatively described as
T(@'L‘/i)/<o' —Id, v — 1d), where the ideal we mod out is generated by the images of
0;,; —1d; ®Id; and v; — Id;. Observation 2.6 then suggests a representation-theoretic
counterpart for the structure equivalence from Theorem 4.5. More generally,

Proposition 4.10. In the settings of Theorem 4.5, the category of modules over the
pointed braided system from (A) is equivalent to the category of modules over the

algebra v from (C): Mod v ¢ 5 ~ Mod novy)

Proof. Observation 2.5 combined with Point 4 of Theorem 4.2 interpret a module
structure over (V,£,7) as module structures (M, p;) over UAAs (Vj, u;,v;), com-
patible in the sense of (6). The map p = p1(p2 ® Id1) -+ (pr ® Id;—1 ® - - - ® Id;) then
turns M into a V' -module. Conversely, a V -module (M, p) becomes a (V, £, 7)-module
via p; = p(Idar ®¢;), where the ¢; are defined in (12). The identity functor of C and
this structure correspondence give the desired category equivalence. o

We now discuss factor permutation in braided tensor products of UAAs.

Proposition 4.11. In the settings of Theorem 4.5, suppose one of the &; ;11 invert-
ible. Then

1. The_UAAs Vi,oo oy, Vie1, Vig1, Vi, Viga . .., Vi endowed with the € from the sys-
tem V', completed with E;ﬁrl on Vip1 @ V;, still form a braided system of UAAs.

2. The braided tensor products V and s; - V =V, ®--- ViV, ® Vi1 ®
13 13 § gt 13

Vic1 ® -+ @ Vi are related by the algebra isomorphism (abusively denoted by s;)
3 3

I, ®... 00 @6, @1d 1 ®... 0T : VsV,
8. The algebra isomorphism above induces an equivalence of modules categories:
Mods; = Mod_ ¢,
(M, p37) < (M, p3z(Idu ®s; ).
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Figure 7: Checking that £; ., is an algebra morphism

-1
iit

Proof. 1. Proposition 2.9 allows to swap the components V; and V1 of the pointed
braided system (V, €, 7) from Theorem 4.5 (A). The new system s;(V, €, D) still
satisfies the conditions from Theorem 4.5 (A), and is thus a braided system of
UAAs (the naturality of fz'_,ilﬂ w.r.t. the units follows from that of &; ;+1).

2. Theorem 4.5 (C) then gives a UAA structure on sz(v) Applying the YBE
several times, one sees that, in order to check that Id, ® ... ® f;ilﬂ ®...®Idy
is an algebra morphism, it is sufficient to work with V; and V;; only. Namely,
one has to prove the identity f;iarl(uiﬂ ® v;) = V; ® Vj+1, which follows from
the naturality of §; i1+1 w.r.t. the units, and from the equality

(1 @ pi1)(1di @& 4, @ 1diga) (€51 @ &) =
&ty (i © i) (Idig1 ®&ii11 ®1dy)
of morphisms (V41 @ V;)? = V; ® Viy1 (Fig. 7). The latter results from the
naturality of & ;41 (and hence §i_7i1+1 ) w.r.t. gy and g1 (Theorem 4.5 (B)).
3. (The proofs of) Propositions 2.9 and 4.10 yield the category equivalences
Mod<‘7 ~ MOd(V,E,v) ~ MOdsi(V,E,v) ~ Modsi(v) 1 0
(M, ps7) — (M, pz(Idar @s;7))
Remark 4.12. As in Remark 2.10, one gets partial S,-actions on rank r braided sys-
tems and braided tensor products of UAAs. Concretely, a permutation 6 € S, with a
minimal decomposition 6 = s;, - -+ s;, sends (V,&,7) to s;,(--- (s, (V,&,7))---), and
acts on UAA braided tensor products by the algebra morphism s;, ---s;, (still de-

noted by 6), provided that the braiding components are invertible when necessary.
These actions are mutually compatible, and induce module category equivalences via

(M’ pV) < (M’ pV(Id]M ®9_1))‘

As a first illustration of the braided system theory, we now upgrade Theorem 4.2
to the rank 2 level. A braided category (C,®,1, ¢) is needed here.

For (V,u,v) € Alg(C), the data (ucy,v,v) define another, twisted UAA structure
on V, denoted by V. The associativity braiding becomes here 045:(VP) =v ®
(ueyv). This twisting is used to relate left and right modules:

Lemma 4.13. For (V,u,v) € Alg(C), the functors
Mody e < yMod,

(M, p) — (M, L(p) := pcyy); (13)

(M, R(A) = Aem,v) «— (M, ), (14)

extended by identities on morphisms, yield a category equivalence.
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Take now two UAAs (V, u,v) and (V’, p/,v’). Returning to Example 4.9, one gets

Lemma 4.14. The data (Vi =V, Vo =V'; 01,1 = 04ss(V), 022 = 04ss(V'P), 012 =
cv,y) define a braided system of UAAs, denoted by BM(V,V').

The proofs of the above lemmas are straightforward.

The module category equivalence from Proposition 4.10 and permutation rules
from Proposition 4.11 apply to BM(V, V). Using Observation 2.5 and Lemma 4.13,
one interprets braided modules over this system as familiar algebra bimodules:

Proposition 4.15. Take UAAs (V,u,v) and (V' 1/, V") in a braided category C. Let
vMody be the category of (V',V)-bimodules. The following categories are equivalent:

MOdV/op®V =~ MOdBM(V,V/) =y MOdV ~ MOdSQ(BM(V,V’)) >~ MOdV @lvfop.

Note that V°P @ V is the enveloping algebra of the algebra V.
We then apply adjoint module theory to our bimodules. Recall Notation (2).

Proposition 4.16. Take a bimodule (M, p: M@V — M, X\: V@ M — M) over
UAAs V and V' in a braided category C. The bar complex (M @ T(V),dpqar) for V
with coefficients in M is a complex in yvMody . In other words, the differentials
(dbar)n are bimodule morphisms, where a bimodule structure on M & V™ is given by

Par =p" T MRVTQV 5 MOV, Mar =XV OMeV" - Ma V™.

Proof. Plug into Proposition 3.11 the system BM(V,V’), the bimodule (M, p, \)
(interpreted as a BM(V,V’)-module via Proposition 4.15), and ¢t = 2. One obtains
the compatibility of the braided differential Ad = dpq, (cf. Theorem 4.2, Point 5) with
the braided BM(V,V’)-module structures on the M ® V™. Using Proposition 4.15
again, one interprets these braided modules as (V’,V)-bimodules, with the explicit
structure from Lemma 4.13:

ry = pr(Idy @y y) = p"

A Vra) = RVmacioyn v = Qenvn) (Idu @B v vi)eafgyn v

= ()\CMJ//)I(IdM ®CV"7V’)CX41®V”,V’ =\l O

This bimodule structure on the bar complex is fundamental for interpreting the
Hochschild (co)homology via the differential induced on coinvariants by dpg-.

5. A braided interpretation of crossed products

We now present a rank 3 braided system. It recovers Panaite’s braided treatment
of two-sided crossed products [26], and its extension [11] to the generalized two-sided
crossed products Aw<C>4B of Bulacu—Panaite-Van Oystaeyen [3]. Our component
permutation technique yields 6 isomorphic versions of the algebra Ap<C>«B. This
extends algebra isomorphisms from [26, 11|, and simplifies their originally very tech-
nical proof. Further, our adjoint module machinery yields a (B, A)-bimodule structure
on C™, used for constructing a bialgebra homology theory in Section 6.

First, we need categorical versions of some basic algebraic notions.
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Figure 8: Main bialgebra and module algebra axioms
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Figure 9: A braided system for a two-sided crossed product

Definition 5.1. e A bialgebra in a braided category (C,®,1,¢) is an object H
endowed with a UAA structure (u, ) and a counital coassociative coalgebra (=
coUAA) structure (A, ), compatible in the following sense:

Ap=pep(A®A), Av=vRy, cu=c®c ev=Idi. (15)
It is a Hopf algebra if it carries an antipode, i.e., an endomorphism s satisfying
p(s @ Idg)A = p(Idy ®s)A = ve. (16)

e For a bialgebra H in C, a left H-module algebra is a UAA (M, upr, var) endowed
with a left H-module structure \: H ® M — M, such that up; and vy are H-
module morphisms (Fig. 8):

MIdg @par) = pu(A@NAA@1dSE),  MIdy @vay) =vpe.  (17)
Right H-module algebras and H-(bi)(co)module algebras are defined similarly.

e The categories of bialgebras / Hopf algebras / H-(co)module algebras and their
morphisms in C are denoted by, respectively, Bialg(C), HAlg(C), pfModAlg,
ModAlg,;, "ModAlg, etc.

Proposition 5.2. Take a bialgebra H, a left H-module algebra (A, N), a right H-
module algebra (B, p), and an H-bicomodule algebra (C, 6;: C - H®C, §,: C —
C ® H) in a symmetric category (C,®,1,¢). Then

1. The UAAs (B,C,A) form a braided system of UAAs, with
&2 = (Ide ®p)(cB,c @ Idn)(Idp ®96,), €13 =cB,A,
§23=(A®@Ide)(Idy ®cc,a)(6 @ 1da).
2. Formulas (10)-(11) for the & ; above define a UAA structure on A® C ® B.
3. One has a module category equivalence MOd(B,C,A;E) ~ Modag.ce.B-

The braiding from the proposition is shown in Fig. 9. Here and below the underlying
braiding of a symmetric category is depicted by a solid crossing.

Proof. The key point is to verify the conditions of Theorem 4.5 (B) for the &:
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e The YBE on B ® C ® A rewrites (using the naturality of ¢) as
(L(p) © Idy ®R(A))(Ida @61, @ Idp)p =
(L(p) @ Idy @R(N))(1d 4 @0, @ Idg)p.

Here p = (cc,a ® Idp)(Idc ®cp,4)(cp,c ®Id4); £ and R are defined by (13)-
(14); 6, = (6, ® Idg )6, and d,; = (Idg ®6,)d; are morphisms C - H @ C ®
H. Now, the left-right H-coaction compatibility for C yields d;,, = 6,;.

e The naturality of the £ w.r.t. the u is a consequence of the defining properties
of H-(bico)module algebras. Here we show that & o is natural w.r.t. upg, the
other cases being analogous:

&12(uB ®1de)
= (Ide ®p)(cp,c @ 1dy)(up © §,)
(Ide ®p)(Ide @up @ 1) (cop.c ® ldg)(1d5? ©4,)
(Idec @pp)(Ide ®p®?)(Idces ®@cpn © Idy)(cpep,c ® An)(1d5* ®6,)
(Ide ®pp)(Ide ®p @ Idp)(cp,c ® Idugp)(Idp @6, ® p)
(Idp ®cp.c ® Idy)(1d5° @6,)
(Ide ®@uB) (1,2 @ Idp)(Idg ®&1,2).

We used the definition of &1 2 (steps 1 and 5), the naturality of ¢ (2), the defi-
nition of right H-module algebra for B (3) and that of right H-comodule for C
(4). The easiest way to follow this proof is to draw diagrams!

[les

i

e Similarly, the naturality of the £ w.r.t. the units follows from the naturality of ¢
and from the definition of H-(co)module algebras.

Theorem 4.5 (A) then confirms that the & together with the o445 form a braiding,
while Point (C) asserts that A®:C®¢B is an UAA. Finally, Proposition 4.10 gives
the required module category equivalence. O

Our proposition recovers the generalized two-sided crossed product Ap<C>4B :=
AR¢C®¢B from [3]. The choice C = H (with Ay as coactions) yields the two-
sided crossed product A#HH#B := AQ:H®¢B of Hausser—Nill [9]. We thus replace
the original technical associativity and module-category-equivalence verifications for
Ap<(C'>«4B with a more conceptual proof.

Further, forgetting the B (or A) part of the structure and taking as C a left
(respectively, right) H-comodule, one obtains rank 2 braided systems. This gives a
braided treatment of (a generalized version of) left / right crossed (or smash) products
A#H = A®¢H and H#B := H®¢B.

If H has an invertible antipode s, then all the £ are invertible:

s = ((pewp) ©1d)(s7' @ co,)((coudy) @ 1dp), 3 =cAB,
52_31) = (Ide ®(\ca.m))(cac @ s 1) (Ida ®(ca.cd)).

Proposition 4.11 then allows to permute the components of A®:C®¢B, producing six
pairwise isomorphic UAAs with pairwise equivalent module categories. In particular,
one recovers the algebra isomorphism A#H#B ~ (A ® B) < H from [9].
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Figure 10: pMod 4 structure on C?

Next, after a preliminary general lemma, we apply our adjoint braided module
theory to the braided system from Proposition 5.2, with trivial coefficients M = L.

Lemma 5.3. Take a rank r braided system (V,7) in a symmetric category (C,®,1, ¢),
with o1, = cv, v,. For this system, take two braided characters € and (. Then the right

(Vi 00 r)-module structure . and the left (Vi,01.1)-module structure ﬂf on T(V)?
commute: m,(7¢ ©1d,) = 7$(1dy @) : Vi @ T(V)? @ Vo — T(V);7.

Proof. The categorical braiding c is natural w.r.t. the components €, and (; of our
braided characters. This allows to rewrite the desired identity as

(er ®1dpv)o @)@z v @ 1Ty, 1)z oV, =
(er @ 1dp ) ®G)(Adr @, 1777)= )T v, 07— v,
which is checked by a repeated application of the YBE. O
We now return to two-sided crossed products. Recall the notation ¢* from (2). Put
wan = (1572001 "3 "I 50) € Sone (18)

Proposition 5.4. In the settings of Proposition 5.2, choose algebra characters €4
and eg for A and B. The morphisms below turn the tensor powers C™ into bimodules:

car = (ea)' N (Idg @con a) ()" V(W51 08" @ 1da) @ C"®@A—C™,
78 = (ep)" T p"  (ep,on @ Idg) () (Idg ®(w5,10%™)) : B C" = C"

n

(Fig. 10), where Sa,, acts on C?" via the symmetric braiding c, and the notation
(/ﬂ)(k) stands for the map u' iterated k times.

Proof. Observe that for Point 1 of Proposition 3.11 to hold true, the additivity of C is
not necessary, and the module M can be taken in Mod(vﬁ)[m] instead of Mod V.5
Thus apply Proposition 3.11 and its mirror version to the braided system of UAAs
(B,C, A) from Proposition 5.2 and to the algebra characters (hence braided charac-
ters) €4 and ep. One gets right (A, 045s(A))-module structures and left (B, 0 445(B))-
module structures on all the B¥ @ C" @ A™, and hence on C™. Further, since the 1,2
and &2 3 components of the braiding on (B, C, A) are natural w.r.t. the units of A
and B, these units act on C"™ trivially. Theorem 4.2 then ensures that our braided
module structures on C™ are actually module structures over the UAAs A and B,
which are easily checked to coincide with the desired ones. Compatibility between A-
and B-actions follows from Lemma 5.3. O
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B(’Ul ®’LU1) .. B(’Un ®wn)
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.-~ B -
v/ /’//B /////////
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VvV Vv Vv w W W vV Vv Vv w W W
“ratnbow” “arched”

Table 4: Two definitions of B(vivs...v, @ wiws ... wy)

6. A braided interpretation of bialgebras and Hopf modules

This section explores a rank 2 braided system B(H) encoding the bialgebra struc-
ture on H, in the same sense that o455 encodes the UAA structure (Table 1). It is
a particular case of the system constructed for crossed products in Proposition 5.2.
In B(H), the invertibility of the braiding component o7 2 is algebraically significant:
it is equivalent to the existence of an antipode. We identify braided B(H )-modules as
Hopf modules over H, and show that the braided homology theory for B(H) includes
Gerstenhaber—Schack bialgebra homology and Panaite-Stefan Hopf module homology.

Except for some general observations, we specialize here to the category C = vecty
of finite-dimensional vector spaces over k. One could also work in a braided cate-
gory C and choose a bialgebra in C admitting a dual. When working in vecty, we
use Sweedler’s notation for comultiplications and coactions. A simplified notation
VU2 ... Uy = V] QU3 R ... v, € V™ is preferred for pure tensors in V", leaving the
symbol ® for vivs...v, @ wiws ... Wy, € V' QR W™, The dual space of V' € vecty is
denoted by V*. Letters h; and [; stand for elements of V' and V* respectively. The
pairing (,) is the evaluation map ev: V* @ V =k, | ® h — I(h). Multiplications on
different spaces are denoted by - when no confusion arises.

Consider a pairing B: V ® W — k between k-vector spaces. Table 4 presents its
possible extensions to B: V" @ W™ — k. The “arched” one is more common, but
we use the “rainbow” one (like, for instance, Gurevich [8]), minimizing argument
permutations and crossings in diagrams. This choice slightly changes some classical
formulas. We use analogous conventions in the dual and multi-pairing situations.
Taking as B the evaluation map ev, one constructs out of a linear map f: V1 ® ... ®
Vo oW ®...0 Wy itsdudl f*: W @... Wi =5 V*®...® V" (note the inverse
order of factors). Graphically, this is the central symmetry, while the arched duality
corresponds to the horizontal mirror symmetry.

For example, the dual of a coalgebra V' € vecty receives an induced algebra struc-
ture via the rainbow extension of ev: (l1la, h) = <ll, h(2)> <lg, h(1)>, heV l,laeV*
(Fig. 11A). Multiplication and (co)units are dualized similarly. The same structure
on V* is obtained using the dual coevaluation map coev, or the twisted (co)pairings
evoT: VRV* >k and Tocoev: k — V @ V*. Here 7 is the factor transposition
(which is the categorical braiding of vecty). To simplify notations, we often write ev
and coev even for the twisted maps.

Observation 6.1. Take a bialgebra (H,u,v,A,e) in a braided category (C,®,1,c).
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M H M H
ev ev | ev ! P m
) c
. . L seoq = ot | = ©
A/’f\.\ - /// A @ : +\\ k\\ : p 4 A
veve v vrve vV oM v M v* M H M H

Figure 11: Multiplication-comultiplication and action-coaction dualities, and Hopf
compatibility

1. The data HP := (H,puc t,v,Ae) and H®P := (H,u,v,c *A,¢) define bial-
gebras in (C,®,I,c71). The data HP*°P := (H,uc=t,v,cA,e) and HP°P :=
(H, pc,v,c A, €) define bialgebras in (C,®,1,c).

2. If H is a Hopf algebra with an antipode s, then so are HP:°P and H°P°P  with
the same antipode. If s is invertible, then s~' is an antipode for HP and H°°P.

3. One has the following bialgebra or Hopf algebra isomorphisms:
(Hop)* ~ (H*)cop, (Hcop)* ~ (H*)op, (Hop,cop)* ~ (H*)cop,op.
Notation 6.2. Twisted (co)multiplication is denoted by u°? = uc=!, AP = c~1A.
Depending on the context, notations H, H*, H°P, etc. will denote the correspond-
ing bialgebra, Hopf algebra, (co)algebra, or vector space.

Lemma 4.13 allows one to switch between left V-modules and right V°P-modules.
We now give an analogous transition tool for modules and comodules.

Lemma 6.3. For a coalgebra V in vecty, the following functors (completed by iden-
tities on morphisms) yield a category equivalence:

Mod" <=5 Mody -,
(M, 6) — (M, 0 := (Idp ®ev) (6 @ Idy+)), (19)
(M, p° = (p @ Idy)(Id s Qcoev)) «— (M, p). (20)
The proof is routine and is best done graphically. A diagrammatic version of the

transformation (19) is given in Fig. 11B. With the arched dualities, one would have
to take the category Mod y+)o» on the right.

Convention 6.4. Here and below thin lines stand for the basic vector space, dashed
lines for its dual, and thick colored lines for different types of modules over it.

Lemma 6.5. For a bialgebra H in vecty, the functors from Lemmas 4.13 and 6.3
induce category equivalences

ModAlg +~ ModAlg g+ )con, sModAlg <~ ModAlg ..

We now include the groupoid *Bialg(vecty) of bialgebras and bialgebra isomor-
phisms in vecty into the groupoid of bipointed rank 2 braided systems in vecty, taking
inspiration from the pointed rank 1 system interpretation of UAAs (Theorem 4.2).

Definition 6.6. Given a monoidal category C, let *BrSystJ;'(C) be the category of
e rank 7 bipointed braided systems, i.e., (V,5) € BrSyst,. (C) enriched with dis-
tinguished morphisms 7 = (v;: I — V;)1<icr and € = (g;: Vi = I)1<igr, called
units and counits, forming normalized pairs (v;,¢;) for all ¢, and
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Figure 12: A braiding encoding the bialgebra structure

e isomorphisms from BrSyst, (C) preserving the units and the counits.

Definition 6.7. A (right-right) Hopf module over a bialgebra H in a braided cate-
gory C is an object M endowed with right module and comodule structures p: M ®
H— M,d: M - M ® H, satisfying the Hopf compatibility condition (Fig. 11C):

dp=(p@pu)(Idy @cpp@Idy)0 @A) : MH-—>MQ®H. (21)
The category of such modules and their morphisms is denoted by Modg.

An important example of H-Hopf module is H itself, with p = puyg, § = Ag.
We now return to our category vecty, omitted in further notations.

Theorem 6.8. 1. One has a fully faithful functor
F : "Bialg H*BrSystg (22)
(H,p,v,Aye) —B(H) := (V4 := H, Vo := H*;
01,1 = UQSS(H),UQQ = UAss(H*)aUI,Q = Obi; V, 5*;&1/*),
= (7)),

where O’bi(h & l) = <l(1), h(2)> l(g) & h(l) (Fig. ]2)
2. For a bialgebra H, oy; is invertible if and only if H has an antipode.

3. Take an H € vecty with UAA and coUAA structures (u,v) and (A, g). Suppose
the pair (v,e) normalized. Then the YBE on H® H @ H* (symmetrically, on
H® H*® H*) for B(H), together with the naturality of oy; with respect to the
units, are equivalent to the bialgebra compatibility conditions (15) for H.

4. For a bialgebra H, one has category equivalences
Modj;, — Modgm — Mody-en
Tbi
(M,p,6) — (M;p,6°) +— (M, 6 ®p)
If H is a Hopf algebra with an antipode s, then this chain can be continued on
the left by Modpggr- ~ Mod,.5(H) =~ Modg, where 0 = ab_il.
6

The graphical interpretation suggests that, applied to the dual bialgebra H* in-
stead of H, the construction yields a vertical mirror version of the system B(H).

Proof. Take a bialgebra H. Recall Notation 6.2. Consider the left H*-comodule
algebra (H*, A*,e* u*). (A left version of) Lemma 6.5 transforms it into a left
He°P-module algebra (H*, A*, &* (u*)). Together with the HP-bicomodule alge-
bra (H®P, u,v, AP AP) it can be fed into Proposition 5.2 as the A and C parts
(as explained after that proposition, the B part can be omitted). The &3 3 component
of the braided system from that proposition coincides with op;. Further, H°°P and H
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share the same UAA structure, hence our 0;_1;—1 can be chosen as the ; ; compo-
nents (Remark 4.8). Proposition 5.2 then implies that B(H) is a braided system of
UAAs. Tt is clearly bipointed. Moreover, the braiding on B(H), the units and the
counits suffice to recover all ingredients of the bialgebra structure on H, hence the
functor F is injective on objects.

To prove Point 1, it remains to understand, for bialgebras H and K, isomorphisms
of bipointed braided systems (f,g): B(H) — B(K). By definition, they consist of
bijections f: H — K, g: H* — K* intertwining the braidings of B(H) and B(K)
and respecting the (co)units. Due to Theorem 4.2 (Point 1), this means that f and g
are UAA isomorphisms compatible with counits (ex f = e, Vg = vy), and satisfy

oi(K)(f ®g) = (9® f)ovi(H) (23)

(Fig. 13A). Applying v}, ® ex to both sides of (23), using the compatibility of f
and g with the counits, and playing with dualities, one deduces g*f = Idy, hence
g=(f~1)*. Since g is a UAA isomorphism, so is g%, hence f = (¢7!)* is a coUAA
morphism, which completes its properties and shows that it is a bialgebra isomor-
phism. Reversing the argument, one checks that the choice g = (f~1)* for a bialgebra
isomorphism f implies (23). Thus the bipointed braided system isomorphisms are
precisely the pairs (f, (f~!)*) for bialgebra isomorphisms f. Hence the functor F is
well defined, full and faithful. This finishes the proof of Point 1.

In Point 3, the compatibility between A and v follows by applying v* ® Idy to
the naturality condition for op; w.r.t. v. Symmetrically, the pu-¢ compatibility follows
from the naturality of op; w.r.t. £*. The converse (compatibility = naturality) is easy.
According to (the proof of) Theorem 4.5, the YBE on H® H ® H* is equivalent
to the naturality condition of op; w.r.t. p (Fig. 13B), which implies the bialgebra
u-A compatibility (apply v* ® Idg to both sides and use duality). Conversely, the
bialgebra compatibility suffices to deduce the above naturality. By symmetry, one
gets a proof for H ® H* ® H*.

The “if” part of Point 2 can be proved by exhibiting an explicit formula for al;l:

oy (1@ h) = (L, s(h)) hay ® Lo (24)
(or by using the remarks after Proposition 5.2 and Point 2 of Observation 6.1). The
“only if” part is more delicate. Suppose the existence of U;il and put
5= (((e®v)oy,") @ 1dy)(Idp- @cpm)(coev @ 1dy) : H— H
(Fig. 13). Let us prove that 5 is the antipode. The part
p(s@Idg)A = ve (25)

of the defining relation (16) follows from a;ilabi = Idggpg+ by duality manipula-
tions. Surprisingly, the remaining part p(Idy ®3)A = ve does not seem to follow
from abialgl = Idg~gu. Algebraic tricks come into play instead. Mimicking (24), set

5= (Idy ®(ev(3®1dy-)) @ 1dg-)(A® ey : H* ©H — H® H*.

Relation (25) implies Gop; = Idggm=. Then & coincides with a;l, giving o0 =
Idy+gu. Applying v* ® ¢ to both sides, one recovers the second part of (16) for s.
We now move to Point 4. Equivalence Modg ) 5 Mody- ¢ g follows from Propo-

Tbi

sition 4.10. Further, Observation 2.5, combined with Point 4 of Theorem 4.2, present
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Figure 13: Naturality and invertibility issues for op;

a right B(H)-module M via right module structures py and pg- over the UAAs H
and H* respectively, compatible in the sense of (6):

PH~ (pH X IdH*) = pH(pH* ® IdH)(IdI\/[ ®(7‘(IdH ®ev ® IdH*)(A ® M*))) (26)

On the other hand, due to the module-comodule duality from Lemma 6.3, a right-
right Hopf module structure over H can also be viewed as right module structures
over the UAAs H and H*, with the compatibility condition obtained by applying
Idps ®ev to the defining condition (21) of Hopf modules (tensored with Idg« on the
right) and turning H-comodule structures into H*-module structures. The condition
obtained coincides with (26), implying Mod% ~ Modpg ).

In the Hopf algebra case, Point 2 gives the invertibility of o3;. The component
permuting Proposition 4.11 proves then the desired equivalences. o

All the remarks following Theorem 4.2 remain relevant in the bialgebra case. One
particular feature of the bialgebra setting is to be added to that list:

Remark 6.9. 1t is essential to work in the groupoid, and not just in the category of
bialgebras, if one wants a bialgebra morphism H — G to induce a morphism of dual
bialgebras H* — G*, so that the functor (22) can be defined on morphisms.
Denote by 7' (H) = H @ H* one of the braided tensor products of UAAs from the
0

theorem. Then S (H) := ' (H*) is the well-known Heisenberg double of the Hopf
algebra H (cf. for example [21, 5]).

Our next goal are explicit braided complexes for B(H). After detailed calculations
with certain braided characters as coeflicients, we discuss the general case of Hopf
module coeflicients.

First, for a bialgebra H, we study adjoint actions of H* on H".

Lemma 6.10. The tensor powers of a bialgebra (H, p,v, A €) in vecty can be en-
dowed with an H*-bimodule structure via the following formulas (Fig. 14):

7TH* — pEH* :60161)2-~~€’l)n(((lu*)1)(n71)®(w2_nlA®n)) . H*® H" %Hn,
H*ﬂ — € — ol t2 ... €U2n((w2_n1A®n) ® ((lu*)l)(nfl)) . H"® H* — Hn,
where notations (2) and (18) are used.

On the level of elements, the formulas can be written as

T W@ by hn) = () b)) (L Pruma)) - (s i) Py - gz,
(b hn @ 1) = () hu) {2y hnor@) - (s ag) Ba) -+ ngay-
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Figure 14: H™ as an H*-bimodule

Proof. In the proof of Theorem 6.8, we observed that Proposition 5.2 applies to A =
(H*, (%)) € geoModAlg and C = (H®P, AP AcP) ¢ H*'ModAlg”™" (recall
Notation 6.2). Symmetry considerations allow to complete this couple with B =
(H*, (u*)°) € ModAlgcop, and feed it into Proposition 5.4 together with the counit
e~ = (vg)* of H*. This counit is an algebra character of H* and hence of A and B.
The output yields the desired actions. O

Interchanging the roles of H and H*, one gets H-bimodules ((H*)™, 7 Hr). By
abuse of notation, we define, for all m,n € N for which this makes sense, the following
morphisms from H™ @ (H*)™ to H"~1 ® (H*)™ or to H" ® (H*)("™~1:

H*ﬂ' = H*Tr ® Idg&mil), ’7'1'H)k = (7TH* ® Id}e}&mil))THn(g(H*)(m—l)1H*,

=15 @rH Hr = (15" @)y gon- v (a1 ym-
Lemma 6.11. These four endomorphisms of T(H) ® T(H*) pairwise commute.

Proof. Lemma 6.10 implies the commutativity of ¥ 7 and 7" . Replacing H with H*,
one gets the commutativity of “z and 7/, Next, returning to the braided interpre-
tation of the adjoint actions, 7 corresponds to pulling the rightmost H-strand to
the right of all the H*-strands (using o;) and applying €, while # 7 means pulling
the leftmost H*-strand to the left of all the H-strands and applying e-. Thus 7%
and 77 commute. The case of 77" and #r is analogous.
For the two remaining pairs, consider the linear isomorphisms
A, @IdGT: H™ @ (H*)™ =5 (HP)" @ ((H°P)*)™, Api=(h 210 1) € Sn,

n n—1
where S, acts on H" by component permutation. These isomorphisms transport the
endomorphisms 7, 78" 7 and fr of H®" @ (H*)®™ to, respectively, ") r,
g )" Hr and 78" Thus the commutativity of H)' 7 and 77" induces that
of ¥ and #r, and similarly for 77" and =*. O
Further, recall the bar and (the dual of the) cobar differentials on T(H) @ T'(H*):
n—1 .
doar(h1 .. hn @1 .. ) = Z_fl (=1hy .. (hi-hig1) - hn @l dm,  (27)

m—1 .
deop(hy -y @11 L) =Y (1) hy e hy @l (L liga) ol (28)

i=1

Proposition 6.12. For a finite-dimensional k-linear bialgebra (H, u,v, A, €), the bi-
graded vector space T(H) @ T(H*) = D, ,,en H" @ (H*)™ can be endowed with four
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dn,m - H"™ ) (H*)m N Hn—l ) (H*)m d{nm - H™ ) (H*)m S H" ) (H*)m—l
1 dbar (_1)nd00b
2 dpar + (—1)"7H (=1)"deo, + (=1)"('7)
3 dpar + ' (=1)"deop + (1)l
4 dpar + (=17 4+ Hp (=1)"deop + (=1)*(F'7) + (—1)7 gl

Table 5: Bicomplex structures on T(H) @ T'(H*)

bicomplex structures, presented in Table 5. Being a bicomplex means here satisfying

Qo tmlnm =0, dy o ydi =0, dngn1diy + do_y i = 0.

Proof. 1. Maps dpar and deop are well known to be differentials (see also their

interpretation as braided differentials in Theorem 4.2). They affect disjoint parts
T(H) and T(H*) of T(H) ® T(H*), and thus commute. The sign (—1)" then
assures the anticommutativity.

. Return to the braided system Hy;, which we no longer consider as bipointed.

The counit ey of H is an algebra character, hence a braided character for
(H,o%,,(H)). Extended to H* by zero, it becomes a braided character for Hy;
(Example 2.8). Similarly, ey« extended to H by zero is also a braided character
for Hy;. Choosing them as coefficients, one gets the following braided bidiffer-
ential, which coincides with the desired one up to a sign:

eH* ] — (*1)ndcob + (71)71(H”‘7r)7 Jee — *(dbar + (*1)"7TH).

. Symmetrically, one gets a bidifferential ((—1)"(dpar + #7), deob + (—1)’"71'H*)7

hence (dpar + ) (—=1)"deop + (—1)"+m7TH*).

The last point follows from the preceding ones using an elementary observation:

Lemma 6.13. Take an Abelian group (S,+,0,a — —a) endowed with an oper-
ation -, distributive with respect to +. Then, for any a,b,c,d,e, f € S,

(a+b)(d+e)=(a+c) - d+f)=a-d=b-f+c-e=0
= (a+b+c)-(d+e+f)=0.

Proof. (a+b+c¢)-(d+e+f)=(a+b)-(d+e)+(a+c)-(d+f)—a-d+ (b-
f+ec-e). O
Now take S = Endx(T(H) ® T(H*)) with the usual addition and, as the sec-
ond operation, a-b:=ab (for proving that the two morphisms from the 4th
line of our table are differentials), or a - b := ab+ ba (for proving that the two
morphisms anti-commute). Choose a = dpqr, b = (—=1)"7, ¢ = n, d = dps, or
d = (—1)"dcop, etc. The equalities of the type b- f + ¢-e =0 follow from the
pairwise anti-commutativity of (—1)*(¥ ), (=1)**™xH", (=1)"7H and r
(Lemma 6.11), and the remaining ones from Points 1-3. O

One recognizes in dpq, + (—1)"7H + Hr the Hochschild differential for H with co-

efficients in the H-bimodule T(H*) (Lemma 6.10). Dually, deop + 7 7 4 (=1)"7" is
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the Hochschild differential for H*. Thus the last bicomplex from Table 5 yields the
Gerstenhaber-Schack bialgebra homology [7]. See Taillefer’s thesis [30] for computa-
tions and comparison with other homologies, and the work of Mastnak—Witherspoon
[20] for explicit formulas and the transition from Homy(H™, H") to H™ ® (H*)™.
Now, instead of the braided characters ey and e~ for B(H), take general braided
modules (M, p,d) € Mod# ~ Modpg gy and (N, A, 7) € E:Mod ~ gmMod. On M ®
H"® (H*)™ ® N, define the maps 7 and H"7 yusing adjoint actions as before:

i a@hy.. . hy @l ... L @b) =

(Liys engmrn)) - - - (bn(ys Brngz) ) (D=1, A1) @ @ by oo h1 @ Ly - Lin(2) @ b,
Hra@hy.. . hy @1ly.. . lym @b) =

{Li1ys ha2)) - - (i) Pa)) (lina1ys 1) a0 @ ha(ry - by @ lg - . Ly ® b

Further, let 77 be the action p applied to the two leftmost factors, and let 77 be the
action A applied to the two rightmost factors. We still denote by dpe, and d.qp the dif-
ferentials (27)-(28) tensored with Idys on the left and with Idy on the right. Repeating
the argument of Proposition 6.12 for these maps, one shows that dpq, + (—1)”7TH +
Hr and (—=1)"deop + (=1)"(*'7) + (=1)"t"7H" define a bicomplex on M @ T'(H) ®
T(H*)® N. If N is finite dimensional, then one can see M @ H" ® (H*)™ ® N as
Hom(N* @ H™, M ® H™), with N* € Mod4. One recovers (a variation of) the de-
formation (co)homology of Hopf modules, due to Panaite—Stefan [27].

7. A braided interpretation of Hopf bimodules

In this section, the braided system B(H) for a bialgebra H is upgraded to a more
complicated rank 4 system B’'(H). Braided B’(H)-modules are identified as Hopf
bimodules over H, or else as modules over the algebras 2, %', and & of Cibils—Rosso
and Panaite. These algebras are included into a list of 24 braided tensor products
of UAAs, shown pairwise isomorphic by component permuting techniques. Braided
bidifferentials for B'(H) recover the Hopf bimodule (co)homology of Ospel-Taillefer.

Definition 7.1. In a braided category C, a Hopf bimodule over a bialgebra H is an
object M with a bimodule structure M @ H % M, H @ M A M and a bicomodule

structure M % M ® H,M 2 H® M, satisfying (21) and 3 other Hopf compatibility
conditions (Fig. 15):

(5)\2(A@M)(IdH®CH7M®IdH)(A®5) : HOM — M ® H,
o= (n®p)(ldg ®crp @ldg)(y®A) + M®H—H®M,
’y)\z(/L@)\)(Id}]@cH,H@IdM)(A@’Y) : Ho M — H® M.

The category of Hopf bimodules over H and their morphisms is denoted by gModg.

We now return to our category C = vecty, as usual omitted from notations.
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Figure 15: Hopf compatibility conditions
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Figure 16: Some braiding components for B'(H)

Theorem 7.2. 1. One has a fully faithful functor

F': "Bialg — *BrSysti (29)
(H,p,v,Aje) — B'(H) := (Vy := H,Va := HP V3 := H* Vy := (HP)*;
Oiyi = 0Aass(Vi), 01,2 = TH Hop, 03,4 := Tp+ (Heor)=, 01,3 = 0pi (H),
02,3 1= 0pi(HP), 01,4 1= opi (HP), 09,4 1= op; (HPP);
v,v,e¥ e%e e, 07 V"),
fr—= (£ 1D,

where T is the transposition of the corresponding factors, and op;(A) denotes
the map op; from Theorem 6.8 for the bialgebra A (Fig. 16).

2. For a bialgebra H, one has category equivalences
IModli = Modg () = Mody ()
(M, p, A, 6,7) = (M;p,R(A),0°°, R(v*)) = (M, R(y) ® 6°° @ R(A) © p)
where R is the correspondence from Lemma 4.13, and W (H) is the braided
tensor product of UAAs W (H) = (H“P)* @ H* @ H? ® H.
3 3 3

3. If H is a Hopf algebra, then, for any 8 € Sy, one has category equivalences
EMOdZ L> MOng/(H) L> MOdg.W(H),

where the bipointed braided system 0B'(H) is obtained from B'(H) by a com-
ponent permutation from Remark 2.10, and the UAA 0 - (H), isomorphic
to W (H), is obtained from # (H) by a component permutation from Remark 4.12.

Proof. Let F| ; be the composition of 7’ with the forgetful functor For; ;: *BrSysti —

*BrSystg which picks the ith and jth components, 7 < j. For ¢ < 2 < j one recognizes
in F; ; the functor (22) from Theorem 6.8 and its slight modifications which send a
bialgebra H to B(H°P), B(HP), or B(H°P°°P) (with some ¢’ ,.-type braiding com-
ponents replaced with their 044s versions). Further, i o(H) and F3 4(H) coincide
with the braided systems of UAAs BM(H, H) and BM(H*, H*) respectively. Hence
all the &; ; for ¢ < j are natural w.r.t. the units and the multiplications. They also
satisfy the YBEs required by Theorem 4.5 (B). Indeed, on V4 ® Vo ® Vi, k € {3,4},
the YBE follows from the associativity of u, and on Vj, @ V3 @ Vi, k € {1,2} from
the coassociativity of A. Theorem 4.5 then asserts that B’'(H) is a braided system of
UAAs. Tt is clearly bipointed.
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To show that F’ is well defined on morphisms, it suffices to check this for all
the F ;, i <j. For i <2 < j it follows from Theorem 6.8. For JFj , and Fj 4, ob-
serve that the & 2 and &34 components of our braidings are simply transpositions,
ensuring the defining property (4) of braided morphisms. Further, take a braided
isomorphism (f, g, h,k): B'(H) — B'(K) for bialgebras H and K. Applying forgetful
functors For; j, 1 < 2 < j, and using Theorem 6.8 again, one sees that f is a bialgebra
isomorphism, and that f = g = (h*)~! = (k*)~!. Hence F’ is full and faithful.

Let us turn to modules. Take (M, p, A, d,7) € gModg. Transform left structures A
and + into right structures R(A) and R(7), and then comodule structures § and R(7)
into module structures 6°° and R(v)® = R(~°?). Thus the Hopf bimodule M over H
becomes a module over UAAs H =V;, H? = V,, H* = V3, and (HP)* = V. Fur-
ther, the 4 Hopf compatibility conditions coincide with the braided module compati-
bility conditions on V; ® V;, i < 2 < j, and left-right action (or coaction) compatibil-
ity conditions cover the case ¢ = 1, j = 2 (respectively, ¢ = 3, j = 4). Observation 2.5
then yields the desired category equivalence gModg ~ Modp/ (f)-

The remaining assertions follow from the correspondence between braided modules
and modules over braided tensor products (Proposition 4.10), the invertibility of oy,
in the Hopf algebra case, the properties of twisted Hopf algebras (Observation 6.1;
recall that in the finite-dimensional case, an antipode is always invertible), and the
component permuting Propositions 2.9 and 4.11. O

The category ZModg for a Hopf algebra H is known to be equivalent to the
categories of right modules over 3 UAAs: the twisted product of Cibils—Rosso [5]:

Z(H) = (H e H")Q(H" @ (H")),
and the two-sided and diagonal crossed products of Panaite [26]:
Y(H) = H#(H™ @ HY#(H)",  Z(H) = (H* © (H")*") = (H” @ H).

Here we adapt Panaite’s notations to our conventions. For instance, he uses the arched
duality, so his dual bialgebra H* corresponds to our (H*)°P:<°P. Also, he sees Hopf bi-
modules over H* as left modules over 2 (H ), while we interpret Hopf bimodules over
H as right modules. The algebras 2", %, % are of the form 6 - % (H), with as 6 the
permutations (14)(23), (1234), and (34). Point 3 of our theorem includes them into
a family of #54 = 24 UAAs and gives explicit isomorphisms between them, induc-
ing equivalences for their module categories (Remark 4.12). We thus generalize and
conceptually explain the central results of [5, 26], minimizing technical computations.

Braided adjoint actions allow to regard the bar complex with bimodule coefficients
as a complex of bimodules (Proposition 4.16). The same is true for Hopf bimodules:

Proposition 7.3. Take a Hopf bimodule (M, M @ H L5 M, HeoM A M, M oM ®
H, M 2 H® M) over a bialgebra (H, ju,v,A,¢) in vecty. The bar complex (M &
T(H),dpar) for H with coefficients in M is a complex in gModg. In other words,



32 VICTORIA LEBED

M %
51,(” — Yoar
) AYA T A A

Figure 17: Diagonal bicomodule structure on the bar complex

the differentials (dpar)n are Hopf bimodule morphisms, with the following Hopf bi-
module structure on M @ H™ (Fig. 17):

Poar = p"tL, Xoar = AL } peripheral actions
Obar = (“n+2)(n)w;(1z+1) (0 ® A%, diagonal
Yoar = (u1)<”>w;(1l+1)(v ® A®"), coactions

Here wa(n41) € Sa(nt1) from (18) acts on M ® H? 1 by factor permutation.

Proof. Theorem 7.2 asserts that M is a B'(H)-module. Proposition 3.11 for t =1
then yields a B'(H)-module structure on M ® T'(H), compatible with the braided
differential d. By Theorem 4.2, the latter is the bar differential. Using Theorem 7.2
again, one transforms the B’ (H )-module structure on M ® T'(H ) into a Hopf bimodule
structure over H, which coincides with the desired one. O

This Hopf bimodule structure on the bar complex, and its dual structure on the
cobar complex, are essential for defining the Hopf bimodule (co)homology, introduced
by Ospel in the one-module case [25] and by Taillefer [30, 31] for two modules.

Now, take two Hopf bimodules M € #Mod ~ Modg/ ;1) and N € Z:Modg: ~
p(myMod. Mimicking the constructions for Hopf modules from the previous section,
one gets a tetra-complex structure on the tetra-graded vector space M @ T(H) ®
THP)QT(H*)@T((HP)*)® N. If N is finite dimensional, then this space can
be regarded as Hom(T(H) @ N* @ T(H), T(H) ® M ® T(H)), with N* € EMod%}
(here in order to get rid of twisted (co)multiplications, we moved T'(H°P) to the left
of M, reversing the order of its factors, and similarly for T'((H°°P)*)). This generalizes
an alternative (co)homological approach to Hopf bimodules from [31].
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