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Notational conventions

The following conventions hold generally throughout this thesis. Nevertheless, we will make them
explicit as much as possible.

Algebras and coalgebras. We will reserve the symbol k for denoting a fixed commutative
and unital ring. Sometimes a field, but it will be explicitly mentioned. Algebras (in the sense of mo-
noids in monoidal categories) will be denoted with capital letters A, A, B,B’,... or R, R, S,5’,...
and will be usually non-commutative. When it will be the time to distinguish between commutative
and non-commutative algebras, we will use A, A’, B, B’, ... to denote the commutative ones and
R,R',S,S’,... to denote the non-commutative ones. Coalgebras will be denoted by capital letters
C,C",D,D',.... Wewill use M, M’,N,N', P, P’,... both for modules and comodule indifferently,
unless they are over k, in which case we would prefer to use V, V', W, W’ ....

Categories and functors. We will denote categories with calligraphic capital letters such
as A, B,C, ... and we will keep the calligraphic capital M with decorations, i.e. M, M’, ..., for the
monoidal ones. For A, B algebras in a monoidal category M, with 4 M, Mg and 4 Mp we will
mean the categories of left, right and bimodules over them. Analogously with C, D coalgebras
and M, MP and “ MP the categories of left, right and bicomodules. The notation 9t will be
reserved for the category of modules over k. Functors will be denoted by calligraphic capital letters
such as F, F',G,G’, ... and natural transformations with Greek small letters n,7',6,6’,.... The
symbol w will be reserved for a distinguished forgetful-like functor in the Tannaka reconstruction
context, while &, A and p will be kept for the constraints of a monoidal category. For bicategories
and bifunctor we will use script capital characters such as ¢, 2,... and .%,¥,.. ..

Objects and morphisms. Objects in a generic category C will be denoted with capital letters
such as X, X" Y)Y’ Z, 7', ... and arrows with small letters like f, f',g,¢’,h,h’,.... To say that X
is an object of a category C, by a slight abuse of notation we will write X € C. Given two objects
X,Y in C, a morphism f between them will be denoted indifferently by f: X — Y or X Ly
and the collection of all morphisms between X and Y will be denoted by Hom, (X,Y") or simply
Hom (X,Y") (if the category is clear from the context). In the particular case of (co)linear morphisms
between (co)modules we will write ,Hom (M, N), Hom, (M, N), ,Homg (M, N), “Hom (P, Q),
Hom?” (P, Q) and “Hom” (P, Q). For an object X in C we will often use X to mean its identity
morphism as well, which otherwise will be denoted by Idx.

Whenever it may happen that these conventions will not be observed, it will be explicitly stated.
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Introduction

This thesis concerns the study of algebraic objects whose structure resembles more or less
closely that of a Hopf algebra and of some crucial aspects of “duality” between them. It contains
(part of) the fruits of a three years work with A. Ardizzoni and L. El Kaoutit that already appeared
as published papers or submitted drafts, plus some original ideas arisen while revising the material.

A Hopf algebra over a field k is, naively speaking, a k-algebra H whose left modules form a
right closed monoidal category in the nicest way one can think of, that is to say, the tensor product
M ®, N and the set of morphisms Hom, (M, N) of the underlying spaces of any two left H-modules
M and N is still a left H-module and the constraints are the same of the category of vector spaces.
This property is encoded in the existence of three additional structure maps that graft onto the
algebra structure: a coassociative comultiplication A : H — H ®; H, a counit ¢ : H — k for it and
an antipode S : H — H (without the antipode, these are known under the name of bialgebras).
However, this is somehow a reductive description of what a Hopf algebra is.

The notion of Hopf algebra has been abstracted from the work of the topologists in the 1940s
dealing with compact Lie groups and their homogeneous spaces. Namely, the first example of such
a structure was observed by H. Hopf [Hf] in 1941 and it was the homology of a connected Lie
group. These primitive versions were subject to more restrictive conditions such as commutativity
or the existence of a grading and it was in P. Cartier seminar [Crt] in 1955 that the previous
restrictions were removed, arriving at a first formal definition (under the name hyperalgebras). The
term algébre de Hopf was coined by A. Borel in 1953, honoring the pioneering work of H. Hopf,
and the definition that we use nowadays appeared firstly in a paper by B. Kostant [Kt] in 1966.

Since then, Hopf algebras experienced a first period of great success in algebraic geometry thanks
to the work of P. Cartier, M. Demazure, J. Dieudonné, P. Gabriel, A. Grothendieck, G. Hochschild,
B. Kostant, J. Milnor, J. Moore and many others. Here they appear for example as universal
enveloping algebras of Lie algebras, algebras of regular functions on affine algebraic groups or
algebras of representative functions on compact Lie groups. They turned out to be useful tools in
other fields of Mathematics as well, like group theory (the group ring of an abstract group is a Hopf
algebra), Galois theory and separable field extensions (in relation with the so-called Hopf-Galois
theory), graded ring theory (one can cook up a Hopf algebra out of a graded ring and there is a
strong relationship between graded modules and Hopf modules).

In 1969, with the appearance of Sweedler’s book [Sw], Hopf algebras started to be studied
from a strictly algebraic point of view, thus becoming a distinct branch of mathematics, and
by the end of the 1980s research in this field received a strong boost from the connections with
quantum mechanics that showed up following the appearance of the paper Quantum groups by
V. Drinfel’d [Drl]. New examples and interactions with other areas of mathematics such as
non-commutative geometry, knot theory, conformal field theory, category theory, combinatorics,
quantum statistical mechanics arose. For example, by adopting a categorical viewpoint, a quantum
space is a representable functor on the category of (non-commutative) algebras. If the representing
object of the quantum space is a Hopf algebra, then the quantum space is called a quantum group.
Hopf algebras have been therefore accepted as the natural analogue, from the point of view of
non-commutative (algebraic) geometry, of the classical notion of group.

Due to this wide range of applications, it was inevitable that generalizations and extensions of
Hopf algebras should arise to satisfy the different needs that might show up. Let us mention a
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couple of them that will be treated in this thesis.

On the one hand, the appearance of groupoids in geometry to describe generalised symmetries
called for an algebraic counterpart as Hopf algebras are for groups. This led to the introduction first
of commutative Hopf algebroids (see e.g. [Hv, Rav]) and then to their non-commutative analogues
(probably the first purely non-commutative one appeared in [L]. An equivalent definition has
been given in [BS3]. See [Bo1] for an account on the subject). Roughly speaking, these can be
considered as non-commutative Hopf algebras over non-commutative base rings.

On the other hand, in 1989 Drinfel’d [Dr2] introduced the notion of quasi-bialgebra and of
(quasitriangular) quasi-Hopf algebra in connection with his work on Knizhnik-Zamolodchikov
equations and the semiclassical limit of Wess-Zumino-Witten models. Few years later, S. Majid
introduced in [Mj3] the dual notion of coquasi-bialgebra in order to prove a Tannaka-Krein type
theorem for quasi-Hopf algebras and in [Mj2] he connected (co)quasi-bialgebras with Topological
Quantum Field Theories, as internal symmetry quasi-quantum groups. Quasi-bialgebras and
coquasi-bialgebras can be thought of as bialgebras in which we dropped coassociativity of the
comultiplication or associativity of the multiplication, respectively.

Many other variants of the original definition arose along the time, such as x 4-bialgebras and
Hopf algebras [Tk, Sc3], weak bialgebras and Hopf algebras [BS1, BNS], Hopf quasigroups [KM],
multiplier and weak multiplier Hopf algebras [VD, VDW], Hopf monads [BV] and so on, but these
are out of the purposes of this work and hence we will not dwell on them any more. Given the
popping up of structures that resemble a Hopf algebra, we decided to use the term “Hopf structures”
to refer generally to objects that are “mutations” (in a suitable sense) of Hopf algebras.

As we claimed at the very beginning of this introduction, saying that a Hopf algebra is an
algebra whose category of left modules is a right closed monoidal category, with the same monoidal
structure and right internal homs of the category of vector spaces, is exhaustive but a little bit
restrictive, because there are many other important properties that characterize these rich algebraic
structures. For example, a Hopf algebra H is also a coalgebra whose category of comodules with
finite-dimensional underlying vector space is rigid monoidal [U], or it is a bialgebra whose Hopf
modules (objects that are H-modules and H-comodules at the same time and such that the two
structures are compatible) satisfy a certain Structure Theorem (namely, every Hopf module M is
free, in the sense that it can be decomposed as M = M<H @ H, where M is a suitable subspace
of M. A first, more restrictive form of this theorem appeared originally in [LS]).

Another distinguished feature of Hopf algebras (already of bialgebras in fact) is that they are
algebras whose dual vector space is still an algebra in a natural way. To say it in a more expressive
way, if one converts the axioms of a Hopf algebra into commutative diagrams, then these are
self-dual in the sense that reversing all the arrows and interchanging comultiplication and counit
with multiplication and unit give the same set of axioms. Given a finite-dimensional Hopf algebra
H, this means that there is a (dual) Hopf algebra structure on the dual vector space H*. In the
infinite-dimensional case this is not true, of course, but there exists a suitable notion of finite dual
He® (concretely, a carefully chosen subspace of H*) which is still a (dual) Hopf algebra (see e.g. [Sw,
Chapter VIJ).

Thus, whenever a new Hopf structure enters the picture, a very natural question that arises
is which nice properties of Hopf algebras pass to the new gadget or what one should ask to let
them pass. The central example in this sense that led our steps along the last few years is that of
(co)quasi-bialgebras. We will recall in §1.7 that, by their own definition, the category of (co)modules
over a (co)quasi-bialgebra is a monoidal category with the same tensor product and unit object of
vector spaces, but different constraints. It has been shown, in [AP1] for coquasi-bialgebras and
afterwards in [Sa2] for the quasi case, that the Structure Theorem for (co)quasi-Hopf bi(co)modules
(i.e. every (co)quasi-Hopf bi(co)module is free) is equivalent to the existence of a certain linear
endomorphism that has been baptised preantipode. This proved to be a better-behaved analogue of
the antipode with respect to the previously introduced (co)quasi-antipodes (see [Dr2] and [Mjl]),
since the existence of these latter implies the Structure Theorem, but is not equivalent to it (in fact,
in [Sc5| an example is shown of a coquasi-bialgebra with preantipode but without coquasi-antipode).
In §2.2 we will present a renewed version (with respect to [Sa2]) of the Structure Theorem for
quasi-Hopf bimodules over a quasi-bialgebra A, now written in terms of a suitable hom-tensor
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adjunction which descends from the closure of the category of A-modules shown in §2.1, and its
connection with the preantipode (we point out however that the dual version for coquasi-bialgebras
of this new formulation seems to be less trivial than one may expect). In §2.3 instead we are
going to prove a Tannaka-Krein reconstruction theorem for coquasi-bialgebras with preantipode
in the spirit of [U], recovering in particular that these can be characterized as those coalgebras
whose category of finite-dimensional comodules is rigid monoidal (in fact, this was proven firstly
by P. Schauenburg in [Sc8, Theorem 2.6] but following a totally different approach). This time, in
turn, it is the dual property for quasi-bialgebras that appears to be more problematic.

In spite of the fact that the axioms of a quasi-bialgebra (with preantipode) are dual, in a
categorical sense, to those of a coquasi-bialgebra (with preantipode), there is an apparent lack
of duality between the properties they satisfy. As a further evidence, we mention the fact that
even if it is known a coquasi-bialgebra with preantipode which is not a coquasi-Hopf algebra, such
an example is still missing in the quasi-bialgebra framework. Prompted by these considerations,
we applied ourselves to building up a duality (i.e. a contravariant adjunction) between quasi and
coquasi-bialgebras. The outcome of our efforts underlies §2.4, where we construct a duality between
the category of quasi-bialgebras and a suitable subcategory of that of coquasi-bialgebras, by shaping
a finite dual that resembles the one that exists for Hopf algebras.

It was during this joint work that L. El Kaoutit and the author started to face another problem
connected with “duality”. Recall that the integration problem for Lie algebras asks for when a Lie
algebra g is the Lie algebra of a Lie group G. The celebrated Lie’s third theorem asserts that any
finite-dimensional Lie algebra can be integrated to a connected and simply connected Lie group.
The corresponding integration problem for Lie algebroids instead is highly non-trivial and it has a
negative answer in general [Mk, MM1]. However, M. Kapranov [Kp] proved that any (real) Lie
algebroid can be integrated to a formal groupoid (this is, roughly speaking, a groupoid object in
the category of formal ind-schemes, which are inductive limits of presheaves of schemes with some
additional conditions). We don’t want to go into the details of this work or these notions (the
interested reader may refer to [AGV, KV, Kp] for further details). What is of interest for us is that
the formal groupoid constructed by Kapranov is the (formal spectrum of the) full linear dual U, (L)*
of the universal enveloping algebra U, (L) of the Lie-Rinehart algebra (4 = C*(M),L = T'(£))
associated to the Lie algebroid £ — M and the reason why this called our attention is because we
had at hand another “groupoid” that we may naturally associate to £ (more precisely, to U, (L))
and that we think may shed new light on the problem.

Namely, let M be a smooth connected real manifold and denote by A = C>(M) its R-algebra
of smooth functions. For a given Lie algebroid £ with anchor map w : £ — T M (see Example
3.2.8), we consider the category Rep,, (L) consisting of those vector bundles £ with a L-action.
That is, an A-module morphism o_ : I'(£) — Endg(T'(€)) which is a Lie algebra map satisfying
ox(fs) = fox(s) + T(w)x(f)s, for any section s € T'(£) and any function f € A. The category
Rep (L) turns out to be a (not necessarily abelian) symmetric rigid monoidal category, which is
endowed with a fiber functor w : Rep,,(£) — proj(A) to the category of finitely generated and
projective A-modules (see for example [Cr, §1.4]).

The Tannaka reconstruction process shows then that the pair (Rep ,,(£), w) leads to a (universal)
commutative Hopf algebroid which we may denote by (A4,°U) and then, via the completion
procedure of §3.2.1, to a complete commutative Hopf algebroid (A, oU ), where A is considered as a
discrete topological ring. Since the category Rep,,(£) may be identified with the category of (left)
modules over the universal enveloping Hopf algebroid (A, U = U4(L)) of the Lie-Rinehart algebra
(A, L =T(L)) such that the underlying A-module is finitely generated and projective, it follows
from a left-handed counterpart of [EKG, §4.2] that (A, °U) is the finite dual Hopf algebroid (in
the sense of [EKG]) of (A, U). Moreover, under some favourable conditions, the representations
of the groupoid °U, (L) corresponds to those of the starting Lie algebroid and the completion
Om) is closely connected with Kapranov’s formal groupoid U, (L)", as we will investigate in
§3.3.2. We conclude by pointing out that a rigorous treatment of these constructions requires to
resort to notions such as the complete tensor product and the completion functor and that the
formalism of bicategories seems to provide us with a suitable framework where to deal with these
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notions. In fact, the completion functor turns out to be a 2-functor between the bicategory of
filtered bimodules on the one side and the one of complete bimodules on the other.

Outline of the thesis. The first chapter is devoted to fix a bit of terminology and to collect
some notions and results from algebra and category theory that are needed all along the thesis.
Sections from 1.1 to 1.3 present the general framework in which we set most of our results: that
of monoidal categories. Sections 1.4 and 1.5 are mainly used as preliminaries for Section 1.6, in
which we report on a bicategorical construction that will allow us to give a personal presentation
of the theory of filtered and complete bimodules in Section 3.1. Finally, in Section 1.7 we revise
the definitions and main properties of quasi and coquasi-bialgebras and in Section 1.8 we give a
very brief account on the Tannaka-Krein reconstruction procedure. It will be explicitly used in 2.3
and it will implicit underlie the finite dual Hopf algebroid construction of §3.3.2.1.

The second chapter contains the outcomes of our research on (co)quasi-bialgebras and preanti-
podes. In Section 2.1 we give a small contribution to the general theory of quasi-bialgebras by
showing that their categories of representations are both left and right closed. Then we begin
with the origins of the notion of preantipode in the quasi-bialgebra setting in Section 2.2. These
are strictly connected with the so-called Structure Theorem for quasi-Hopf bimodules, which is
presented in a revised, original version in §2.2.2 by taking advantage of the closure property. In
Section 2.3 we shift the attention to the dual case and we provide a Tannaka-Krein reconstruction
theorem for coquasi-bialgebras with preantipode which extends Ulbrich’s renowned result for Hopf
algebras [U]. We conclude the second chapter by establishing a duality between the category of
quasi-bialgebras and a proper subcategory of the one of coquasi-bialgebras. This clarifies once for
all that, despite the fact that they are dual constructions from a categorical point of view, the
connections between quasi and coquasi-bialgebras cannot be reduced to a mere dualization (by
simply reversing the structure arrows) and results on one side cannot be directly obtained from
their analogues on the other by means of a general duality principle.

In the third chapter we deal mainly with the completion procedure for filtered bimodules, but
applied to the theory of Hopf algebroids and their linear and finite duals. In details, we first revise
some notions on the linear topology of filtered rings and modules and their completions from a
bicategorical point of view, in Section 3.1. Then (§3.2.1) we apply these tools to let complete
commutative Hopf algebroids enter into the picture and to extend the completion functor to the
commutative Hopf algebroid setting. The introduction of this notion finds a justification in the
subsequent Section 3.3. Indeed, given a (right) cocommutative Hopf algebroid U endowed with
what we are going to call an “admissible filtration”, we recognize (mimicking [Kp]) that its full
(right) linear dual U* comes endowed with a structure of complete commutative Hopf algebroid (see
§3.3.1). It is noteworthy to mention that the construction of an antipode in this case is not an easy
task and an additional assumption is in fact required, which however is always fulfilled for universal
enveloping Hopf algebroids of Lie-Rinehart algebras for example. Furthermore, after recalling in
§3.3.2.1 the construction of the finite dual commutative Hopf algebroid U®° of U, we realize that
U® can be naturally equipped with a structure of filtered commutative Hopf algebroid in such a
way that the canonical morphism ( : U° — U* connecting it with the full linear dual is filtered as
well. Thus, our extension of the completion functor allows us to introduce the main morphism
of complete commutative Hopf algebroids ¢ : U° — U* and to study conditions under which this
turns out to be a filtered isomorphism. We conclude the chapter by showing with a concrete
example that asking when ( is a filtered isomorphism is not a trivial question. It is worthy, due and
necessary to point out that, even if one application of this theory is in the Lie algebroid framework
as showed in the foregoing (which is, historically, a “left-handed world”: left representations, left
bialgebroids, and so on), in this chapter we decided to keep working in the right-handed context
(right modules, right bialgebroids, right duals, as in the paper [ES1]) for a matter of consistency
with our previous work and with our main source for the finite dual construction (i.e. [EKG]).
Moreover, the material of this third chapter serves also as preliminary results for a project of L. El
Kaoutit and the author aimed at studying the connections between the ring of all linear differential
operators over a commutative algebra (eventually with some additional properties) and its module
of infinite jets (see [Kr] for a brief exposition) in which, up to the present moment, we need to
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work on the right-hand side. Namely, when £ = T'M is the tangent bundle with its obvious Lie
algebroid structure, it can be shown that its (right) universal enveloping Hopf algebroid U can be
suitably identified with the algebra Diff (A) of all differential operators on A. On the other hand,
one can extend the duality between differential operators of order [ and [-jets of smooth functions
on M to an isomorphism of complete Hopf algebroids between the convolution algebra Diff (A)*
and the algebra of infinite jets J(A) := A/@)DTA One of our aims in the aforementioned project is
to study under which conditions all the morphisms in the commutative diagram

o~
—

Diff(A)°

Diff(A)*

4
1R
®)

of complete Hopf algebroids are isomorphisms, where the algebra maps ¢ : A ®z A — Diff(A)" and
n: A®g A— Diff (A)° define the source and the target of Diff(A)" and Diff (4)° respectively.

The Appendices contain some technical results on tensor algebras and particular finitely
generated and projective filtered (bi)modules that are needed in the exposition but that go out of
the purposes of this thesis.

To conclude, a few words are in order to explain our approach. Even if we are aware of the
wide range of applicability of the theory we deal with, for example in quantum physics, topology,
differential and algebraic geometry, we have consciously decided to approach it from an algebraic
and categorical point of view (at least, up to this moment), which consequently reflects on the
kind of results, examples and applications that we will provide all along this work. Nevertheless,
although most of them keep a (categorical) algebraic flavour, we tried sometimes to suggest possible
uses in other fields of the tools we developed and to connect our work with other areas, as for
example we do with the integration problem for Lie algebroids.
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Chapter 1

Preliminaries from category
theory

In this first chapter we collect some notions and results from algebra and category theory that will
be needed in the sequel. We start by revising some basics of category theory and, in particular, the
notion of a monoidal category and of algebras and coalgebras therein (§§1.1-1.3). Then we recall
how to perform, from a categorical point of view, the tensor product over an algebra and we report
briefly on the construction of the bicategory of bimodules and algebras over a monoidal category
(881.4-1.6). Finally we recall what a (co)quasi-bialgebra is, some basic properties of them and we
give a short review of the Tannaka-Krein reconstruction procedure (§§1.7-1.8). Apart from some
remarks in §1.6 and §1.8, such as Theorem 1.6.6 or Lemma 1.8.5, the most part of the content of
this chapter is already well-known.

1.1 Broad recalls on categories

As far as we are concerned in this thesis, a category C is understood to be a locally small category
(resoundingly speaking, one may say Set-enriched). That is, it consists of the following data:

1. a class Ob(C) or C, whose elements are called objects of C,

2. for each ordered pair (X,Y") of objects of C, a set Hom, (X,Y") (also denoted by C(X,Y) or
simply by Hom (X,Y"), if the category is clear from the context) consisting of the arrows or
morphisms from X to Y,

3. for each ordered triple (X,Y, Z) of objects of C, a composition map o : Hom, (X,Y) x
Hom, (Y, Z) — Hom, (X, Z),

subject to the following conditions:
1. if (X,Y) # (X',Y’) then Hom, (X,Y) N Hom, (X", Y’) =0,
2. the composition o is associative,

3. for every object X there exists a distinguished morphism Id x or simply X (if no confusion may
arise) in Hom, (X, X) which behaves like a left and right neutral element for the composition,
i.e. for every f € Hom, (X,Y)

foldxy =f=Idy o f.

Example 1.1.1. Some very well-known categories that will appear in this thesis are the category
Set of sets, the category Mod, (often denoted by 9t) of modules over a commutative ring k and its
variant version Vect, (also denoted by 9t) of k-vector spaces when k is a field, the category Top of
topological spaces, the category z9s of (R, S)-bimodules for R, S two k-algebras.
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Given two categories C and D, the product C x D of C and D is the category whose objects are
pairs (X,Y) composed by an object X of C and an object Y of D and whose arrows are pairs of
arrows (f,g) : (X,Y) = (X', Y') such that f: X - X'isinCand g:Y — Y’ isin D.

If C is any category and C°P is its opposite category, then we will write X°P for the object X of
C as seen in C°? and f°P : Y°P — X°P for the arrow f: X — Y of C as seen in C°P.

A category C is said to be small if its class of objects Ob(C) is a proper set. It is said to be
essentially small if it is equivalent to a small category (sometimes, these are also called skeletally
small categories, as every category is equivalent to (anyone of) its skeletons, [ML, p. 91]).

Example 1.1.2. If k is a field, then the category M1, of finite-dimensional vector spaces over
k is an example of an essentially small category. Indeed, the class of isomorphism classes of
finite-dimensional vector spaces is in bijection with the set of natural numbers N.

Example 1.1.3. If k is a commutative ring, then the category M1, of finitely generated and
projective (fgp in short) k-modules is essentially small. Indeed, up to isomorphism, every fgp
k-module is a submodule of a free k-module of the form k™ (n € N). Thus, the isomorphism classes
of fgp k-modules are in bijection with the sets of isomorphism classes of submodules™ of the k"’s
for n varying in N, which is again a set.

By a functor F : C — D between two categories C and D we will always mean a covariant
functor, that means that it preserves the composition: F(goh) = F(g)oF(h) for all g, h composable
morphisms in C. In case F satisfies F(g o h) = F(h) o F(g), then we will write explicitly that
we have a functor F : C — D°P or we will refer to it as a contravariant functor. In particular,
by a contravariant adjunction or duality between C and D we mean a pair of adjoint functors
F :C— D and G : D°® — C, that is to say, for all C'in C and D in D we have a natural bijection

Hompo, (F(C), D) = Hom, (C,G(D)).

As a matter of notation, for any two functors F :C — D and G : D — C we will write F 4 G to
mean that F is left adjoint to G.

Example 1.1.4. Let k denote a commutative ring as usual. One of the better known examples of
duality is the one induced by the dual module functor (—)* : 91 — 9°P that sends every k-module
V to V* = Homy (V,k). This is obviously a contravariant functor which is (left) adjoint to the
functor (—)" : MP — M. If we write V** := (V*)", then both the unit and the counit are given
by the canonical map

xv:V =V (v [f = fo)]).

As a matter of notation, if ¥ : B — C, G,H : C — D and K : D — £ are functors and if
1 : G — H is a natural transformation, we adopt the following conventions for X in B and Y in C

(nF)x = nrx) : G(F (X)) =2 H(F (X))  and  (Kn)y :=K(ny) : K(G(Y)) = LH(Y)).

Let J be a small category. We may call it a scheme®, sometimes. Its objects will be denoted
by small letters 4, j, k,... or o, 3,7, .... Let C be a category and D : J — C a functor. We may call
it a diagram over the scheme J. The image of the object ¢ via D will be denoted by D,. If there
is a morphism between i and j in J, its image via D will be usually denoted by f;; : D; — D;.
Often we will simply write that {D,, f;; : D; — Dj}j is a diagram over J to make the notation
clearer. A (natural) source for D is a pair (X, (gi)iej) consisting of an object X in C and a family
of morphisms g; : X — D; with domain X such that g; = f;; o g; (in [ML, §II1.4] these are called

cones to the base D or cocones). We will eventually use the more compact notation ( X 5D, ) 7
and often we will simply say that X is a source, omitting the structure maps. Its dual notion is
that of a (natural) sink, that is a pair (Y7 (hi)iej) consisting of an object Y in C and a family

(D The category of modules over a commutative ring k is wellpowered, meaning that the class of subobjects of any
object is in fact a proper set (see e.g. [ML, p. 126]).
() Terminology and notations have been borrowed from [AHS].



of morphisms h; : D; — Y with codomain Y such that h; o f; ; = h;. A limit of the functor I is

a source L = ( L 2D, ) 7 universal with the property that for any other source ( X D, ) 7
there exists a unique morphism ¢ : X — L in C such that o, 0¢ = g; for all i € J.
A functor F : C — D is said to

e preserve limits (over a scheme 7) if for every limit £ = ( L D; )J of a diagram D : J — C
inC, F(£) = (F(L) 2L F(D,) ), is a limit of the diagram FD : J — D in D;

e detect limits provided that a diagram D : J — C has a limit whenever F o D has one;

o reflect limits provided that for each diagram D : 7 — C a source S = ( S -5 D, ) ,inCisa
limit of D whenever F(S) is a limit of 7 in D;

o [ift limits (uniquely) provided that for every diagram D : J — C and every limit £’ of FD in
D there exists a (unique) limit £ of D in C such that F(L) = L';

e create limits provided that for every diagram D : 7 — C and every limit £’ of FI in D there
exists a unique source S = (S e ]D)j)J in C such that F(S) = £’ and S is a limit of D in C.

Dually, one has the notions of colimit and of functors that preserve, detect, reflect, lift and create
colimits. For the connections that exist between these notions, we refer to [AHS, §III.13].

Example 1.1.5. The forgetful functor i : Top — Set lifts limits uniquely (it is enough to endow
the limit L of the underlying sets with the initial topology that makes continuous the structure
maps o) and preserves them (because Set is complete and I lifts limits), but does not create
them (since every topology 7 on L finer than the initial topology makes of £ a source for D such
that U((L,7)) = L). As a consequence, U cannot reflect limits, because a functor that lifts limits
uniquely and reflects them has to create them as well. On the other hand, the forgetful functor
U : Vect, — Set creates and preserves limits, since there is a unique way to endow the limit L of

the underlying sets with a structure of vector space in such a way that £ = ( L7 D, ) P becomes
a source for D in Vect, and it automatically becomes a limit as well.

1.2 Monoidal categories

A monoidal category (M, ®,1, &, A, p) is a category M endowed with a functor ® : M x M — M,
the tensor product, with a distinguished object I, the unit, and with three natural isomorphisms

o ®(® X lda) = @(ldpyg X ®)  (associativity constraint)
AL x Idy) — Iday  (left unit constraint)
p:R(ldy xI) = Idy,  (right unit constraint)

that satisfy the Pentagon and the Triangle Azioms, i.e. such that the following diagrams commute

(X®Y)®(ZoW)

xXx Y,{W
(XeY)o2)eW XY, z28W (Xe)eY
\ K@Y
ax,y,zOW XY (ZoW) aX1LY XY (1.1)
S
Xel¥Ye2)eWw X®ay z,w Xe(IeY)
D‘;Y@Z\,W



for all X,Y,Z, W objects in M.

Example 1.2.1. A key example is the monoidal category (M, ®,k,a,l,r) of modules over a
commutative ring k, where ® = ®, and a, [ and r are the obvious isomorphisms (we will often
omit the constraints when they are the trivial ones).

Other well-known examples are the category of bimodules (494, ® 4, A) over a k-algebra A, the
category of sets (Set, X, x) with the Cartesian product and the singleton, the category (Mg, ®, k)
of G-graded k-modules V = @geG V, for G a monoid, where k, = 0 for all g # e and

Vew),= @ V.ew,

z,y€G
Ty=g

Given two monoidal categories (M, ®,1, o, A, p) and (M', @', T, &', N, '), a lax tensor functor
(F,©0, ) between M and M’ is a functor F : M — M’ together with a morphism ¢, : I' — F (I)
and a family of morphisms ¢pxy : F(X) @ F(Y) - F (X ®Y) for X,Y objects in M, which are
natural in both entrances. A lax tensor functor F is said to be neutral if the following diagrams
are commutative

A X ¥ X
I'® F(X) —> F(X) F(X) o' T — F(X)
4P0®'—7"(X)i Tf(xx) f@ﬂ@'voi Tf(px) (1.2)
FO) & F(X) > FI8X) FX)& F() > F (X&)

(this unusual terminology has been borrowed from [Sc4]) and F is said to be laz monoidal if

exev.zo(ex,y® F(2))

(F (X)) F(Y))®' F(2) F(XeY)®2)
e xy, F(v),F(2) Flax,v.z) (1.3)
FX)o' (FY)® F(2) F XY ®2)

ex,vozo(F(X)8 vy z)

commutes as well. Furthermore, it is said to be strict if ¢, and ¢ are the identities.

Dually one may introduce the notions of colazx tensor functor, neutral colax tensor functor
and colax monoidal functor. A (co)lax tensor functor whose structure morphisms ¢, and ¢ are
isomorphisms is called a tensor functor. A tensor functor which satisfies (1.2) is called a neutral
tensor functor. If it satisfies also (1.3) then it is a monoidal functor®. A monoidal functor
(F, o, @) such that F is an equivalence of categories is called a monoidal equivalence™.

A tensor natural transformation n: (F,@o,0) — (G,%o,%) between tensor functors from
(M, @,1, 0, A, p) to (M, &, T, &/, N,p') is a natural transformation n: F — G such that the
following diagrams commute for each couple (X,Y) of objects in M

F(I) FX)& FY)— S F(X®Y)
T < W nx® ny xey (14)
Yo
G(1) G(X) & G(Y) — > 9(X oY)

(3)In [AMa, Definition 3.5], these are called strong monoidal functors.
(4)The terminology is justified by the fact that the quasi-inverse of a monoidal functor becomes monoidal as well,
see [Riv, Proposition 4.4.2].



(see also [AMa, Definition 3.8]). A tensor natural isomorphism is a tensor natural transformation
that is also a natural isomorphism. A tensor equivalence between monoidal categories is a tensor
functor F from M to M’ such that there exist another tensor functor G: M’ — M and tensor
natural isomorphisms 7: ldy, — GF and e: FG — Idy. If, moreover, both composition are
actually identity functors, then it is called an isomorphism of tensor categories.

Let (M, ®,1, a, A, p) be a monoidal category. If the endofunctor X ® — : Y — X ® Y (resp.
—®X:Y =Y ® X) has a right adjoint for every X in M, then M is called a left-closed (resp.
right-closed) monoidal category. A dual object of X in M is a triple (X*,evx,dby) in which X*
is an object in M and evy : X ® X* — I and dbyx : I - X* ® X are morphisms in M, called
evaluation and dual basis respectively, that satisfy

Axo(evy @ X)oayly, y o (X ®@dby)opy' =idy,
Px+ 0 (X*®evy)ooxs x x+ 0 (dbx ® X*) o ALt = idx». (1.6)

An object which admits a right dual object is said to be right rigid (or dualizable). If every object
in M is right rigid, then we say that M is right rigid. If f: X — Y is a morphism between right
rigid objects in a monoidal category M then its dual map (or transpose) is given by the composition

[F=pxr 0 (X" ®evy) o (X*@(fRY™))oaxe xy+o(dbx @ Y*) o ALL.

We will often refer to right dual objects simply as right duals or just duals. Dually one defines
left duals and left rigid monoidal categories. A right rigid monoidal category is left-closed with
right adjoint to X ® — the functor X* ® — and conversely a left rigid one is right-closed with right
adjoint — ® X*.

Example 1.2.2. The classical example of dualizable objects is provided by finitely generated and
projective (fgp for short) k-modules. Given V a fgp module, there exist elements {e; | i =1,...,d}
in V and elements {e | i =1,...,d} in V* = Hom, (V,k) such that v = 3¢  e(v)e; for all v € V.

The evaluation map is evy (v® f) = f(v) for v € V and f € V*. The dual basis is given by
dby (1) =37 e'®e,. Forallu € V, f € V*, relations (1.5) and (1.6) amounts to the well-known

v = Zf:l e (v)e; and f = Zle f(e)e

Once chosen a right dual object X* for every object X in a right rigid monoidal category M,
we have that the assignment (—)" : M° — M defines a functor and ev : (—) @ (—)" — I and
db:IT— (—)" ® (—) define dinatural transformations®, i.e. for every X,Y and f: X — Y in M
we have

(f*®@Y)odby = (X*® f) odby and evx o (X ®@ f*)=evyo(fRY™).

If we have a different choice (—)" : M° — M of right dual objects, then we will write ev®*) and
db™ to mean the evaluation and dual basis maps associated with the dual (—)* and ev() and
db™ to mean those associated with (—)". We know (see e.g. [Mjl, §9.3]) that for every X in
M, its right dual is unique up to isomorphism whenever it exists, i.e. we have an isomorphism
kx : X* = XV in M given by the composition

Rx ‘= Pxv © (Xv ®6V§>) O Xxv x x* O (db()}/) ®X*) O)\)_(i (17)

Lemma 1.2.3. The isomorphism kx : X* — XV is natural in X and the dinatural transformations
ev®, db™, ev™) and db™) satisfy

(k ®1d) o db™ = db™ and  ev™ o (ld® k) = ev™. (1.8)

(5)More precisely, these should be referred to as wedges, since they are dinatural transformations to a constant
functor. However, we avoided this in order to spare the proliferation of terminology. For the definition of dinatural
transformations and wedges we refer to [ML, §9.4].



A braiding for a monoidal category M is a family of isomorphisms 7xy : X ® Y =Y ® X for
X,Y in M which is natural in both arguments and makes the following diagrams commutative

Y oX)®Z Xo (Y ®2)

TXYW Xy,j,z axy sz
(X0Y)®Z Yo (X2 (XeY)®Z Y®©Z)®X
“X'Y’Z\L \LY®TX’Z T;1X®Zl/ l/‘xy,z,x
X® (Y ®2) Y ®(Z®X) YoX)®Z Y ®(Z®X)

(Y@Z)@X Y® X®Z

A braiding is called a symmetry if 7y, x = T);,ly. A braided (resp. symmetric) monoidal category is
a monoidal category with a chosen braiding (resp. symmetry).

Remark 1.2.4. An observation is in order before concluding the section. Assume that a (strict)
monoidal category (M, ®,1) is given and that M is also additive. Then it turns out that the set
End (D) is a Z-algebra with the composition. In such a case, taken two objects X,Y in M the set
Hom,, (X,Y") becomes an End(I)-bimodule in a natural way, namely

[-d-9g=fR¢®yg (1.9)

for all f,g € Endy(I) and all ¢ € Hom,, (X,Y"). However, in general this do not convert M into a
End v (I)-linear category unless the left and right actions of (1.9) coincide. When this happens, the
category M is called a Penrose category. This is the case, for example, when M is symmetric or
braided (see e.g. [Brg, Remarque on page 5825]).

1.3 Algebras and coalgebras, modules and comodules

The notions of algebra, module over an algebra, coalgebra and comodule over a coalgebra can be
introduced in the general setting of monoidal categories (see e.g. [AMa, §1.2] and [Pa3]). Namely,
an associative monoid or algebra in a monoidal category (M, ®,1, &, A, p) is a triple (A, m, u) where
A is an object in M, m: A® A — A and u : I — A are morphisms in M and they satisfy the
associativity and unitality axioms, i.e. the following diagrams are commutative

XALALA

(A A)® A AR (A® A) I A5 A0 A< AQI

ARA——> A<——A®A

Henceforth, all monoids will be assumed to be associative, unless differently specified. Given
(A, ma,uy) and (B, mp,up) two monoids, a morphism of monoids is a morphism f: A — B in
M such that mpo (f® f) = fom, and fous = up. Given an monoid (A4, m,u) in a monoidal
category (M, ®,1, &, A, p), a left A-module is a pair (M, u) where pp: A® M — M makes the
following diagrams commutative

XA,A,M

AR A oM —22"  _ AgAeM) AeM

m®M\L iA@,u, H\L
Am
M

AQ M —; M m A M

u@ M
-

IeoM

Given two left A-modules (M, ppr) and (N, py), a morphism of A-modules (or A-linear morphism)
is an arrow f: M — N in M such that puy o (A® f) = f o uy. Symmetrically, one may define the
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notions of right A-module and right A-linear morphism. Given (A,ma,us) and (B, mg,ug) two
monoids in M, an (A, B)-bimodule is a triple (M, pia s, tiar,8) Where (M, pia as) is a left A-module,
(M, par,g) is a right B-module and the two structures are compatible, in the sense that the following
diagram commutes

(Ao M)®B—="2 . A® (M ®B)
MA,]M@B\L \LA®HIVI,B (110)
M®B KM, B M HrA M A®M

A morphism of (A, B)-bimodules is a morphism in M which is left A-linear and right B-linear at
the same time.

Example 1.3.1. Let us collect here some common examples of monoids in monoidal categories.

e We already mentioned in Example 1.2.1 that the category Set of small sets is monoidal with
tensor product x and unit object {x}, the singleton. One can easily see that monoids in Set
are ordinary monoids.

e The category Top is again monoidal with the Cartesian product x (endowed with the product
topology) and the singleton {*}. Monoids in Top are topological monoids: ordinary monoids
with a topology on the underlying set with respect to which the binary operation is continuous.

e Consider a k-algebra A. A monoid in (494, ®4, A) is usually called an A-ring, that is to say,
an A-bimodule with an associative and unital A-bilinear multiplication m : T ® 4 T — T with
unit u : A — T or, equivalently, a k-algebra T' together with a k-algebra extension A — T.

e For G a monoid, the category of G-graded vector spaces (Mg, ®,k) admits G-graded k-
algebras as monoids, that is to say, k-algebras endowed with a G-graduation which is
compatible with the multiplication in the sense that A, - A, C A,, for all g,h € G.

e If, for a moment, we allow non-Set-enriched categories to enter the picture, then one may see
strict monoidal categories® as monoids in the monoidal category of categories.

Example 1.3.2. Let (M, ®,k) be the monoidal category of k-modules for k a commutative ring.
Monoids in 99t are simply k-algebras. Pick A, B two k-algebras and M, N two objects in 9. If
M is an (A, B)-bimodule with actions denoted by simple juxtaposition, then Hom, (M, N) is a
(B, A)-bimodule and Hom, (N, M) is an (A, B)-bimodule as follows

(b= f—a)(m)= f(amb) and (a-g-b)(n) =ag(n)b (1.11)
respectively, for all a,b € A, m € M, n € N, f € Hom, (M, N) and g € Hom, (N, M).

Dually, i.e. by reversing all arrows, one may define the notions of comonoid, comonoid morphism,
comodule, colinear morphism and bicomodule. Namely, a coassociative comonoid or coalgebra in a
monoidal category (M, ®,1, «, A, p) is a triple (C, A, &) where C is an object in M, A: C - C®C
and € : C' — I are morphisms in M and they satisfy the coassociativity and counitality axioms,
i.e. the following diagrams are commutative

xc,c,c e®C

(C®C)aC Co((C®0) IeC<2 cec-55Col

A®CT TC(@A ) AT /
A o
C

cecC C cecC

A A

As for monoids, from now on all comonoids will be assumed to be coassociative, unless differently
specified. Given (D,Ag,e¢) and (D,Ap,ep) two comonoids, a morphism of comonoids is a

(6)Monoidal categories for which the constraints are the identity morphisms.
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morphism f : C — D in M such that (f ® f) o A¢c = Apo fand epo f = e¢. Given a
comonoid (C,A,¢) in a monoidal category (M, ®,1, o, A, p), a left C-comodule is a pair (M, p)
where p: M — C'® M makes the following diagrams commutative

CoM-~—"M—" sCoM CoM-2L 19 M
A@Mi \LC@p pT
&, M }\;/Il
(CoC)eM - C®(C® M) M

Given two left C-comodules (M, py,) and (N, py), a morphism of C-comodules (or C-colinear
morphism) is an arrow f : M — N in M such that py o f = (C ® f) o pp;. Symmetrically, one
may define the notions of right C'-comodule and right C-colinear morphism. Given (C, A¢,e¢) and
(D,Ap,ep) two comonoids in M, an (C, D)-bicomodule is a triple (M, pc.ar, par,p) where (M, po.ar)
is a left C-comodule, (M, pas,p) is a right D-comodule and the two structures are compatible, in
the sense that the following diagram commutes

PM,D PC,M

M ® D M - CoM
PC,M®Di \LC‘@PM,D (1.12)

XC,M,D

(CoM)oD—"" -+ C®(M®D)

A morphism of (C, D)-bicomodules is a morphism in M which is left C-colinear and right D-colinear
at the same time.

As a consequence, given a monoid A in M one can define the categories 4 M, M4 and 4 M4
of left, right and two-sided modules over A respectively. Similarly, given a comonoid C' in M, one
can define the categories of C-comodules “ M, M®, ¢ MC.

Example 1.3.3. Let (M, ®,1,, A, p) be a monoidal category. It can be proven that A; = py .
Setting my := pr and vy := Id; endows I with a structure of monoid in M. Every object M in M
turns out to be a bimodule over I with A,; and p,;. Therefore, we may identify M with [ M;.
Analogously one may see that A; := p; ' and ¢; := Id; endows I with a structure of comonoid in
M and that every object M in M is a bicomodule over I with A;;' and p,;'. Therefore, we may
identify M with TM! as well.

Pick an object V in M. If (4, m,u) is an monoid in M, (M, pua ) a left A-module and
(N, pin.a) a right A-module then we have functors M @ —: M — ;M and —@ N : M — M,
where V ® N is a right A-module with action

XY, N,A VRun, A

(Ve N)e A VoN

Ve (N®A)

and symmetrically M ® V is a left A-module with

—1
%A, M,V HA, MOV

A(MaV)—"s (Ag M)V 22" MaV.

The distinguished functors A® —: M — 4 M and — ® A : M — M, turn out to be left adjoints
to the respective forgetful functors.

Dually for (C, A, €) a comonoid, (M, pc,a) a left C-comodule and (N, pn.¢) a right C-comodule
we have functors M @ —: M — “Mand — @ N : M — MC where V @ N is a right C-comodule

with coaction
-1

VON 2 v g (N®C) —2C (VR N)® C
and symmetrically M ® V is a left C'-comodule with

pc,M®V

MV——(CeoM)aV

xXCc, M,V

Co(MaV).
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The distinguished functors C® — : M — “M and — @ C : M — M turn out to be right adjoints
to the respective forgetful functors. Let N € M¢ and V € M. Since this will be useful later on,
we highlight that the adjunction in the second case is given by

Hom (N, V) Hom® (N,V ® C)
fr————">(®C)opy (1.13)
(Ve og=<=———yg

Remark 1.3.4. The bimodule condition (1.10) amounts to say that w5 is a morphism of left
A-modules or, equivalently, that w4 5 is a morphism of right B-modules. Analogously for the
bicomodule condition (1.12). Moreover, for M a left A-module and V, W objects in M we have
that oty v, and pyr are morphisms of left A-modules. Indeed,

amevew) © (A® o vw) = (an @ (VOW))oayly vow o (A® Xarvw)
= (e @ (VOW)) o ctagar,vw o (03 y @ W) 0 0y yovw
= o vw © (Han @V)@W)o (O(Z,lM,V ® W) o (XZ,IM®V,W

-1
= otar,v,w © (Bamev @ W) o &4 ygvw = darv,w © fla,(Mev)ow

and

Par O famer = P © (ftan @) 0 agly = pia v 0 Pagnr © A%y = pan © (A® ).

Analogously, if N is a right B-module and V, W are objects in M then oy w n and Ay are right
B-linear. The same happens dually for comonoids and comodules over comonoids.

Given A a monoid and C' a comonoid in a monoidal category M and given M in M we will
sometimes denote by 4 M (or (M, if the monoid is clear from the context) the object M itself with
a left A-module structure on it and by “M (or *M, if the comonoid is clear from the context) the
same object M but with a left C-comodule structure on it. An analogous notation will be used for
right (co)actions.

Remark 1.3.5. It is worthy to highlight the following: even if comonoids and comodules in a
monoidal category are just dual notions of monoids and modules, in the sense that we may obtain
the definition of the former ones by simply reversing the arrows in the definition of the latter ones,
they do not necessarily enjoy dual properties.

Let us clarify this somehow informal sentence with two examples. Let (901, ®, k) be the monoidal
category of modules over a commutative ring k and let C be a k-coalgebra and A be a k-algebra.

1. The category M4 of right A-modules is a Grothendieck category. In particular, it has enough
injectives. However, in general 9¢ has not enough projectives ([DNR, Theorem 3.2.3]).

2. Comodules in MY satisfy the so-called Fundamental Theorem of Comodules ([DNR, Theorem
2.1.7]), i.e. every comodule is the inductive limit of its finite-dimensional subcomodules.
However, it is not true that every module in 914 is the projective limit of its finite-dimensional
quotients. Take for example k = C and A = C[X]. Then the finite-dimensional quotients
of C[X] are of the form C[X]/(p(X)) for p(X) a non-zero polynomial. The projective limit
lim (CIX]/(p(X))) in the category of C[X]-modules may be identified with [], . C[[X — k]]
(a kind of “profinite poynomials”) which is far away from being isomorphic to C[X].

We conclude this section with a few words of explanation on the reason why we introduced the
two terminologies of algebras and monoids instead of choosing one. First of all, both of them have
their raison d’étre: monoids in the monoidal category of sets are ordinary monoids and algebras in
the monoidal category of modules over a commutative ring k are ordinary k-algebras. For this
reason, both terminologies are used quite often in the literature, depending also on which “base
category” one is planning to work. Secondly, in many of the references followed writing this thesis



(and mainly in those of the author) the term “algebra” has been preferred over the term “monoid”,
but sometimes it is useful to have a synonym to increase the clarity of the exposition: we will see
an example of this idea in the next section and in Chapter 3. Nevertheless, as long as no confusion
may arise, we will still prefer to use the term “algebra”.

1.4 (Co)monads and (co)limits

A monad on a category C is a triple (T, m,u) where T': C — C is a functor and u : Id; — T,
m:TT — T are natural transformations such that the following diagrams commute

TTT "L TT T o<
Tml lm \lm/
T ————T T

Dually, a comonad on a category C is a triple (L, d,€) where L : C — C is a functor and € : L — Id,
6 : L = LL are natural transformations such that the following diagrams commute

L ) LL L Le LL el L
LL —> LLL L
Lé

Example 1.4.1. For a monoid (A, m,u) in a monoidal category M, the functor A® —: M — M
is a monad on M with my : A® (A®X) - A® X given by mx = (m® X) o &', x and
uy : X - A® X given by ux = (u® X) oAy for all X in M. Dually, for a comonoid (C, A,¢) in
M, the functor C® — : M — M is a comonad with d x = xccx0(A® X) and ex =Axo(e ® X).

In general, every adjunction (F,G,n, €) with left adjoint F : C — D and right adjoint G : D — C
gives rise to a monad (GF,GeF,n) and a comonad (FG, FnG,e).

Given a monad T = (T, m,u) on C, an algebra'” for the monad T is a pair (M, u) where M is
an object in C and p : T(M) — M is a morphism in C such that the following diagrams commute

TT(M) —2= T (M) M 2 (M)
=N
T(M)——> M M

©w

A morphism of T-algebras between (M, u) and (N,v) is an arrow f : M — N in C such that
voT(f) = fopu. Algebras for a monad T and their morphisms form a category, denoted by C”
and called the Filenberg-Moore category of the monad. It comes together with a natural forgetful
functor U™ : CT — C, which is right adjoint to the free T-algebra functor " : C — C” sending every
object X in C to (T'(X), my). Notice that the monad induced by this adjunction is T itself (see
e.g. [ML, Theorem VI.2.1] or [Brx2, Proposition 4.2.2]).

Dually, given a comonad L. = (L,d,€) on C, a coalgebra for the comonad L is a pair (N, p)
where N is an object in C and p: N — L(N) is a morphism in C such that the following diagrams

commute
P

N —L— L(N) N <2 L(N)

”i Ju \ jv

L(N) — LL(N)

SN

(")This is a classical terminology in the literature and hence the use of the word “monoid” instead of “algebra” is
justified in this context to avoid confusion.
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A morphism of L-coalgebras between (N, p) and (P,o) is an arrow f : N — P in C such that
oo f=L(f)op. Coalgebras for a comonad L and their morphisms form a category, denoted by Cp,
and called the Filenberg-Moore category of the comonad. It comes together with a natural forgetful
functor Uy, : C, — C, which is left adjoint to the free L-coalgebra functor F, : C — Cp sending every
object X in C to (L(X), dx). Notice that the comonad induced by this adjunction is L itself.

Proposition 1.4.2 ([Brx2, Propositions 4.3.1 and 4.3.2]). Let T = (T, m,u) be a monad on a
category C. The forgetful functor UT creates all limits and it creates all those colimits which are
preserved by T and TT. In particular, if C has some type of colimits preserved by T, then CT has
the same type of colimits and these are preserved by UT.

Proposition 1.4.3 (dual to Proposition 1.4.2). Let L = (L, d,€) be a comonad on a category C.
The forgetful functor Uy, creates all colimits and it creates all those limits which are preserved by L
and LL. In particular, if C has some type of limits preserved by L, then Cy has the same type of
limits and these are preserved by Uy .

Example 1.4.4. Given a monoidal category M and a monoid A and a comonoid C' in M, we
have that

e the algebras over the monad A ® — are exactly the left A-modules and the associated
Eilenberg-Moore category is 4 M;

e the coalgebras over the comonad C' ® — are exactly the left C'-comodules and the associated
Eilenberg-Moore category is € M;

e the left-right symmetric versions of the previous claims hold.

From Proposition 1.4.2 it follows that 4 M admits all limits that exists in M. In fact, these can
be computed in M and they come with a natural left A-module structure. For colimits this is
true for those which are preserved by A ® — and (A ® A) ® —. In particular, if M has some type
of colimits which are preserved by A ® —, then 4 M has the same type of colimits and these are
preserved by the forgetful functor. Dually, from Proposition 1.4.3 it follows that M admits all
colimits that exists in M, while for limits this is true for those which are preserved by C' ® — and
(C ® C) ® —. In particular, if M has some type of limits which are preserved by C ® —, then “ M
has the same type of limits and these are preserved by the forgetful functor.

A remarkable fact is the following. Let A, B monoids in M. As we already observed in Remark
1.3.4, both xpr g and pys are left A-linear for all M in 4 M, which means that even if B is not a
monoid in 4 M, — ® B is still a monad on 4 M. The algebras for the monad — ® B : ;M — 4 M
are exactly the (A, B)-bimodules. The same happens for A ® — on Mz and, dually, for comonoids
C,D in M and comodules.

1.5 Tensor product over an algebra

Let as usual (M, ®,1, o, A, p) be a monoidal category. From this section on, we will drop the terms
“monoid” and “comonoid” up to Chapter 3 and we will use “algebra” and “coalgebra” instead.

Recall from [ARV, Definition 3.1] that a reflexive pair (of morphisms) in a category is a pair
of parallel split epimorphisms having a common section. As a matter of terminology, a reflexive
coequalizer is the coequalizer of a reflexive pair of morphisms.

Lemma 1.5.1. Assume that M admits all reflexive coequalizers and that the endofunctors A ® —
and — ® A of M preserve them for every algebra A in M. Then for all algebras A, B in M we
have that ;4 M, Mp and ;Mg admit all reflexive coequalizers.

Proof. This is true in general for every type 3 of colimits which are preserved by tensoring by
an algebra. For A and B algebras in M, the claims on 4 M and My follow from Example 1.4.4.
To prove that the same holds for ;Mg as well, it is enough to show that — ® B : ;M — 4 M

11



preserves all colimits of type P (we already noticed that it is still a monad). Thus, consider a
diagram D : J — aM,i+— (D;, pa,) that admits a colimit (X, ua x) of type P with structure
maps 7; : X — D, for all ¢ in J. If we denote by U : 4 M — M the forgetful functor from
A-modules to M then we have that X is the colimit of the diagram UD : 7 — M in M and hence
X ® B is the colimit of the diagram YD ® B by assumption on —® B. By the hypothesis on A® —,
X ® B comes endowed with a left A-module structure which makes of it the colimit of the diagram
D® B in 4 M. Therefore, the monad — ® B on 4M preserves all colimits of type B3, which then
exist in the associated Eilenberg-Moore category 4 Mp. O

Remark 1.5.2. It may be worthy to notice that the A-module structure on X ® B in the proof
of Lemma 1.5.1 is given by the unique morphism g xgp in M such that

ftaxen o (A® (1, ® B)) = (1, @ B) o (1a; ® B) o o1, 5
whence it coincides with the left A-action on X ® B induced by the left A-module structure on X,
i.e. MA,X@B = (//[/A,X X B) [e] (x;,lX,B'

From now on, we assume more or less implicitly that the monoidal category M admits all
reflexive coequalizers and that for every algebra A in M the monads A ® — and — ® A preserve
them. Let A, B, C be algebras in M and M, N objects in 4 Mg and M respectively. The arrows

mM,BON

Xun:(M®@B)Q N—— M ® N,

M@up, N

’YM,N1(M®B)®NM>M®(B®N)—>M®N.

in M form a reflexive pair since

1®N w
oy MON " (Mel) o N Y22 (e B) e N
is a common section. Consider their coequalizer
XM,N WMN
(M®@B)Q N—/———=M®N —> M Qp N.

YM,N

Remark 1.5.3. Keeping in mind Lemma 1.5.1, notice that the arrows sy and v,y are arrows in
Mg, aM and 4 M as well. Since these categories admit all reflexive coequalizers, we may perform
M ®p N in each category. However, since the functors — @ C: M - Mand AQ —: M —- M
preserve reflexive coequalizers by hypothesis, all these M ® 5 N coincide up to isomorphism in M
and we will often identify them.

Definition 1.5.4. Given A, B, C algebras in M and M, N objects in 4 Mg and g M respectively,
we define the tensor product over B of M and N to be the reflexive coequalizer

XM,N WM. N
(M®B)®NW:>>M®N—’>M®BN.
M,N
in the category 4 M.

Remark 1.5.5. The left A-module structure on M ®p N is the unique morphism pia me n -
A® (M ®s N) = M ®p N in M such that

famopy © (A@wyn) =wyn o (lan @ N)oogy v

Analogously for the right C-module structure. In particular, wy, y is a morphism of (A, C)-
bimodules. Moreover wy, x is an epimorphism in 4M¢, due to the universal property it satisfies
(in fact, for every coequalizer (Q,q) the arrow ¢ is an epimorphism)®.

(8) Actually, wpr, N is an epimorphism in M, 4 M and Mc as well for the same reason.
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Example 1.5.6. Let (M, ®,1, o, A, p) be a monoidal category. We already noticed in Example
1.3.3 that I is an algebra in M and that given M, N in M we may consider them as I-bimodules.
Therefore we may want to construct M ®; N. Since xpn = Py @ N = (M @ Ay) 0 dar1n = Ymw
it follows that M ® N = M ®; N, without any further assumption on M. That is, M always
admits the split coequalizer of x s, x and 7,y in this particular case.

1.6 The bicategory of bimodules and algebras

We recall from [Be] that a bicategory S is determined by the following data:

1.
2.

A class Sy of objects or vertices of S, also called 0-cells.

For each pair of objects A, B in Sy, a category S(A, B) whose objects are called edges or
arrows or 1-cells of S and whose arrows are called 2-cells of S. These are referred to as the
categories of {1,2}-cells. The composition of 2-cells is usually called vertical composition.

. For each triple A, B, C of objects in Sy, a (horizontal) composition functor

oapc:S(A B)xS8(B,C)— S(4,0).

When the objects will be clear from the context, it will be simply denoted by ¢ and we will
write X oY and f o g for (X,Y) objects and (f, g) arrows in S(4, B) x §(B,C).

. For each object A in &, a distinguished object I, in S(A, A) which is called the identity

1-cell. The identity map of I, in S(A, A) is called the identity 2-cell.

. For each quadruple A, B, C, D of objects in Sy, a natural isomorphism

Xa,B,c,D - CA,Cc,D © (OA,B,C X IdS(C,D)) — ©A,B,D© (IdS(A,B) X <>B,C,D)

called the associativity isomorphism. For (X,Y, Z) and object in S(A, B) xS(B,C)xS(C, D),
the associated component of a4 5 c,p Will be abbreviated in

axyz: (XoY)oZ = Xo(YoZ).

. For each pair A, B of objects in S;, two natural isomorphisms

AA,B :04,A,BO (I x IdS(A,B)) — ldsa,5y and pap:0oappoO (|d3(A,B) xIg) — lds(a,B)-

If X is an object in S(A, B), the associated components of A4 g and p 5 will be abbreviated
in
)\X:]IAOX*)X and pX:XO]IB%X.

The families of isomorphisms o4 5,c,p, Aa,p and pa p are furthemore required to satisfy the
following axioms

A.C. Associativity coherence. If (X,Y, Z, W) is an object in S(A, B)xS(B, C)xS(C, D)xS(D, E),

the following diagram commutes

(XoY)o(ZoW)
D‘/XOY,Z%
((XOY)OZ)OW XX,Y,ZoW
ax,y,zoW XO(YO(ZOW))
(Xo(YoZ))oW Xoay,z,w
=~
XX YoZ W
O
Xo((YoZ)oW)
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1.C. Identity coherence. If (X,Y) is an object in S(A, B) x S(B,(C), the following diagram
commutes

(Xolg)oY

Y

*X.1p,Y XoY

%

Xo(lzoY)

Given two bicategories S = (Sp, ¢, I, o, A, p) and &' = (S}, ', 1", o/, N, p’) a (lax) bifunctor or (laz)
morphism of bicategories (F ,1o,%) from S to S’ is determined by the following data:

1. An assignment # : §, — S.

2. A family of functors %, 5 : S(4, B) — S§'(%(4), Z(B)).

3. For each object A in Sy, a 2-cell Yo(A) : 54y — F(Ia) of S".
4. A family of natural transformations

Yac: Of;e(m,g(g),g(c) o(Fap X Fpc)— Facooanc

If (X,Y) is an object in S(A, B) x §(B, (), the associated component of ¢4 5 ¢ will be denoted
for simplicity by
Yxy  F(X)O F(Y)—> F(XoY).

These data are required to satisfy the following coherence axioms

M.1 If (X,Y, Z) is an object in S(A, B) x S(B, C) x S(C, D), the following diagram is commutative

Vxov,zo(¥x,vo F(2))

(Z (X))o F (V) F(Z) F(XoY)oZ)
“}(x)y(y),g(z) g(txx,y,z)
F(X)o' (F (V)0 F(2)) F(Xo(YoZ))

wX,Yozo(g(X)O'IPY,Z)

M.2 If X is an object in S(A, B), the following diagrams are commutative

A p/
g o F (X) —> 7 (X) F(X) o' Up ) — = 7 (X)
¢0(A)<>’9(X)i Tff’(kx) ?(X)o’wo(B)i Tﬁ(px)
F M) F(X)—=F ([40X) F (X))o F (1) —= F (X olp)
Di,,x Yxig

One may also define colaz bifunctors, i.e. bifunctors as above but with the structure maps reversed

Yapeo: Facooasc — Qfg(A),y(B),y(c) © (yA,B X <Q\B,C) )
Yo(A) + F (La) = Up 4y
Example 1.6.1. The most widely known example of a bicategory is the bicategory of rings,
bimodules and bimodule homomorphisms, where the horizontal compositions are given by tensor

products over the rings. By admitting also non-locally small categories to enter into the picture,
another familiar example is the bicategory of categories, functors and natural transformations.
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Remark 1.6.2. If S is a bicategory, then for every object A in Sy the category S(A, A) is monoidal
with tensor product ¢4 4,4, unit object I, and constraints &4 4 4,4, Aa,a and p4 4. In particular,
a monoidal category can be seen as a bicategory with only one 0-cell. Moreover, given a bifunctor
Z between bicategories S and §’, the functors .#,4 4 are monoidal functors with structure maps
Yo(A) and 14 4 4. This is also the reason why we are using the same notation for the constraints
in a monoidal category and in a bicategory.

The construction of the bicategory of bimodules and algebras on a monoidal category with
coequalizers M such that the tensor product preserves coequalizers has already been performed by
G. Béhm and K. Szlachdny in [BS2, Appendix| under the name of bicategory of internal bimodules.
We observe here that this construction can be weakened by just requiring that M admits all
reflexive coequalizers and that the tensor product preserves them. Nevertheless, we will leave the
proofs of the results we are going to mention to the interested reader, since they would follow
closely the ideas in [BS2] and since for the applications we have in mind the former construction is
enough. A minor original contribution, which does not appear in [BS2], comes from Theorem 1.6.6,
which states that any monoidal functor between suitable monoidal categories as above induces a
bifunctor between the bicategories of internal bimodules.

Throughout this section we will always assume that (M, ®,1, &, A, p) is a monoidal category
which admits all reflexive coequalizers and that for every algebra A in M the endofunctors A ® —
and — ® A preserve them.

Lemma 1.6.3. Under the standing hypotheses of the section, for A, B,C algebras in M the tensor
product ®p introduced in Definition 1.5.4 induces a functor

—®p —: aMp X pMc = s Mc
and the canonical morphism wyrny : MQN — M ®@p N in 4Mc becomes natural in both components.

Corollary 1.6.4. Let A, B,C, D be algebras and sMpg, gN¢, o Pp be bimodules in M. Then

WMegN,P O (WM,N ®P) = (WM,N ®c P)o WMEN,P-

Theorem 1.6.5. Let (M,®,1, &, A, p) be a monoidal category such that M admits all reflezive
coequalizers and such that for every object X in M both the functors X ® — and —®@ X from M to
itself preserve reflexive coequalizers. Then there exists a bicategory PBim r whose 0-cells are algebras
in M and whose categories of {1,2}-cells are the categories of bimodules over these algebras. The
composition functors are provided by the tensor products @ g and the identity arrows by the algebras
themselves. The associativity isomorphisms are induced by the associativity constraint « and the
left and right identities by the left and right actions.

Theorem 1.6.6. Let (M, ®,1, 0, A, p) and (M, &, T, &', N, p’) be two monoidal categories that
satisfy the hypotheses of Theorem 1.6.5 and let (F, po, @) be a lax monoidal functor from M to M'.
Then F lifts to a bifunctor F from Bimp, to Bimy in a natural way. Namely, F(A) = F(A)
and F (4Mg) = ra)F(M)x5) for all algebras A, B and all bimodules s Mp. The family of natural
transformations Yy n © F(M) Qg ) F(N) = F(M @5 N) for A, B,C running through the
algebras in M and Mg, g No bimodules as denoted is uniquely determined by the condition

1/1M,N OWr(M),F(N) = f(WM,N) O PM,N- (1-14)

Since the proof of Theorem 1.6.6 amounts to check that the above definitions give rise to a bifunctor
and it would have been technical and, in our opinion, not particularly interesting, it is omitted.

Remark 1.6.7. The dual construction holds as well. Namely, if (M, ®,I, «, A, p) is a monoidal
category such that M admits all reflexive equalizers and if — ® X and X ® — preserve them for
every object X in M, then there exists a bicategory Zicom, whose 0-cells are coalgebras in M
and whose categories of {1,2}-cells are the categories of bicomodules over these. The composition
functors are provided by the cotensor products (s for C' running through the coalgebras in M.
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The cotensor product (¢ is defined for ZM¢ and © NP bicomodules as the following equalizer in
the category of (B, D)-bicomodules

WM.N pM,c®ON
0—> MON—" > M®N (M®C)® N.

OL;VII,C,NO(M(@pch)

The identity arrows are given by the coalgebras themselves. The associativity isomorphisms
are induced by the associativity constraint « and the left and right identities by the left and
right coactions. Moreover, any colax monoidal functor (F, g, ¢) from M to M’ can be lifted
to a colax bifunctor .Z from Zicom, to Bicomyy. Namely, F(C) = F(C) and F (“MP) =
FOF(M)T®P) for all coalgebras C, D and all bicomodules “ M?. The family of natural transfor-
mations Yy n 1 F(MOcN) = F(M)Og o) #(N) for B,C, D running through the coalgebras in
M and EM€, “ NP bicomodules as denoted is uniquely determined by the condition

Wrn, 7 (V) © Uar,n = @an © F (Warn)-

Example 1.6.8. Let 91 be the category of vector spaces over a field k. This is a complete and
cocomplete monoidal category and for every vector space V both functors V ® — and — ® V are
continuous and cocontinuous. Consider the lax monoidal functor (—)* : 9°° — M. In view of
Theorems 1.6.5 and 1.6.6 (—)* extends to a bifunctor (—)* : Bicom,® — Pimy, which sends every
k-coalgebra C' to its convolution algebra C* with structures

<% wo,c ¢

A
k —%> C* and C*@C" —>(C®0) —%=C (1.15)
and every (C, D)-bicomodule N to the (C*, D*)-bimodule N*, whose actions are given by

po,N (Plv)” #$N.D . (k)
—_—

C* @ N* 225 (C® N)* > N* and N*® D* 25 (N @ D) N*.

Here by Zicom,°® we mean the bicategory given as follows. The 0-cells are k-coalgebras. For
every pair C, D of k-coalgebras the category © (Zicom,°*)" is the opposite category (C9MP)°P of
(C, D)-bicomodules. The horizontal composition is given by the cotensor product. The identity
arrows are the coalgebras. The associativity and unitality isomorphisms are the opposites of
the inverses of those in %icomy. Notice that if we consider instead the colax monoidal functor
(=) : M — M°P, then this can be lifted to a colax bifunctor (—)* : Bicomy, — Bimy°P.

1.7 Quasi-bialgebras and coquasi-bialgebras

Let k be a commutative ring with identity and denote by (9, ®,k) the monoidal category of
k-modules as in Example 1.2.1. A k-algebra is simply an algebra in 9. It is well-known that
k-bialgebras can be characterized as those k-algebras whose category of (right or left) modules is
monoidal with strict monoidal forgetful functor to 9% (this characterization goes back to [Pal, §2,
Propositon 6], see also [V, Theorem 5.21]). The following definition of a quasi-bialgebra over k
comes out as a natural extension of this characterization of bialgebras.

Definition 1.7.1 (see [V, §5.5.1.1]). A k-algebra A is a quasi-bialgebra if the category of A-modules
M4 is monoidal and the forgetful functor ¢ : M4 — M is a tensor functor.

As one may expect, this definition turns out to be equivalent to the original one given by
Drinfel’d in [Dr2], in the sense of the subsequent result.

Lemma 1.7.2 ([ABM, Theorem 1]). A k-algebra A is a quasi-bialgebra if and only if there exist
two algebra morphisms, the comultiplication A : A — A® A and the counit € : A — k, and three
distinguished invertible elements ® € AR A® A and l,r € A such that ®,1,r satisfy

(A AR A) @) A® A A)(D) = (12 D) (A2 Ao A) () (@ 1), (1.16a)
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(Ae® A)(®)=r"®l (1.16b)
and A is coassociative and counital with counit € up to conjugation by ®, | and r, that is,

D(A®A)(Aa)) = (A® A)(Ala))D, (1.17a)
(e ® A)(A(a)) = lal™", (A®e)(Aa)) =rar™" (1.17b)

for all a € A. In such a case, the tensor product of two A-modules is given by the ordinary tensor
product ® with diagonal action, i.e. (m®@n)-a=>.m-a; @n-ay for allm € M, n € N A-modules
and for all a € A. The unit is k via the trivial action, i.e. 1-a = ¢e(a). The associativity and unit
constraints are given by

aunp(M@n@p)=(Mmenep) &1, (1.18a)

Av(l@m)=m-I and pu(me1)=m-r. (1.18b)

As a matter of notation, we will write ® = > ' @ P* R ¢* =S V' @ U2 @ ¥* = ... and
Pl =30'Re*e* =YY Y?Y* =.... We will also say that A is quasi-coassociative and

we will refer to ® as the reassociator® of the quasi-bialgebra.

Remark 1.7.3. In Definition 1.7.1 we considered monoidal structures on 9914 such that the
underlying functor (U, @, @) : M4 — M is tensor, but it is not restrictive to focus only on those
for which U : M, — M is in fact strictly tensor. Indeed, if we are given a monoidal structure
(M4, X, o, A, p) on Mty such that U : M, — DN is a tensor functor, then we can always construct
a new tensor product ® on M, such that the identity (M4, X, I, A, p) — (M4, R, k, o, A, p)
is a monoidal equivalence and the underlying functor U : (M4, ®,k, &, A, p) — (M, ®,k) is a
strict tensor functor. One just takes M @ N for M, N € M4 to be U(M) @ U(N) endowed with
the A-module structure that makes ¢ an A-linear morphism and k endowed with the A-module
structure that makes ¢, and A-linear morphism as well (compare with [Sc2, Remark 5.3]).

Definition 1.7.4. A morphism of quasi-bialgebras
(A mou,Ae, @ 1,r) = (A, m/ o, A e, 1 r")
is a morphism of algebras f : (A,m,u) — (A’,m’,u’) such that
Aof=(f@f)od, eof=e (fRfR)@)=2, [fO)=U [f(r)=r. (119)
The category of quasi-bialgebras and their morphisms will be denoted by QBialg,.

Remark 1.7.5. Even if the results to come may be presented in the full generality for quasi-
bialgebras of the form (A, m,u, A, e, ®,1,7), it is well-known (see e.g. [Ks]) that one can restrict to
the simpler case in which » =1 = 1. We recall here briefly how, for the sake of completeness.

If (A,m,u,Ae,®,1,7) is a quasi-bialgebra and F' € A ® A is an invertible element, then we
may define a new comultiplication via

Ap(a) := FA(a)F™* (1.20)

for all a € A and three distinguished elements
Pp=(10F)( A A)(F)P(A® A)(F ) F'®1), (1.21a)
lp = (®A)(F), rp = (A®e)(F)r. (1.21b)

It turns out that (A, m,u, Ap,e,Pp,lp, rr) is still a quasi-bialgebra, which we denote by Ar (see
[Ks, Proposition XV.3.2] and [Dr2, Remark, p. 1422]). Two quasi-bialgebras (4, m,u, A, e, ®,1,1)
and (A, m/ v/, A" e', @' I',r") are said to be twist equivalent if there exists an invertible element
F e A ® A’ and an isomorphism of quasi-bialgebras ¢p: A — A%.

1n [Ks, page 369] this is called the Drinfel’d associator.
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Given a quasi-bialgebra (A4, m,u, A, e, ®,1,7), one may observe that £(r) = () and then
consider the invertible element F':=&(r)(r~' ® [7') € A® A. Tt is clear that A is twist equivalent
to (14}7'7 m,u, AF, g, ¢F7 lF, T’F) where

le = (e @ A)(F)l = e(r—")e(r) M = 1,
re=(A®e)(F)r=r"e(l""e(l)r = 1.

Summing up, every quasi-bialgebra (A, m,u, A e, ®,1l,r) is twist equivalent to a quasi-bialgebra
(A',m/ w/ A e’ & 1" r') such that ' =1' = 1.

From a categorical point of view, the property of being twist equivalent for two quasi-bialgebras
reflects on their categories of modules as follows. Let (A, m,u, A, e, ®,l, 1) be a quasi-bialgebra
and let F' € A ® A be an invertible element. Then the triple

(R7 9007902) = (Idim,q’ Id]kyspQ): (ginAa ®ak7 o‘a}\a p) — (WAF7®7ka “FaAF7 pF)a
where

w2(M,N): RIM)® R(N) > R(M ®N), (m®@n— (m®n)-F),
o (M@N)@P—-M®(N®P), (m@n)@p— (me nhep)) &),
ANk M - M, (1@me—m-lg), pr: Mk —>M, (Mm®l—m-rp)

defines a monoidal isomorphism (i.e. a monoidal functor that is also an isomorphism of categories).
As a consequence, twist equivalent quasi-bialgebras have isomorphic categories of modules.

In particular, it follows that for any quasi-bialgebra (A, m,u,A, e, ®,1,r) there exists an
isomorphism of monoidal categories between (M4, ®,k, o, A, p) and (Ma4,., ®,k, r) where the
unit constraints in the latter are the same constraints of (M, ®,k) and F =¢(r)(r~' @ 171).

To conclude the remark, observe also that if (A,m,u,A,e,®) and (A", m/,u', A’ &', ®') are
twist equivalent quasi-bialgebras such that [ =1 =r and I’ =1 = 7/, then we have that

@ A)(F)l=lr=¢l)=1=p(")=rr=(Ae)(F)r

where F' € A ® A is invertible and ¢: A" — A is an isomorphism of quasi-bialgebras. Thus F
satisfies (A®¢e)(F) =1= (¢ ® A)(F). An invertible element F' of A ® A such that

(A®e)(F) =1 = (¢ ® A)(F) (1.22)

is said to be a gauge transformation. Let (B, m,u, A, ¢) be an ordinary bialgebra and consider
®=1®1®1. Then (B,m,u,A, e, ®) is trivially a quasi-bialgebra. For any gauge transformation
F on B, it turns out that B is a quasi-bialgebra but in general it is not a bialgebra. Indeed

Pr=10F)(AQA)(F)(ARA)(F ) F'®l)#11®1
and Ay is not coassociative. In such cases, Bp is a non trivial example of quasi-bialgebra.

Henceforth, for the sake of simplicity, we will only consider quasi-bialgebras A withl=1=r
or, equivalently, monoidal structures on 2t4 such that the forgetful functor is a neutral tensor
functor. In particular, relations (1.16b) and (1.17b) now rewrites for all a € A

(ARe® A)(P)=1®1, and (1.23a)
(e® A)(A(a)) = a, (A®e)(A(a)) = a. (1.23Db)

Example 1.7.6 (see [Dr2, Remark 4, page 1424]). Let (A, m,u, A, e, ®) be a quasi-bialgebra.
The opposite algebra structure on A induces a new quasi-bialgebra structure on it which is given
by A° := (A, m°P, u, A, e, ®7'). The co-opposite comultiplication A®P : z — > x, ® x; induces
another one given by AP := (A, m,u, A®P ¢, ¢©* ® p*> ® p'). Finally, if we combine the two we
get a third quasi-bialgebra A°P<P := (A, m°P,u, A®P ,> ®* @ P2 @ P').
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Remark 1.7.7. Almost in the same way in which the axioms of quasi-bialgebra are (necessary
and) sufficient to have that the category 9, of right modules over A is monoidal with neutral
tensor underlying functor (see Lemma 1.7.2), the same happens for the monoidal categories
(A, ®,k, acx,l,7) and (44, ®,k, axa,l,7), where

(A(X)M,N,P((m ®n)®@p) = (M (n®p)),
(axa)mnp((m®n)@p) =& (m&(n®p)- 27,
forallme M, n € N, p € P and all M, N, P A-(bi)modules.

Dually to quasi-bialgebras, we have the notion of coquasi-bialgebras. These can be described as
those coalgebras whose category of comodules is monoidal with (neutral) tensor underlying functor
(see e.g. [Scd, §2.3]), but for the sake of brevity we will give here the algebraic definition directly.
To this aim, recall that if C' is a k-coalgebra and A a k-algebra then Hom, (C, A) turns out to be a
monoid with the so-called convolution product

(f*9)(e) = (mao (f@g)oAc)(e) =) fle)gle) (1.24)
for all f,g € Hom, (C, A) and ¢ € C (see also (1.15)).

Definition 1.7.8 (cf. [Mj3, §1] and [Scl, §2]). A coquasi-bialgebra (H, m,u, A, e, w) (also named
dual quasi-bialgebra) is a coassociative and counital coalgebra (H, A, ¢) endowed with a multi-
plication m : H ® H — H and a unit v : k — H, which are coalgebra morphisms, and with a
convolution invertible linear map w : H ® H ® H — k. These are required to satisfy

(wo(HoH®@m))*(wo(m@H®H))=(0w)* (wo(Ham®H))*(w®e), (1.25a)
whelpgk)=c(h)e(k) (1.25b)
(mo(H®m))*xw=wx(mo(m®H)), (1.25¢)

m(lg ® h) = h, m(h®1ly) = h, (1.25d)

for all h,k € H, where * denotes the convolution product®® and 1 := u(1,). We say that m is
quasi-associative and we refer to w as the reassociator of the coquasi-bialgebra. A morphism of
coquasi-bialgebras

fe(HmuAe,w)— (H ,m' v, A e W)

is a coalgebra homomorphism f : (H,A,e) — (H', A’,¢’) such that
mo(faf)=fom, fou=u, Wo(f®f®f) =w (1.26)
The category of coquasi-bialgebras and their morphisms will be denoted by CQBialg,.

Remark 1.7.9. As we mentioned, for H a coquasi-bialgebra the categories #9, 9 and #9MHA
of left, right and bicomodules over H respectively are monoidal categories with neutral tensor
underlying functor. In particular, we recall that the associativity constraints are given by

Taxyz(r@y)@2) =w ™ (z1 @y_1®2.1)T @ (Yo @ 20), (1.27)
“g,y,z«x RY)®2z) =2 ® (Yo ® 20)w(T1 @Y1 @ 21),
H“;Y,z((x RY)@2) =w (1 ®Y_1 ® 2_1)T0 ® (Yo @ Z0)w(T1 41 ® 21),

for all X,Y, Z suitable (bi)comodules and all z € X,y € Y,z € Z. Notice that every morphism of
coquasi-bialgebras f : H — H’ induces a strict monoidal functor /90t : “90t — 7’9, which is given
by the assignments

TM(X,px : X > HX)=(X,(f®X)opx) and MEAy: X —=Y)=1.

The same happens, dually, for quasi-bialgebra morphisms.

(191n formula (1.25¢) the product * stands for e.g. ((m o(H® m)) * w) (zRy®z)=> z1(yi121)w(r2 ® Y2 ® 22)
for all z,y,z € H, which resembles closely the classical convolution product of linear morphisms from a coalgebra to
an algebra. This is why, by a slightly abuse of notation and terminology, we referred to it as a convolution product
and we used the same symbol.
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For the sake of simplifying the exposition, we will often leave the structure maps out when
referring to quasi and coquasi-bialgebras, i.e. we will simply say that A is a quasi-bialgebra or that
H is a coquasi-bialgebra, without explicitly mentioning A, &, m, u, w or ®.

Remark 1.7.10. In spite of the fact that quasi and coquasi-bialgebras are dual notions from a
categorical point of view, to construct a duality between them seems to be not an easy task. This
argument will be treated more deeply in Section 2.4, where a duality between quasi-bialgebras
and a suitable subcategory of coquasi-bialgebras will be provided. As a consequence, some results
which hold in one framework can be dualized to the other and some others no. We will exhibit
a positive example in Section 2.2. For the moment, we observe that if A is a finite-dimensional
quasi-bialgebra over a field k, then A* = Hom, (A, k) is a coquasi-bialgebra and conversely. The
structure maps can be obtained easily by duality.

1.8 The Tannaka-Krein reconstruction principle

Tannaka-Krein reconstruction process traces its line back to the early works of T. Tannaka [Tn]
and M. G. Krein [Kn] and originally it addressed questions such as if it is possible to recover
a (compact topological) group from its finite-dimensional representations (the Reconstruction
Problem) or which k-linear categories are (equivalent to) categories of representations of a group
(the Recognition Problem). The extension of the duality obtained by them to affine group schemes
and the introduction of the notions of Tannakian categories and fibre functors goes back to
Grothendieck’s school and more precisely to the works of N. Saavedra Rivano [Riv], P. Deligne and
J. S. Milne [DM, DI]. Nowadays there exist many extensions and variations of these results, by
changing the categories involved or the properties of the “forgetful” functors, which allow one to
reconstruct more general objects such as coalgebras, bialgebras, (non-commutative) Hopf algebras
and (some of) their generalizations. We recall here shortly the main steps of the Tannaka-Krein
reconstruction as we see (and we plan to use) it in this thesis and, in particular, we will discuss its
application to coquasi-bialgebras. We refer the reader to [Sc7] for an account on the subject. Our
approach will follow closely [Mj3], [Sc7] and [U]. See also [DM, HR, JS, St, V] for further details.

Broadly speaking, Tannaka-Krein reconstruction is concerned with constructing an object H
in a suitably chosen category A with certain specific properties, out of the datum of a functor
w : M — A (which can be considered as some kind of “fibre” or “forgetful” or “underlying” functor)
from another category M with some additional properties that are preserved by w. Moreover,
this object has to be the best one we may construct, in the sense that it has to satisfy a certain
universal property (we will try to make this rather informal sentences more formal in what follows).

To be more precise, let A be a fixed braided monoidal category which is cocomplete and such
that the tensor product is compatible with arbitrary colimits in each argument. Denote by A,
its subcategory of (left or right) dualizable objects. Consider another category M with a functor
w: M — A,. Out of these data, one can construct a coalgebra H in A such that every object
w(X) becomes a H-comodule and H is universal in the sense that for any other coalgebra C' such
that w(X) is a C-comodule for every object X in M and w(f) is a C-colinear morphism for every
arrow f in M, there exists a unique coalgebra morphism ¢ : H — C such that the C-comodule
structure on w(X) is induced by the H-comodule one via .

Moreover, the “reconstructed” coalgebra reflects many of the properties of the starting datum
w: M — Ay. For example, if M and w are monoidal, then H becomes a bialgebra. If M is also
rigid, then H becomes a Hopf algebra. If M is monoidal and w is only a neutral tensor functor,
we recall in this section how H becomes a coquasi-bialgebra.

Example 1.8.1. There are different ways to construct the above universal object and in what
follows we will see some examples, but before going into the details of the procedure we are
interested in, let us sketch some classical cases of Tannaka-Krein reconstruction.

Assume that k is a field, that M is a rigid abelian k-linear (i.e. enriched in vector spaces over k)
symmetric monoidal category such that End(I) = k, and assume that w : M — 91, (the category
of finite-dimensional vector spaces over k) is an exact faithful k-linear (i.e. the maps between
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hom-sets induced by w are k-linear) symmetric monoidal functor. In such a case M is said to
be a neutral Tannakian category and w is called a fibre functor [DM, Definition 2.19]. For every
commutative k-algebra A, consider the (monoidal) functor W® A : (M, ®,1, &, A, p) = (M4, R4, A)
which sends every X to w(X) ® A. It turns out that the functor CAlg, — Grp which associates
any commutative k-algebra A with the group Aut®(w ® A) of monoidal natural automorphisms of
W ® A is representable and it is represented by a commutative Hopf algebra H,, (i.e. an affine group
scheme). Furthermore, w factors through a k-linear equivalence between M and the category Sﬁ;’
of H-comodules whose underlying vector space is finite-dimensional [DM, Theorem 2.11].

1) If M is already the category of finite-dimensional (right) comodules over a commutative Hopf
algebra A (equivalently, the category of representations of the affine group scheme represented by
A) then M is a neutral Tannakian category and the forgetful functor M — 9, is a fibre functor.
In this case, H,, = A as Hopf algebras.

2) Let (k,(—)’) be a differential field (i.e. a field k with a derivation (=)' : k — k). Assume
that its field of constants ¢ (those ¢ € k such that ¢ = 0) does not coincides with k and it is
algebraically closed of characteristic 0. The category Diffy of differential modules over k is defined
as the category whose objects are pairs (M, 9y;) composed by a finite-dimensional k-vector space
M and an additive map 9y, : M — M (the differential) such that dy,(km) = k'm + kO (m) and
whose morphisms are k-linear morphisms f : M — N that commute with the differentials. It turns
out that Diff, is a neutral Tannakian category with a fibre functor to finite-dimensional ¢-vector
spaces and hence it is represented by an affine group scheme over ¢ (see [D]] and [SP, §§10.1, B.23]).
The latter is called the universal Galois group of Diff, and, in fact, it can be seen as the group of
k-linear automorphisms of a special differential ring UnivR, called the universal Picard-Vessiot ring
of Diffy. This procedure can be performed for every subcategory C of Diff, which is still Tannakian.
Given a differential module (M, ), of particular interest is the full subcategory {{M}} of Diffy
whose objects are the sub-quotients (i.e. quotients P/Q with Q C P C M) of finite direct sums of
M@ ---M®M*R® - --® M*, that is, the tensor product of n copies of M and of m copies of
M*. This turns out to be a neutral Tannakian category whose associated group scheme is exactly
what is called the differential Galois group of (M,d) [SP, Theorem 2.33].

Let us pick up now the threads of our argument. For our purposes, we are interested in case
A = 9, the monoidal category of modules over a commutative ring k, and A4, = M, its full
subcategory of finitely generated and projective ones. Let M be an essentially small category
equipped with a functor w : M — 9, from M into the category of finitely generated and projective
k-modules. For every V in 91, denote by Nat (w, V' ® w) the set of natural transformations between
W seen as a functor from M to 9 and the functor V ® w : M — 9 mapping every object X
in M to the object V ® w(X) in M. Then the functor Nat (w, — ® w) : M — Set is represented
by a coalgebra H,,, also denoted by coend (w) or by fX w(X)* ® w(X), which is called the
coendomorphism coalgebra of w (or of (M, w) if some confusion may arise). That means that we
have a natural isomorphism

¥ : Homy, (Hy, —) = Nat (w, — ® w). (1.28)

Since w is fixed, we may write H instead of H,. As a vector space, H is defined to be the
coend of the functor w @ w* = ® (W x w*) from M x M°P to M (see e.g. [ML, §IX.6] for details
about the coend construction). It is endowed with a coalgebra structure as follows. Consider
the natural transformation 67 := 9y (Idy) : w — H ® w, which we will denote by § when no
confusion may arise. The comultiplication A and the counit £ are the unique linear maps such
that 9gen (A) = (H ® 6) 0§ and ¥y (¢) = Id,,. Naturality of ¥ implies that for all V' in 9t and
f € Homy (H,V)

v (f) = (Ov o Homy(H, f)) (Idgr) = (Nat(w, f @ w) o ¥y) (Idg) = (f ® w) o 4. (1.29)
Therefore, ¥y (f)y = (f ® W (X)) 0 0x for every X in M. Furthermore, from
(A®w (X))odx =0ngn (A)y = (H®0x)0dx (1.30a)
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and (e®@w (X))odx =V (e)y = ldwx) (1.30b)

we deduce that every k-module w (X) is automatically endowed with an H-comodule structure
(w (X),dx). Thus w factorizes through the obvious forgetful functor 7 : 70N — M, i.e. there is
a functor W : M — M such that 7/ o w = w. Moreover, H enjoys the following universal
property: if C is another coalgebra and if V : M — O is another functor such that U oV = w,
then there is a unique morphism of coalgebras € : H — C, given as the image of the C-coaction
d¢ € Nat (w,C ® w) in Hom, (H, C) via (1.28), that induces a functor 9 : #9 — M such that
Mo wf =V.

Example 1.8.2. Assume that k is a field, that M is already the category “9; of finite-dimensional
left comodules over a k-coalgebra C' and that w is already the forgetful functor ¢4. Then the
canonical morphism € : H — C turns out to be an isomorphism of coalgebras (see [Sc7, Lemma
2.2.1]). We point out, however, that this is not always the case if k is not a field.

Notation 1.8.3. In this thesis we will perform some computations in terms of braided diagrams
in the category of k-modules, since we believe that they may increase its readability. We will adopt
the following notations

H H H H v ow X
A=y, e=ds u=g, m= Uy mww= X 0= A
H H H H w v H X

where for every pair of objects V, W in M, 7v.w : VOW — W®V denotes the natural transformation
acting as Ty (v @ w) = w @ v. We will also omit the functor w in braided diagrams.

Assume now that (M, X, 1, &, A, p) is monoidal*") and that w is a tensor functor. This means
that in 9T we have a family of isomorphisms pxy : W (X)®@ w (V) — w (X K Y') which is natural
in both components and an isomorphism ¢, : k — w (I) compatible with the left and right unit
constraints, where the compatibility is expressed by the commutativity of the diagrams (1.2).
Following [Mj3], H can be endowed with a coquasi-bialgebra structure as follows. The functors
Nat (w”, — ® w™) for n > 2 are representable, where w™ : M"™ — 9, maps every n-uple of objects
(X1,...,X,) to the tensor product w (X;) ® --- ® w (X,). They are represented by the n-fold
tensor product H®", which means that we have a family of isomorphisms

9% : Homy (H®", V) = Nat (w™,V @ w™)

for all n > 1 and for all V' in 9, which in natural in V. As a matter of notation and if no confusion
may arise, given an arrow f : X — Y and other two objects X and Y in a category M with tensor
product X, we will eventually write simply f instead of X X f XY, leaving the identity morphisms
out and understanding that f has to be applied to the suitable tensorand. With this convention
we have explicitly

P (xrxn = (O W (X, X)) 0 Tan—1 (1 X, _0).1 © 7 0 Tw(xy,n © (0x, ® -+ @ dx,,)
(see [Mj3] and [Sc7, Lemma 2.3.6]). Graphically, it looks like

\2 X1 X9 X3 -+ Xp

(11)We denoted the monoidal structure in M by K in order to avoid confusion with ®, the tensor product over k.
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As a consequence of the representability of the functors Nat (w™, — ® w™), we can define the
multiplication m : H ® H — H as the unique map such that

(H® px,y) oV (M) y = dxmy © Px,y (1.31)

for all X,Y in M. It is a coalgebra morphism (see [Mj3, Lemma 2.4]). In turn, the reassociator
we (H®H®H)" is the unique map such that for all X,Y, Z in M

oxay.z o (pxy @ W (Z)) oV} (W)X,y,z =w (%},ly,z) o pxyrz ° (W (X)®pyz). (1.32)

The unit of H is the unique morphism u : k — H such that

(H ® o) ory' ou = d;0 pg. (1.33)
Graphically, this becomes
- I (1.34)
—]
H I H I

Observe that, since unitality is unrelated with the coherence condition (1.3) with the associativity
constraint, the unit is the same that has been constructed from ordinary monoidal functors in [U,
page 255] and in [Sc7, Corollary 2.3.7], for example.

Remark 1.8.4. If C is a coalgebra endowed with two morphisms of coalgebras p: C @ C' — C
and 7 : k — C, then the tensor product M @ N of two left C-comodules (M, dy,), (N, dy) is still
a C-comodule with coactygn = (L ® M ® N) o Tar 5 0 (dar ® dn), and k is a C-comodule with
coact, = r;' on. By definition of m, for every X,Y in M we have

Vg (m)xy = (M@ w (X) @ w(Y)) o Tex)u o (Ix ®dy) = coacte(x)pw(r)-

Therefore, relation (1.31) becomes dxmy © px,vy = (H ® px,y) 0 €oactw(x)pw(y) SO that all the
morphisms pxy : W (X))@ w (Y) - w (X KY) turn out to be comodule morphisms. Moreover,
from (1.33) it follows that ¢, is H-colinear as well, as

010 g = (H ® @) o coacty. (1.35)

Thus, we see that the comodule structures on the tensor product X XY and on the unit object I
are compatible with the monoidal structure defined on the category #91, in the sense that the
functor w : M — 70NN is a tensor functor. Furthermore, by definition of w, for all z € w(X),
ye w(Y) and z € w(2),

O (Wxyz (2@ (Y®2)) = ZW (1 @Y1 ®2z.1) (T ®Yo) ® 20

Once proven that H is a coquasi-bialgebra, this is exactly the (inverse of the) associativity constraint
in the category of left H-comodules (cf. relation (1.27)). Relation (1.32) encodes then the fact
that the functor w : M — "IN assigning to every object X in M the H-comodule (w(X),dx)
is a monoidal functor, differently from w : M — 9.

Lemma 1.8.5. The reassociator w and the multiplication m are unital, in the sense that conditions

(1.25b) and (1.25d) are satisfied'?.

Proof. Denote temporarily by H) the i-th tensorand in H®" for some n > 1 and some 1 <i < n
and by (p((f) the morphism ¢, applied in the i-th position of a tensor product. The following

(12)In [Mj3] there’s no explicit reference to the unitality of the multiplication or of the reassociator. This is the
reason why we added this lemma.
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computation

\% X1 X9 o I o Xpy

shows that if f: H®"** — V is an arrow in 9 for V' a k-module, then

D (Nxy o,

»»»»»»

x,, © @éi) = ‘Péiﬂ) ody (fo UHW)X1 ..... Xp (1.36)

By omitting the constraints [ and r, the relations in (1.2) become
W (Ax) o @rx o (o @ W(X)) = ldw(x) = W (px) © px0 (W(X) © @),
so that Equation (1.36) can be rewritten as

w (}\Xi) °¥Yrx; © 197\71 (f)xl ..... LX:, Xn vy (f ° uH(“)Xl ..... x, OW (Axi) °¥Lx; Or (1'373)

w (quz_1) o px,_ 100y (f)xl ,,,,, XL Xn Iy (f o UH(i>)X1 x, OW (Ax;)oprx, (1.37b)

,,,,,

(notice that Equation (1.37b) holds only if 1 < ¢ < n, but as we will see this is the only case we
are interested in). By naturality of ¥ (ld), one checks that

Vg (mo(u@ H))yowx) =" (H®wx))o (H®prx) o097 (m); o px
Y2V (H @ w(hx)) 0 9s (Idg) gy = P (ldg)x 0 w(Ax)

for all X in M, which means that m o (v ® H) = ldy as desired. Unitality on the other side may
be checked similarly. Let us conclude with the unitality of w. As above, we may compute

V7 (wo (Hou® H))y
CE (W(px) ® W(Y)) 0 (pxs ® W(Y)) 0 B2 (w)xry o (W(X) ® i) o (W(X)® w(Ay)))
(W(px) © W(Y)) 0 pxhy 0 W (axhy) 0 pxmy o (W(X) @ w (A1)

(1.32)

= 90;(,1}/ ow(px XY)ow (0‘;(,111,)/) ow (XX )‘;1) o Pxy
" du s =02 (mi o (e @)
for all X,Y in M. Thus, w(z @1y Qy) =€ (x)e(y) for all z,y € H. O

Summing up, we have the following theorem (compare with [Mj3, Theorem 2.2]).

Theorem 1.8.6 (Reconstruction Theorem for coquasi-bialgebras). Let (M,X, 1, &, A, p) be an
essentially small monoidal category and let (W, @y, ) : M — IM; be a tensor functor. Then there
s a coquasi-bialgebra H, unique up to isomorphism, universal with the property that w factorizes
as a monoidal functor W : M — HIM followed by the forgetful functor. Universal means that if
H' is another coquasi-bialgebra and W : M — H'9N a functor as above then there is a unique
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map of coquasi-bialgebras € : H — H' inducing a functor <Mt : M — H'OM such that the following
commutes

y M
PN

Hoy H/m

€

Example 1.8.7. Again let k be a field and let B be a coquasi-bialgebra over k. Consider the
monoidal category of finite-dimensional left B-comodules 291, together with the forgetful functor
U : BM; — M, which is a tensor functor. As in Example 1.8.2, we may choose B itself as a
representing object for Nat (U, — @ U) and in this way we recover its comultiplication and counit.
Moreover, since the original m, u and w of B satisfy (1.31), (1.32) and (1.33) respectively, we
recover these as well as the structure maps provided by Theorem 1.8.6.

Remark 1.8.8. Before concluding, it is important for us to summarily mention the work of
Bruguiéres [Brg], in which he develops a slightly different Tannakian theory with respect to
the one presented here. For k a commutative ring and B a non-commutative k-algebra, he
considers categories M together with a functor w : M — proj(B) landing into the category
proj(B) of finitely generated and projective right B-modules. Then he proves that the functor
Nat(w, w ®p —) : pMp — Set is representable and it is represented by a B-bimodule L (w) that
naturally inherits a B-coring structure [Brg, §4]. In case B is commutative, if M is a (left and right
rigid) monoidal category and w is a monoidal functor, then L, (w) becomes a (B ® B)-algebra
and a (Hopf) bialgebroid over B in the sense of [Brg, §7]. Moreover, this process characterizes
transitive Hopf algebroids in the sense of [Brg, Theorem 7.1]. The Tannaka reconstruction process
in [EKG] and previously mentioned in the introduction draws its inspiration from this work.

References

Most of the results in this chapter can be found in textbooks on (categorical) algebra or Hopf
algebras. For Sections from 1.1 up to 1.5 we referred to [AHS, AMa, Brx2, EM, ML, Pa3, PP], for
example. For Section 1.6 we looked at [Be] and in writing Sections 1.7 and 1.8 we found inspiration
in [Ks, Sc7, St].
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Chapter 2

Preantipodes for quasi and
coquasi-bialgebras

This second chapter is devoted to the study of (co)quasi-bialgebras and preantipodes. Broadly spea-
king, preantipodes are distinguished endomorphisms that characterize those (co)quasi-bialgebras
whose (co)quasi-Hopf bi(co)modules satisfy a suitable structure theorem (see [AP1] and [Sa2]).
From a categorical point of view, we already saw in §1.7 that quasi and coquasi-bialgebras are dual
notions, meaning that we may recover the definition of one of these by simply reversing the arrows
in the definition of the other, and the same happens with the definition of preantipodes for them.

Nevertheless, there seems to be a lack of duality between the properties they satisfy. In the first
part of the chapter (§§2.1-2.2) we will see that the Structure Theorem for quasi-Hopf bimodules
over a quasi-bialgebra can be rephrased in terms of a suitable hom-tensor adjunction, which in turn
descends from the the fact that the category of left modules over a quasi-bialgebra is right-closed
(see Lemma 2.1.2 and Theorem 2.2.7). This new formulation does not seem to have a (immediate,
at least) counterpart for coquasi-bialgebras. On the other hand, in the second part of the chapter
(§2.3) we will prove a Tannaka-Krein reconstruction-type theorem for coquasi-bialgebras with
preantipode (see Theorems 2.3.13 and 2.3.20) which extends Ulbrich’s result [U] for Hopf algebras.
However, now it is the dual version for quasi-bialgebras that appears to be much more problematic.

In the last part of the chapter (§2.4) we will show that a duality (i.e. a contravariant adjunction)
in fact exists, but between the category of quasi-bialgebras and a proper subcategory of the one of
coquasi-bialgebras (see Theorem 2.4.18). This may justify the lack of duality that we observed and
it may explain why results on one side cannot be directly obtained from their analogues on the
other by means of a general duality principle.

2.1 Closure of the category of modules over a quasi-bialgebra

Our first task will be that of showing that the category of left modules over a quasi-bialgebra A is
right-closed. Even if this may sound trivial and it could be already known (an analogous result for
modules over a X z-bialgebra appeared previously in [Sc3, Proposition 3.3], for example) and even
if the final purpose we have in mind is to use this result to provide us with a left adjoint to the free
quasi-Hopf bimodule functor — ® A (see the forthcoming Section 2.2), we consider it interesting in
its own and we decided that it could deserve a dedicated section.

Remark 2.1.1. Notice that the existence of a right adjoint to the functor — ® N : ;90 — ,IMN
can be derived from the dual version of the Freyd’s Special Adjoint Functor Theorem (see [ML,
Corollary V.8] for the classical version). Indeed, the category of left A-modules is small cocomplete,
it admits A as a generator and it is co-wellpowered® since every epimorphism e : M — P is

(D Recall that two epimorphisms e1 : X — Y7 and e2 : X — Y3 in a category C are said to be equivalent if there is
an isomorphism v : Y7 — Y2 such that voe; = ea. A category C is said to be co-wellpowered if for each object X of
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equivalent to a canonical projection 7y : M — M/N, for N C M a submodule (take N = ker(e)).
Since — ® N preserves small colimits, the dual SAFT ensures that it admits a right adjoint.
Nevertheless, what we are going to do here is to exhibit an explicit right adjoint, which we will
need later on in Section 2.2.

Lemma 2.1.2. Let A be a quasi-bialgebra. Then the category 4N of left A-modules is left and

right-closed. Namely, we have bijections

Hom (M®N,P)#AHom (M, \Hom (A® N, P)), (2.1)
Hom (N ® M, P) === ,Hom (M, ;Hom (N & A, P)),
w/

natural in M and P, given explicitly by

P(f)m):a@n e fla-men),  Blg):m @ g(m)(1@n),
F(Nm)in@am fnoa-m),  ¥(g):nemem gm)nel),

where the left A-module structures on yHom (N ® A, P) and ,Hom (A ® N, P) are induced by the
right A-module structure on A itself.

Proof. Let M, N, P be left A-modules. To make the exposition clearer, we will denote them via
M, N and ,P to underline the given actions. We are claiming that there is a bijection

Hom (JM @ N, .P) # Hom (.M, ,Hom (LA® .N,.P))

natural in M and P. Consider a generic f € ,Hom ((M ® N, ,P). For all m € M, n € N and
a,b,c € A we have that

(p(N)e-m) (b-(@@m) =D f((ha- (e-m)) @ (b)) = (b- ((ac-m) @ n))
= b (@()(m)) (ac@n) =b- (- p(f)(m)) (a @ n).

Taking ¢ = 1 gives the left A-linearity of ¢(f)(m) while taking b = 1 gives the left A-linearity of
©(f), whence ¢ is well-defined. On the other hand, for all g € ;,Hom (M, ;Hom ((A® .N,.P)),
m € M, n e N and a € A we have also

Y(g)a-(mon) =3 glar-m)(1® (az-n) =) (a1 g(m)) (1® (az- 1))
= g(m)(a1® (a2 -n)) = g(m)(a- (1@n)) = a- g(m)(1©n) = a - P(g)(m @ n),

which implies that ¢(g) is left A-linear and v is well-defined as well. To check the naturality in M
and P consider two left A-linear morphisms h: M’ — M and [ : P — P’. Then

((aHom (4@ N, 1) 0 p(f) 0 h)(m) ) (a @ n) = (Lo o(£)(R(m))(a ® n) = 1((p(f)(h(m))(a @ n))
=1(f(a-h(m)®n)) = l(f(h(a m) @ n))
_ (w(z ofo(h® N))(m))(a ®n)

To conclude, it is enough to check that ¢ and i are inverses each other. To this aim, we may
compute directly

(pio(g)(m)) (a @ n) = P(g)(a-m@n) = g(a-m)(L®n) = g(m)(a@mn),

C there is a set of epimorphisms {e; : X — Y; | ¢ € I'} such that each epimorphism e : X — Y is equivalent to some
e; (see [Ad, Definition p.191]).
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(Yo(f) (m@n) = (p(f)(m)) (1 &@n) = f(m@n)

foralme Nyne N,a€ A, f € ,Hom (.M ®  N,,P)and g € ;,Hom (.M, ,Hom ((A® .N,.P)).
Therefore, the first claim holds. The second claim can be proved analogously or may be deduced as
follows. Consider the k-modules (N ® A) ® 4 M and N ® (A ®4 M) endowed with the A-actions

a-((n®b)®4m) ::Z((al.n)®a2b)®Am,
a-(n®(b®sm)) ::Z(al-n)®(a2b®Am),

for all a,b € A, m € M and n € N. The canonical isomorphism (N ® A) @, M 2N ® (A®4 M)
(“the identity”) is a morphism in 49%. Therefore, by the classical hom-tensor adjunction (see [Pa3,
§3] for a very general approach), we have a chain of natural isomorphisms

aHom (N @ (M, .P) 2 Hom (\N & (A @4 M), P) = ;Hom ((\N & . A) @4 M, .P)
~ Hom (.M, sHom (N ®,A,.P))

whose composition gives exactly ¢’ and 1)’. O

Remark 2.1.3. Let A be a quasi-bialgebra. A right-handed version of Lemma 2.1.2 holds as well.
Namely, the category 9%, of right A-modules is right and left-closed in the sense that we have
bijections

HomA(M®N,P)<£>HomA(M, Hom, (A® N, P)),
P

HomA(N®M,P)<£>HomA(M, Hom, (N ® A, P)) ,
/l/)/

natural in M and P, given explicitly by

e(f)m):a®@n— f(m-a®n),  P(g):men— g(m)(1®n),
¢(Nm):n@a— fln@m-a),  P'(g):n@meg(m)(nel),

where the right A-module structure on Hom, (A ® N, P) and Hom, (N ® A, P) is induced by the
left A-module structure on A itself. This follows from Lemma 2.1.2 and the fact that we have an
obvious monoidal functor 4op9t — M 4 which is also an isomorphism of categories, where A is
the quasi-bialgebra of Example 1.7.6.

2.2 Preantipodes for quasi-bialgebras

The structure theorem for Hopf modules (see e.g. [BW, §15.5]) allows one to characterize Hopf
algebras as those bialgebras H such that every Hopf module M satisfy M = M<H @ H, where
M = {m e M | p(m) =m ® 1} is the space of H-coinvariant elements. It has been proven by
Hausser and Nill in [HN] that quasi-Hopf bimodules over a quasi-Hopf algebra satisfy an analogue
of the structure theorem (see also [BC]) and by Schauenburg in [Sc8] that the same is true for
coquasi-Hopf bicomodules over a coquasi-Hopf algebra. Nevertheless, these do not characterize
(co)quasi-Hopf algebras as one may expect. Instead, it has been shown by Ardizzoni and Pavarin in
[AP1] that a better analogue of the notion of an antipode for a coquasi-bialgebra, at least from this
point of view, is that of a preantipode. They proved that the structure theorem for coquasi-Hopf
bicomodules is in fact equivalent to the existence of such a distinguished linear endomorphism for
the coquasi-bialgebra. In this section we present the counterpart of the notion of a preantipode in
the framework of quasi-bialgebras and we show how Hausser and Nill’s structure theorem turns
out to be equivalent to the existence of a preantipode for the quasi-bialgebra under consideration.
It will become clear soon that this is not a mere dualization of the results in [AP1], in the first
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place because the dual of a coquasi-bialgebra is not, in general, a quasi-bialgebra. In addition,
we will provide a new formulation of the structure theorem which involves a right adjoint to the
free quasi-Hopf bimodule functor, instead of a left one. This will rely on the closure results from
Section 2.1. The main source for this section is [Sa2].

2.2.1 The category of quasi-Hopf bimodules over a quasi-bialgebra

Henceforth let us fix a quasi-bialgebra (A, m,u, A, e, ®). Notice that A is not a coalgebra in 9t
and, in general, neither in 49 nor in M 4. However, (A, m,m) as an (4, A)-bimodule, endowed
with A and e, becomes a coalgebra in 4914 and so we can consider the category of the so-called
(right) quasi-Hopf bimodules

A = (aMa)”

Coassociativity and counitality of a coaction are expressed explicitly by
Zm0€(m1) =m, and Z(m0®m11®m12 Zq) m00®m01®m1) (22)

for all m € M, M € ,9% (cf. [HN, Definition 3.1]). Notice that (see [Sc6, Lemma and Definition
3.2]) this is a monoidal category with tensor product ® 4 and unit object A itself. The constraints
are the same of the category of A-bimodules, that is to say, the “identity” morphisms. For M, N
in 4,94, their tensor product M ®4 N is endowed with the diagonal actions and the coaction

Z(m ®an)®(Man), = Z (Mo ®4 ng) @ Myn,.

In view of the fact that A is a coalgebra in the monoidal category 491, and of what we saw in
§1.3, we have an adjunction (U, T) between 4,94 and 49, with right adjoint given by

T:AfmA—>Aimﬁ; .M.H0M0®0A:a

(as before, the full dots denote the given actions and coaction). Explicitly, if we denote by parga
the coaction on M ® A, we have

a-(m®b) -c=2a1~m-cl®a2bcg,
Prealm @ a) Zfb L(m®a) ®ay) - ® (2.3)

for all a,b,c € A and m € M. The left adjoint U is the underlying functor.
We may compose this with another well-known adjunction (£, R) between 404 and 49N, where
LMy — DM and R: 4N — 4D, are given by

L(eM,) == M, @4 ok and R (V) := Homy (k, V) & ,V,

and k is an A-(bi)module via the algebra map ¢ : A — k (we will always denote the action via ¢
by an empty dot o and we will often refer to this as the trivial action). Notice that if M is an
A-bimodule then

M J—
M@y k= =M
BARE A ’

as left A-modules, where A := ker(e) is the augmentation ideal of A. Define

Fi=LU: MY — M and G:=TR: ,M— M,

so that, for every M € ,94 and N € 49 we have that F (,M?) = ,M with structure given by
a-m=a-mforallae A,;m e M and G(,N) = N, @ ,AS with structures given by

a-(n®b) -c:Zal-n®a2bc7
pn@b)=> ' (n@b) ®by) (2.4)

for all a,b,c € A,n € N. The content of the subsequent Proposition 2.2.1 is essentially the same of
[Sc6, Proposition 3.6].
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Proposition 2.2.1. Let (A,m,u,A,e,®) be a quasi-bialgebra. The functor G : ,9M — M4
sending every N to N®A is a monoidal functor and it is right adjoint to the functor F : ;M4 — oI

given (on objects) by M — M @,k = M. The unit np and the counit € of this adjunction are

en :N®A— N; (n®ar ne(a)), (2.6)

for all M € M4, N € 49M. Moreover, ey is always an isomorphism with inverse ex' :n+— n @ 1.

Remark 2.2.2. Being the left adjoint of a monoidal functor, the functor F is naturally colax
monoidal (see [AMa, Proposition 3.84]). Furthermore, since the counit of the adjunction (F,G,n,¢)
is a natural isomorphism, the right adjoint G is full and faithful (see [ML, Theorem IV.3.1]). It
follows then that the adjunction is monadic, in light of [AGM, Proposition 2.5]. This means that
if we consider the monad T on ,9M4 associated with (F,G,n,¢), then the comparison functor
K:a— (M) N = (N® A ey ® A) is an equivalence of categories, where the latter is the
Eilenberg-Moore category of the monad (see §1.4).

Apart from the adjunction (F,G) of Proposition 2.2.1, there is another distinguished adjunction
connecting 49 and ,94. Recall from Lemma 2.1.2 that we have a bijection

4Hom ((M ® (N, ,P) = ,Hom (,M, ;Hom ((A® ,N,.P)).
This in turn induces a bijection

4Hom% (M ® (N, ,P?) = ,Hom (M, ;Hom} ((A® N7, P?))

ele o e’e " o

which encodes the fact that for a quasi-Hopf A-bimodule N the functor — @ N: .90 — 904
is left adjoint to the functor ,Hom% (A ® N, —). We recall that the left A-module structure on
4Hom’ (A® N, P) is given by the right action of A on itself via multiplication. If we consider the
distinguished case N = A, we get the following result.

Proposition 2.2.3 (see also [BW, §3.10]). Let (A, m,u, A, e, ®) be a quasi-bialgebra. The functor
H oo MY — 4O given (on objects) by the assignment M +— ,Hom?’ (LA ® A%,  M?) is right
adjoint to the functor G. The unit v and the counit 6 of this adjunction are given by

Y : N = ,Hom%4 (A® A,N ® A); (n»—>[a®b»—>a-n®b]), (2.7)

Or 1 JHom? (A® A, M) ® A — M; (f@cm—) (f(l@a):f(1®1)-a)), (2.8)

for all objects M in , M4 and N in ,9M. Moreover, vy is always an isomorphism with inverse
Wi fe (Nee(fiel).

Proof. We only prove the last claim. From Remark 2.2.2 we know that G is a fully faithful functor
and hence, by the dual statement of [ML, Theorem IV.3.1], the unit of the adjunction (G, H) is
a natural isomorphism. To check that the inverse is really the stated one, proceed as follows.
Since A, is a coalgebra in 494, we may resort to the adjunction (1.13) to say that for every
f € ,Hom} (A® A N ® A)

F=(((N@e)of)@A)opasa=(((N@2)of)@A)o(axa)ylyao(A0A).  (29)
Moreover, observe that for every a € A

a-(Nee)(fl®1)=(Nee(a flo1) =Y (Noe)(fla®a))
= Z(N@s)(f(ch ®1)-ay) = Z(N@E)(f(al ®1)e(as)) = (N®@e)(fla®1)).
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Therefore, the following direct computation
flaeb) = fla®1)-b% ((((N ®e)of)® A) 0 (40ta) y a0 (A® A)) (a®1)-b
S GEEIE R S E SR

PV (Voo (flp'aw)-¢?)) @t = (Vo) (f(pla® 1) (¢?)) @ ¢

" (Voo (feen))eb=a (N (f0en)eb

allows one to check easily that 75" and 7, are inverses each other. O

2.2.2 The preantipode for a quasi-bialgebra and a revised Structure
Theorem for quasi-Hopf bimodules

As we saw in the previous Subsection 2.2.1, we have a chain of adjunctions

(=) 4 (-®A) 4 ,Homi(A® A, -). (2.10)

In [Sa2, Theorem 4] it has been shown that, under a suitable hypothesis on the quasi-bialgebra A,
the leftmost adjunction becomes an adjoint equivalence (i.e. the counit is a natural isomorphism),
converting in this way the rightmost one in an equivalence as well. The stated suitable hypothesis is
the existence of a distinguished linear endomorphism S of A called preantipode. This subsection is
devoted to recall the definition and the properties of the preantipode and to see which consequences
this has with respect to the rightmost adjunction in (2.10).

Definition 2.2.4 ([Sa2, Definition 1]). A preantipode for a quasi-bialgebra (A, m,u, A, e, ®) is a
k-linear map S : A — A that satisfies

> a18(bay) = £(a)S(b), (2.11a)

> S(aib)ay = £(a)S(b), (2.11b)
B15(9%)P° = 1, (2.11¢)
>

for all a,b € A.

Remark 2.2.5 ([Sa2, Remark 3]). By evaluating 2.11a and 2.11b at b = 1, we have that
(Idsy % S)(a) =e(a)S(1) = (S x1d4)(a) (2.12)

for all a € A, where % denotes the convolution product. In particular, if ® =1® 1®1 (i.e. A is an
ordinary bialgebra) then S(1) =1 and so A is an ordinary Hopf algebra. In general S does not
satisfy S(1) =1 (an example will be provided later on). However, applying € on both sides of 2.11¢
gives € (S(1)) = 1 and applying ¢ again on both sides of the leftmost equality in 2.12 gives that the
preantipode preserves the counit € 0 S = ¢.

Example 2.2.6. 1. If (H,m,u,A,¢,S) is an ordinary Hopf algebra then (H,m,u, A, e, ®,5)
with ® =1 ® 1 ® 1 is a quasi-bialgebra with preantipode.

2. If (H,m,u,Ae,®,s,a,) is a quasi-Hopf algebra with quasi-antipode (s, a, ) (see [Dr2,
Definition on page 1424]) then (H, m,u,A, e, ®,S) with S(a) = Bs(a)a for all a € H is a
quasi-bialgebra with preantipode (see [Sa2, Theorem 6]). It is important to point out that in
the finite-dimensional case the converse is true as well, that is to say, for a finite-dimensional
quasi-bialgebra H to admit a preantipode is equivalent to admitting a quasi-antipode (see [Sc8,
Theorem 3.1]). Notice however that it is not clear how to write explicitly the quasi-antipode
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by means of the preantipode in such a case, because the proof of the aforementioned result is
not a constructive one. Since this question has already been addressed extensively elsewhere
and we have no new contributions in this direction, we do not dwell further on the matter
and we refer the reader to [Sa2, §4.1] for a more detailed analysis. We would just conclude
by recalling that, in spite of the fact that in the finite-dimensional case the two notions are
equivalent, we believe that not all quasi-bialgebras with preantipode come from quasi-Hopf
algebras as above, even if an example in this sense is still missing.

3. Let C, := {(g) be the cyclic group of order 2 with generator g and let k be a field with
char(k) # 2. The group bialgebra H(2) := kC, can be endowed with the quasi-bialgebra
structure induced by ® :=101® 1 —2p ® p ® p, where p = %(1 —g). It is a quasi-Hopf
algebra with § =1, o = g and s = Id(2), whence it is a quasi-bialgebra with preantipode
where S(z) = xg. We recall that H(2) is not twist equivalent to any Hopf algebra ([EG]).

4. As it happens for Hopf algebras, a quasi-bialgebra (A, m,u, A, e, ®) admits a preantipode
if and only if the quasi-bialgebra A°P°°P = (A, m°P u, AP ¢,> &3 @ ®? @ P') of Example
1.7.6 admits a preantipode.

In the same way in which antipodes characterize those bialgebras whose Hopf modules satisfy
a suitable structure theorem, preantipodes characterize those quasi-bialgebras for which the
adjunctions (2.10) are in fact equivalences (being an equivalence for the leftmost one encodes the
so-called Structure Theorem for quasi-Hopf bimodules as it appears in [HN] or [Sa2], for example).

Theorem 2.2.7 (Revised Structure Theorem for quasi-Hopf bimodules). Let (A, m,u, A, e, ®) be
a quasi-bialgebra. The following assertions are equivalent:

(a) The functor G is a monoidal equivalence of monoidal categories.
(b) The adjunction (F,G,n,€) is an adjoint equivalence of categories.
(¢) The adjunction (G, H,~,0) is an adjoint equivalence of categories.
(d) The following component of the unit n is bijective

Ae ® AL

Na i oA Al ——
A <o o®. ._>(OA.®.A:)A+

® JAL; (a®b»—>Za¢1®b1¢>2®b2fb3>. (2.13)

(e) The following component of the counit 0 is bijective
Oa: Hom? (A, ® A%, Ay @ AN @ A — (A, @ A% (f Qar f1e1)- a). (2.14)

(f) There exists a preantipode S.

Proof. We only prove the equivalences (a) & (b) & (¢) and (d) & (e). First of all, observe
that since G is a monoidal functor, both (b) and (c¢) implies (a). Conversely, if G is a monoidal
equivalence then there exists a quasi-inverse G’ for G and two natural isomorphisms « : G'G = Id
and f:1d =2 GG’. Naturality of 7 and the adjunction equations imply that

Gegr o GFBon = Geg ongg: o ff = p3,

so that n =GFB 1o geg} o B and it becomes a natural isomorphism. This proves that (a)= (b);
the other one is analogous. To conclude, observe that the naturality of n and 6 entails that

GFOonGH =no60=0GF oGHn (2.15)

where nGH and 0GF are natural isomorphisms with inverses GeH and Gv.F respectively. Therefore
7 is a natural isomorphism if and only if 6 is and, in particular, 74 is an isomorphism if and only if
04 is. This concludes the proof. O

33



Remark 2.2.8. The chain of implications (b) = (d) = (f) = (b) is contained in [Sa2, §3]. We
will not prove them again, but we recall briefly some formulas involved in the proof. Having a
preantipode S for A allows us to write down explicitly the inverse of 7,,

771;11 (m® a) = Z O -myg- S (‘I)le) d3a.
Conversely, if 77 is a natural isomorphism we can define
S(a):=(Awe) (' T®a®1)).

As a consequence, if A admits a preantipode and if we consider the component at M in ,94 of
the natural transformations in Equation (2.15) then

0y = (4Hom% (A® A,ny) ® A) o (vi7® A) o nar,

so that, for all m € M,
Orf (m) = (13 0 a7 (M) @ . (2.16)
Conversely, if we know that 6 is a natural isomorphism, then we may define
Mt = Ou o (exan) ® A) o (9741@) A) )
from which is follows that for all a € A
Sa)=(A®e) (N (IT®a®1)) =(A®e) (éA (emm (m) ® 1))
5 (A®e) <éA (a CE€x () (m> ® 1))
aee) (a-enn (B 10 1) 1@1))
= (4@2) (enan (02" (10 1)) (@@1))
where in () we used the A-linearity of #~* and e.

As one may expect, once we know that either (F,G) or (G, H) is an adjoint equivalence then
we have that F = H.

Corollary 2.2.9. Let (A, m,u, A, e, ®) be a quasi-bialgebra. Consider the A-linear morphism

M

(oar ZZ@OEL}A@) : JHom"% (A® A, M) — VAT

(7o)

which is natural in M € M4, If A admits a preantipode S, then each component of o is an
isomorphism.

Remark 2.2.10. By applying ey (ar) to both sides of Relation (2.16) one gets that
€n(n) (‘91&1("1)) =t © a7 (M) (2.17)

Therefore one may consider ,Hom’ (A ® A, ny,') ovsr : M — 4,Hom’ (A ® A, M) as explicit inverse
of O 0 €5,(5y)- In fact, the assignments

M/MA* AHom% (A® A, M)

me—— [(a ®b)— (Y ®'ay - my - S(@Qagml)‘lﬁb)}
fA®l)<———[f: A® A — M)]

give the desired bijection.
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As it happens for the antipode of a Hopf algebra, when a preantipode exists, it is unique
([Sa2, Theorem 5]). Moreover, if we deform a quasi-bialgebra with preantipode (A, m,u, A e, ®,S)
by using a gauge transformation F' € A ® A, we get still a quasi-bialgebra with preantipode
(A, m,u,Ap,e,Pr, Sr) where, for all a € A,

Sr(a) :zz:FlS(flaFQ)f2 (2.18)

([Sa2, Proposition 5]). Therefore, quasi-bialgebras with preantipode form a class closed under
gauge transformations. The proofs are omitted and can be found in [Sa2]. We only mention that
uniqueness of the preantipode relies on the uniqueness of the inverse of the unit 7.

We conclude this section by spending a few words on the notion of coinvariant elements for
a quasi-Hopf bimodule. Let A be a quasi-bialgebra and M in ,94. In light of [BW, §§14.8 and
14.9], we may define the space of coinvariant elements (or simply coinvariants) M4 of M to be
the image of the k-linear morphism

¢: HombY (A® A M) — M; f— f(1®1).

Notice that the composition of the canonical projection M — M with this morphism gives
the canonical A-linear map of Corollary 2.2.9. Our aim now is to show that when A admits a
preantipode, then M<# coincides with the space M4 := {3 &' - mg - S(P*m,)P> | m € M}, as
defined in [Sa2, Definition 2].

Lemma 2.2.11. Let A be a quasi-bialgebra and let M be a quasi-Hopf A-bimodule. If A admits a
preantipode, then ¢ (AHomf\ (A® A, M)) = M4 C M.

Proof. For every f € ,Hom’ (A® A, M) and for all a € A, colinearity of f implies that

S0 fla® 1) S@Fa®1),)0° E N0 f(pla ® p?)S(@%p°) 0
= f (Z @}gﬁla ® @;@25(@2803)@3) (1.16a) f (Z gollllla ® @2(1)1‘1/35(80?1)2\1’3)903@3‘1’3)
2V flaw ),

so that f(1® 1) € M. From [Sa2, Proposition 4] we know that the assignment v : M4 — M
sending m — 7 is an isomorphism of k-modules with inverse 7 : m +— > ®' - my - S(D2m, ) D2,
Thus, since v(s(f)) = o(f) for every f € ,Hom?% (A® A, M), it follows that the corestriction of ¢
to M4 becomes an isomorphism, which is also A-linear if we endow M4 with the A-module
structure given by a » m := > ®ta; - mg - S(P2aym,)P® ([Sa2, Proposition 1]). O

2.2.3 A relation for the preantipode of a quasi-bialgebra

It is well-known that the antipode of a Hopf algebra is anti-multiplicative. Here we provide a
relation for the preantipode of a quasi-bialgebra that resembles anti-multiplicativity. It will be
needed in §2.3.3, but we think it may be interesting on its own.

Let (A, m,u,A, e, ®,5) be a quasi-bialgebra with preantipode and consider the A-actions on
End(A) = Homy(A, A) defined by (f < a) (b) = f(ab) and (a — f) (b) = f(ba) for all a,b € A and
for all f € End(A) (see Example 1.3.2). Define the elements

p=> ¢ @ (¢ =S5) € A®End(A), (2.19)
=) (S—¢")p@¢® € End(4)@A4,

where (z(y — f))(a) = zf(ay) and ((f — 2)y) (a) = f(za)y for all a,z,y € A and for all
f € End(A). Let us introduce the following notation for shortness:

p:=)Y pep and g:=> ¢ @
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Lemma 2.2.12. With the foregoing notation we have that for every a € A
> ptepia) =) el @ g3’ S (ap® B?) P Yie?,

Y d@ @ =) ele' S (P2pia) DU} ® Py, (220

Moreover, the following relations hold for every a,b € A
Zpla ®@ p?(b) = Zallpl ® ay9p*(basy), (2.21)
> d @) @bg* = ¢! (hia)byr @ ¢Pbae. (2.22)

Proof. In view of relation (1.16a), the reassociator ® satisfies
D el @ @ PP’ @ PP YRdt = D 0l ® *YE @ W'Y @ Y.
Applying (A@m)o(A® A®@m)o(A® A® (S — a) ® A) to both sides we get
D ol @eitt 'S (ap® Y %) PP = Y o't ® PP1 S (ap®y3) ¢
PEVN o e S (apt) = Y pt @ pi(

which is the first identity in (2.20). The second one is proved analogously. Let us check that (2.21)
holds as well ((2.22) is proved similarly). We compute

Zpla ®p2(b) (2;9) Z(p1a ® 8025(17303) (2.1:1a) Z ('Ola1 ® <)020121‘51@9030122)

1.17a
(1.172) Zanapl ® a129°S (basp®) = Zallpl ® ay2p° (basy). O

Lemma 2.2.13. Let (A, m,u, A, e, ®,S) be a quasi-bialgebra with preantipode and let p, q be defined
as above. For all a € A we have that

a)=>_¢'(1)S (p'ag’) =S¥ Vlag®) P28 (4°) .
Proof. Keeping in mind that ®~! is counital, i.e. that it satisfies
(E®RARA)(P)=101=(A:A) (P ") =101=(AA®e) (®),
we may compute directly
D S (") e*S (v'a => ¢ (1)S (p'ag®) p*(1)

P23 plplyls (9%p) )«W%S(vww P3) B TS (Y4I02) g0

TN @S (2%0) 27°S (9'ag?) TS (6797) 0

C2U3 T 015 (9%) 985 (a) UES (W) U0 P27 5(a). O

Proposition 2.2.14. Let (A, m,u, A, e, ®,S) be a quasi-bialgebra with preantipode. For alla,b € A
we have

b) = S(9'0)@*S (V%) ¢S (ay®) . (2.23)

Proof. We know from Lemma 2.2.13 that S(a) = > ¢*(1)S (p*ag®) p*(1). Relation (2.23) is proved
directly by applying it to S (ab):

Z q'(1)S (p'abg®) (2 = Z ' (1)S (a11p'bq*) ar2p*(as)
<2'1:1b) Zq (1 (p bq 2 <2 2 Z 521 Q2b22)p2(a>
“2VS gt v)s Zs ©2S (Y1) 12 S (ar?) . O

In case ® = 1® 1® 1 or, equivalently, if A is an ordinary Hopf algebra (see Remark 2.2.5),
formula (2.23) turns out to be the anti-multiplicativity of the antipode: S(ab) = S(b)S(a) for all
a,b € A. Thus, it can be considered in general as an anti-multiplicativity of the preantipode.
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2.3 Coquasi-bialgebras with preantipode and rigid monoi-
dal categories

It is well-known that every rigid monoidal category together with a monoidal functor to the category
M; of finitely generated and projective k-modules gives rise to a Hopf algebra (see e.g. [U]). It
has been shown by Majid in [Mj3] that every monoidal category M together with a neutral tensor
functor w : M — 9, gives rise to a coquasi-bialgebra H (see Section 1.8 for a brief review on the
construction). However, without further assumptions (as the existence of a natural isomorphism
between w(—*) and w(—)*, as in [Hal), there seemed to be no way to relate the rigidity of M
with a richer structure on H.

Our aim in this section is to show how this rigidity is related with the existence of a preantipode
on H. We will do this without any further assumption on M, apart from rigidity.

As a by-product, we will recover the fact that the existence of a preantipode for a coquasi-
bialgebra over a field is related with the category of its finite-dimensional comodules being rigid, as
can be inferred from [Sc8, Theorem 2.6] and [AP1, Theorem 3.9]. Explicitly, coquasi-bialgebras with
preantipode can be characterized as those coquasi-bialgebras whose category of corepresentations
with finitely generated and projective underlying k-module is rigid.

Before proceeding, recall that if H is a coquasi-bialgebra (see Definition 1.7.8), then a preantipode
for H ([AP1, Definition 3.6]) is a k-linear map S : H — H such that, for all h € H,

> 8(ha)iha ® S(h1)z2 = 1y @ S(h),
> 8(ha)y @ haS(ha)2 = S(h) ® 1,
> w(hy @ S(hy) ® hs) = e(h). (2.24)

Remark 2.3.1. Notice moreover that if H is a coquasi-bialgebra with a preantipode S, then

> hiS(ha) = eS(h)ly =Y S(hi)hs

for all h € H, [AP1, Remark 3.7]. In particular, if eS(h) = ¢ (h) then S is an ordinary antipode.

2.3.1 The natural transformation V

Henceforth and unless stated otherwise, we assume that M is an essentially small right rigid
monoidal category endowed with a neutral tensor functor (w, g, ) : M — M, and that a choice
(=)* of dual objects has been performed. We will denote by w* : M° — 9 the functor given by
w* = w o (—)*, which sends every object X in M to w(X*). Let us consider the following maps

eV (x) 1= @y oW (evy) 0 Yx x+ and dbe(x) == 80;(1*,x ow (dbyx) o ¢, (2.25)
. . . X x* M
which we will represent simply as evy(x) = U and dby(x) = .
X* X

These do not endow w (X*) with a structure of right dual object of w (X) in the category I
because the functor w : M — 9t does not satisfy the associativity condition (1.3). Nevertheless,
we have the following result, whose proof follows easily from the definitions and the dinaturality of
ev and db.

Lemma 2.3.2. The assignments evy(x) and dby(x) defined in (2.25) give rise to dinatural
transformations evy(—y 1 W @ W* = k and dby,(—y 1 k = w* @ w.

Remark 2.3.3. Recall that if (F,¢o,¢) : M — N is a monoidal functor between monoidal
categories and if X in M has a right dual (X*,evy,dbx), then F (X) is right rigid with dual
object F (X*) and structure maps

eV]:(X) :¢510f(eVX)O¢X,X* and db}-(X> :ngi’xof(dbx)oqso
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(cf. e.g. [St, page 86]). Therefore, even if w (X*) is not a right dual of w (X) in M, (w (X*),dx+)
is a right dual of (w (X),dx) in ZM because w? : M — N is monoidal. Evaluation and
coevaluation maps are the same given in (2.25) and they are morphisms of comodules. In
particular,

b'e
— — — X X*
-, = |, (2.26)
I b'e X*
b'e
X X*
= M, , (2.27)
H X* X

where (2.26) encodes relations (1.5) and (1.6).

Let us pick an object X in M. As a matter of notation, we are going to write

dbyx) (1) = Z)\t r'ew (X)) w(X)
t

and also v (z) := evyx) (z ®7) for all z € w (X) and v € w (X*). Since w (X*) is dual of w (X)
in ¥, with these conventions we may explicitly write (2.26) as follows

y=> w1 @\, @z )N (o) ws, v= w (A @2, @7.) 7 (zh) A,
t

t
for all y € w (X) and for all v € w (X*).

Lemma 2.3.4. We have natural transformations v : w (—*) = w (=)" and v’ : w (=)" = w (=)
such that vy () (z) = y(z) and vy (f) = >, AN f(2?) forallz € w(X), v € w(X*) and f € w(X)*,
where (—)* denotes the linear dual.

Proof. The morphism vx : w (X*) — w (X)" is defined as the composition

K * N
de(X)®w(X ) W(X)*®evy (x)
—_—

w(X)——wX) ewX)®w(X") w (X)",

where dbufu( x) k= w(X) ®w(X) is the (twisted version of the) ordinary dual basis map for
finitely generated and projective k-modules. The morphism the other way around, v : w (X)* —
w (X*), is given analogously as the composition

db g (x)@W(X)* . w(x)eevl

WX ——————wXNewX)ew (X)) ————— w (X*).

Naturality in X of both maps is a straightforward computation. O

Remark 2.3.5. Notice that these are not inverses each other in general. Moreover, since w (X)"
does not have a natural structure of left H-comodule (it is a right H-comodule in fact), the linear

maps vy and vy cannot be seen as maps in Z0N.
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Lemma 2.3.6. Let X be an object in M and V in M. We have linear morphisms
dxyv:wW(X)®V = Homy (w (X),V), txyv:Homy (w(X*),V)—=>Vew(X)

which are natural both in X and in V. Ezplicitly, for every generator y @ v € w (X*) @V, every
x € w(X) and every f: w (X*) = V we have

Pxv (Y®) () =7 (2)v and  Yxyv (f) = Z f)®a'

Proof. Recall that since w(X) is finitely generated and projective, we have isomorphisms

w (X)" ®V = Hom, (w(X),V) and Hom, (w (X)",V) =V @ w (X)
natural in V and X (in fact, they are the same up to a twist and the isomorphism w(X)** =
w(X)). If we pre-compose them with vy ® V' and Homy (v, V') respectively, we find the natural

transformations of the statement. O
Lemma 2.3.7. For every V € MM we have natural bijections in Set

Oy : Nat (w*, Homy (w,V)) — Dinat (w* ®@ w, V),

Uy : Dinat (w* ® w, V) — Nat (w, Hom; (w*,V)).
Proof. First of all, let us show that the statement makes sense, that is that the objects we are
working with are in fact sets. Recall from [ML, IX.6] that a coend fX W (X*) @ w (X) of the
functor w* @ w : M°P x M — 9 is a dinatural transformation ¢ : W* QR W — fX w (XM w(X),

universal among dinatural transformations from w* ® w to a constant. Since M is cocomplete and
M is essentially small, the coend [ *w (X*)®@w (X) exists and we have a bijective correspondence

Dinat (w* ® w, V) = Hom, (/Xw(X*) ®w(X),V>

for every V. This implies that Dinat (w* ® w, V) is in fact a set. Once proven the existence
of the bijective correspondences ®y and ¥y, we will have that both Nat (w*, Hom (w, V')) and
Nat (w, Hom; (w*,V)) are sets as well. In turn, the bijections are explicitly given by

Dy ()y (y@z)=vx (V) (), DL (0)y (M(2) =dx(y® ),
Uy (0)x (@) (7)) =0x (v®@x), ' (0)y (Y )= px(z)(y),

for every v in Nat (w*, Hom, (w, V), § in Dinat (w* @ w, V), X in M, z € w (X) and v € w (X*).
Since checking that ®;,' and ¥;,' are in fact inverses of ®,, and ¥y respectively and that ®, and
Uy, are natural in V is analogous to the classical hom-tensor adjunction case, we will skip it. [

As a consequence, we may consider the chain of natural transformations

Nat (w*, — ® w*) Nat (w, Hom, (w*, —))
(¢oT)o— o Po—
AN /\P I
Nat (w*, Hom, (w, —)) Nat (w, — ® w)

whose composition induces a natural transformation V*:Nat(w,—® w) — Nat(w,—® w) given by
VE©)x = (V@ evam © (X)) o Twgow o (w(X) ® €x- @ w(X) ) o (w(X) ©dbax) ) (2:28)

for all V' in 91, € € Nat(w,V ® w) and X in M. Graphically, this may be represented by

VP (€)x = : (2.29)



Proposition 2.3.8. Let M and N be essentially small right rigid monoidal categories. Let
V,90,9), V: N — M, be a neutral tensor functor and let (G, (o,¢), G : M — N, be a monoidal
one. For allV € M and £ € Nat(V,V ® V) we have

VV(6)G = VY9(£9). (2.30)

Proof. Assume that we are given a choice of right duals (—)* in M and (—)¥ in M. Since G
is monoidal we have a natural isomorphism kx : G(X*) — G(X)" as in (1.7). Note that the
composition VG is still a neutral tensor functor with structure isomorphisms ¢ = (V¢) o (G x G)
and ¢g = V((o) 0 1ho. We will need the following relations, which descend from (1.8),

(VE®@VG)odb(VG) = (dbV)G and ev(VG) = (evV)Go (VG R Vk).
That is, for every object X in M we have
(V(rx) @ VG(X)) 0 dbyg(x) = dbug(x)),  eVwgex) = eVygx) © (VG(X) @V (kx)). (2.31)

As a consequence, for every £ € Nat(V, V ® V) we can compute directly (with the same convention
adopted in §1.8 for tensoring with identity morphisms)
(2.28)
Vv ©axy = (V@evyeix) ® VG (X)) 0 Tugix,v © ocxyv © (VG (X) @ dbygxy)
P2V (V @ eviaixy ® VG (X)) 0 Tugrn,v 0 Egrxyv 0V (ix) 0 (VG (X) @ dbugx))
2 (V @ evugix) @ VG (X)) 0 Tgixw oV (i) 0 gy © (VG (X) @ dbug(x)

(2.31) (2.28)

= (V®@evygx) @ VG (X)) 0 Tugix)v 0 €g(x) © (VG (X) @ dbyg(x)) = V9 (£G)
where in () we used the naturality of &. O

Corollary 2.3.9. Assume that M is an essentially small right rigid monoidal category and that
w : M — M, is a neutral tensor functor. The natural transformation V¢ of (2.28) does not
depend on the choice of the dual objects.

Proof. Tt is enough to take N'= M and G = Id in the proof of Proposition 2.3.8. O

Remark 2.3.10. Mimiking [Sc7] we may consider a category € whose objects are pairs (M, w)
where M is an essentially small right rigid monoidal category and w : M — 9 is a neutral
tensor functor. Morphisms in € between two objects (M, w) and (N, w’) are given by monoidal
functors G : M — N such that w’'G = w as tensor functors. It follows from Proposition 2.3.8
that the transformation V™~ introduced above is a natural transformation between the functor
Nat(~, — ® ~) : € — Funct(9M, Set) sending (M, w) to Nat(w, — @ w) and itself.

2.3.2 Rigidity and the preantipode

In this subsection we show how to provide a preantipode for the coendomorphism coquasi-bialgebra
of a right rigid monoidal category M with a neutral tensor functor w : M — 9M;. The key
information is the existence of the natural transformation V<. In fact, since H represents the
functor Nat(w, — ® w) : P — Set and in light of Yoneda Lemma we have

Nat(Nat(w, - ® w),Nat(w, — ® w)) = Nat(Hom (H,—),Nat(w,— ® w)) ~ Nat(w, H @ w)

and hence there exists a unique natural transformation in Nat(w, H ® w) which corresponds to
V¢ and it is exactly V& (9). Its component at X is

VE(8)x = (H ® eVe(x) ® w(X)) O Tao(x).11 O (w(X) R bxe w(X)) o (w(X) ® dbw<x)). (2.32)
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Moreover, there exists a unique linear endomorphism S of H such that

Du(S)x = @ﬁ - V() (2.33)

Notice that for all g : H — V in 9t we have
tv(goS) =Vy(lg®w)od). (2.34)
Lemma 2.3.11. The unique S satisfying ¥y (S) = V4 (0) is a preantipode for H.

Proof. In a nutshell, the result follows from the fact that for all X in M, w(X*) is a right dual
for w(X) in #M;. In details, since dby,(x) is H-colinear, it follows that

X

® (2.33)

(2.27)

T — e

e

( X
H H X H H X \Tf H H X

H H X

that is, for every h € H we have S (hi), ho ® S (hy), = 1y ® S(h). Now, since evy(x) is
H-colinear as well, we have also

®) (2.33) _ _ (2:27)
[ }
( [ [ J i

H H X H H X H H X

that is, for every h € H we have > S (hy), ® h1S (h2), = S (h) ® 1. Finally

_ (233)M m (2.26) ﬁ
®
[« ]

X

\kkx

so that > w (h; ® S (hy) ® hs) = e(h) for all h € H and this concludes the proof. O
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Remark 2.3.12. Between the distinguished natural transformations in Nat(w, w) that one may
consider, there is also (eve(x) @ W (X)) o (W(X) @ dbe(x)). This however does not endow H with
a new structure map. Instead, it can be checked that

C@ﬁ (2:33) @ _ m (2.20)
@X é .

whence w™(S(hy) @ hy ® S(h3)) =eS(h) for all h € H as in [AP2, Lemma 2.14].

><

Summing up, we proved the following.

Theorem 2.3.13 (Reconstruction Theorem for coquasi-bialgebras with preantipode). Let M be an
essentially small right rigid monoidal category together with a neutral tensor functor w : M — 9.
Then there exists a preantipode S for the coendomorphism coquasi-bialgebra H of (M, w).

This is a weaker result with respect to, for example, Theorem 1.8.6, since we are missing the
fact that the unique morphism induced by the universal property of H preserves preantipodes. We
will prove this in the particular case in which k is a field in Subsection 2.3.3 to come. For the
moment, let us conclude this subsection by drawing some inferences from the results we got so far.

Recall that a coquasi-Hopf algebra (H,m,u, A, e,w, s, a, 3) is a coquasi-bialgebra H endowed
with a coquasi-antipode (s, a, ), that is a coalgebra anti-homomorphism s : H — H and two maps
«, B in H*, such that, for all h € H

> hiB(ha)s(hs) = B(h)1y, Y s(ha)a(hy)hs = a(h)ly,
> w(hy ® B(ha)s(hs)a(hs) @ hs) = e(h),
> W (s(ha) @ alha)hsB(ha) @ s(hs)) = e(h).

Remark 2.3.14 (A Reconstruction Theorem for Coquasi-Hopf Algebras). This result can be
considered as the dual version of [Ha, Lemma 4]. Let M be an essentially small right rigid monoidal
category and let w : M — 901, be a tensor functor. Consider the associated coendomorphism
coquasi-bialgebra H. Assume in addition that we have a natural isomorphism vy : w (X*) —
w(X)* in M;. We may endow w(X)* with an H-comodule structure given by pe,x)- :== (H ® vx)o
dx+ ovy'. To simplify the exposition, we will denote it by dx-, even if this notation does not
strictly make sense. With this coaction, w(X)* becomes a right dual object of w(X) in #9M; with
evaluation and dual basis maps given by
ev(*)X) =evex o (W(X)®rvy') and db(u*,)(x) = (vx ® W(X)) o dby(x)-

w(

If we denote vx simply by v and its inverse by p then we may represent these graphically as
X x*
@ and &
X* X

Let V: 9%, — 9, be the forgetful functor and let evl : V@ V* - kand dblY 1k - V* @V
be the ordinary evaluation and dual basis for finitely generated and projective k-modules as in

Example 1.2.2. Graphically, V\/V and V*/\V respectively for every V in 91;. There exist

unique linear morphisms «, 5 € H* and s : H — H such that

(08 w(X)) 0 dx = (v, © (X)) o (w(X) @ dbly))
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(B® w(X))ody = (evggx) ® w(X)) o (w(X) ® dbﬂf)(X)) :
(s (X)) 0 dx = (H @ evikl ) ® W(X)) 0 T 0 0x- o (@(X) @ dbly, )

that is,

418 -y~ de|

It turns out that H is a coquasi-Hopf algebra with coquasi-antipode (s, o, 8). Indeed, for example

® ® |
_ - 73| = ez m
®© t
® G H X
H X X X
H X
so that > x,0(xs)s(x3) = B(x)1g for all x € H. A posteriori, the following relations hold
Tew(x)- .1 © (w(X)* ®H® evfﬁ}x)) 0s0dx 0 (db¥),, ® W(X)*) = dx-, (2.352)
(W(X) ®a®w(X))o(w(X) ®dx)odbly, =dbl (2.35b)
v 0 (B® w(X) & (X))o (6x ® (X)) = vy, (2.350)

The two examples to come retrieve the well-known result of Ulbrich about Hopf algebras
and rigid monoidal categories and the fact that any (coquasi-)Hopf algebra is in particular a
coquasi-bialgebra with preantipode respectively.

Example 2.3.15 (Reconstruction Theorem for Hopf Algebras, see [U, page 255, Theorem]). Let
M be an essentially small right rigid monoidal category and let w : M — 91y be a monoidal
functor. Then the coendomorphism coquasi-bialgebra H provided by Theorem 1.8.6 is a bialgebra
(i.e. w =€ ®e ®¢) and the preantipode provided by Theorem 2.3.13 satisfies

(2.24)

eS(h) = Zw(hl ® S (ha) ® hy) "="¢(h),
that is, it is an ordinary antipode (see Remark 2.3.1) and H is a Hopf algebra.

Example 2.3.16 ([AP1, Theorem 3.10]). Let H be a coquasi-Hopf algebra with coquasi-antipode
(s,, 8). It is known that the converse of Remark 2.3.14 holds true, in the sense that the category
of finite-dimensional left H-comodules #91; is a right rigid monoidal category. In details, the dual
of (V,py) in O, is given by its dual vector space V* with structure maps given as in (2.35) (cf.
[Sch, page 334]). If we consider the forgetful functor U : M, — M, it is a tensor functor, so that
we may apply Theorem 2.3.13 as well as Remark 2.3.14 with vy = Idy« for all (V| py) in #91;.
The outcome is a coquasi-bialgebra with preantipode structure on H, where w is the former one
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and S is uniquely given by

é & 6] 6 x
% (2.33) (2:35) 2% _ {@g —
©1 © OO®
© ® _ |
N @ o

H X

Therefore, S = 3 * s * « where * is (essentially) the convolution product.

2.3.3 Coquasi-bialgebras over a field

In this subsection k is assumed to be a field and all quasi and coquasi-bialgebras are assumed to
be over k, as well as all modules and comodules. Some results may still old for k a commutative
ring, but, up to our knowledge, the main tools used here hold only under that stronger hypothesis.

In the case of coquasi-bialgebras over a field, even before showing that the morphism S of
Equation (2.33) was a preantipode for the coendomorphism coquasi-bialgebra, two important
consequences might be drawn from its uniqueness: the uniqueness of the preantipode for any
coquasi-bialgebra and the fact that any morphism of coquasi-bialgebras automatically preserves
preantipodes, as it happens in the Hopf algebra case.

Remark 2.3.17. Let B be a coquasi-bialgebra with a preantipode Sz. Denote by U : 0, — M1,
the forgetful functor and by p € Nat (U, B ® U) the natural coaction of the B-comodules in Z9Mt;.
It can be checked, directly or by deducing it from [Sc8], that for V in P9, a right dual of V is
given by V* = (V* @ B)*? with coaction py. (3, ff@b') = 3,0 @ (f* ®b,). Evaluation and
dual basis maps are given by

d
evy <u ® Z(ft ®b) ) Zf e(b"), dby (1) = Z ve @ Sp(v ® V;,
t i=1

for all 3, ff @bt € V*, u € V, where 3¢ v' @ v, € V* ® V is a dual basis for V as a finite-
dimensional vector space and d = dim, (V). In particular, ®9; is right rigid.

Lemma 2.3.18. If a preantipode for a coquasi-bialgebra B exists, then it is unique.

Proof. Since PO is right rigid, U : BM; — M, is a tensor functor and B is a representing object
for Nat(U, — ® U), we have the natural transformation V%(p) € Nat (U, B @ U) as in (2.32) (in
fact, p = ¥p(ldg)). In view of Remark 2.3.17, we may compute explicitly for all V' in 9, and
yeuv)

V(v (y) =7

i=1

(B@evy ®V)oTypopys) <ZZ‘/® (v ® Sp (v1)) ®Ui>

:ZSB vy), vh (y)e (Sp (vf) ®vaSB vl (y ® v;

Z Sp(y1v' (yo)) @ vi = Y Sp (y-1) ® yo,

i=1

so that V%(p) = (S @ U) o p. This means that Sp satisfies condition (2.33) and so it follows that
Sp =S, the unique linear endomorphism induced on B by V%(p). O

44



Lemma 2.3.19. Let g : A — B be a coquasi-bialgebra morphism between coquasi-bialgebras A and
B with preantipodes S, and Sp respectively. Then go S4 = Spog.

Proof. Since g is a coquasi-bialgebra morphism, it induces a strict monoidal functor 90t : 490 —
BN, which in turn restricts to a strict monoidal functor G : M, — M, such that VG = U,
where U : A9M; — M; and V : BM; — M, are the forgetful functors. Observe that, in
particular, this implies that (g ® U(X)) o p§ = pgix, for every X in “9;. Let us denote by
¥ : Homy (A, —) — Nat (U, — @ U) as well the natural isomorphism such that dv(f) = (f @ U) o p*
for all V' in 9 and f € Homy(A, V). We want to show that ¥p(go S4) = 9p(Sp 0 g). Omitting
the constraints a,r,[, for all X in 49, we may compute

(2.34) (2.30)

Op(goSa)x = Vi((geU)o PA)X =V’ (pBg)x =" Vi (pB>g(X)
= (Ss ®VQ(X))PQB(X) = (Sp@U(X)) o (9@U(X)) o pk = V5 (Sk °g)x-

Hence go S4 = Sp o g as claimed. O

We may now prove the stronger version of the Reconstruction Theorem for coquasi-bialgebras
with preantipode that we mentioned after Theorem 2.3.13.

Theorem 2.3.20. Let M be an essentially small right rigid monoidal category together with a
neutral tensor functor w : M — I ;. Then there exists a preantipode S for the coendomorphism
coquasi-bialgebra H of (M, w). Furthermore, if B is another coquasi-bialgebra with preantipode
such that w factorizes through a monoidal functor G : M — BN followed by the forgetful functor,
then the unique coquasi-bialgebra morphism € : H — B provided by Theorem 1.8.6 preserves the
preantipodes.

Proof. The existence of a preantipode S for H has already been established in Theorem 2.3.13.
If B is another coquasi-bialgebra with preantipode as in the statement, then Majid’s Theorem
1.8.6 implies that there exists a unique map of coquasi-bialgebras € : H — B inducing a functor
M : HPM — BN such that M w = G. In view of Lemma 2.3.19, the unique morphism € preserves
the preantipodes. O

Corollary 2.3.21. Let C' be a k-coalgebra. Then C' is a coquasi-bialgebra with preantipode if and
only if the category of finite-dimensional left comodules “OM; is a right rigid monoidal category
and the forgetful functor U : “M; — M is a neutral tensor functor.

As a final application of the theory we developed, let us show that the finite dual coalgebra of
a quasi-bialgebra with preantipode is a coquasi-bialgebra with preantipode. The proof of this fact
relies on Lemma 2.3.22, which can be deduced from [Ab, Chapter 3, §1.2].

Recall from [Sw, Chapter VI] that, given an algebra A, the vector space
A°:={f € A" | ker (f) D I for a finite-codimensional ideal I C A} (2.36)

can be endowed with a coalgebra structure such that £,(f) = f(14) and A(f) = > £ ® fo is
uniquely determined by the relation Y fi(a) f2(b) = f(ab) for all a,b € A. This is called the finite
dual coalgebra of the algebra A.

Lemma 2.3.22. Let A be an algebra and A° be its finite dual coalgebra. We have an isomorphism
LA My — M4 between the category of finite-dimensional left A°-comodules and that of finite-
dimensional right A-modules that satisfies VL = U, where V : ;M4 — M, and U : 2°M; — M;
are the obvious forgetful functors.

For the sake of completeness, let us recall that £ associates every left A°-comodule (N, px)
with the right A-module (N, uf%) where the action is given by uf (n®a) = > n_;(a)ng. For
every M in M, and every m € M, set p,,(a) := py(m ® a) for all a € A. Then the inverse
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functor R : ;M4 — A° 9, assigns to every finite-dimensional right A-module (M, uy,), the left
A°-comodule (M, ph,) with coaction

phy (m) = Z (€' 0 pim) @ e (2.37)

where 3¢ ¢’ ®e; € M* ® M is a dual basis for M as a vector space (d = dim, (M)). Notice that
UR =V as well.

Lemma 2.3.23. Let (A,m,u,A,e,®,5) be a quasi-bialgebra with preantipode. The category of
finite-dimensional right A-modules ;M4 is a right rigid monoidal category with neutral tensor
forgetful functor V : ;M — M;.

Proof. We already know from Lemma 1.7.2 that the category of right A-modules 21, is a monoidal
category with a neutral tensor underlying functor. One may check directly that a dual object of a
finite-dimensional right A-module M is given by

AR M*
M=
At (A® M*)

where A™ := ker (¢) and M* is the k-linear dual of M. The A-module structure on M* is given by
a® f-x=ax® f forall a,x € A and f € M* and the evaluation and dual basis maps by

evy (m®a® f) = f(m-S(a)) and dbM(lk):ZlA@)ei@ei

forallm € M, f € M* and a € A and where 3¢ ¢’ ®e;, € M* ® M is a dual basis of M as a
finite-dimensional vector space and d = dimy (M). O

Remark 2.3.24. As an alternative, one may mimic [Sc8] and prove that the free (left) quasi-Hopf
bimodule functor A® — : (M, @, k, ts) = (49 ,, ®4, A) is a monoidal functor and that for every
M € (94 the quasi-Hopf A-bimodule $A, ® ,(M*) = ,Hom (A ® M, A) is the right dual of A® M.
Therefore, by the left-handed version of Theorem 2.2.7, if A admits a preantipode then A ® —
becomes an equivalence which is also a monoidal functor and so its quasi-inverse (—) becomes
monoidal as well. Thus it sends rigid objects to rigid objects and the M* of above is exactly the

right dual object obtained in this way.

Proposition 2.3.25. Assume that (A,m,u,A,e,®,5) is a quasi-bialgebra with preantipode. Let
(A°,A,,€,) be its finite dual coalgebra. Then A° can be endowed with a structure of a coquasi-
bialgebra with preantipode.

Proof. Denote by V : (9, — M, and U : A°M; — M the forgetful functors. As a consequence
of Lemma 2.3.22, we have a chain of natural isomorphism

Nat (V,— ® V) = Nat (U, — @ U) = Hom, (4°, —)

which allows us to consider A° itself as a representing object for Nat (V, — ® V). If we consider
then the category of finite-dimensional right A-modules (9, as a right rigid monoidal category
together with a neutral tensor forgetful functor V : ;94 — 9;, then A° can be endowed with a
structure of a coquasi-bialgebra with preantipode in view of Theorem 2.3.20. O

Remark 2.3.26. Tt is worthy to point out that the corestriction VA° : ;M — 4°0M; of the
functor VA° : My — A°M provided by Theorem 2.3.20 coincides with the functor R, which
becomes a strict monoidal functor.
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Remark 2.3.27. If we want to know explicitly the coquasi-bialgebra structure on A° we may
proceed as follows. First of all observe that the neutral tensor structure on V : ;M4 — M, is
the strict one: ¢y,nv = idugn and ¢ = idx. Secondly, for every object M in 21, the natural
transformation py : V(M) — A° ® V(M) is given by the coaction (2.37). Let us denote by
ZdM ety ®eM e M* @ M a dual basis for M as a vector space, for all M in ;9 4. If we denote by
uM®N the A-action on the tensor product, then

puen (T) = Z ((egw ® egv) ° NiM@N) ® (eZM ® e;v)

2%

for all x € M ® N, where we considered M* ® N* injected in (M @ N)*. Furthermore, it is well-
known from the associative case that the convolution product *, given by (f*g)(a) =" f(a1)g(az)
for all f,g € A* and a € A, restricts to a morphism * : A° ® A° — A°. It is also clear that £ € A°.
To show that they are the multiplication and the unit induced on A°, denote by p and p™¥ the
A-actions on M and N respectively and compute for Zt m;@n; € M @ N

=1

(A° ® o) (19?40 (*)a,v (Z m; @ m)) = Z ((e}f/z o M%) * (e o /Jiv)) @ (e @ey).

t
i=1

Since for everya € A, fe M*, g€ N*andax=>.._ . m; ®n; € M @ N we have

t t

S ((Foun)*(gopl))(@)=> (foul)(a)(gonl) (a) = (f®g)ut®(a),

1=1 1=1

we conclude that (4° @ @ar ) 0 9340 (%) ar.y = pren © ©arn and by uniqueness of the morphism
A° ® A° — A° satisfying this relation we have that the multiplication induced on A° is exactly .
Moreover, if we compute

Tao (px (1k)) =740 (e ® L) = ¢,

then we recover that the unit of the multiplication * is €, in view of (1.33) and the fact that
o = idy. Consider also the assignment

WiARA QA Sk w(f@geh) =Y [(D')g(D)h(D%).

For every M, N, P in ;M4 and all m € M, n € N, p € P, it satisfies

euon.p ((Parn @ VP)) (U (@)yynp (MER©D)))

=S ((e o) © (oY) © (choul)) e @ el el

i,5,k
:Zm-¢1®n-¢2®p-<1>3,
whence @rren,p 0 (Pr,y @ V(P)) o 93 (w)ar,n,p = V(Xain.p) © Parner © V(M) ® oy p) and so w is
in fact the induced reassociator. The preantipode can be constructed explicitly as well. Consider

the transpose S* : A* — A*. Let us show firstly that S* factors through a linear map S° : A° — A°.
The proof relies on formula (2.23) from Subsection 2.2.3. Pick f € A° and compute

S*(f) (ab) = £ (S (ab)) “Z7 3" 1 (S (') 28 (11 0*) 28 (ay?))
=Y (S (') f2 (7S (0" %) ¥%) f5S (ag)®)
= (@ = £9) @ (S @) ) (1S = oY) (a@b).

Since this implies that m* (S* (f)) € A* ® A*, in view of [Sw, Proposition 6.0.3] we have that
S* (f) € A°. Let us prove now that S° satisfies the relation 940 (S°) = V4o (p). For all M in ;01,
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and all m € M we need to show that

dnr

ZS" (m_1) @mg = Z (la®el), (m) (la®e) | ®e (2.38)

=1

Since M* is finite-dimensional, we may fix a dual basis Z]d.fl* YR € (M*)" ® M* of M* as an
object in M, and then, in light of (2.37), the right-hand member of (2.38) can be rewritten as

dpr dprx

Z Z ’yj(m) (r)/j o qu*@(ii) ® e;.

i=1 j=1

Let us focus on Z;l:MI* v;(m) (yj o ,u11”*® ) € A°. For all a € A,
AQe

dpr* dpr*

D) (3 0 i) (@) = Do mp (a8 €) = (@@ ) (m) = e (m - 5(a)

and since e'(m - S(a)) = S° (¢’ o pM) (a), we have

dng dpg*

DY yi(m) (vj o ul”i;)ei) @ei=D 8 (¢op)@e 2350 (moy) @ mo.

i=1 j=1

We can conclude then that relation (2.38) is satisfied, as desired.

2.4 Duality between quasi-bialgebras and coquasi-bialgebras

It is clear from the definitions that quasi-bialgebras and coquasi-bialgebras are dual notions, in the
sense that the definition of the latter ones can be obtained from the one of the formers by reversing
the structure arrows. Nevertheless, constructing a duality between them (i.e. a contravariant
adjunction) seems not to be an easy task, even working over a field instead of a commutative ring.
We concluded the previous section (see Proposition 2.3.25) by showing that the finite dual functor
(—)° : Alg, — Coalg,°® restricts to a functor (—)° : QBialg, — CQBialg,°® from the category of
quasi-bialgebras (with preantipode) to the one of coquasi-bialgebras (with preantipode). In this
section we will construct a contravariant functor going ‘almost’ the other way around (the sense
of this sentence will be made more precise in what follows) which, together with (—)°, defines a
duality between quasi-bialgebras and a suitable subcategory of the category of coquasi-bialgebras.

In this section we keep on assuming k to be a field. By a non-associative algebra we mean
a unital but not necessarily associative algebra over k, i.e. a vector space A endowed with two
linear maps m : A® A — A, a ® b — ab (the multiplication) and u : k — A, k — kl, (the
unit) such that aly = a = laa, for every a € A (see e.g. [Bkl, page 428]). From a categorical
point of view, these can be considered as magmas in the monoidal category of k-vector spaces,
but coherently with the choices performed in §1.5 we preferred the “algebraic” terminology. A
morphism of non-associative algebras is simply a multiplicative and unital k-linear map. The
category of non-associative algebras is denoted by NAlg,. A similar terminology is used to refer to
non-coassociative coalgebras. Their category is denoted by NCoalg,. In order to underline that we
are working with vector spaces, we will use the notation Vect, for the category of k-vector spaces,
instead of the usual 91.

2.4.1 The construction of the finite dual of a non-associative algebra
and examples.

We start by recalling how it is possible to construct a non-coassociative coalgebra starting from a
non-associative algebra in such a way that, in the associative case, this construction hands back the
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classical finite dual coalgebra (2.36) (see [Ab, Mo, Sw] for the classical construction and [AGW]

for the case of coalgebras over commutative rings). In a nutshell, this coalgebra will be the largest

coalgebra inside the linear dual of the underlying vector space of the initial algebra. To illustrate

our techniques, we include two basic examples concerning alternative and Jordan algebras.
Given two vector spaces V and W, we can consider the canonical injection

vw  VIRWT o (VW) (f®g = vew e f(v)g(w)D. (2.39)

This morphism makes of (—)* : Vect,®® — Vect;, a lax monoidal functor, where Vect,°? is monoidal
with tensor product V°P @ WP := (V @ W)* and unit object k°® = k. Moreover, recall from
Example 1.1.4 that (—)" : Vect;®® — Vect, is right adjoint to the functor (—)* : Vect, — Vect;°?,
which is colax monoidal with the same family of natural transformations. Unit and counit of this
adjunction are given by the same map yy : V — V** such that xv (v)(f) = f(v) for all v € V,
f€V*and V in Vect,. In particular, by the uniqueness property in [AMa, Proposition 3.84] we
have that

(Xv @ xw)" o (pve,w=)" 0 Xveaw: = pvw (2.40)

for all V, W in Vect, (this relation may be also checked by a direct computation).

Now, let (A, m,u) be a non-associative algebra. Mimicking [Mi, page 13|, a subspace V C A*
is called good in case m* (V) C w44 (V@ V), where m* : A* — (A ® A)* is the transpose of the
multiplication m.

Example 2.4.1. Let I be an ideal of A, namely a vector subspace of A stable under both left
and right A-actions. For every a € A, we have al C I and Ia C I, so that the multiplication of A
factors through m : A/I ® A/I — A/I (see [Bkl, page 430]). Set 7 : A — A/I and assume that
A/I is finite-dimensional as a vector space. In such a case we say that I is a finite-codimensional
ideal of A. Set V = (A/I)*, which we identify with a subspace of A* via 7* : V' — A*. Since

(m* o) (f) = (vauo(m" @) 0 4/ 0m) (f)
for every f € V, it follows that V is a good subspace of A*.
Let G denote the set of all good subspaces of A* and set
A=)V (2.41)
Veg

By the same proof of [Mi, Proposition, page 13], one gets that A°® is a good subspace of A* and
hence it is the maximal good subspace of A*. Given two non-associative algebras A and B and a
linear map f : A — B such that f*(B*) C A®, then we can consider the linear map f*: B* — A°,
h+— f*(h), which is uniquely determined by the commutativity of the following diagram

B - -2 - ~ A (2.42)
JBJ &A
B £ A"

where the vertical arrows are the canonical injections.
If we consider a good subspace V C A* then we may define a unique map Ay : V -V RV
that satisfies, for every f € V,

paa(Av (f))=m"(f).
In particular, for every f € A®,a,b € A, Ao (f) =D f1 ® fo is uniquely determined by
fab) =m" (f) (@®b) = paa (Dae () (@@b) =Y fi(a) f2(b). (2.43)

The non-(co)unital counterpart of the content of this section may be found in [ACM]. Parts of
the subsequent lemma find their analogues for associative algebras in [Sw, Lemma 6.0.1] and for
Lie algebras in [Mi, pages 14-15]. The proof is omitted.
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Lemma 2.4.2. For every pair of non-associative algebras (A, m,u) and (B,m’,u’) and for any
morphism f: A — B, denote with f*: B* — A* the dual map. Then m* : A* — (A® A)" induces
amap Aje :=m* 1 A* — A* ® A* satisfying (2.43) and u* : A* = k* 2k : f— f (1) restricts to
a map €0 :=u* : A* — k such that (A®, A 4e,€40) becomes a non-coassociative coalgebra.

Remark 2.4.3. Let A be an object in NAlg, and set
A° = {g € A" | ker(g) contains a finite-codimensional ideal of A}, (2.44)

where an ideal I of A is of finite codimension if A/I is a finite-dimensional vector space. For any
f € A°, there exists a finite-codimensional ideal I such that f(I) = 0. Then f belongs to the
space (A/I)*, which is identified with a good subspace of A* as in Example 2.4.1. By equation
(2.41), this means that f € A®. We have so proved that A° C A*®. This fact can also be seen as a
consequence of [ACM, Theorem (2.6)] which asserts that A° = Loc(A*®), where the latter denotes
the sum of all locally finite subcoalgebras of A® (recall that a non-coassociative coalgebra C' is
named locally finite if and only if any x € C lies in some finite-dimensional subcoalgebra D C C).

Moreover, for any A in Alg, the finite dual A® coincides with A°. Indeed, by the foregoing
A° C A*. Conversely, if V' C A* is any good subspace then for every v € V., m*(v) € w4 a(A*® A*).
In view of [Sw, Proposition 6.0.3], v € A° and hence V C A°. Thus A* C A° so that A®* = A°.

Nevertheless, in general A° is strictly contained in A*. To show this take A = C* for a
non-coassociative coalgebra C' that is not locally finite. We will see in the proof of Lemma 2.4.6
that C' injects into C**, hence A® cannot be locally finite. At the same time, A° = Loc(A*®) so that
it is locally finite and hence it cannot coincide with A®. We now provide an example of a coalgebra
which is not locally finite. Explicitly, consider C' = k[X] the vector space of polynomials of any
degree in the indeterminate X endowed with the comultiplication given by

A =101, AX)=X®1+10X, AX"N=X"@1+1X"+X"M"X+X X",

for all n > 2 and the counit given by £(X") = 4, for all n > 0. It is easy to check that (C, A, ¢)
belongs to NCoalg,. Note that factoring out by the coideal k1 and denoting by z,, the class of
X" in the quotient yields the Lie coalgebra E considered in [Mi, page 9]. As for E, one sees that
X? does not lie in any finite-dimensional subcoalgebra of C. Thus C' is not locally finite.

We now provide two examples of finite dual coalgebras of non-associative algebras.

Example 2.4.4 (Coalternative coalgebras). Assume char (k) # 2. Let A be an alternative algebra
(see e.g. [My, page 9]), that is a non-associative algebra over k which satisfies the following identities
for every z,y € A

z(zry) =2’y and zy® = (ay)y. (2.45)

Replacing x by x + 2z one sees that these are equivalent to the identities
(zy)z — x(y2) = y(z2) — (yr)z and  (zy)z — x(yz) = z(2y) — (22)y

respectively, for every z,y,z € A. Denote by 7 : V® W — W ® V the natural flip map as in
Notation 1.8.3 and set 7, = 7 ®Id and 7, = Id ® 7. Consider the finite dual coalgebra C' = A*® as in
Lemma 2.4.2. Then the comultiplication of C satisfies the identity

(Id+n> ° ((A@C) - (C®A)) oA =0 (2.46a)
(Id+7—2) o ((A®C) - (C®A)) oA =0 (2.46b)
which, over elements, says that for any function f € C' we have

> Fa1®fa®fa=Y [i@fo1®@far =) fo1®[1®far—Y f129 f11® fo,
> Fa1®fa®fa=d [i@fr1®@fa2 =) [i®fo2®for =Y [11® @ fra

A coalgebra C' which satisfies the identities (2.46) is called a coalternative coalgebra.
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Example 2.4.5 (Jordan coalgebras). Assume char (k) ¢ {2,3}. Let A be a Jordan algebra (see
e.g. [My, page 2]), that is a non-associative algebra over k, which satisfies the following identities

vy =yz, z°(yr)= (2%y)z

for every z,y € A. The second equality above comes out to be equivalent to

((zy)2)t + ((xt)2)y + ((ty)2)x = (wy)(2t) + (2t)(2y) + (ty)(22)

for all z,y,2,t € A. Set asabove 7, =7®Ild®Id, , =ld®7® Id and 73 = Id ® Id ® 7. Following
[ACM, Example (3) page 4709], we can consider the finite dual coalgebra C' = A® as in Lemma
2.4.2. Then the comultiplication of C' is cocommutative and satisfies the identity

[Id—|—(7'3o7'207'3)+(7'307'207107'207'3)} o [(A@C@C)—(C’@C@A)} o(A®C)oA =0, (2.47)

which, over elements, says that for any function f € C we have

Y f111@F12@ fra®fot Y 111 @F@ fra® frazt Y 2 ® fria® fia® fiia
=) fi1® 2@ for® for+ D [11@F2@ F21 @ frat Y f22® fia® fan ® fi.

A cocommutative coalgebra C' which satisfies the identity (2.47) is called a Jordan coalgebra.

2.4.2 Split coquasi-bialgebras and a duality with quasi-bialgebras

The assignment A — A* from NAlg, to NCoalg, introduced in the previous Subsection 2.4.1 is our
candidate for an adjoint functor to (—)° : QBialg, — CQBialg,. In fact, we are going to show that
there exists a full subcategory of the category of coquasi-bialgebras, whose objects we called split
coquasi-bialgebras, such that (—)® and (—)° induce a duality between them and quasi-bialgebras.

To this aim, recall that (—)" : Coalg, — Alg, defines a contravariant functor between the
category of coalgebras and that of algebras (see [Sw, Theorem 6.0.5]) that easily extends to
a contravariant functor (—)* : NCoalg, — NAlg,. In [ACM, page 4700] it is claimed that the
assignment A — A® induces a contravariant functor (—)* : NAlg, — NCoalg, such that (—)* is right
adjoint to (—)" (we just point out that their (co)algebras have no (co)unit). Such an adjunction
extends (in a suitable sense) the usual contravariant adjunction between algebras and coalgebras
as it appears in [Sw, Theorem 6.0.5]. For the sake of completeness and as reference for the sequel,
we detail here the proof of this claim.

Lemma 2.4.6. Let f: A — B be a morphism of non-associative algebras and f* : B* — A* its
linear dual map. We have f*(B*) C A*, so that f* induces a map f*: B* — A* which comes out
to be a morphism in NCoalg,. Therefore the assignments A — A® and f — f* establish a functor

(—)* : NAlg,®® — NCoalg, .

Moreover, for (A, m,u) a non-associative algebra and (C,A,€) a non-coassociative coalgebra, we
have a bijection natural in A and C

® 4.0y : NAlg, (A4, C") — NCoalg, (C, A*) (2.48)

so that the functor (—)* : NAlg,°® — NCoalg, is right adjoint to (—)" : NCoalg, — NAlg,°P.
Both the unit n and the counit € of this adjunction are induced by the natural transformation
xv:V = V* v ev, of Example 1.1.4.

Proof. Denote by j, : A* — A* the inclusion of the finite dual of a non-associative algebra A into
its ordinary dual (which is natural in A). The multiplicativity of f, the definition of Age and the

o1



naturality of ¢_ _ together entail the commutativity of Diagram (2.49) below

A ma (A® A)
- = |
PAA
i . (B® B)* A* ® A (2.49)
JiB T“PB,B
frerr

B* — B*® B*—— B*® B*

Ape iB®
In particular, m* (f*(g)) € pa,a (f*(B*) ® f*(B*)) for every g € B*, so that f*(B*) is a good
subspace of A*. Furthermore, the commutativity of all the other quads in Diagram (2.50) below
implies the commutativity of the one at the bottom, which encodes the comultiplicativity of f*

B*

- (B® B)"
\ . m
A —L > (A® A

JB jAJ\ TS&A’AO(“@J‘A) »B,Bo(iB®IiB)

(2.50)
A. ?A. A. ® A.
V W

B o B*® B*
Moreover, f* is counital since €40 0 f* =u,®0 f* = (foua)® = up® = ez.. By Lemma 2.4.2 it
follows that (—)* actually defines a contravariant functor from NAlg, to NCoalg,
Let us check now that if C' is a coalgebra then x¢ (C)

C C** (compare with [Mi, Note on page
15]). This follows once proved that xo (C) is a good subspace of C**. To this aim, for ¢ € C' and
¢, € C* we compute
(me+)"(xe (€)(¢ @ ¥) = xc (¢) (M= (6 @ ¥)) = ma+ (p@P)(c) = Y dler)v(
=3 xe (@) (@)xe (e2) (@) = g o (Z Xe (1) ® xe (c2>) (¢® )

so that (me«)*(xc (€)) = oo (O] xc (€1) @ xo (¢2)) for all ¢ € C. Thus, it follows that

(me+)* o Xe = wor.0- 0 (Xo ® xc) o A (2.51)
and (me+)*(xo (C)) C por.o+(xe (C)@xc (C)), so that xo(C) is good by definition. In particular
we have shown that for any non-coassociative coalgebra C, x¢ induces a linear map 7 : C — C*®
that is still natural in C' and it satisfies
Jex onc = Xo-

(2.52)
Let us check that 7n¢ is in fact a comultiplicative and counital map. Denote by Agse the comulti-

plication of C**. This is the only map that satisfies o« o+ © (Jor ® jox) © Agxe = (Mex)* 0 jor
As a consequence:

0o 0+0(Jor ® Jor) 0 Agre 0N = (M)

. (2.52)
= OJc+©OMNc =
(2.51)

(mc*)* ° Xc

2 o2 . .
Yc=,cx ° (Xe ® Xc) © Al pc=.cx 0 (Jor ® jor)

o(nc®@nc)oA
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and, by injectivity of @o+ ¢+ and of jo«, we have that Ag«e 0 e = (1o ® n0) o A. Moreover,

1)/ o
ecxe(nc(c)) = (ug-(nc(c))) (L) = (ne(e) (ue- (1)) = (nc(c)) (ec) = ec(c)
for any ¢ € C, where in () we identified k* with k. Hence, 7 is comultiplicative and counital.
On the other hand, the injection j, : A* < A* induces a map €4 : A — A** given by

€A Z:jA*OXA. (253)

We claim that this is an algebra morphism. For all a,b € A and for any f € A®* we compute

s (€4(a) @ €4 (0)(f) = @as a0 (€a@) @ €a(8)) (Bae () = D _eala) (1) ead) (f2)
=Y hil@)fab) = f(ab) = ealad)(f)

so that it is multiplicative. Moreover, €4(u(1))(f) = f(14) = €ae(f) = (€a¢)*(1)(f) = wae(1)(f)
for all f € A®*, whence the unitality of €4.

Let us check finally that n and e satisfy the conditions to be the unit and the counit of the
adjunction, respectively. By a direct computation

(2.42) 2.52) (2.53

- . * - ( * * s ok (%) * - .
JAOCEA OTae = €4 OJaex OTlge = €4 OXae = Xa ©Ja OXae = XA OXax©Ja =]a
where in (*) we used the naturality of j and the last equality follows from the fact the (—)" is adjoint
to itself at the level of vector spaces. Therefore, by injectivity of j,, we have that €4® o740 = Id ..

For the other composition, let us compute

5 5

* (2_0> * . * (212) * _
Nc*o€cx = 1c o jox" 0 xer = Xc© 0 Xer = lde-
and this concludes the proof. O

Remark 2.4.7. By adapting this construction to the categories Lie, and LieCo, of Lie algebras
and Lie coalgebras, one recovers Michaelis’ result [Mi, Theorem on page 15].

Next we study how the functor (—)* behaves with respect to the tensor product of two algebras.
To this aim, notice that both the category NCoalg, and the category NAlg, are still monoidal with
tensor product ® and unit object k (the (co)algebra structures on the tensor products are given
componentwise). Moreover, since the canonical map p¢ p : C* ® D* — (C' ® D)* is multiplicative
and unital for every pair C, D in NCoalg,, the functor (—)* : NCoalg, — NAlg,°? is colax monoidal
and so (—)* : NAlg,°® — NCoalg,, being right adjoint to (—)", becomes lax monoidal (as one may
expect by having a look at [AMa, Proposition 3.84], for example). However, a bit more can be said
in this context.

Proposition 2.4.8. Let A, B be in NAlg,. The canonical injection pap: A* ® B* — (A® B)"
of equation (2.39) induces the natural isomorphism in NCoalg,

g = ( ((eA @e€p)" 0 (Paepe)’ 0 n(A.®B.)) :A*® B*—> (A® B)* ) . (2.54)
Proof. As we observed, pop : C* ®@ D* — (C® D)" is a morphism in NAlg, for any C, D in
NCoalg,. Thus the morphism defined in equation (2.54) is well-defined. Moreover, notice that
. . ° (*) * * .
Jags © (€A @€p)* 0 (Pas pe)” 0 Nasgne) = (€4 @ €p) 0 (Pas pe)” ©jasgne) O Nasene)
(2.52) « « (2.53) S w o wk .
= (ea®e€p) o(paepe) oX(argns) = (Xa®@xn) 0(ja" ®1s") 0 (Pae pe)” ©X(asane)
(%) % % . . (2.40) . .
= (Xa®XB) o (par,p) o X(aren) ° (Ja®jp) = $apo(ja®jp)
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where in () we used the naturality of j and in (xx) that of ¢ and x. Thus

Jaes © P p =Pan° (ja®js) (2.55)

and in particular ¢/, ; is injective. It remains to find an inverse for ¢y 5. To this aim, consider
the algebra morphisms

a2 A—AQB:a—~a®1 and ig:B—-AQB:b—1Qb.

Then the composition ¢4 p := (i4* ®i®) 0 A(agp)e satisfies

. 2.55) . . e e
JagB oYy potans = @apo(ja®js)o(ia® ®@ip®) o Auagn)e

—~

= (14 ®ip)" °©Pagn aes © (Jass © jaes) © Aagn)e
= (ia®ip) 0oMagp™ © jags = jacs-
This means that ¢/, 5 is also surjective and hence, a fortiori, an isomorphism with inverse ¢4 5. [

Remark 2.4.9. Notice that relation (2.55) simply says that if f € A* C A* and g € B* C B*
then ¢/, 5(f ® g)(a®b) = f(a)g(b) for all @ € A and b € B. We will use this fact more or less
implicitly in what follows.

As a consequence of Proposition 2.4.8, we may extend the adjunction ((—)",(—)*) to the
categories of coalgebras with multiplication and unit and algebras with comultiplication and counit,
denoted by NAlg (Coalg,) and NCoalg (Alg,) respectively. Let us recall from [Mj3, Preliminaries],
[Ks, Definition XV.1.1 and Proposition XV.1.2], the following definitions.

Definition 2.4.10. A coalgebra with multiplication and unit is a datum (C, A, e, m,u) where
the triple (C, A, ) defines an object in Coalg, and the maps m: C ® C — C and u: k — C are
morphisms in Coalg, such that m is unital with unit u.

In other words this is a not necessarily associative algebra or magma inside the monoidal
category of coassociative and counital coalgebras or, equivalently, a coalgebra in the monoidal
category of non-associative algebras. A morphism of coalgebras with multiplication and unit is
a linear map which is compatible with both structures, that is, it is a morphism of coalgebras
which is multiplicative and unital. The category so obtained will be denoted by NAlg (Coalg,,).
Dualizing Definition 2.4.10 leads to the construction of the category NCoalg (Alg,) of algebras
with comultiplication and counit, whose objects are denoted by (A, m,u, A, ). Thus, an object in
NCoalg (Alg,) is a not necessarily coassociative coalgebra or comagma inside the monoidal category
of associative and unital algebras or, equivalently, an algebra in the monoidal category of non-
coassociative coalgebras. Notice that even if it is clear that any quasi-bialgebra is in particular an
algebra with comultiplication and counit, it is not true that any object in NCoalg (Alg,) can be
equipped with a reassociator, as the subsequent Example 2.4.11 shows.

Example 2.4.11. Let C be in NCoalg, and consider the tensor algebra T'(C'). By the universal
property of the tensor algebra, the comultiplication and the counit of C' induce a comultiplication
and a counit on T' = T'(C) respectively that make it into an object in NCoalg (Alg,). Suppose that T
is in QBialg,. Then it admits a reassociator ® € T®? but, in view of Corollary A4, P e k-1®1®1.
By (1.23a), ® = 1®1® 1 which means that T is in Bialg,. This forces C to be in Coalg,. Therefore,
if we consider C' in NCoalg, but not in Coalg,, then T'(C) is in NCoalg (Alg,) but not in QBialg,.

We now give a pair of explicit examples of a C' as in Example 2.4.11.

Example 2.4.12. Consider the non-associative algebra A constructed as follows. As a vector
space A = ke ® kx @ ky, with multiplication table given as follows

SENSHRSRES]
]8R

&
LLI8|IO|®
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This is a unital, commutative but not associative algebra. Let us take its ordinary linear dual
C = A* = kE @ kX @ kY where {E, X,Y} is the dual basis. It comes out to be a counital,
cocommutative but not coassociative coalgebra. The induced comultiplication and counit are given
by
AX)=XY+YR®X+YQRY+XQ®F+E®X, e(X) =0,
AY)=X®X+YQRE+EQRY, e(Y) =0,
A(E)=EQE, e(E)=1.

Example 2.4.13 (Octonion coalgebra). Consider the algebra of octonions @ (see [Ba, §2]). This

is the 8-dimensional real vector space O := Spang {e; | i =0, ..., 7} with multiplication table given
on the basis by

€o €1 €2 €3 €4 €5 €6 €7

€ | €o €1 €2 €3 €4 €5 €6 €7

€1 | €1 | —€o €4 €7 —€2 €6 —€5 | —€3

€ | €2 | —€4 | —€g €5 €1 —€3 €7 —€¢

€3 | €3 | —€7 | —€5 | —€g €6 €2 —€4 €1

€4 | €4 €2 —€1 | =€ | —€o €7 €3 —€5

€5 | €5 | —€¢ €3 —€3 | —€7 | —€g €1 €4

€6 | €6 €5 —€7 €4 —€3 | —€1 | —€o €2

€7 | €7 €3 €e —€1 €5 —€4 | —€2 | —€p
This is a unital (1 = ey), almost anti-commutative (e; - e; = —e; - €; for all ¢ # j non-zero) and
non-associative algebra ((e; - e) - €3 = —eg, while e, - (e5 - e3) = ) over R. Let us take its ordinary

linear dual O° := O* = @_,RE, where {E, |i=0,...,7} is the dual basis. It comes out to be a
counital but not coassociative coalgebra. The induced comultiplication and counit are given by

A (Ey) = Ey ® Ey, e (Ey) =1, e(E;)=0 for i#0,

[
® @ &
+ o+ +
® & &
+ + +
® ® &
[
® @ &
+ + +
® ® &
[ .
® ® &
+ + +
® & &
[
® ® &

S
I
IS
®
IS
+
IS
®
IS
+
S
®
S
|
IS
(24
&
+
IS
®
&
|
&
®
IS
_|_
S
(24
=
|
%
®
=

To see explicitly why Q¢ is not coassociative, it is enough to consider the elements (A @ O°) (A (Es))
and (0°® A) (A (Es)) as seen in (0 ® QO ® O)". Indeed,

(A®0°%) (A(Es)) (e1 ®es ®ez) = Eg ((e1-€2) - €3) = —1
(O @A) (A(Es)) (61 ® ey ®ez) = Eg (er- (€2 e3)) = 1.

Mimicking what has already been done for coalternative coalgebras and Jordan coalgebras, we may
call Q¢ the octonion coalgebra.

As we have mentioned in Remark 2.4.3 (see also the references quoted therein), there is a
contravariant functor

(—)° : Alg, — Coalg,, (2.56)

which in fact is the restriction of the functor (—)° to the associative framework®. In particular,
Proposition 2.4.8 holds for (—)°, providing us for a natural isomorphism of coalgebras that we

(2)Even thought we could use the same notation for these two functors without ambiguity, we preferred to keep
different symbols, in order to distinguish between the associative and the non-associative case.
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denote by ¢/, 5 : A°® B° = (A® B)° as well. We will use this isomorphism freely in what follows,
eventually referring directly to (2.54) instead of to this observation. Moreover, by simply forgetting
(co)associativity, one may adapt the process in [Sw, §6.2] to prove the following lemma.

Lemma 2.4.14. The functor (—)° is lifted to a functor (—)° : NCoalg (Alg,) — NAlg (Coalg,).
That is, we have a commutative diagram

NCoalg (Alg,) — =~ > NAlg (Coalg,)

b !

Alg, ———— > Coalg,

where the vertical functors are the forgetful ones.
In fact, the same thing happens more generally to the functor (—)°.

Theorem 2.4.15. Let (C, A, e, m,u) be a coalgebra with multiplication and unit. Then C* becomes
an algebra with comultiplication and counit so that (—)° establishes a contravariant functor

(—)* : NAlg (Coalg,) — NCoalg (Alg,)

acting on morphism as prescribed in Lemma 2.4.6. Furthermore there is a bijection, natural in
A € NCoalg (Alg,) and C € NAlg (Coalg,),

NCoalg (Alg,) (A, C*) = NAlg (Coalg,) (C, A°) (2.57)

from which it descends that the functor (—)° : NAlg (Coalg,)*® — NCoalg (Alg,) is right adjoint to
(—)° : NCoalg (Alg,) — NAlg (Coalg, ).

Proof. Pick (C,Ac,ec, me,uc) in NAlg (Coalg, ). First of all, we need to show that C* is an object
in Alg,. Since we already know that C* is an algebra and that jc is injective, it is enough for us to
endow C* with a multiplication and a unit in such a way that jo is multiplicative and unital. As a
consequence, C'* will become a subalgebra of C* and hence an algebra itself.

Since Id, € k* =k*, we can compute e-*(Idy) obtaining that e = ec*(ld) € C*. Thus we can
set 1ge 1= €¢. The multiplication is mce := Ac® 0 g . If we compute
. . . , (2.42) . . , (2.55) . . . . .
Jeomee = jeoAg®o Yoo = A" ojoge 0 Pe,c = Ac"opeco(jo®jc) =me-o (jo ®jo)-
and jo(lee) = 1ox, it turns out that jo is multiplicative and unital with respect to these choices
and so C* is an algebra as claimed. Explicitly, for all f,g € C* we have that mce(f ® g) = f * g.
Moreover, C* inherits a comultiplication Age := (80,0’0)71 ome® and a counit £ce : f — f(1) as
in Lemma 2.4.2. We have

S (fxg), (2) (f*9), (v)

(2.43)

(f9) (@) =D F((y),) g ((2y),) =Y f(@1n) g (w21>)
CEVNT F (@) £ (1) 91 (22) g2 (y2) = D (i g0) (2) (fa % 02) (9),

and ) (ec0), (z) (ec), () e ec (zy) =ec (x)ec (y) for all z,y € C and f,g € C*. This implies
that

S (g @ eg), =S (hra)®(fxg) and 3 (ce), ® (ec), = e ® o

Thus Ace is multiplicative and unital. Moreover

coe (fxg9)=(f*xg)(1)=f(1)g(1) =cce (f)ece (9)

and ece (e¢) = ¢ (1) = 1 so that ec. is multiplicative and unital as well and hence C* is an object
in NCoalg (Alg,,).
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Take now a map f : C — D in NAlg (Coalg,). By Lemma 2.4.6, we know that f*: D* — C* is
a coalgebra morphism. It remains to check that it is multiplicative and unital. For every x € C,

£ (Lpe) (2) = 1pe (F (2)) = 2 (f (2)) = ec () = L= (2),

where in the third equality we used the fact that f is a counital map. Furthermore, for every «
and § in D*

FolaxB) (z) = (axB) (f(@) =D a(f (@),)8(f (@),) =D alf (@))B(f ()
= (f*(a) = f* (8) ) (2),

where we have used the fact that f is comultiplicative. This establishes the stated functor which is
clearly a contravariant one.

In order to prove the isomorphism in (2.57), let us consider the unit 7, : A — A°* and
the counit e : C — C*° of the classical adjunction ((—)° (—)") : Alg, — Coalg,°?. In light
of what we observed right above Lemma 2.4.14, these n4 and ec satisfies relations (2.53) and
(2.52) respectively, where now (A, ma,ua, A4, e4) is in NCoalg (Alg,) and (C, Ac,ec, mc, uc) is
in NAlg (Coalg,) (notice that the roles played by 7 and € here are reversed with respect to the 7
and € in Lemma 2.4.6, because there (—)° : NAlg,°® — NCoalg, was right adjoint to (—)", while
now (—)° : Alg, — Coalg,°® is left adjoint to (—)"). We already know that 7, is multiplicative and
unital and we claim that it lands into A°®. Indeed, let us show that im(n4) is a good subspace of
A°*. For all a € A and f,g € A° we have that

mao” (14(a)) (f © ) = nal@)(f *9) = (f * 9)(a) = 3 flar)g(az)
=Y mala)(Nnala)9) = (Y- nalar) @ nales)) (f @ g),

that is, for all @ € A, mao*(na(a)) € pao a0 (Im(na) ® Im(na)) where ¢_ _ is the canonical
inclusion of equation (2.39). We denote by {4 : A — A°® the corestriction of 774. The above
computation entails that

Pa0,40 0 (jao ® Jao) 0 (§a®@Ea) 0 Ay =ma0" 0jao0&s 2% Pa0,40 0 (jao @ jao) 0 Agee 0y
hence, by injectivity of @40 40 and of jso, £4 is comultiplicative. Moreover, {4 is also counital
since

eace (§a(a)) = €ala) (1ao) = Eala) (€4) = cala)
for all a € A. By the foregoing, £ is a morphism in the category NCoalg (Alg,). Now we can check
the naturality in A of £4. Pick a morphism f: A — B in NCoalg (Alg,) and consider the diagram

A §a Aoo jAo Ao*

B Boo : Bo*

éB JiBo

The commutativity of the outer diagram encodes the naturality of 7, while the right-hand side
diagram follows by (2.42). Hence the left-hand side diagram commutes too whence the naturality
of £ is settled. To construct the counit one proceeds in a very similar way. Explicitly, for an object
(C,Ac,ec,me,uc) in NAlg (Coalg, ), the map ec induces the counit ¥ which is given by

D = < C o oro I9, oo ) , <3: . [C- Sk [g g(x)]D. (2.58)

It remains to check the commutativity of the following two diagrams

Ic® Y g0

Cooc Co Aoco Ao
gc.T / sAoi / (2.59)
c* A°
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As for the first one, for every g € C'* and for every ¢ € C' a direct calculation shows that

Je® (Eee (9)) (¢) = Ece (9) (Ve(c) = De(e)(g) = g(c)

while for the second one, for every f € A° and for every a € A,

£a° (Va0 (f)) (a) = Va0 (f) (§ala)) = &ala) (f) = f(a). [

As a consequence, we constructed a duality

(-)*®
NAlg (Coalg,) ————= NCoalg (Alg, ) .
(=)°

The process we followed may be summarized in the following (non-commutative) diagram

Vect, <—— NCoalg, <—— NCoalg (Alg,)

A
(=" [ (=7 ()*\L (=)* (=)° T(—)'
14

Vect;*® <—— NAlg,°® <—— NAlg (Coalg, )°*

where the horizontal functor are the forgetful ones and the dotted arrows are the functors constructed
to lift the adjunctions on their left. If we denote by NCoalg (Vect;) the category of non-coassociative
coalgebras in Vect, then NCoalg, = NCoalg (Vect;) and NCoalg (Alg,) = Alg (NCoalg,).

Now, notice that a quasi-bialgebra is an object (A, m, u, A, €) in the category NCoalg (Alg, ) which
is endowed with a reassociator ® that takes care of the quasi-coassociativity of the comultiplication.
On the other hand, a coquasi-bialgebra is an object (H, A, e, m,u) in the category NAlg (Coalg,)
endowed with a reassociator w which takes care of the quasi-associativity of the multiplication. As a
consequence, we may try to extend the duality we developed for (co)algebras with (co)multiplication
and (co)unit to a duality between quasi and coquasi-bialgebras.

We first recall that the functor (—)° of Lemma 2.4.14 can be lifted further to a functor from the
category QBialg, to CQBialg,, as we already saw in Proposition 2.3.25 and the subsequent Remark
2.3.27. Namely, if (A, m,u, A, e, ®) is a quasi-bialgebra, then we may consider the image A° by
the functor (—)° of its underlying object (A4, m,u, A, ) € NCoalg (Alg,) and we know that it is an
object in NAlg (Coalg,). Set H = A° and consider the unit of the adjunction of Theorem 2.4.15 at
ARA®A

* (2.54)

((A®A®A)°) S (A0®AD®A0)* — (HoHeH)",

NAQA®A

ARA®A

which by construction is an algebra map that satisfies (2.53). Therefore,
W= Nagaea(®): HO H® H =k, (f RgRh— Y f(<1>1)g(61>2>h(<1>3)), (2.60)

is an invertible element in the convolution algebra (H ® H ® H)", since ® is so in the algebra
A®A® A and it is the same reassociator we provided in Remark 2.3.27. Nevertheless, one may
check directly that (H,m°,u®, A° £° w) is now a coquasi-bialgebra.

Furthermore, by definition any morphism f : (A, m,u, A&, ®) — (A", m/,u', A’ &', ") of quasi-
bialgebras is a morphism in the category NCoalg (Alg,). Then, by applying the functor (—)° of
Lemma 2.4.14, we get that f°: A’ — A° is a morphism in the category NAlg (Coalg,). Therefore,
we only need to check the compatibility condition with reassociators constructed in equation (2.60),
which is derived as follows

w((fPeref)aesey))=w(@eHe@Befe o)

=(@@po)((ereN@®) "2 @eson @) =w@sier.
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Hence f° satisfies (1.26) and it is a morphism of coquasi-bialgebras. Then, we have a contravariant
functor

(—)° : QBialg, — CQBialg,, (2.61)

which obviously makes the following diagram commute

NCoalg (Alg,) — > NAlg (Coalg,)

where the vertical functors are the canonical forgetful functors.

The other way around, take an object (H,A, e, m,u,w) in the category CQBialg,. We may
consider the image of its underlying object (H, A, e, m,u) via the functor (—)* of Theorem 2.4.15,
that is, the object (H*®, A®,e*,m*,u®) in NCoalg (Alg,) (up to the isomorphism ¢} , of (2.54)).
The problem now is to construct a reassociator ® for H®. It seems that, a priori, there is no
obvious way to deduce this cocycle directly from the starting datum (H, A, e, m, u,w). To this aim,
an additional assumption is needed. First, consider the following natural transformation

YHQH,H

(=(Aremomcm oo™ X (Hon) o B (HoHo H)') (262)

which, up to the isomorphism (H ® H® H)* = H* ® H* ® H* of equation (2.54), coincides with
the canonical injection of the total good subspace of (H ® H ® H)". Notice that ¢ is an algebra
map, as it is a composition of algebra maps.

Proposition 2.4.16. Let (H,A,e,m,u,w) be a coquasi-bialgebra. Assume there exists an invertible
element ® € H* ® H* ® H* such that ( (D) = w, then (H*,A*,e*,m*, u®, ®) is a quasi-bialgebra.

Proof. Write ® =3 @' @ #? @ . Then w(z @y z) = > &' (z)D?(y)P?(2), for every z,y,z € H.
Using this equality, equations (1.25a), (1.25b) and (1.25¢) are easily transferred to equations
(1.16a), (1.23a) and (1.17a), respectively. This concludes the proof. O

Corollary 2.4.17. Let (A,m,u, A, e, D) be a quasi-bialgebra. Then (A°®, m°®, u°®, A°® £°®) is still
a quasi-bialgebra with reassociator U := (£4 ® €4 ® €4) (P), where £ is the unit of the adjunction
of Theorem 2.4.15.

Proof. We already know from (2.61) that (A°, m°,u°, A° e° ,w) is a coquasi-bialgebra with reasso-
ciator given by w = C( (Ea®EA® &) (<I>)) Now apply Proposition 2.4.16 to conclude. O

Let us denote by SCQBialg, the full subcategory of the category CQBialg, whose objects are split
coquasi-bialgebras, that is, coquasi-bialgebras (H, A, e, m, u,w) such that there exists an invertible
element ® € H* ® H* ® H*® with ( (?) = w. In this way the assignment described in Proposition
2.4.16 yields the functor

(—)° : SCQBialg, — QBialg,, (2.63)

acting on morphisms as in Lemma 2.4.6 (see also Theorem 2.4.15). The compatibility with
reassociators follows by using the natural transformation of (2.62).

Theorem 2.4.18. The contravariant adjunction of Theorem 2.4.15 induces a contravariant ad-
junction

SCQBialg, =<————— QBialg,

where the functor (—)° is the one of (2.61) and (—)° is the one of (2.63).
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Proof. The only thing we need to check is that the unit and the counit of the adjunction of Theorem
2.4.15 preserve the reassociator of a quasi-bialgebra and that of a coquasi-bialgebra respectively.
For the unit £ : ldycoaigag,) — (—)° © (—)°, which is given as in the proof of Theorem 2.4.15, this
follows directly from Corollary 2.4.17. As for the counit 9 : ldyaig(coatg,) — (—)° © (—)°, which is
given by (2.58), consider a coquasi-bialgebra (H, A, e, m, u,w) in SCQBialg,. This means that there
exists an element ® € H* ® H* ® H*® such that ((®) = w and that (H*, A® e*,m®, u®,®) is a
quasi-bialgebra, where ( is the natural transformation of (2.62). From the definition of the functor
(—)° in (2.61), we have that the reassociator for the coquasi-bialgebra (H®°, A*® g% m*° u*°) is
given by ¢ ((§rre ® Epre ® Epe) (P)). Now, the following computation

g((gH. ® Eppe ®5H.)(<1>)) o(Wg @9y @0y) = (Vg @9y @Iy)" (Q((SH- @ Epre ®€H-)(‘I>)))

(2.59)

T (Wt @ 0at @ 0u®) (e @ Ene 2 600)(@))) 27 (@) = w

shows that ¢ preserves reassociators as desired. Hence, the unit comes out to be a quasi-bialgebra
map and the counit a coquasi-bialgebra map, settling the adjunction. O

This result fulfils only partially our aims, as it does not establish a contravariant adjunction
between quasi and coquasi-bialgebras, but just between quasi-bialgebras and a full subcategory
of CQBialg,. Nevertheless, in Example 2.4.20 we will exhibit a coquasi-bialgebra H such that H*
cannot be a quasi-bialgebra. This is why we consider Theorem 2.4.18 the best result which can be
extracted from this approach.

Remark 2.4.19. Recall that a subcategory B of a category A is closed under sources whenever
for any morphism f: a — b in A, if b is in B then a is in B. Let us check that SCQBialg, is
closed under sources when regarded as a subcategory of CQBialg,. Let g: (H',w’") = (H,w) be a
morphism in CQBialg, such that (H,w) is an object in SCQBialg,. By assumption, there exists
O=>P'RdP>x &> c H*® H* ® H* such that w = ¢ (®). Since g preserves the reassociator, we
have that

W =wol(g®g®g) = (g®g®g) (¢®) "="0 C((g' ®g°®g°%) (@))-

This means that w’ itself comes out to be the image via ¢ of (g' ®Rg°® g’) (®), that lies in
(H’)' ® (H’). ® (H’)'. Therefore, (H',w’) belongs to SCQBialg,.

Example 2.4.20 (A non-split coquasi-bialgebra). Let k be a field and consider k[X], the ring
of polynomials in the indeterminate X endowed with its monoid bialgebra structure, that is,
A(X)=X®X and €(X) = 1. Let us consider a map ¢ : k[X] — k not in k[X]°, the ordinary
finite dual of k[X] (which, in this case, coincides with k[X]®), and such that p(1) =1, ¢ (X™) #0
for all n > 1. Let us build a 3-cocycle w that does not split by mean of ¢. Since a basis for
k[X] @ k[X] @ k[X] is given by the elements X™ @ X* @ X™ for m, k,n > 0, let us define w on this
basis as follows. For all m,n,k > 0 let us set

WwIX"@X™  =1=wX"®1X") =1=w(X"®X™"®1) and

@ (X™HF) o (X™FF)
o (X*)?

Observe that the given comultiplication ensures that we have

w(X”@XkH@X’") = for n,m > 1.

-1 n k mY __ n k m\~1 _ 1
w (X" XPO X)) =w (Xm0 X @ X™) = (X e XF o X

for all m, k,n > 0. Now, let us show that w is actually a unital 3-cocycle. It is unital by definition.
If 0 € {m,n,r, s} then we trivially have
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WX X )w( X" X" @ X )w (X" X" ® X")
—w( X" X" X ) w (X" X" ® X?).
For all m,n,r,s > 1 we have
WXTRX" @ X )w(X"@ X" X )w(X " X" X")
P (771 (X7H771) (X071 (X477 1) (X1 (KT )

p(Xr1)° p (Xmr=1)? p (Xm=1)?
90 (X'n#»mfl) SO (Xs+'m+r71) QD (Xs+7'71) 90 (X'n+m+’r'71)
p (Xm1)” p (X1

= w (Xn ® Xm ® X7'+s)w (Xn+7n ® X'r ® Xa) .
This proves that w is a 3-cocycle. If w € k[X]* ® k[X]* ® k[X]*, then

o= w-®X®X)= (lk[X]' 2 n(X) ®77(X)> (@&)‘”) € k[X]*

1
p(X)
where 1 = 1x is the unit of the classical adjunction ((—)°, (—)") : Alg, — Coalg, and it coincides
with the map e x) of equation (2.53). This contradicts our choice of ¢. Since the comultiplication
A is cocommutative, the datum (k[X], A, e, m,u,w) defines a coquasi-bialgebra whose reassociator
does not split. An example of a map ¢ as above is exhibited in the subsequent Lemma 2.4.21. For
the moment, assume by contradiction that the algebra with comultiplication and counit k[X]* can
be endowed with a reassociator ® in such a way that it becomes a quasi-bialgebra. Then k[X]*°
would turn out to be a split coquasi-bialgebra by construction. However in such a case we may
consider the counit Yy : k[X] — k[X]*° of the adjunction in Theorem 2.4.15 and Remark 2.4.19
would imply that k[X] is an object in SCQBialg,. Since this contradicts the construction of the
coquasi-bialgebra k[X] performed above, it follows that k[X]* cannot be a quasi-bialgebra.

Lemma 2.4.21. Letk be a field of characteristic 0 and consider k[ X| the (bi)algebra of polynomials
in the indeterminate X. The map ¢ : kK[X] — k given by ¢ (X™) :=n! and extended by linearity
does not belong to k[X]|°, the ordinary finite dual of k[X].

Proof. Assume, by contradiction, that ¢ € k[X]°. Then there exists a (finite-codimensional) ideal
I := (p(X)) in k[X] with ¢ (I) = 0. Consider the system of the equations ¢ (X'p (X)) = 0 for

i=0,...,n. If we write p(X) = >_7_ p; X’ these equations become " p;p (X**7) = 0 for
i =0,...,n. The matrix associated to this system is
0! 1 oo (n=1)! n!
1! 2! n! (n+1)!
T:= : : g : :
(n—1)! n! o (2n=2)! (2n-1)!
n! (n+1)! -+ (2n—-1)! (2n)!

Thus T = ((z + j)!) for 7,7 that run from 0 to n. We claim that det (") # 0, or equivalently that

T is invertible, which is impossible since p(X) # 0 as I is finite-codimensional. To show this, let
us consider the n-th Pascal matrix @, = (¢;;), that is the matrix whose entries are given by the
relation ¢;; := (“7). Then

det(T):det((i+j)!>:det g, f[ f[ i1det (Q,) = sf(n)? det (Q,.) ,

i=0  j=0

where sf(n) stands for the super factorial of n and it is defined as the product of the first n factorials

(i.e. sf(n) =11-2!- ... (n — 1)! - n! for all n > 0. The terminology is borrowed from [PS]). In view
of [BP, Discussion preceding Theorem 4], we know that det (Q,) = 1, whence det(T") # 0 and the
claim is proved. O
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Remark 2.4.22. The fact that the map ¢ (X™) = n! is not in k[X]° seems to be well-known, see
[FMT, Section 2]. This depends on the correspondence between elements in k[X]° and linearly
recursive sequences, see e.g. [LT]. Since we could not find an explicit proof that n! defines a
non-linearly recursive sequence, we included the previous lemma.

We conclude this subsection with some considerations on the relation between duality on the
one side and preantipodes and quasi-antipodes on the other.

Remark 2.4.23. A further natural step in the study of the duality between quasi and coquasi-
bialgebras would be to see how the adjunction of Theorem 2.4.18 behaves with respect to preanti-
podes or quasi-antipodes, that is to say, if it is true or not that the finite dual of a quasi-bialgebra
with preantipode (quasi-Hopf algebra) is a (split) coquasi-bialgebra with preantipode (coquasi-Hopf
algebra) and conversely. We already saw at the end of §2.3.3 that the functor (—)° preserves
preantipodes, in the sense that for a quasi-bialgebra A the (co)restriction S° of the dual map S* of
a preantipode S to the finite dual A° is a preantipode for A° itself. Given instead a quasi-antipode
(s,a,p) on A, a direct computation shows that the triple composed by the (co)restriction of s* to
A° and the linear forms a, : A° =k, f — f(a) and S, : A° =k, f — f(8), is a quasi-antipode
for A°. In particular, the finite dual of a quasi-bialgebra with preantipode (quasi-Hopf algebra)
is in fact a coquasi-bialgebra with preantipode (coquasi-Hopf algebra). However, dealing with
the reverse implication seems to be definitely less straightforward. Indeed, assume we are given a
coquasi-bialgebra H with preantipode S. A natural candidate for a preantipode on H* would be
S*, but the difficulties arise in proving that S*(f) € H® for every f € H®. Whether we resort to
the definition of (—)* or we try to apply one of the criteria we will study in the forthcoming §2.4.3,
sooner or later we are forced to deal with some kind of anti-multiplicativity of the preantipode
(which is not known yet for coquasi-bialgebras). A similar problem arises with coquasi-Hopf
algebras, where instead a formula for the anti-multiplicativity of the quasi-antipode is supposed to
exist, but only up to conjugation by a suitable invertible element.

A second natural step could be to try to extend the duality of Theorem 2.4.18 in such a way
that it involves the whole category of coquasi-bialgebras. Due to the content of Example 2.4.20,
this would probably require to introduce a variation on the quasi-bialgebra notion in order to
encompass also the duals of coquasi-bialgebras which are not split.

Presently, however, we don’t have any result in none of the foregoing directions and we leave
these questions for future investigation.

2.4.3 An alternative description of the finite dual

In this section we give an alternative description of the finite dual in the non-associative case.
Given a linear map, several useful criteria are shown in order to guarantee that this map belongs
to the finite dual. Further characterizations can be found in [ACM].

Given a vector space V and S C V*, we set

St:={veV|s()=0, forall s € S}.

Let A be a non-associative algebra. Mimicking the constructions performed in Example 1.3.2, for
every a € A and f € A*, we define in A* the elements a — f and f < a by setting

(a—f)®)=Ffba) and  (f < a)(b):=f(ab), (2.64)

for every b € A. Furthermore, the vector subspace of A* generated by the set {a — f | a € A}
will be simply denoted by A — f. A similar notation will be adopted for the right action <. The
subsequent lemma is an analogue of [Sw, Proposition 6.0.3] or [Mo, Lemma 9.1.1] and can be
proved by the same argument.

Lemma 2.4.24. Let f € A*. Then the following assertions are equivalent
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(2) dimy (A — f) < 0.
(3) dim, (f — A) < .

However one cannot expect, as in the associative case [Mo, Lemma 9.1.1], that the equivalent
conditions (1)-(3) in Lemma 2.4.24, imply either that dim, (A — (f < A)) < oo or that
dimy ((A = f) «— A) < oo (even if the converse remains true) nor that they characterize the
membership of f to A®, as the subsequent Example 2.4.25 shows.

Example 2.4.25. Let char (k) =0 and A:= &, . kX" be the vector space with basis { X" | n >
0} (i.e. the underlying vector space of the polynomial algebra k[X]). Set by definition X° = E.
Define a multiplication A® A - A: v ® w +— v - w on A given for all m,n > 1 by

E-E=F, X" E=X"=F-X", Xm-X"::((m—i-n)!)X"””
and extended by k-linearity. Since
(X-X%)-X?=(3)X* - X?=(3)(6H)X® # (B)(6)X°= ()X X=X (X X?),
the algebra (A, -, F) is strictly non-associative. Consider the maps 1, e,v,7 in A* given by

Y=o XY =b (XN =1-b0 T(X) = (2= 5,0)0(X7)

for all n > 0, where 6, ; is the Kronecker delta. Let us show that

() = o (G0 +e@n) +707)

Indeed, for all m,n > 1
1

Y(E- E) = 4(B) =1 = 5r(B)=(E) + 3e(E)r(E) + 1(E)y(B),
Y™ E) = $(X7) = - = Sr(X")e(B) + 5e(X")7(E) +7(X")(E),
P X7 = (m ) (X = 1= Zr(XMe(X") + (X )r(X") +7(X ") (X",

2

so that it satisfies condition (1) of Lemma 2.4.24. We want to show now that v does not belong to
any good subspace of A*. To this aim, assume by contradiction that ¢ € V for a good subspace
V C A*. Then ()" (¥) = paa (i, ®Bi) € paa(V@V)sothat 3f_ a, ®B; € V@ V. If the
elements 3; for i = 1,...,t are linearly independent over k then it follows that a; € V for all i. In
particular, (-)*(a;) € im(p4.4) as well. The next steps are to show that the elements ¢, 7,7 € A*
are linearly independent over k and that (-)"(v) cannot belong to im(¢4 1), reaching the desired
contradiction. For the first step, assume that xe + y7 + zy = 0 with x,y, z € k. Then

x+y=(xe+yr+2y)(E)=0
Y+ z=(re+yr+27)(X)=0
y+z=(ve+yr+2v)(X?) =0

from which one easily deduces that xt =0 =y =0 = z and so ¢, 7,y € A* are linearly independent in
A* (alternatively, one may observe directly that the elements F— X+ X? X — X2 and 3X*4+X?—-X
in A allows one to ‘distinguish’ the three maps €, 7,~). For the second step, we are going to prove
that dimy (A — 7) = oo, whence (-)"(y) ¢ im(pa,4) in light of Lemma 2.4.24. Namely, we want to
show that the elements X™ — ~ are linearly independent for all n > 1. Therefore, assume that
St 2, (X™ —~5)=0forsometcNand z,,...,7, €k. Forallm=1,...,t we consider

n=1

0= 2, (X" =) (X") =3 am(X™ - X") = an((m + n)!).

n=1
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These relations give rise to a system of ¢ equations in the ¢ indeterminates x, whose associated
matrix is

2! 3! t! (t+1)!
3! 4! (D (- 2)!
T:= : : : :
! (t+1)! - (2t—=2)! (2t—1)!
@+ (E+2) - (@2t-1)! (2!

Thus T = ((z —|—j)!> for i,j that run from 1 to . Let P, := (p; ;) where p; ; = (/) and 4, j run
from 1 to t.® As we did in the proof of Lemma 2.4.21,

det(T) = det (((Hj)!)f | > — det ((z‘!j!pi,j):,j:l) =

i,j=1

it ] 4! det(P;) = sf(t)? det(P,).

t
i=1 j=1

3

Hence, if we are able to prove that P, is non-singular, then T turns out to be non-singular as well
and the unique solution to the system above is x,, = 0 for all n = 1, ... ¢, that is, the elements
X™ — ~ are linearly independent over k. This will be done in Lemma 2.4.26. Summing up, we
showed that ¢ : A — k, X™ — 1/n!, satisfies the equivalent conditions of Lemma 2.4.24 but it does
not belong to A®, since it cannot belong to any good subspace of A*.

Lemma 2.4.26. Let n be an integer, n > 1. Consider the n-th Pascal matriz Q,, := (gi.;) where
Gij = (th) and i,j run from 0 to n. Then every square sub-matriz of QQ,, made up of adjacent
rows of @Q,, is non-singular.

Proof. Let P = (p; ;) be the square sub-matrix of @, with 4,5 =s,...,¢t, for some 0 < s <t <n.
Consider the following polynomials with coefficients in Q

pi(X) := ;'(X +i) (X +i—-1)--- (X +1), deg(p;) =1, (2.65)

that one may also represent in a very evocative and compact way by writing p;(X) = (“:X ) It
is clear that p; ; = p;(j) for all i,j = s,...,t. The plan of the proof is to show first that these
polynomials are linearly independent over Q and then to deduce from this that the rows of the matrix
P are linearly independent. For the first claim, it’s enough to observe that they are polynomials
of different (in fact, increasing) degree, so that they are obviously linearly independent. For the

second claim, assume that there exist elements a; € Q, i = s, ..., t, such that Z::S a;p;(j) = 0 for
all j =s,...,t. From the expanded expression (2.65), one may notice that for alli =s,...,t — 1
we have (X it
+i+
e (X) = S (X
whence the polynomial Zf:s a;p;(X) already admits s different roots, namely those in the set
{-1,-2,...,—s + 1,—s}. The additional conditions Z::S a;p;(j7) =0 for all j = s,...,t entail

that it admits other ¢t — s + 1 different roots, namely {s,s + 1,...,¢t — 1,t}, for a total amount of
t—s+ 1+ s=1t+1roots. However, the polynomial Z::S a;p;(X) has degree at most ¢, so that it
has to be the 0 polynomial. In light of the linear independence of the p;’s, we conclude that a; =0
for all i = s,...,t and hence that the matrix P is non-singular. O

Example 2.4.27. Let us work out a bit the procedure of the previous proof on a small concrete
example. Assume we have the 4-th Pascal matrix

11 1 1
1 2 3 4
Qa = 1 3 6 10
1 4 10 20

(3)Notice that P; is the sub-matrix that one obtains from the ¢-th Pascal matrix @+ by removing the first row and
the first column.
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and we want to show that the sub-matrix

2 3 4
Po=| 3 6 10
4 10 20

is non-singular. Then s = 1 and ¢t = 3. We have the three polynomials
1 1
pi(X) = (X +1), pa(X) = (X +2)(X +1), and py(X) = (X +3)(X +2)(X +1).

which are clearly linearly independent over Q and share the common root —1. Therefore, if P, was
singular, that is to say if the rows of P, were linearly dependent, then the degree 3 polynomial

a (X +1) + %(X+2)(X+ 1)+ %(X+3)(X+2)(X+ 1)

would have had {—1,1,2,3} as roots, which means exactly that it has to be zero as a polynomial.
We conclude by observing that the proof of Lemma 2.4.26 serves also as a proof of the fact that
the Pascal matrices are non-singular.

Remark 2.4.28. The result of Lemma 2.4.26 seems to be folklore. However, since we were not
able to find an explicit reference, we added the revised proof above.

It is natural then to look for some conditions that characterizes when a certain f € A* actually
belongs to A®.

Remark 2.4.29. Let V and W be vector spaces endowed with a linear map ¢1, y,, : V' — Endy (W).
Denote by T'(—) the tensor algebra functor and by ¢y : V' — T(V') the canonical inclusion, for all
V in Vect,. The map ¢y, induces a unique algebra map ¢v,w : T (V) — End,(W)*” such that
dv,w o Lty = ¢y and that restricted to k gives the unit k — End, (W)™ : k + kldy,. Then W
becomes a right T (V)-module via <« defined, for every z € T (V) ,w € W, by setting

w4z = dyw (2) (w).

Hence we can consider the left T (V)-module structure on W* uniquely defined by setting

(z» f)(w):=f(w4z),
for every z € T (V),w € W and f € W*.

Example 2.4.30. Consider the so-called enveloping algebra A° := A ® A°® as V and A as W.
Then one can consider the map

byt A°— Endy(A) : @7 — [a— 7 (al)].
For shortness, we set
}4 = ¢%/,W and (bA = ¢V,W'
In particular, for every I, € A, we get
r4(l@r)=¢s(l@7)(x) =0 (I®7)(x)="1(2l) (2.66)

and
(2.66)

(ter)» f)la) = flaa(ler)) fr(al)) = (1 —(f =) (a)

so that
(ler)yw f=10—=(f+T1)). (2.67)

For a subset S C T'(A°) and an element f € A*, we denote by S » f the vector subspace of A*
spanned by the set of elements {s » f | s € S}.
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Proposition 2.4.31. Let (A,m,u) be in NAlg, . Then
A* = {f € A* | dimy ((A°)®" » f) < oo, for everyn € N}. (2.68)

Proof. Set T := T (A°). We write a generator of (A°)® in the form (I, ® 1) ® - -- @ (I; ® ;) where
ly,....,l; € Aand rq,...,r; € A°?. Note that

[pa(l@7)0ga(l®@D)](a)=[p4(1@7)0¢, (1@ 1)](a) =4 (1®7)(al) =7 (al)
=¢u(l@r)(a)=da(l®7)(a)
and hence
pa(l@1)=0¢a(1®@1)0da(I®1) =0 (I®1)0Ps(l@7),

where the notation o°P stands for the multiplication of End,(A)°”. Thus

Galllh@r) 7 (@) =da(ly @) 0 0%Phu (I; @71;)
=¢a(lh®1)0%p, ( ®11) 0P 0%hy (I; ®1) 0Py (1@ 1)
=¢a[(lL®l) 2 (1@r) 7 (L®1) 7 (1@7)]
=4[ e(1er) - 0(;®1)®(1®r)]

Pallh@r)® o)) =

where the notation -7 stands for the multiplication of T'. Therefore

<«[(Lor)@ - 0:;er))=¢1((Ler)® (1 ar)(a)
=da[bh®)@(1ern) e ULel)e(ler)(a)
=a4[(Leol) Q@) 7 (;®1) (171,

Set L:=A®1and R:=1® A°P. For shortness we write [ € L for /® 1 and r € R for 1 ® r. We
also omit the product over T'. Using this notation, we obtain

| [(ll®7’1)®~~~®(li®ﬁ)] =a <4 (lﬁ”l"'lﬂ"i).
For every n > 1 and f € A*, we set
W, (f) == Span, { (a1az - -~ an,_1a,) » f | ay,...,a, € LUR}.

Set also W, (f) := kf. Since both A and A°" contain 1, it is clear that W; (f) € W; (f) for i < j.
Note further that W, (f) C ((A°)®" » f) C Wa, (f) for every i € N so that dim, ((A°)®" » f) < oo
if and only if dimy (W, (f)) < oo and this for every n € N. Set

B:={f € A" | dimy (W, (f)) < oo for every n € N}.
It remains to prove that A®* = B

(A* C B). It suffices to prove that V' C B for every V € G, the family of good subspaces of A*.
Let us prove that W, (f) is finite-dimensional for every f € V by induction on n € N. For
n = 0 there is nothing to prove.

Let n > 0 be such that W,,_, (v) is finite-dimensional for every v € V. Let f € V. Write
Ay (f) :Z::lgi(@hi ceVeV. Letay,...,a, € LUR and w := a1a5---a,_;. Thus

(wan) » f) (x) = f (v < (wa,)) = [ ((z <w) <a,).
If a, =1 € L, then

(wa,) » f) (x )=f(($<w)<l
—Zglxdw ()= Z(w»gi)(m)hi(l)

(2.6 66)
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so that (wa,)» f= " h;(1)-(w» g)ed . Wii(g). Ifa,=r€c R, then
(wa,) » f) (2) = f ((z <w) «r) = f(r (@ aw))
=D 0 () bl ww) =37 . () (w e ho) (2)

so that (wa,)» f=3"_ g, (r)- (ww» h;) € > ;_, W, (h;). In both cases,

¢ t
(ara2a3a4 -+ Ap_ra,) » f € Z Wo_1(9:) + Z W1 (hy)

i=1 i=1

for every aq,...,a, € L U R, which means that
t t
=1 i=1

Since, by inductive hypothesis, the latter is finite-dimensional so is W, (f).

(A* D B). Let f € B and let us prove that V := (T » f) is a good subspace. This will imply that
f=({1» f)eV C A*. Consider an element v € V. Then there is z € T" such that v = z » f.
Write 2 := > 2 with z; € (4°)®" so that

v=zbf=Y b fed (A »f) (A" > f).

Henceforth it is not restrictive to assume z € (A4°)®" . We have then that

2.67)
(

(A=0) (A0 C(A) b (2 p f)C(A) > (A9 b J) C (4970 p g

and the latter is finite-dimensional. Hence (A — v) is finite-dimensional and, by Lemma
2.4.24, we have that m* (v) € im (pa, 4). Since 0 # dimy (A — v) < oo, there exist a basis
{g15---,9n} of (A — v) and elements {a,,...,a,} in A such that g;(a;) = J;; (see e.g. [Ho,
Lemma 1.1]). This implies that the assignments

hi: A=k, (b (b—v)(a))
satisfies (b — v) = > h;(b)g;. Therefore, v(ab) = (b — v)(a) = >, hi(b)gi(a) for all

i=1 i=1
a,b € A implies that m*(v) = @a,4 (>, g: ® h;) where {g; | i =1,...,n} forms a basis of
(A — v) and there exist a4, ...,a, € A such that g; (a;) = J, ;. We compute

(2.67) -
(I®a;) o) (z) = (v a)(2) =0v(a2) = Zgz‘ (a;) hi (z) = h; (2)
1=1
so that h; = (1®a;) » v € (A°» v) C V by definition of V. We have so proved that
m*(v)=>",g:®h; € A*®@V. A similar argument shows that m* (v) € V. ® A* and hence
m*(v) e (A" V)IN(VRA) =V O

Remark 2.4.32. Let f € A* be such that f(I) = 0 for some finite-codimensional ideal in A, as in
Example 2.4.1. Let [ @ r € A® and let z € I. We have that

(t@r)w» f) (@)= f(r(l) € f(I) =0.
Inductively, if z € (4°)*", 2= (L ®7) @+ ® (ln_y @ Tu_1) @ (1, @7,) = w @ (I, @ 7,), then
(2> f) (@) =((.®r.) > f)(z qw) = f(r,((z <w)l,)) € f(r. (Il.) € f(I) =0.

Therefore for all n € N, (Ae)®" » f is contained in I+, that injects into (?)*, which has finite
dimension. Hence, if f vanishes on a finite-codimensional ideal of A, then f € A®. This is an
alternative way to show that A° is contained in A®, see Remark 2.4.3.
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Remark 2.4.33. Another description of A® by using the so-called standard filtration (T,)), .
of T := T (A°) is also possible. Precisely, this filtration is defined by setting T}, := @, (4°)*",
where (A4°)®° := k. Then

A* = {f € A" | dimy (T(ny » f) < oo for every n € N}.

In fact

(Teo > 1) € ((ED (W) . f) Y ()7 m ) € (47w )

=0
so that (T(,) » f) = ((49)°" » f).
We now give a characterization of A® in the spirit of [Mo, Definition 1.2.3].
Proposition 2.4.34. Let (A, m,u) be in NAlg, and let f € A*. Then the following are equivalent
(i) f €A

(ii) There is a family (I.,), .y of subspaces of A of finite codimension such that, for each n > 1,

(In < Ae) g In717 and f (_[0) =0.

Moreover, if one the these conditions hold true, then we can choose for every n >0

Iy =ker(f) and I,= {a €EA|la €A C In,l}.
Proof. (i) = (ii). Assume f € A® and set I, := ((A°)*" » f)L. For every n > 1, u € I,z €
Ac,w € (A°)® Y

(wo f)(uaz)= (20 (wr f)) (@)= ((zw) > f)(u) € ((A)°" > f) (1) =0
L

so that u € z € ((A°)®(”_1) > f) = I,_, and hence (I, € A°) C I,_;. Since ((4°)®° » f) =
(k » f) =kf we get that f (I,) = 0.
(i) < (ii). Inductively one proves that (I, < (4°)®") C I, so that we have

(A" > f) (1) € f (L, € (A9)®") C f (L) =0.
Therefore ((Ae)®” > f) C I, which is finite-dimensional as I, has finite codimension, which by
Proposition 2.4.31 implies that f € A®.

Let us conclude by proving the last claim of the statement. For n = 0 we have that
1

I=((A)" > f)" = (k> f)" = (kf)" = ker(f),
and for n > 0 we have:
L= (A% » f) ={a € A|((A)*" » f) (a) = o}:{a €A \ ((Ae)®("‘” > f) (o 4 A°) = o}

1
= {aeA ’ (a 4 A°%) C ((Ae)‘g’("’” > f) } ={acA|(ac4A)CI, },

and this finishes the proof. O

Let C be a coalgebra. The coalgebra structure of C', through the universal property of the
tensor algebra, induces a bialgebra structure on T (C) so that it makes sense to use the notation
Arc)(2) =" 21 @ 2, for any z € T (C) to denote the comultiplication of T (C) (see e.g. [Rad,
Theorem 5.3.1]). Recall from [Mo] that if B is any bialgebra, then a left (resp. right) B-module
coalgebra is a coalgebra in the monoidal category (59, ®,k) of left B-modules (resp. in the monoidal
category (Mp, ®,k) of right B-modules). Analogously one defines left and right B-module algebras.
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Lemma 2.4.35. Let C and D be two coalgebras with a k-linear map ¢¢. , : C — Endy (D) as in
Remark 2.4.29. Assume that D @ C — D :d® c+> d 4 ¢ is a coalgebra map. Then D is a right
T (C)-module coalgebra through 4 and (D*,mp=,up-) is a left T (C)-module algebra through »
where

mp« (f ® g) = f * g (convolution product) and up~ (k) = kep

for every f,g € D*, k € k.
Proof. By hypothesis for every ¢ € C,d € D, we have that
Z(dl <C1)®(d2 <C2) :Z(d<C)1®(d<C)2,
ep(d)ec(c) =ep(d ).
We need to prove that for every z € T (C),d € D, we have
D (d 42)@(d4z) =) (d=42), @ (d=z2),,
€D (d)gT(C) (Z) =€p (d <« Z) .

For k € k we have
d 4k =¢cp(k)(d) = (kldp) (d) = kd.

Then, for every z € k = T°(C) we have

D (d 42) @ (dy 42) =Y (dy 4z1) @ (dy «1) = zd, @y
= (2d), ® (2d), = Y _(d 42), ®(d <2),,

[555) (d)ET(C) (Z) =E€p (d)Z =E€p (dZ) =€p (d | Z) .
Let ¢q,...,c, € C. Let us prove, by induction on n > 1, that

Z(dl <2)®(d; 4 2,) = Z (d4z),®@(d4z), and ep(d)erc)(z)=¢cp(d4z),

and

where z := ¢, - - - ¢, is the multiplication of the ¢;’s, each one viewed as an element in T(C).
For n = 1 there is nothing to prove, as it is the hypothesis. Let n > 1 and assume the statement
true for n — 1. If we set 2’ :=¢; -+ - ¢,_1, then we get on the one hand that

(dy 421) @ (dr € 22) = (d; 4 (2c,),) ® (ds 4 (2cy),) = (di €27 (c,),) @ (d €25 (cp),)

and on the other hand that

ep (d)erc) (2) =ep (d) er(c) (Z'en) = ep (d) er(c) (2') er(c) (cn)
=¢cp(d 42 ) erc (¢, ) ep((d47) «c,)
=ep(d4(Zc,))=¢cp(d4z).

This shows the claimed formulae for every z € T (C). Therefore D is a right T (C)-module
coalgebra through <. Since (D, Ap,ep) is a coassociative coalgebra, we know that (D*, mp«,up+)
is an associative algebra. Let us check that it is a left 7' (C)-module algebra through ». For all
fige D*,zeT(C),d € D we have

S Neara| @ =3 ) (e o) (d) =3 f(d <2)g(d<2)
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=Y f((@a2),)g((da2),) = (Frg)(d=2) = (> (F9) ()
so that > (2, » f) * (22 » g) = (2 » (f * g)) . Moreover
(z»ep)(d)=cp(d 42)=¢p(d)erc) (2)

so that z » ep = er(c) (2) ep. This proves that (D*,mp+,up~) is a left T (C)-module algebra
through ». O

Remark 2.4.36. More generally, given a bialgebra B the contravariant functor (=) : Mp — zM
from the category of right B-modules to the category of left ones is lax monoidal so that it induces
a covariant functor (—)* : My — (pIN)°” which is colax monoidal. Thus the latter functor induces
a functor Coalg ((—)") : Coalg (M) — Coalg (5M°?) = Alg (39M)°” which means that (—)" maps
right B-module coalgebras to left B-module algebras as in the particular case of Lemma 2.4.35.

References

This chapter contains the most part of the results in the framework of quasi and coquasi-bialgebras,
with or without preantipode, on which the author worked. Up to our knowledge, the first section,
§2.1, appears here for the first time and can be considered an original contribution to the subject.
Section 2.2 is a revised version of the content of [Sa2] in light of Section 2.1. Instead, the material
in Sections 2.3 and 2.4 reflects respectively the content of [Sal] and of the joint paper [AES] with
A. Ardizzoni and L. El Kaoutit.
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Chapter 3

Completion bifunctor and
complete commutative Hopf
algebroids

In this last chapter we will deal with the completion procedure for filtered bimodules, but applied
to the theory of Hopf algebroids and their linear and finite duals. The first section is dedicated
then to filtered rings and modules and to recall how this procedure works. It does not contain
any particularly new result, but the presentation is different from the classical ones that can be
found in textbooks: we decided to follow a bicategorical approach, taking advantage of the fact
that filtered (complete) bimodules over filtered (complete) algebras can be seen as objects of the
internal bicategory of bimodules and algebras (in the sense of §1.6) in the monoidal category of
filtered (complete) modules over k (see Proposition 3.1.9, Proposition 3.1.34 and Theorem 3.1.35).

After this, we apply these tools to introduce complete commutative Hopf algebroids (§3.2.1) and
to show that the full linear dual U* of a cocommutative Hopf algebroid (A, U) with an admissible
filtration (notion borrowed from Kapranov [Kp]) is a complete commutative Hopf algebroid (§3.3.1).
Parallel to the full linear dual, we may also consider the so-called finite dual Hopf algebroid (A, U°®)
of (A,U) (§3.3.2.1), which comes equipped with a structure of filtered commutative Hopf algebroid
together with a canonical filtered structure map ¢ : U° — U*. The very last part of the chapter
(§3.3.2) focuses on the study of the main morphism of complete commutative Hopf algebroids
E : U° — U* obtained by completion of the canonical map (see Theorem 3.3.22) and the study of
conditions under which this is a filtered isomorphism (see Proposition 3.3.23).

3.1 Complete bimodules and the completion bifunctor

In this section we revise some notions on linear topology of rings and modules which maybe are
well-known or folklore, perhaps apart from the adjunction between the complete tensor product and
the Hom functor retrieved in Theorem 3.1.27. However, we will give a new (up to our knowledge)
presentation of these results that relies on a bicategorical approach which makes use of the results in
Section 1.6. One of the reasons why we decided to add this section is to present in a comprehensive
way all the material needed for dealing with complete Hopf algebroids in Subsection 3.2.1. For
further reading on the subject, we refer the reader to [Bk3, Gt, LvO, NvO2].

3.1.1 Filtered bimodules over filtered algebras

Let again k be a fixed commutative ring. As usual all k-modules are considered, implicitly, as
central k-bimodules when needed. As far as we will be concerned with this, a linear topology on an
algebraic structure is a topology on the underlying set with respect to which all structure maps
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are continuous. A k-module V is said to be filtered over Z or Z-filtered if there exists a chain of
k-submodules

QP L)V CFLZVWOCRVCOCRVC---CEVC.--CV

such that n > 0. The filtration is said to be ezhaustive if V = UnEZ F, V. In this section we will deal
mainly with decreasingly filtered k-modules, which means that we have a chain of k-subbimodules

-.CEFVC...CFRVCERV=V

for n > 0. These are just Z-filtered modules where F,V = V and where we re-labelled the terms of
the filtration for the sake of simplicity (in particular, the filtration is exhaustive). We will denote it
as a pair (V, F,,V) or we will just say that V is filtered. If (V, F,,V) is a filtered k-module, then the
k-shifted (filtered) module V[k], k € N, is the same k-module as V', but with the filtration shifted
by k. Namely, F, (V[k]) = F,V.

If V is a filtered k-module then it can be endowed with a linear topology such that the given
filtration forms a fundamental system of neighbourhoods of 0. A basis for this topology is given
by the open sets {v+ F,V | v € V,n € N}. A filtration {F,,V | n € N} on an k-module V is said
to be finer than another filtration {G,V | n € N} on V if and only if for every n € N there
exists an m € N, which we may always assume to be greater than n, such that F,,V C G,V
(see e.g. [Bk3, 1.38, § 6.3, Proposition 4]). As a consequence, the linear topology induced by
the filtration {F,V | n € N} is finer than the one induced by the filtration {G,V | n € N} (notice
that also the converse is true: if the topology induced by {F,V | n € N} is finer than the one
induced by {G,V | n € N}, then the filtration {F,V | n € N} is finer than {G,V | n € N}). If
{F,V | n € N} is finer than {G,V | n € N}, then we may also say that {G,V | n € N} is coarser
than {F,,V | n € N}. Two filtrations {F,V | n € N} and {G,,V | n € N} on an k-module V" are said
to be equivalent if and only if each one is finer than the other one. In particular, two filtrations are
equivalent if and only if the induced topologies are so.

Remark 3.1.1. We will always endow the base ring k with the discrete filtration Dok = k and
D,k =0 for every n > 1. This filtration induces on k the discrete topology because {0} turns out
to be open by definition, whence every point is open. This topology is always compatible with all
algebraic structures on k, even

(=) Nk =k ke kY
in case k is a field (see for example [Bk3, II1.55, § 6.7, Example 1]).

Given two filtered k-modules (V, F,,V) and (W, F,W), a k-linear map f : V — W is said to
be a filtered morphism is it satisfies f (F,V) C F,W for every n € N. We may often denote by
fn: F,V = F,W the restriction of the filtered morphism f : V — W to the n-th component of
the filtration. A filtered isomorphism is a filtered morphism which is an isomorphism of k-modules
and whose inverse is filtered as well.

Remark 3.1.2. Independently from being filtered or not, a k-module homomorphism f: V — W
is continuous with respect to the linear topologies induced by the filtrations if and only if for
every n € N there exists m (n) € N such that f (F,.(,)V) € F,W. In particular, any morphism of
filtered k-modules is continuous. The converse is not true in general, but given V, W two filtered
k-modules, one can prove that a k-module homomorphism f: V — W is continuous with respect
to the linear topologies induced by the given filtrations if and only if there exists a sub-filtration
on V equivalent to the former one and with respect to which f is filtered.

In light of Remark 3.1.2, we will distinguish homeomorphism as topological spaces (which may
be called topological isomorphism) from filtered isomorphism as filtered modules. Note that every
filtered isomorphism is in fact an homeomorphism.

Filtered k-modules and filtered morphisms form a category 91, It turns out that this is an
additive (but not abelian) category which is complete and cocomplete in such a way that the

W1In [NvO1] the operation of shifting by k is called the k-th suspension functor.
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functor U : MM — M that forgets the filtration lifts limits and colimits uniquely. Indeed, for
example, if { (V;, F,V;) ,fw-}J is a (small) diagram of filtered k-modules (7 a small category), we

may compute the limit ( lim (V;) N 78 ), in M and then endow lim (V;) with the initial'® or
projective limit filtration

F,(lm (V;) ) := lim (E, (V;))., (3.1)
which is the coarsest filtration such that each structure map o; : lim (Vi) = V; is filtered. Analo-

gously, one may compute the colimit ( V; A Q= h_rr>1 (V3) )j in 9T and then endow @ with the

final or inductive limit filtration

F,(lim (Vi) ) := ) m(EV)), (3.2)

e
which is the finest filtration such that all morphisms 7; : V; — Q are filtered.

Example 3.1.3. As a particular case, let (V, F,V) be a filtered k-module and let W C V be a
k-submodule. Endow W with the induced filtration, the coarsest filtration such that the inclusion
map W < V is filtered. Namely, F,W := W N F,V for all n € N. The quotient k-module V/W
endowed with the colimit filtration F,,(V/W) = (F,,V + W)/W is then the cokernel of W — V
in 9™, Notice that this filtration is the finest such that the canonical projection V — V/W is
filtered, whence we may call it the quotient filtration®. Unless claimed otherwise, these will be
the filtrations that we will consider on submodules and quotient modules.

Remark 3.1.4. Analogously to what we did with the limit of a diagram in 9™, for every n € N
we may consider the colimit lim (F,,V;) in 9t and this comes endowed with a unique k-linear map
lp hén (F.V,) — hgn (V;) such that ¢, 075, = 7;0Ls, given by the universal property of hﬂ (F.V)).
Thus one may consider Fn(lim (VL)) :=im(¢,) for n € N as the filtration on lim (V;), as it is
done for example in [NvO2, §D.I page 281]. However, in view of [Sr, Corollary 8.5] we have that
im(tn) =2 e im(Tiotin) =D, 7 (F,V;), because M is a cocomplete category. We opted for
this last description of the filtration on the colimit because it is easier to handle.

Since U lifts limits and colimits uniquely and 991 is complete and cocomplete, it preserves
limits and colimits as well. However, notice that U : 9" — 91 does not create limits, as any
filtration on L := lim (V;) which is finer than the initial one makes of it a source for the diagram

{ Vi, B, V) 7fi,j}j in 9™, The same happens for colimits and coarser filtrations.

Remark 3.1.5. Every k-module V can be considered a filtered k-module via the discrete filtration
DV =V, D,V =0 for all n > 1 or via the trivial filtration Z,V =V for all n > 0. If we denote
by D : 9 — M the functor that endows every k-module with the discrete filtration then

nw =ldw : W S UDW)  and ey = Idy : DU((V,F,V)) = (V,F,V)

are the unit and the counit of an adjunction (D,U,n,¢) and moreover 7 is always a natural
isomorphism (equivalently, D is full and faithful). On the other hand, e is bijective (in particular,
U is faithful) but it is not an isomorphism, so that (D, i) is not an equivalence of categories. To
see why € is not an isomorphism, consider the k-module V' =k @ k with filtrations {D,V | n € N}
given by D,V =V, D,V =0foralln > 1,and {F,V | n € N} given by F,V =V, F;V =k®0 and
F,V =0for all n > 2. Then Idy : (V,D,V) — (V, F,V) is filtered but Idy : (V, F,V) — (V,D,V)
is not. In such a case e, = Idy, is not an isomorphism in M™ since its inverse is not filtered. This
is also the reason why 9™ is not an abelian category.

(2)The terminology is inspired from the topological framework, where the initial topology on a set X with respect
to a family of maps f; : X — Y;, i@ € I, is the coarsest topology on X such that each f; is continuous.

(3 More generally, whenever we have a k-linear surjective morphism p : V — W between a filtered k-module
(V, F, V) and another k-module W, we will call quotient filtration the final filtration on W with respect to p, that is,
the finest one such that p is filtered.
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On the other hand, one may consider the functor Z : M — M™ which endows every k-module
with the trivial filtration. Thus the maps

vy =Idy : (V,F, V) = ZU((V,F,V)) and 6Oy =Idy : UZ(W) = W

are the unit and the counit of an adjunction (U, Z,~,8). Moreover, 6 is a natural isomorphism so
that Z is fully faithful, while 7y is bijective for all V' but not an isomorphism, as above.

Notice that Remark 3.1.5 provides a different way to see that U/ preserves both limits and
colimits, as it is a left and a right adjoint at the same time.

Remark 3.1.6. As every function from a discrete topological space to any topological space is
continuous, every morphism from a discretely filtered module to any filtered module is automatically
filtered. Analogously, any morphism to a trivially filtered module is automatically filtered.

Now, if V and W are filtered k-modules, then there is a natural filtration on their tensor
product V @ W given by
F,(VeW):= > im(FVeFW) (3.3)
ptg=n
for all n € N, where the notation im(—) on the right-hand side stands for the image of F,,V ® F,W
in V@ W®. We will consider this one as the standard filtration on the tensor product of filtered
k-modules. Moreover, if we denote by Hom! (V, W) the abelian group of filtered morphisms
f:V — W, then it is a filtered k-module as well with filtration given by

F, (Hom{* (V,W)) = Hom{* (V, Wn]) = {f € Hom, (V,W) | f (F.V) C F, W for all k > 0}.

Proposition 3.1.7. If f: V = V' and g: W — W’ are morphisms of filtered k-modules, then
fRg: VW = V'@ W' is a morphism of filtered k-modules. In particular, the category MM of
filtered modules is a monoidal category with tensor product ® and unit k. Furthermore, for every
U, V,W in " we have a bijections

Hom{" (V, Hom{" (U, W)) = Hom{* (U ® V., W) = Hom{" (U, Hom{" (V, W)) (3.4)

natural in V,W and U, W respectively. Therefore, for every V in IM™ the endofunctors V @ — and
— @V are left adjoints of the functor Hom!® (V, —).

Proof. Since the first claim is just an easy check, let us start by proving the first bijection in (3.4).
The classical hom-tensor adjunction provides us with a bijection
]

Hom, (V, Hom, (U, )) Hom, (U ® V, W)
P

[f:V = Hom, (U,W)] ——— [<p(f) UQV - W; u®uvrs (f(v))(U)}

[¢(g):V—> Hom, (U, W); v [ub—)g(u@@)ﬂ ~—[g: UV = W]

Denote by 4, : F,U — U and j,, : F,,V — V the canonical inclusions, so that im (F,U ® F,V) =
i,(F,U) ® j,(F,V) CU®V. If f € Hom" (V, Hom" (U,W)) then for all p+ ¢ =n, u € F,U and
v € F,V, we have

o) () @ 3o0)) = (£ (a(0)) ) () € By (Wla]) = By W = F,WV,

because f (j,(v)) € F, (Homy* (U, W)) = Hom{" (U, W(q]), thus ¢(f) € Hom{* (U ® V,W). Conver-
sely, if g € Hom!™ (U ® V, W) then for all m,n € N

(60 G (0)) (10 (1)) = 9 () © j (0)) € Frsn V.

(4)More precisely, one should say that im (FpV ® FqW) is the k-submodule of V' ® W generated by all the elements
of the form v ® w where v € FV and w € FyW, whence Fp, (V @ W) is the k-submodule of V @ W generated by
all the elements of the form v ® w where v € F,V and w € FyW and p+ q = n.
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In particular, for m = 0 we get that 1 (g)(v) € Hom{* (U, W) for all v € V. For m varying
in N we get also that ¥(g)(j.(v)) € Hom!" (U, W[m ]) = F,, (Hom{! (U,W)) so that 1(g) €
Hom" (V, Hom{" (U, W)) Therefore, ¢ and v induce the desired bijection

Hom{" (V, Hom!* (U, ")) : Hom'™ (U @ V, W)

[V = Homf* (U, 10)] ——— [o(D): U V = W: u v () (w)]

[w(g):V%Homﬂt(U,W); v [u'—>g(u®v)]] ~—[g: UV > W]

The proof of the other adjunction follows the same steps and hence it is omitted. O

Remark 3.1.8. A first observation which is in order is that the adjunctions of Proposition
3.1.7 may also be deduced from [NvO2, Lemma D.VIII.1] by restricting to the 0-th component.
We point out however that the foregoing result is slightly different from the cited one, since
Hom{* (U, V) € HOM(U, V). To see why the inclusion is strict, consider again V = k @ k with
the two filtrations of Remark 3.1.5, i.e. the discrete filtration and Fo(V) =V, Fy(V) =k ¢ 0,
F.(V) =0 for all n > 2. The identity Idy : (V,F,V) — (V,D,V) is a morphism of degree —1
(in the sense that Idy (F,,V) C D, _,V for every n > 0) and so it belongs to HOM(V, V'), but we
already notice that it does not belong to Hom!" (V, V).

Secondly, observe that both morphisms ¢ and v are in fact k-linear morphisms. Moreover, fix
m € N. If f € F, (Hom{* (V, Hom{* (U, W))) = Hom{" (V, Hom{" (U, W) [n]), if p + ¢ = m and if
u € F,U and v € F,V, then we have

()W) @ o) = (£ Gal0)) ) (i) € FypnipW

because f (j,(v)) € F, (Hom{* (U,W)[n]) = F,;, (Hom{ (U, W)) = Hom{' (U Wlg + n)), so that
o(f) (Fr(U®V)) C F,y ., W and hence ¢(f) € Hom{® (U ® V,W|n]) = F, (Hom{* (U ® V,W)).
On the other hand, if g € F,, (Hom{* (U ® V,W)) = Homf't (U®V,W][n]) then

(49 Ga®)) ) (ip(0)) = 9(ip(w) @ 5(0)) € 9 (Fyyo(U @ V) € FyeginW
forall p,g e N, u € F,U, v € F,V, so that
(9) (G (v)) € Hom{" (U, W[ + q) = Foy,, (Hom(* (U, W) = F, (Hom{" (U, W) [n])

for all ¢ € N and so ¢(g) € Hom{" (V, Hom{* (U, W) [n]) = F,, (Hom{* (V, Hom{" (U, W))). There-
fore, the bijection on (3.4) is in fact an isomorphism of ﬁltered k-modules.

As a consequence, (MM™ ®,k,a,l,r) is a monoidal category, IM™ is cocomplete and for any
object V in 9™, the endofunctors V ® — and — ® V are cocontinuous (because they are left
adjoints). In light of Theorem 1.6.5, we have a bicategory Zim!* whose 0-cells are algebras in 9t
and whose categories of {1,2}-cells are the categories of bimodules over these algebras.

Explicitly, an algebra R in 9™ is a k-module endowed with a decreasing filtration of k-
submodules

-CHFRCFR=R (3.5)

and with two filtered morphisms v : k — R and m : R ® R — R such that m is associative and
unital with unit w. Claiming that m has to be filtered is equivalent to say that the filtration (3.5)
satisfies F,R- F,,R C F,, ., R for every m,n € N, where we denoted by - the multiplication in R.
Thus R is what is usually called a filtered k-algebra (compare for example with [NvO2, §D.1.1]).

If R, S are filtered k-algebras, then an (S, R)-bimodule is a filtered k-module (M, F,, M) endowed
with two filtered morphisms

MSYAI:S®M—>M and ,LLM’RM(X)R—)M

(0]



that are actions of S and R over M from the left and the right respectively and that are compatible
in a suitable way as expressed by (1.10). As before, this is equivalent to claim that for all m,n € N
we have

F.S-F,MCF,..,M and F,M-F,RCF, .M

where now we denoted by - the action of S or R on M indifferently. This means that M is a
filtered (S, R)-bimodule. A morphism of filtered (S, R)-bimodules f : M — N is a k-linear filtered
morphism which is also (S, R)-bilinear. Thus, the categories of {1,2}-cells are the categories of
filtered bimodules over the filtered k-algebras. The vertical composition is the composition of
(S, R)-bilinear morphisms, which turns out to be filtered since the composing morphisms are so.

Given ¢Mp and rNp two filtered bimodules, their horizontal composition is given by their
tensor product over R, which is the coequalizer

wnM,RON WM.N
M@RIN———=MQN—>M®®zN

MQ@ur, N

in the category of (S, T')-bimodules. Explicitly, M @z N is the classical tensor product of R-modules
M®N

(m-r@n—m®®r-n|meMmneN,reR)’

wyun:MON - MegN, (m®n»—>m®Rn),

M®RN:

filtered with the filtration given in (3.2), that is,

unm,RON WM.N
Z im(F,M ® F,R® F.N) ————% Z im (F,M ® F,N) —> F, (M @ N),
ptq+r=n M®un,N h+k=n

which amounts to say that, for all n € N,

F,(M®rN)= > im(F,M@zF,N). (3.6)

ptg=n
Summing up, let us collect our achievements in the following result for future reference.

Proposition 3.1.9. There is a bicategory Bimf™ which has filtered k-algebras as 0-cells and whose

categories of {1,2}-cells are the categories of filtered bimodules over these filtered algebras with
vertical and horizontal compositions given by the composition of bilinear morphisms and the usual
tensor product, filtered as in (3.6), respectively.

Remark 3.1.10. Similar to the case of usual bimodules, we have an isomorphism between the
category (O™ of filtered (S, R)-bimodules and the category ggror MM of filtered S ® R°P-modules,
where R denotes the opposite algebra of R and S ® R°P is a filtered algebra with filtration as in
(3.6).

Proposition 3.1.11. For S, R filtered k-algebras the forgetful functor U : O — IM™ creates
limits and colimits. In particular, the category ¢IM% is complete and cocomplete.

Proof. In view of Remark 3.1.10, (2% is complete and cocomplete if and only if gggor IMM™ is.
Notice that ggreeIM™ = ggror (M™) is the Eilenberg-Moore category of algebras over the monad
(S® RP) ® — : M™ — MM, Therefore, since MM is a cocomplete category, it follows from
Proposition 1.4.2 that the forgetful functor U : gg gor M™ — MM creates all limits and it creates all
those colimits which are preserves by (S ® R°?)®—. However, we already noticed that (S ® R°?)®@—
is cocontinuous, so that U creates all colimits as well. O

Explicitly, if S, R are filtered k-algebras and { (M;, F,,M;), f;; }] is a diagram of filtered (S, R)-
bimodules over a scheme 7, then its limit lim (M;) and its colimit lim (M;) are filtered with the
initial and the final filtrations

Fo(lim (M;)) =lim (F,, (M;))  and  F,(lim (M;)) =Y 7(F.M) (3.7)
e
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as in (3.1) and (3.2), respectively.

Remark 3.1.12. Unless both R and S are discretely filtered k-algebras, the discrete filtration
{DoM = M,D,M =0|n>1} on an (S, R)-bimodule M does not endow it with a structure of
filtered (S, R)-bimodule as F,R - DoM - F,,S # 0 = D, M in general. Thus the functor D of
Remark 3.1.5 needs to be substituted by a functor D: ¢z — Szmgg which associates to M in
sy the (S, R)-bimodule M with filtration

F,M := Z F.S-M-F,R

h+k=n

for all n € N. This filtration is called the induced filtration and it coincides with the discrete one in
case both S and R are discretely filtered. The new functor D is still left adjoint of i with the same
unit and counit as in Remark 3.1.5, which justifies also why we use the same notation for both.

Apart from the discrete filtration (which has been taken care in Remark 3.1.12), all the
constructions and notions that we introduced for filtered k-modules hold as well for filtered
bimodules over filtered k-algebras. For example, if sMpy, s Pr and p N are bimodules as denoted,
then the abelian group Hom't (N, P) of filtered morphisms f: N — P which are T-linear is an
object in (9N with filtration given by

Fn(Homf}t (N, P)) = Hom™ (N, P[n]) = {f € Hom™ (N, P) | f (FN) C Foy P,k > o}. (3.8)
and we have a bijection
sHomf (M ®g N, P) = ¢Hom{; (M, Hom{ (N, P)) (3.9)

natural in M and P. Therefore from now on we will use them freely both for k-modules and
(S, R)-bimodules.

Remark 3.1.13. Notice that the filtration in (3.8) is the one induced by the filtered bimodule of
all morphisms of finite degree HOM (N, P) onto its subgroup F,(HOMz (N, P)) = Hom{ (N, P)
(see e.g. [LvO, 1.2.5]).

3.1.2 The completion bifunctor

In this subsection we will recall the construction of the completion functor from the category of
filtered bimodules to the one of complete bimodules. As a classical reference for the material
presented here, we suggest [NvO2, Chap. D, §§ I-II] and [LvO, Chap. I, §3]. Nevertheless,
consistently with Subsection 3.1.1, we will prefer to follow a bicategorical approach.

Let (V, F,,V) be a filtered k-module. We recall that V' is Hausdorff (or separable) if and only if
for every pair of elements x,y € V there exist two open sets X, Y C V such that x € X, y € Y
and X NY = (). However, by definition of the linear topology on V', this is equivalent to say that
M £V = 0. Moreover, a sequence {v; | k > 0} in a Hausdorff filtered k-module V' is a Cauchy
sequence if and only if for every p € N, there exists ¢ € N such that for all k, h > ¢ we have that
vy — v, € F,V. It is convergent to an element v € V' if and only if for every p € N, there exists
q € N such that for all £ > ¢ we have that v — v, € F,V. A Hausdorff filtered k-module (V, F,,V)
is said to be complete with respect to the linear topology induced by the filtration if and only if
every Cauchy sequence is convergent.

Inside the category 9™ of filtered k-modules we may isolate the full subcategory 9¢ of complete
k-modules, whose objects are complete Hausdorff filtered k-modules and whose morphisms are all
the filtered morphisms between them.

Now, given a filtered k-module (V, F,,V') the filtration on V' gives rise to a projective (or inverse)
system of k-modules given by

(x+F,V a4+ F\V) (3.10)
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for all m > n and this allows us to give an effective characterization of when a filtered k-module is
Hausdorff and complete, as well as a universal construction of its Hausdorff completion. To this

aim, set
~ . 174
V:=1lim (an)

and consider the canonical morphism vy : V — v rendering commutative the diagram

N 11

for all n € N, where p,,: V- V/F,V are the structure maps of the limit. The subsequent result
can be proven directly (see also [NvO2, Proposition D.IL.3]).

Proposition 3.1.14. An object (V, F,, V') in IM™ is complete and Hausdorff as a topological space
if and only if the map v of diagram (3.11) is an isomorphism.

Remark 3.1.15. Recall that a realization of the inverse limit lim (V/F,V) in 9™ is given by

\%
{ ('Uk JrFkV)kzo € H %

k>0

forall k > 0 and h > k, vk+FkV’uh+FkV}. (3.12)

If (vx + Fy V)50 € Jim (V/F,V) then for all N € N and for every k,h > N one has
v + FyV =oy + FNV =v, + FyV,

that is, v, — v, € FyV. Considering p = ¢ = N in the definition of a Cauchy sequence one can see
then that {v | K > 0} is Cauchy. Conversely, if {v;, | k > 0} is a Cauchy sequence in V, then we
can define a subsequence {v/, | n > 0} in the following way. For every n € N, there exists N, € N
such that for all k,h > N,,, vy, — v, € F,,V. Set then v/, := vy, . By construction, we have that
(v, + FV), oo € lim (V/F,V). As a consequence, one may work with elements of V as if they were
Cauchy sequences in V.

Proposition 3.1.14 and Remark 3.1.15 justify in some sense the following definition.

Definition 3.1.16. For a filtered k-module V', we define its Hausdorff completion to be the inverse
limit V' over the projective system (3.10).

Example 3.1.17. Let V be a filtered k-module with a filtration {F,V | n € N} such that
F,,V = 0 for some m € N. Clearly ﬂneN F,V C F,,V = 0, so that it is Hausdorff and -~ is
injective. Furthermore, pick (vj +Fkv)k20 S @(V/F,LV). In view of the realization (3.12),
it follows that v,, — v, € F,V for all k < m and v, —v,, € F,,V = 0 for all & > m, so that
(Ve + FiV)so = (Um + FiV) o = 7 (v,) and v is surjective as well. Thus V' is a complete
Hausdorff filtered k-module.

As a matter of terminology, from now on we will understand that a complete k-module is
Hausdorff as well, whence we will just refer to complete k-modules and completions of filtered
k-modules. Recall that the completion V' may be filtered with the filtration given in (3.7), which
in this case satisfies v

F,V = ker <pm V= FmV> . (3.13)
In particular, the canonical k-linear morphism ~y: V' — Vis always filtered. Moreover, every
V/F,V with the quotient filtration is a complete k-module, because it satisfies the condition of
Example 3.1.17. N

The fact that Definition 3.1.16 is consistent (i.e. that the completion V of a filtered k-module
V is a complete k-module) follows from the subsequent Lemma 3.1.18 (see also [NvO2, Proposition
D.IL.3]), whose proof is omitted.
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Lemma 3.1.18. Let (V,F,V) be a filtered k-module. For all n > 0 we have an isomorphism
V/F,V 2 V/F,V in 9™ which is compatible with the morphisms of the projective system (3.10).
In particular, V = Jim (V/E,V) is a complete k-module.

Remark 3.1.19. Assume that V' is a complete k-module. The inverse morphism of vy : V — 1%
is given by the assignment

~

which is well-defined because the limit klim (24) is independent of the representatives chosen for
the equivalence classes x, + F;,V € V/F,V, k > 0. Notice also that klim (vp) + F,V =2,+F,V
— 00

for all n > 0. If we perform the completion twice, that is, if we consider ‘A/, then we claim that

Q
3

<>>
<>

(((vi + V) o+ ka/) (" 4 FnV)n>0> . (3.15)

k>0

To see why, notice that for every k > 0 we have (v} + F,V), o, — (vp + F,V), 5, € RV = = ker(py,).

Hence for every M > 0, there exists IV, indeed N = M, such that for all £ > N

(vf+ F V) _ — Wi+ FV), o0 € FiV C FuV,

which means exactly that klirn ((vfb + FnV)n>0) =W+ F.V), <0
—00 = =
The following conventions turn out to be very useful in dealing with completions.

Notation 3.1.20. Given a filtered k-module V', by a slight abuse of notation we are going to denote
the elements of its completion V by 7., meaning by that an N-tuple (xn +F"V)n>o € ano V/E,V

satisfying 2,1 — x, € F,V for all n > 0.%) If 2 € V, then its image via vy in V will be denoted
by Z, which is the N-tuple (ac + FnV)n>0. When V is complete, and so vy and oy are mutually
inverse functions, the element ., := oy (Zo) = lim (z,) belongs to V.

n—o0

For example, with these conventions it becomes easier to check that the morphism oy is filtered
as well, so that 7y is a filtered isomorphism.

Lemma 3.1.21. If (V, F,V) is a complete k-module, then vy : V — Visa filtered isomorphism.

Proof. If we have Too = (z, + Fi V), € ker (pn V- V/FnV) and if x., = oy (To) is the limit

of the sequence {z; | kK > 0} as in Remark 3.1.19, then 0 = p, (T) = T + F,,V. In particular
Too € F,V, so that oy is filtered. O

The construction of the completion of a filtered k-module provides us with a functor
(—): ™ — o

that associates every filtered k-module with its completion and every morphism of filtered k-modules
f:V — W with the morphism f:: @ (fn), where f,: V/F,V — W/F,W is the map induced
by f on the quotients (see e.g. [LvO, Chapter I, §3]). The other way around, we have a functor
U M — Mt which “forgets” the completeness, that is, it associates every complete k-module
with itself, but seen just as a filtered k-module. For all intents and purposes, it is the inclusion
functor of the full subcategory 99i¢ in 9. By using Proposition 3.1.14 and Lemma 3.1.21 one may
check that the following result holds.

(5) This condition is in fact equivalent to claim that (zn + FnV)p>0 € 1(21 (V/E, V).
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Lemma 3.1.22. The functor (/—\) : Mt — e s left adjoint to the functor U : MM — M™, that is,
we have a bijection

Hom!® (V,U(W)) = Hom¢ (f/,W) (3.16)

natural in both components. The unit is the canonical map vy :V — U(‘,}) for Ve O™, The

counit is “its inverse” oy : UW) — W for all W € 9. In particular, the counit is always a
filtered isomorphism. Furthermore, the bijection (3.16) is in fact a filtered isomorphism.

Proof. Let f € Hom[" (V,W[t]) and consider its completion f:V = W. This is the unique
k-linear morphism such that p}¥ o f=f opy for every k > 0, where p; : V= V/F.V are the
structure morphisms of the projective limit as usual and fj: V/F,V — W/E,W are the maps
induced by f on the quotients. Notice that the hypothesis on f implies that for every £ > 0,

F.V/F, .V C ker (]?,;:_t), because for every v + F,,;V € F,V/F,,,V we have f,;:t (v+ FpyV) =
f()+ FoeW = F,.,W. Consider an element 0, € F,V, so that 0 = p¥ (3..) = T in (P (Us))
and py,, (V) € F,V/F,,V C ker (ﬂ) Thus, p)V,, (f(ﬁoo)) = ﬁ:t (pT‘fH (500)) = 0 and hence
f(Fn‘A/> C FnHW. This implies that the assignments

Hom'™ (V,1(W)) =—= Hom¢ (17, W)
[ Ow © f

Ulg)oyy <— g

are filtered. One may also check easily that they are inverses each other. O

Before proceeding, let us discuss some consequences that can be drawn from Lemma 3.1.22.
First of all, it is worthy to point out that the bijection in equation (3.16) encodes the universal
property of the completion: every filtered morphism g: V. — W from a filtered k-module V to
a complete k-module W factors through the completion of V', that is, we have a commutative
diagram of filtered morphisms

1% d w
N .7 (3.17)
A% ‘7 Va 9

Secondly, since we already noticed that 9i¢ is a full subcategory of 9™ with inclusion ¢/, Lemma
3.1.22 is equivalent to claim that 91 is in fact a reflective subcategory (i.e., full subcategory
whose inclusion functor admits a left adjoint) of 9™ with reflection (i.e., the left adjoint of the

—

inclusion functor) (—)®. By the general properties of reflective subcategories, one may deduce
that U : 9¢ — MMM detects colimits, whence the cocompleteness of IM< (see e.g. [Brx1, Proposition
3.5.4]). We collect these facts in the following lemma for future reference.

Lemma 3.1.23. The category ¢ of complete k-modules is a reflective subcategory of M™. Thus
the functor U : I — MM detects colimits and M is cocomplete.

Notation 3.1.24. Observe that a sequence {x,, | n € N} in V is Cauchy if and only if the sequence
{Z, | » € N} in V is Cauchy. It turns out that Z, = lim (z,) in V, where {z, | n € N} is the

n— oo

Cauchy sequence associated with 7., as in Remark 3.1.15. Hence, by a slightly but consistent abuse

(6)This should not be surprising, one key example of reflection being the completion of metric spaces (see [AHS,
Examples 4.17(C)]. Even if it is unessential, notice that ¢ is also replete as a subcategory of omnft, that is, every
object V in Mt which is isomorphic to U(W) for some W in 9MC already belongs to MC (see [Brx1, Definition 3.5.2]).
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of notation, we are going to write Zo, = lim (z,) whenever Z, = (z,, + F,,V), -,. This proves to

n—oo

be very useful when one will have to compute, for example, f(foo) for a given f:V — W. Indeed

F(lim () = F @) = (@) + FaV) o = Jim (@) = f)e (318)

n—00 n— oo

Notice finally that for two given Cauchy sequences {z,, | n € N} and {y,, | n € N} in V, we have
that lim (x,) = lim (y,) in V if and only if Z,, = ¥, if and only if z, — y, € F,V for all n € N.
n— oo n— oo

We conclude this subsection by recalling the following fact.

Lemma 3.1.25. For every complete k-module V' the assignment
Hom (V,—) : M — M°© (3.19)
gives a well-defined functor.

Proof. The proof of the fact that the functor is well-defined can be adapted from [LvO, Proposition
6.7], in light of the fact that Hom; (V, W) = F, (HOM;(V,W)). The main idea is to show that

for every fo, = (fx + Fy.(Homg (V, W) ))k>0 in Hom; (V, W), the morphism f : V — W defined by
f(U) = nh_{rolo (fn(v)) SatiSﬁeS ’YHom@(V,W)(f) - ]/C\oo D

3.1.3 The complete tensor product of filtered bimodules

Henceforth, we will often omit to write explicitly the functor &/ : 9¢ — 9 in the computations
to increase the readability, unless we need to stress the category in which we are working or the
domain or codomain of particular morphisms.

Let V, W be complete k-modules. In general, V ® W is not a complete k-module itself. However,

we may consider the completion U (V@(W), which we will denote simply by Vow.

Definition 3.1.26. Given V, W two complete k-modules, we define their complete tensor product
to be the completion VR W :=V & W.

This complete tensor product turns out to enjoy many of the nice properties that the canonical
tensor product enjoys.

Theorem 3.1.27. For every complete k-modules U, V., W we have filtered isomorphisms
Hom§ (U, Homg, (V, W)) & Hom{ (U ® V, W) = Hom{ (V, Hom; (U, W))

which are natural in U, W and V,W respectively. In particular, the functors —®@V and V& — are
left adjoints to the functor Homg (V, —) : 9t¢ — 90,

Proof. Recall that for every complete k-modules V, W we have that Hom (V, W) = Hom" (V, W)
by definition. Up to the omission of the functor U : 9¢ — MM, from Proposition 3.1.7, Remark
3.1.8 and Lemma 3.1.22 we deduce that

Hom; (U, Homg (V,W)) = Hom{" (U ® V, W) = Hom; (U& V,W).

The other isomorphism is proved in the same way. O

Let us consider the category 9 endowed with the tensor product ® and the distinguished

object k. It turns out that the functor (=) : 9™ — 9N preserves the tensor products in the sense
of the following proposition.
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Proposition 3.1.28. Assume that V and W are two filtered k-modules. Then we have a filtered
isomorphism of k-modules V@ W =V @ W, natural in both variables, explicitly given by

Cyw:V® W VaeWw, (hm (klim (vp) ® hlim (wZ)) — lim (07 ® wZ)), (3.20)
n— oo — 00 — 00 n— oo
Vv VAW > VEW, <lim (v, @ w,) > lim (3, ® w:)) (3.21)

(summations over the tensor products are understood to increase readability).

Proof. The morphism ¢y y is simply vmw, whence it is filtered. On the other hand, consider
the k-linear filtered morphism
v W Vew

o — ;
D EVEOEW T RV ew)

(w+FV)®(w+FW)—»ovw+ F,(VeW)

for every n > 0 and compose it with p¥ ® p!”. These make of V ® W a source for the projective
system {(V @ W)/F, (V@ W)} _ in M™ and hence there exists a unique filtered morphism
dvw VoW - Vew which, in light of (3.17), may be lifted uniquely to the morphism
Yvw VW - VaW of Equation (3.20). Obviously, ¢vw o ¢v,w = ldyg. The other way
around, recall that F,V = ker(p,,) and observe that (v’ + Fi,V)ken + F,V = (vp + Fi V), cn + F,V,
because p, (v + F,V)ken) = vl + F,V =p,, ((vf + F,V), o), whence

keN

(n + BV), 0 @ (Wi + BW), = (0 + FiV), oy @ (wp + FW), o + F,(VaW)
_ (0 + FuV)en — (0 + FiV) ) © (W) + FW), e + . _|=rie /W)
+ (VF + FV ) e ® ((WZ + Fu W) — (Wi + FhW)hEN) +E(VaWw)
holds in (V ® /VV)/FR(XA/ ® /V[7) for every n > 0, so that tv,w o pvw = Idp 5 5 as well. O

In light of Lemma 3.1.23 and Proposition 3.1.28, we may apply the following technical result.

Proposition 3.1.29. Let (M, ®,1, o™, AM pM) be a monoidal category and let C be a reflective
subcategory of M. There exists a monoidal structure (C,[4,J, &% A€, p¢) on C such that the left
adjoint L of the inclusion functor R : C — M is a monoidal functor if and only if L (ny @ nn) is
an isomorphism for all M, N in M, where n is the unit of the adjunction (L, R,n,€). Moreover,
the monoidal structure above is unique up to an isomorphism of monoidal categories.

Even if the conclusions of Proposition 3.1.29 may be expected and they are already (implicitly)
contained in Day’s Reflection Theorem (see [Da, §1] and the proof in [Da, §4]), we are going to
take the proof out explicitly for the sake of completeness and for future reference.

Proof. Assume firstly that £ (9, ® ) is an isomorphism for all M, N in M and let us construct
a monoidal structure on C in such a way that £ becomes a monoidal functor. For all X,Y in C set

XRY =LRX)®R(Y)) and J:=L(J),
which are going to be the tensor product and the unit object of C. Set also 1y = Id; ;) and

L(np@nN)

YN :(E(M@N) E(RE(M)@RL(N))E(M)&E(N)),

which are going to be the structure isomorphisms of £. Since «® has to be compatible with £ and
oM it has to make the following diagram commute

YMQN,P Py, NRL(P)
_—

L((M® N)® P) L(M ® N)K L(P) (L(M) R £(N)) & £(P)
E(‘X;\\/}I,N,P)l/ v"‘iw),um,c(m (3.22)

L(M®(N®P) — L(M)RL(N @ P) L(M) B (L(N)R L(P))

_—
YM NP LM)RY N, p
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and in this way we have defined «¢ on elements of the form £(M). To define it on every triple
of objects X, Y and Z in C recall that R fully faithful implies that the counit € is a natural
isomorphism. Hence &€ is uniquely determined by the commutativity of

(exWey )Xez

(LR(X)RLR(Y)) R LR(Z) (XXRY)XZ
"‘in(x),mz(y),mz(z)l vo&y,z (3.23)
LRX)YK(LR(Y)XK LR(Z)) HeE) XX (YXZ)

Now we have to show that the &€ we constructed is associative. We prove it firstly on quadruples
of the form £(M), L(N), L(P), L(Q) and then extend it to all X,Y,Z, W objects in C. Let us
perform the following computation

O (), (M), £(PYRE@) © FEMNREN),E(P),£(@) © (WM,N X L(P)) X ﬁ(Q)) O]
o (Yuen,r BL(Q)) © Yuener.ao
_ —"‘i<1»f>,£<N>,ﬁ(P)m<Q> ° (7/’M7N X (L(P)K E(Q))> ° “iuvf@w),up),ﬁ(Q)O]
o (Yuen.r ML(Q)) © Yuener.o
(3.22) _(xf:(]bf),L(N),L(P)&E(Q) o (1/1M,N X (L(P)X E(Q))) o (L(M®N)K 7/’1:’,@)0]
| ©Yumen.roq © L(%Ton ro)
—“&M),a(zv),ap)m(@) ° ((E(M) X L(N)) X ¢P,Q) o (YunHLP® Q))°]

| © Yuen.req © L(%gN,pa)
—<L(M) X (L(N) X wRQ)) o “i(M),L(N),L(P@Q) © (¢M,N XNL(P® Q))Ol
| °Yuman.roq © L(Ggn rao)
| (E(M) B (E(N) Bpa) ) o (L) B n,poe) © urvecrear
| © E(“ﬁN,P@Q) © E(o‘%Q@N,P,Q)
[ (£(M) 8 (£(N) Re60) ) © (L) B pea) 0 vairon©)

|0 LM ® eyl g) 0 L(xverq) © L(Ty.r © Q) ]
_</3(M) X (L(N) K ¢PQ)> (L(M) R Yy paq) o (L(M) K .C(oc{\‘,’fpr))o]

° Ym,(NoP)©Q © 'C(O‘M N®PQ) © E(“MN p® Q)

(122 (E( ) B L(0 0y cme000) ) © (£(M) B (1w, BLQ)) ) 0 (£(M) mN®P,Q)o]
oY voroe © L(A vopg) © L(CXJM Np®Q)

(3.22) (/:( ) B L(oG (wy.2p).c0@) ) ° ( X (¢n,p X /J(Q))) ° “&M)L(N@P),L(@O]
o (Yunor BL(Q)) 0 Yuonver).q© ‘C((XM,N,P ®Q)

_ _<£(M) X E(O‘ZN»L(P),L(Q))) © O (01), £(NBE(P).£(Q) © ((E(M) Rty p) B E(Q)) °]
o (Yurner BL(Q)) o (Lo] n,p) WL(Q)) 0 branor.e

(3.22) (L(M) X ﬁ("éw),c(m,c(@))) 0 0z cnmer).e@ © (Keon,eov,em B L(Q))o

o ((1/)1\/1,1\/ X E(P)) X E(Q)) ° (d’M@N,P X E(Q)) oY meNePrQ
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from which we deduce

C C
XL (), £(N),£(PYRL(Q) © XL(MBL(N),L(P),L(Q) —
C C C
= (ﬁ(M) X ﬁ(“ﬁ(m,ﬁ(?xu@))) © &L (ar),(NRL(P),L(Q) © (“L(M),aN),a(P) - E(Q))-

By applying repeatedly (3.23) we conclude that «° satisfies the Pentagon Axiom and hence it is
associative. Furthermore, we can define the natural transformations A¢ and p¢ by requiring that
they make the following diagrams commute

IRLOD . on conEI e on
wOEL(J\/I)T TL(A%) L(]VI)&wUT Tﬁ(p%) (3.24)
LORLM)~—— LIS M) LONRLI) <—— LM 1)

and extending them to all objects X in C via naturality as above, by asking the commutativity of

c c
ALR(X) PLr(x)

JXLR(X) LR(X) LR(X)K] R(X)
mexi J{ exﬁﬂ\L i (3.25)
JX X i > X XKJ S > X
X Px

Let us show that these satisfies the Triangle Axiom. By the following computation
( (M)X )\E(N)) © O‘L(M) I,L(N) ((ﬁ(M) X ¢0) X E(N)> © (ZZJM,JI X E(N)) © YurgN

)
(E )X 7‘£(N)) (E(M) X (wo X L(N))) o oci(]\/[),ﬁ(]l),[)(N) o (wM,H X E(N)) ° Yumern
(£(
(£(m

(3 22)

L(M) B A ) o (£(M) B (60 B L(N)) ) 0 (£(M) B s x) 0 Yarzen © £ (et )
)R LAY

(3.24)

) o YnieN © E(OCX?’LN) =Yu,N © ['(M ® }\}AVA) ° E(o‘{\\/IA,H,N)
= Yuno l:(PM ® N) = (l: (ra) X L(N)) ° PugiN
"2 (Pl B L(N)) © ((£(M) B4io) BL(N) ) o (408 £(N) © ron

we deduce that

(LZ(M) X )\i(zv)) o cxi(M),.]],E(N) = pf‘.(M) X L(N),
whence, by applying repeatedly (3.25), that the Triangle Axiom is satisfied for all X in C. Summing
up, (C,K,J, «¢ A€, p€) is now a monoidal category and £ : M — C is a monoidal functor with
structure isomorphisms v, and ¥ n, for M, N in M.

Conversely, if (C,X, J, o, A¢, p€) is a monoidal category and £ : M — C is a monoidal functor
with structure isomorphisms ¢ : £(I) = J and ¢p v : LM @ N) — L(M) X L(N) for M, N in
M, then the commutativity (given by the naturality of ¥) of the diagram

L(M®N) PN L(M)RL(N)
Eomesn))| | eomomeen)
L(RL(M)®RL(N)) LRL(M)X LRL(N)

YRL(M),RL(N)

implies that £ (ny ® ny) is an isomorphism for all M and N in M.
Finally, assume that (C,X', J', «’, N, p) is another monoidal structure on C such that (£, ¢, )
is a monoidal functor. The assignments

Yxy = < XRY = £(R(X) 0 R(Y)) 220 rp(x) R LRY) 22 xRy >
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and 7, := (J = £ (I) === J") convert (Idc,7o,7) into an isomorphism of monoidal categories. [

Therefore, we may conclude that the category of complete k-modules 9i¢ /15\ monoidal with
tensor product ® and unit object k and moreover that the completion functor (—): MM — M is
a monoidal functor. By adapting the constructions of Proposition 3.1.29 to this framework (and
by omitting the functor I : MM — MM) we find out that the constraints are given as follows. For
every complete k-module V', the left unit constraint is given by Ay := oy o l/‘\/: k®V — V and
the right unit constraint py: V &k — V is given by py := oy o 7. The associativity constraint
Xy vw (U ® V) QW - U®R (V ® W) is the unique k-linear map that makes all the following
diagrams commute for every U, V and W filtered k-modules

~

Yu,v @ W — YURV,W —

(U@V)@W ToVew UeV)eW
"5 lﬁw
U8 (17 ) _ UevVew Us(VeWw)
U® vv.w YU, VoW
or, more explicitly, for U, V, W complete k-modules
Xuv,w = <0U ® (V ® W) ) 0 Yuvew O Quv.w © Pugv,w © ( (U ® V) ® ’YW)~ (3.26)

Remark 3.1.30. For the sake of clearness, let us make explicit an obvious fact that has been used
and will be used more or less implicitly in what follows. Let V, W be complete k-modules. The

morphism vy : V — V of (3.11) is at the same time the component Yuwy UV) = U (L{/(-‘7)> in
M™ of the unit v of the aﬁliction (3.16) and the inverse of the counit oy : L{/(‘7) — V in 9N°. By
definition, V& W = U(V) @ U(W). Hence
Pu(vy,uwy ° (’Yv ® VW) = Puw)umw) ° (M(WV@(’YW» = Yuwyumw) © Yuyuw) = |dv® W
(ov B ow) o tuvyuan) = U(ev] OU(EW)) © Cua) © Tuw) =y 54
so that for V, W complete k-modules
Yuwvyuw) =W ®vw  and  Quwyuw) = v @ ow. (3.27)

Recall from Lemma 3.1.22 that the functor U : I — MM is right adjoint to the completion
functor. Thus, in light of [AMa, Proposition 3.84], U inherits a lax monoidal structure

Nuevysury: UV) @UW) — U (u(v@(W)) —UVEW), o k—oU(k)=k (329)

Summing up, we have again a monoidal category (‘JII‘, Rk, o, A, p) such that 9J1¢ is cocomplete
and the functors V ® — and — ® V are cocontinuous. In light of Theorem 1.6.5, we have a bicategory
Pim;g whose 0-cells are algebras in 9t and whose categories of {1,2}-cells are the categories of
bimodules over these algebras.

Remark 3.1.31. Explicitly, an algebra R in 91¢ is a complete k-module endowed with two filtered
morphisms m : R® R — R and u : k — R such that the following diagrams commute

(RBR)®R—="" . R® (R®R) kR ROR<Z" ROk
ngi i \l"/
R®R——>R<~———R®R R
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This is equivalent to claim that R is a complete k-module endowed with two filtered morphisms
m: R®R— Rand u:k — R such that (R, m,u) is an algebra in 9™. Namely given m, the map
m is defined as the unique filtered morphism such that

~

U(R) & U(R) oneon R&®R
V’M(R),M(R)T l/m (3.29)
UR) @ UR) = U(R) R

m IR
commutes. Conversely, m is defined as the composition of the other four sides in diagram (3.29)
above. That is, R is a complete k-algebra (compare for example with [Dv, §A.1]).

If R, S are complete k-algebras, then an (S, R)-bimodule is a complete k-module (M, F,, M)
endowed with two filtered k-linear morphisms

Usr :SOM M  and  uyr:MOR—M

that are actions of .S and R over M from the left and the right respectively and that are compatible
in a suitable way as expressed in (1.10).

Remark 3.1.32. As before, this is equivalent to request that ((M, F,M), fis.n, piar,r) is a filtered
(S, R)-bimodule with the additional property that the canonical (S, R)-bilinear filtered morphism
Y+ M — lim (M/F,M) is an isomorphism. That is, (M, F,,M) is a complete (S, R)-bimodule
(compare for example with [NvO2, Definition D.II.1]).

A morphism of complete (S, R)-bimodules is simply an (S, R)-bilinear filtered morphism between
the complete bimodules and the vertical composition is the usual composition. The category of
complete (S, R)-bimodules will be denoted by ¢95. Given (sMg, F,M) and (gNz, F,,N) two

—

complete bimodules as denoted, their horizontal composition is given by the completion M & R/]X
of the tensor product over R of the two underlying filtered bimodules. Indeed, by recalling that (—)
preserves colimits, we have that the first row of the following commutative diagram is a coequalizer
in 90t¢, while the vertical arrows are isomorphisms

— /\N . o -
(M®R)®N G — MON -2 M ar N0
‘ @; MW 7
= -
MgRN M@ (R@ N) e N //
j —~ YM,RON // p)
.~ MR N e~ A~
M®R®N AM,R® ”—___>M®N H
| - 7 A /
UJNI,R@I/V\ HAAge?f\r\/ AA/;’ // P
b _ - y MeARN S @
A A D —~ N /
(M®R)® N M®R®N ____ 7 y (3.30)
~ PN M@ p~~
\h/\,\,\ M@ v N RN P
LRJ& // on Q@ oN /
legﬁRng \i/\ \i\/\ f\ p)
M&(ReN) )
/
o~ 3  ® N ~
(M®R)®N KM R M@N
m \ N M@LLRN
M®(R®N)

The dotted lines have been added to clarify why the diagram commutes, while the role played by
the dashed ones will be clarified soon. Notice also that the vertical composition are in fact the
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identity maps, in light of Remark 3.1.30. Thus, M/(SSR\N with Wy n == Warn 0 Qa0 (03] ® on')
is also the coequalizer of the two bottom parallel arrows. As a matter of notation, we are going
to set M @p N := M/®R\N and we will refer to it as the complete tensor product of the complete
bimodules M and N over the complete k-algebra R.

Remark 3.1.33. Diagram (3.30) encodes another important property. Assume that neither M

and N nor R are complete. Nevertheless, since (—) is monoidal, both M and N are complete
R-modules with actions

o d -
LR = HMR O PMR an MR 5 = HrN O PRN-

The dashed path express the fact that (M/QBSR\N W5 ﬁ) is still the coequalizer of these two actions.

Thus M/(EQ;N & J/M\@gl/\} via the unique map @y : M\(@&;J/\} — M/@)R\N of equation (1.14). We
will come back on these facts in Lemma 3.1.38.

Summing up, we have the following analogue of Proposition 3.1.9.

Proposition 3.1.34. There is a bicategory Bims which has complete k-algebras as 0-cells and
whose categories of {1,2}-cells are the categories of complete bimodules over these complete algebras.
The vertical compositions are given by the ordinary compositions of morphisms. The horizontal

compositions are given by the composition functors —®p — = (=) o (— @ —)
—®r = ¢MG X NG — MG,
for all complete algebras R, S, T.
Since the notations and conventions we introduced in Notation 3.1.20 and 3.1.24 can be easily

adapted to filtered and complete bimodules, we will use them freely from now on.
Recall that we already know from the application of Proposition 3.1.29 that the completion

functor (—) : M™ — Me is a monoidal functor and consequently that U : M — M™ is a lax
monoidal functor, hence we may apply Theorem 1.6.6 to conclude that they can be lifted to two
bifunctor between the bicategories of filtered and complete bimodules.

Theorem 3.1.35. Let k be a commutative ring which we consider discretely filtered. Then the
completion construction developed in this section induces a bifunctor

—

(=) : Bimt Bims
0-cells Ry R
1-cells sMpt gﬂg
2-cells [f:M%N}I—>[f:]\7% J\Af]

from the bicategory ZBimi of filtered k-algebras and filtered bimodules to the bicategory Bim$ of
complete k-algebras and complete bimodules. The other way around, U : I — MM as well can be
lifted to a bifunctor

U . Bimg — Bim/".

In particular, the completion Rofa filtered k-algebra R is a complete k-algebra and given a
filtered (S, R)-bimodule M, its completion M as a k-module is a complete (S , R)—bimodule.

Example 3.1.36. Let k[X] be the k-algebra of polynomials in the indeterminate X and consider
it endowed with the adic filtration induced by (X), that is F,k[X] = (X™) for all n > 0. The
family of k-algebra morphisms

On: K[[X]] = i@fl (Z a, X5 ) a X+ (X">>

k>0 k=
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induces a unique k-linear map ¢: k[[X]] — k[X] acting as 3, axX* — lim (372 axX*)
- n— oo

which is easily seen to be an injective algebra map. It is also surjective, since every element

lim (372 anxX") € k[X] satisfies

n— oo

n n+1 n
n+1 k __ k k n+1
an+1,n+1X + E (an+1,k - a’n,k) X - E an+1,kX - E an,kX S <X >7
k=0 k=0 k=0

so that a,1, = a, for all 0 <k < n and hence lim (ZZ;; anka’“) coincides with the image of
— 00

> k>0 @k kX "* via ¢. Thus k[[X]] = k/[)?] is a complete k-algebra.

Remark 3.1.37. Let R be a filtered k-algebra. Its completion Risa complete k-algebra with
multiplication given by

ROER™5RoR—>R.
Since U is lax monoidal, with structure morphism dy,w : U(V) @ U(W) — U (V& W) given in
(3.28), U(R) is again a filtered k-algebra with multiplication

Y~ ~

UR) @UR) —" 1 (1?2 & E)

U(eR,R)

u(RR) U (R

~

and v : R — U(R) is a filtered k-algebra morphism. Analogously, one proves that for a complete

k-algebra R, the canonical morphism oy : LT(E) — R is an isomorphism of complete k-algebras.
It is also worthy to consider explicitly the structure morphisms uniquely determined by (1.14).

Lemma 3.1.38. For every filtered k-algebras S, R,T and filtered bimodules sMr and r Ny we
have a unique natural isomorphism

Pum,N - J/W\@g]\? — M/@;N

such that the following diagram commutes

and whose inverse is given by

Vary = ( N I v M&-N, )
where 7 is the obvious projection. They are explicitly given by
Ouw: MEGN = Mg N, ( lim (lim (2,4) 5 lim (yo)) = lm (@0, O y>) (3.31)

byuny:MQrN — M®§ﬁ7 <nh_>nolo (T ®p Yn) — nh_{rolo (f; ®§§;) ) (3.32)

Proof. Let us omit the functor U to increase the readability and keep the notations of diagram
(3.30). Denote by ws ot M ® N — M ®g N and by we =t M ®N — M ®z N the obvious
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coequalizer maps. Consider the projection 7 : M® R N->M Q% N which makes the following
diagram commute

oo M®r N
M®N ™
MN -
M @5 N
and compose it with vy, ® g vn. Since as usual Y, = 01\_71, the following diagram commutes
]/\Z@)EN s ]/\Z®R N YTMORYN M/@;N
‘”ﬁ,ﬁT Tm
M&N M&N
VM, N
where wg & = % °pn O (Va1 ®@98) = % In view of the commutativity of Diagram

—

(3.30), the universal property of M ®zr N (as a coequalizer) entails that there is one and only
one morphism Py n : M @r N — M@EN such that the above diagram commutes, whence

Yy =70 (’YM & ’yN). On the other hand, we already know from Theorem 1.6.6 that the universal
property of ]\7@;@]\7 implies that there exists a unique morphism @ v : J/W\@)g]\? — M ®@r N
such that the diagram in the statement commutes. Since ¢y, v and 9, y are inverses each other,

it turns out that the uniqueness of the morphisms ), x and @,y implies that they are inverses
each other as well. O

Remark 3.1.39. The morphism fyMT&;{\ vn of Lemma 3.1.38 is the unique morphism that makes
the following diagram commute (recall that M ®pz N is a colimit and that (—) preserves colimits)

(M&R) @N—=MaN Y M@a N —>0
('Y]M@@'YN\L V@N\L YMORIN
\

o — L — w L —

(MR @N—=MaeN " Moy N—>0
where the unlabelled arrows are the obvious ones. By omitting the functor U, the first two vertical
maps make the following diagrams commute,

— P i _— _ ~  YuR®N ~ A\~ o~
(M®R)®N MQ®R,N MaREN M,R® M®R> &N
A
(7M®R)®wvl (o®R) 8o~ | (M ER)E N
(MeR)oN——— (MaR)&N - (J/\/l\@ofi) &N
M®R,N P~ @1/\7\
M,R
and
MoN—2 _M&N
~ AN
“/zv;@’nvi @i M ® N



-

thus they are isomorphisms. As a consequence, v, ®g Yn is an isomorphism as well and hence we
get that

M@rN=2M@r N2 M&-N

In light of this, we may set M\@)R N = ]\/4\®R N even for a non complete k-algebra R.

The last Remark 3.1.39 introduces implicitly a fact about which it is worthy to spend a few
more words. Notice in fact that we may also speak about complete bimodules over non-necessarily
complete k-algebras. If S and R are filtered k-algebras, nothing prevent us from having a filtered
(S, R)-bimodule (M, F,,M) such that vy : M — lim (M/F, M) is an isomorphism. Therefore,
in principle, we may also consider the full subcategory O, of (9% given by complete (S, R)-
bimodules for every filtered k-algebras S and R. Objects are filtered (S, R)-bimodules (M, F,, M)
such that M = I&H (M/F,, M) as bimodules and arrows are filtered morphisms of complete bimodules

sHom% (M, N) = SHomﬂRt (M,N).

However, the subsequent Proposition 3.1.40 shows that these do not add anything essentially new
to the picture.

Proposition 3.1.40. We have an equivalence of categories between (NS, and gimca

Proof. Since v5: S —U (§) and yg: R—>U (1?2) are filtered k-algebra morphisms, the restriction
of scalars along s and yr associates every complete (§, E)—bimodule ((M, F.M), Bg s o E)

with a complete (S, R)-bimodule ((M7 EM) g0 (s @ M), py, 0 (M@ vR)>.

Conversely, for every complete (S, R)-bimodule (M, F,M) we may consider the underlying
filtered k-module U (M) which is also a filtered (5, R)-bimodule. We know then that m is a
complete (§, E)—bimodule and via o : L{/(]\T) — M we can endow M with an (§, é)—bimodule
structure which makes of it a complete (§ , ﬁ)—bimodule.

It is easy to see that these assignments define in fact two functors that together form an
equivalence of categories between g9 and N5 O

As a consequence, Proposition 3.1.40 allows us to work in the category (I as if we were
working in gﬂﬁﬁg, depending on our needs or on what we would like to stress, even when the algebras

S and R are not themselves complete. For example, we may consider the lifted completion and
forgetful functors (—) : JIMT — M, and U : NG — N without caring about completeness of
S and R and they are adjoint functors. Namely, we have a natural isomorphism

SHom™ (N,U(M)) = HomS, (]\7, M) . (3.33)

Unit and counit of this adjunction are the same of Lemma 3.1.22, i.e. yy: N — U(N) and

O Z/{/(-]\7) — M for all N € M and M € 495, Again, the bijection in equation (3.33) encodes
the universal property of the completion: every filtered morphism ¢g: N — M from a filtered
(S, R)-bimodule N to a complete (S, R)-bimodule M factors through the completion of N, i.e. , we
have a commutative diagram of filtered morphisms

N J M
7
R e (3.34)
N7

For the reason above, we will often assume that algebras we are working with are just filtered, even
if we intend to formulate results for complete bimodules. For example, the following Corollary
3.1.41 collects some few facts as a future reference.
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Corollary 3.1.41. Let R be a filtered k-algebra. Then the category of complete R-bimodules z%

is monoidal with tensor product the complete tensor product — ®pr — and with unit the algebra R
itself. Moreover, the completion functor (—): pIM% — Esmcg is a monoidal functor.

As it happens for k-modules, given filtered algebras R, S, T' and a complete (R, T)-bimodule
N the assignment

HomZ (N, —) : 495 — (% (3.35)

gives a well-defined functor which is right adjoint to the complete tensor product functor. Namely,
for sMgr, RNy, s Pr complete bimodules we have a filtered isomorphism

sHom$, (M, Hom§. (N, P)) & sHom$, (M &g N, P) (3.36)

which is natural in M and P. The proof is the same of Theorem 3.1.27, simply using (3.9) instead
of (3.4).

Remark 3.1.42. In light of the adjunction (3.36), it is reasonable to call this complete tensor
product a topological tensor product as it is the left adjoint to the continuous Hom functor between
complete bimodules (in fact, we did it in [ES2])(”. We point out however that our definition of a
topological tensor product satisfies a different universal property with respect to e.g. [Se, Definition
2.1] or [Sm, Theorem 20.1.2]. Namely, assume that s Mg, g Nr, s Pr are complete bimodules over
filtered algebras as indicated. Endow M x N with the filtration F,,(M x N) = F,M x F,N. The
induced linear topology coincides with the product linear topology, i.e. the coarsest linear topology
for which the canonical projections are continuous, and M x N is a complete (.5, T')-bimodule with
respect to this filtration. The canonical morphism M x N — M ®i N maps F,(M x N) into
im (FyM ®g FyN) C For,(M ®r N) C F.(M ®r N), whence it is filtered (and continuous) and the
same hold for the composition 7 := (M x N - M ® N - M ®z N). Endow M x N with the
bi-filtration Fj, ,,(M x N) = F, M x Fy,N (for the definition of a bi-filtration seee.g. [Brl, §X.2]).
We observe that 7 is bi-filtered® as well. The bijective correspondence between R-balanced (S, T)-
bilinear morphisms s Mr X RNy — sPr and morphisms in jHom, (M, Hom,. (N, P)) restricts to a
bijective correspondence between R-balanced (S, T)-bilinear bi-filtered morphisms M x N — P and
elements in gHom%, (M, Hom?. (IV, P)). From this it follows that the complete tensor product could
be considered as a topological tensor product in the sense that it satisfies the following universal
property: there exists a complete (S,T)-bimodule and a bi-filtered R-balanced (S,T')-bilinear
morphism 7 : M x N — M &g N such that for every other complete (S, T)-bimodule P and every
bi-filtered R-balanced (S,T)-bilinear morphism f : M x N — P there exists a unique filtered
(S, T)-bilinear morphism f: M &g N — P such that f = fo T.

3.2 Hopf algebroids

This section is devoted to recall the definitions of commutative and cocommutative Hopf algebroid,
as well as to retrieve explicitly the structure maps involved in the definition of complete commutative
Hopf algebroids. We will make use of the notations and notions expounded in §3.1. Following
the standard literature on the subject, we will assume k to be a field, even if many of the results
presented here can be stated for a commutative ring. All algebras are assumed to be k-algebras if
not differently specified.

(M1In some particular cases, for example when R = C[[h]], this terminology has already been used. See e.g. [Ks,
§XVI.3]. However we decided not to do so here in order to avoid confusion with other notions of topological tensor
product and in accordance with the literature we are referring to.

(®)By a bi-filtered morphism we mean a morphism f : M x N — P such that f(FoM X FyN) C Fp4pP. In
particular, if f is bi-filtered then f(—,n) : M — P and f(m,—) : N — P are filtered for all m € M and n € N.
Bi-filtered morphisms can be seen as a counterpart of separately continuous functions (for an account on the subject
we refer the reader to [Pi]).
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3.2.1 Commutative and complete Hopf algebroids

Recall from [Rav, Appendix Al] that a commutative Hopf algebroid is a cogroupoid object in the
category CAlg, of commutative algebras (equivalently a groupoid in the category of affine schemes,
see for example [DG, III, §2, n°1] and [Ga, p.253]).

Namely, given a category C with enough pullbacks, a groupoid in C (also called groupoid object
or internal groupoid) consist of an object “of objects” Cy and an object “of arrows” C; together
with source and target morphisms s,t : C; — Cj, identity morphism e : Cy — C}, composition
morphism ¢ : C x¢, C; — C; and “inversion” i : C; — C such that

e the pullback C;, x¢, sC; is defined via the square

P2
¢, X C, —=C

2 j{

Ch Co

t
e source and target of the identity morphism are the starting object itself, that is

Cy <—C, == O,

PN 2

Co

e the source and the target of a composition are the source of the first and the target of the
second composed maps, that is

P1 P2
Cy <=—C) X¢, C1 —C4

S 3

C ¢, ——Co

S

e the associative and unital laws for composition of morphisms hold, that is

Xy C Cixcge
Ch X oo Ch Xco i ——C4 X oo Ch Ch X oo Ci<=—C4 Xco Co
CIXCOC\L ic excoc’lT \ lpl
(&
o X o o P o Co X o c, 72 o

e the inversion satisfies i*> = Id¢,, it switches the source and the target of an arrow and the
composition of an arrow with its inverse on both sides gives the identity, that is®

Cl é Cl Cl = CQ = Cl : OO = Cl

Cy
N ‘ W cﬂ\ \Ldiag diag¢/ ch

o - Co Cy, X o O <=——Cyy X Ch Cy, X o sCh Ciy X o sCh

Ci1Xxcyt iXcnC1

see e.g. [J, Definition 2.3.1 (a) and Example 2.3.12 (c¢)]. A cogroupoid (or cogroupoid object or
internal cogroupoid) in C is a groupoid in C°P.

Since the opposite category CAlg,°” of the category of commutative algebras is equivalent to the
category AS of affine schemes (i.e. representable functors F : CAlg, — Set), a commutative Hopf

(9)The unusual notation C1: X, tC1 means that the pullback is taken with respect to ¢ in both entrances.
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algebroid consists of a pair of commutative algebras (A, H) together with a diagram of algebra
maps

S
A=——<—~"H > > Ho,H, (3.37)

where to perform the tensor product, H is considered as an A-bimodule of the form ,H,, that is, A
acts on the left through s while it acts on the right through ¢. The maps s,t: A — H are called
the source and the target respectively, € : H — A the counit, A : H — H ® 4 H the comultiplication
and S : H — H the antipode. These have to satisfy the following compatibility conditions.

(HA1) The datum (H, A, ¢) has to be a coassociative and counital comonoid®) in 4,94, that is,
an A-coring. At the level of groupoids, this reflects the unital and associative composition law
between arrows.

(HA2) The antipode has to satisfy Sos =1¢, Sot = s and §* = |dy, which reflect the fact that
the inverse of an arrow interchanges source and target and that the inverse of the inverse is the
original arrow.

(HA3) The antipode has to satisfy also Y S(h;)hy = (toe)(h) and > h;S(hs) = (soe)(h), which
reflect the fact that the composition of a morphism with its inverse on either side gives an identity
morphism.

A morphism of commutative Hopf algebroids is a pair of algebra maps (¢, ¢,) : (4, H) — (B, L)
such that

@108 = S, 0 Py, proty =t 0o,
Apody =xo(p1®a¢1)0 Ay, EL OGP = Qoocy,
Spo¢pr=¢108y

where x : L®4 L — L ®p L is the obvious map induced by ¢y, that is, x (h ®4 k) = h ®p k. The
category so obtained will be denoted by CHAlgd,.

Example 3.2.1. Here are some examples of commutative Hopf algebroids (see [EK] for more)
(1) Every commutative Hopf algebra H gives rise to a commutative Hopf algebroid (k, H).

(2) Let A be a commutative algebra. Then the pair (4, A ® A) admits a commutative Hopf
algebroid structure given by s(a) =a® 1, t(a) = 1®a, S(a® d') =ad' ® a, e(a® da’) = aa’ and
Ala®a)=(a®1)®4 (1® d), for any a,a’ € A.

(3) Let (B, A,g,S) be a commutative Hopf algebra and A a right B-comodule commutative algebra
with coaction A - A® B, a+— Y ay ® a;. This means that A is right B-comodule and the
coaction is an algebra map (see e.g. [Mo, §4]). Consider the algebra H = A ® B with algebra
extension n: A® A — H,d' ®a— > d'ag®a;. Then (A, H) has a structure of commutative
Hopf algebroid, known as split Hopf algebroid

Aa®b) =) (a@b)@s(1a@by), ela@b)=ach), Sa®b) = a & aS(h).

(4) Let B be as in (3) and A any commutative algebra. Then (4, A® B® A) admits in a canonical
way a structure of commutative Hopf algebroid. For a,a’ € A and b € B, its structure maps
are given as follows

S(G):a®13®1A, t(a):1A®1B®aa E(a@b@a/):aalg(b)7
Aa@bed)=> (a®b ®@14) @4 (la®@bo®d), Saobed)=deS0b) a.
In this chapter we prefer to use the terms monoids and comonoids instead of algebras and coalgebras in monoidal

category, in order to avoid confusion between A-algebras (which are algebras in the symmetric monoidal category
M4 of A-modules) and algebras in the monoidal category 4914 of A-bimodules, which are A-rings.

(10)
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Recall from §3.1.1 that the tensor product of two filtered A-bimodules M, N is again a filtered
A-bimodule with filtration

F(M®@sN)= > im(F,M®,F,N)

ptq=n

as in equation (3.6). This allows us to adapt the definition of commutative Hopf algebroid to the
filtered context. Namely, a pair (A, H) of filtered commutative algebras is said to be a filtered
commutative Hopf algebroid provided that there is a diagram of filtered k-algebra maps as in
Equation (3.37) that satisfy the compatibility conditions (HA2) - (HA3) plus

(HAY1') The datum (H,A,¢) has to be a coassociative and counital comonoid in ,IN"%.

Equivalently, it is a cogroupoid object in the category of filtered commutative algebras. Morphisms
between filtered commutative Hopf algebroids are easily understood and the category so obtained

will be denoted by CHAIlgd™. The following example shows that there is a canonical functor
CHAlgd, — CHAIlgd™".

Example 3.2.2. Consider a commutative Hopf algebroid (A, H). Assume A to be discretely
filtered and set K := ker(e : H — A). Endow H with the augmentation filtration FoH = H and
F,H := K" for every n > 1 and endow H ® 4 H with the usual tensor product filtration

Fy(H®,H)=H®, H, F,(H®, H) = Z im (K? @4 K9)

ptg=n
for every n > 1. Then (A, H) is a filtered commutative Hopf algebroid.

As it is already known, the usual tensor product of complete bimodules is not necessarily a
complete bimodule. In order to introduce complete Hopf algebroid, one needs to use the complete
tensor product of §3.1.3. Thus, a complete commutative Hopf algebroid is a pair (A, H) of complete
commutative algebras together with a diagram of filtered algebra maps

S

()

A=——==H —> -~ H&,H, (3.38)

t:

that satisfy the compatibility conditions (HA2) - (HA3) plus
(HA1”) The datum (H, A, ¢) has to be a coassociative and counital comonoid in ,9.

In different but equivalent words, a complete commutative Hopf algebroid is a cogroupoid object
in the category of complete commutative algebras (see e.g. [Dv, §1]). Since we will be interested
only in complete Hopf algebroids which are commutative, henceforth by a complete Hopf algebroid
we will always mean a complete commutative Hopf algebroid. The category of complete Hopf
algebroids and their morphisms will be denoted by CHAlgd,.

The following result can be seen as a consequence of Theorem 3.1.35. Nevertheless, for the
convenience of reader, we outline here a proof.

Proposition 3.2.3. The completion functor induces a functor

CHAlgd™ — = CHAIgds
to the category of complete Hopf algebroids with filtered morphisms of Hopf algebroids. In particular,
we have the following composition of functors

o~

(=) c
CHAlgd!" — = CHAIgd

‘\\\\ 7
-
-

CHAlgd,
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Proof. Let (A, H) be a filtered Hopf algebroid with filtered algebra maps s,t,e, A, S. In particular,
H is an object in ,9Mf%. Consider A and H, which are complete modules as well as complete
algebras (see Theorem 3.1.35). We have that H is an object in Xim‘j? and we have complete algebra
maps

/S\,tA:g—>f-\L 5:[?—)21\,

o — (332) . __ e ~ o~ ~

A:H— (H®,H) = H ®; H, and S:H — H.
These maps satisfy the same axioms as the original ones, because (/—\) : Bimt — BimS is a
bifunctor. The unique detail that needs perhaps a few words more is the antipode condition.
Consider the maps ¢, : H®4 H — H and ¢, : H®4 H — H such that ¢; (x ®4 y) = S(x)y and
¢ (x ®4 y) = xS(y) respectively, for all x,y € H. These allow us to write the antipode conditions
as the commutativity of the diagram

mo(S®H) mo(H®S)

He—H®QH——=H

t H®AH s

2t

A = H = A

where p, ¢; and ¢, are all filtered. Indeed, p := wy y is the canonical projection of the coequalizer
in M™ and ¢; and ¢, are the factorizations through the coequalizer of the filtered maps mo (S ® H)

and mo (H ® §). We can now apply the functor (—) to get a commutative diagram

R Y B G

\ J,? =

?l C Tae.n ‘? (3:39)
&}

i : 7 : i

which shows that & is the antipode of H. Therefore, (.ZL H ) is a complete Hopf algebroid.

Let (¢o,¢1) : (A,H) — (B, L) be a morphism of filtered Hopf algebroids. Hence we can
consider @: A — B and g/b:: H — L and these are morphisms of complete algebras. Since
X:L®s L — L®plLis filtered, (ESE, Zs}) becomes a morphism of complete Hopf algebroids by the

functoriality of (—). In light of Example 3.2.2, (/—\) restricts to a functor

—

(—): CHAIlgd, — CHAlgd;,
and this finishes the proof. O

Example 3.2.4 (The complete Hopf algebroid of infinite jets). Let A be an algebra and consider
the Hopf algebroid (A, A ® A) as in (2) of Example 3.2.1. Then the pair (4, 1@) is a complete
Hopf algebroid by Proposition 3.2.3, where A is discretely filtered and A ® A is given the K-adic
filtration where K :=ker (m, : A® A — A) is the kernel of the multiplication. For every quotient
A-bimodule J"(A4) := (A® A) /K™, set j, : A = J*(A), a — (1®a) + K™. The A-bimodules
J"(A) turn out to be commutative A-algebras with A — J"(A4) : a — aj"(1) and product
(aj™ (D)) - (a'j" (1)) = aa’j™(bb'). They are called the algebras of n-jets of the algebra A. The
complete algebra @ is known under the name algebra of infinite jets of the algebra A (see
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e.g. [Kr, §6]). This terminology may be justified by considering the case A = C*(M) for M a
(finite-dimensional) smooth manifold. Namely, in this case, the geometrization

J*(A)
ﬂzGM 'uzjk(A> ’
. = {f €C>(M)| f(z) = 0}, of the module of k-jets of C>=(A) is isomorphic to the module

M) =T (. : JFM — M) of k-jets of functions on M (see e.g. [Kr, Proposition 9.4 (iv)]).
For further details on these constructions we refer to [N, Kr, KLV].

9 (7°(4)) =

3.2.2 Co-commutative Hopf algebroids and Lie-Rinehart algebras

Next, we recall the definition of a (right) cocommutative Hopf algebroid. It can be considered as a
revised (right-handed and cocommutative) version of the notion of a x 4-Hopf algebra as it appears
in [Se3, Theorem and Definition 3.5]. However, to define the underlying right bialgebroid structure
we preferred to mimic [L] as presented in [BM, Definition 2.2] (in light of [BM, Theorem 3.1], this
is something we may do). See also [Kp, A.3.6] and compare with [Ko, Definition 2.5.1] and [Sz1,
§4.1] as well.

Definition 3.2.5. A (right) cocommutative bialgebroid over a commutative algebra A is the datum
of a possibly non-commutative algebra U together with an algebra map 7 : A — U landing not
necessarily in the center of U, such that the symmetric A-bimodule U4 (i.e. a-u = u-a = ur(a) for
all a € A,u € U) comes endowed with a comultiplication A : U — U ® 4 U and a counit ¢ : U — A
which make of (U, A &) a comonoid in the monoidal category (494, ®a, A) of A-bimodules.
Moreover, the counit ¢ is required to be a right character in the sense of [BS2, Lemma 2.5] (i.e. it
satisfies e(1y) = 14, e(ut(a)) = e(u)a and

e(uwv) = e(re(u)v) (3.40)
for all u,v € U, a € A) and A is required to satisfy

im(A)QUxAU:{Zui@)AviEUA@AUA

Z T(a)u; ®av; = Z Uy @4 T(a)vi} (3.41)

so that it factors through an A-ring map A : U — U x 4 U, where the module U x 4 U is endowed
with the algebra structure

/ / ! !
(E Uy X4 Ui) : <E U; XA U]-> = E UUy; X A ViU, lusx v =1y ®aly
v J 0]

and the A-ring structure given by the algebra map A — U x, U: a— (7(a) x4 1y = 1y x4 7(a)).
If furthermore the canonical k-linear map (also called Hopf-Galois map)

CCII‘I,:UA®AA[]—>Z']A®AUA7 U®AU'—>ZU1)1 X4 Vg (342)

is bijective, then we say that (A4,U) is a cocommutative right Hopf algebroid. As a matter of
terminology, the map can™ (1 ®4 —) : U — U ®4 U is called the translation map. The following
is a standard notation

S(u) :=can (1 ®,4u) = Zu_ R4 Uy (3.43)

The module Uy x4 U, is (one of) the so-called Takeuchi product. There are many others. In
this thesis we will make use of this one, which we may denote also by “U 4 x 4 U4 to highlight with
respect to which actions we are considering the tensor product (lower indices) or the invariants
(upper indices), and the following one

AUy x4 AU = {Zuz Rav; EUL R4 AU Zr(a)ui Qav; = Zul Ra ’U,-T(a)}.

%

It turns out that AU x4 ,U# is an A-ring as well, with componentwise multiplication.
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Remark 3.2.6. Before proceeding, let us collect here some immediate consequences of the previous
definition for future reference.

(a) Since ¢ has to be a right character, it turns out that a = €(1y)a = e(7(a)) and hence 7 is
injective. For this reason we may often omit to write it and we will denote the A-actions on
U by simple juxtaposition: 7(a)u = au and ur(a) = ua. With these convention, the counital
property of the comultiplication rewrites

Z we(ug) = u = Z Uge(uy). (3.44)
(b) If can is invertible, then for all v € U

1®av=can(can ' (1®,4v)) = Z can(v- ®4 vy ) = Zv_v+,1 ®a Uy o (3.45)

Consider the U action on Uy ® 4 U4 given by u. (v ®4 w) := uv ® 4 w for all u,v,w € U. Thus

Z con (uwv_ R vy) = Zuv,v+,1 ®RAVyo="1Un Z (VU1 1 ®aVi2) =URV

and so
Zuv, ®avy =can ' (U@, v). (3.46)

(c) For every v € U, can(1 ®4 v) € AU, x4 “U,4. Moreover, since

Zav_ R4 vy = Za_v_ Raviay = Zv_ ®avia

for all a € A,v € U (see [Sc3, Proposition 3.7, (3.5)]), we have that ¢ factors through the
Takeuchi product AU, x4 4U* and §: U — AU x4 4U* turns out to be a k-algebra map
(see [Sc3, Proposition 3.7, (3.4)]). Hence can™!(1 ®4 v) € AU x4 AU

(d) Both ,Us ®4 aU, and ,Us ® 4 Ua . are A-bimodules as highlighted with the 7-actions and
can is A-bilinear with respect to these actions.

The main example we will consider of a cocommutative right Hopf algebroid is the so-called
universal enveloping algebra of a Lie-Rinehart algebra.

Let A be a commutative algebra over k and denote by Der, (A) the Lie algebra of all linear
derivations of A. Following [Rin], a Lie-Rinehart algebra over A is a Lie algebra L endowed with
an A-module structure a ® X + a - X and a Lie algebra map w : L — Der, (A) such that

wla-X)=a w(X) and X,a-Y]=0a [X,)Y]+w(X)(a)" Y, (3.47)

for all XY € L and a € A. The map w is called the anchor map. The shortened notation
X (a) = w(X)(a) is often used in the literature.

Remark 3.2.7. Recall from Example 1.3.2 that End,(A) is an A-bimodule via
(a-f+b)(c) = af(bc)

for all a,b,c € A and f € End,(A). The A-module structure on Der, (A) is the one that makes of
it a left A-subbimodule of End,(A), that is,

(a-9)(b) = ad(d).
The first relation of equation (3.47) says that w is A-linear.

Apart from (A, Der, (A)) (with anchor the identity map), a basic source of examples of Lie-Rinehart
algebras is provided by the smooth global sections of Lie algebroids over smooth manifolds.
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Example 3.2.8. A Lie algebroid over a smooth manifold M is a vector bundle £ — M over
M, together with a map w: £ — T M of vector bundles and a Lie structure [—, —] on the vector
space I'(£) of smooth global sections of £ such that the induced map I'(w) : I'(£) — I'(TM)
is a Lie algebra homomorphism and for all X, Y € I'(£) and for any f € C>~(M) one has that
(X, f-Y]=F-X,Y]+T(w)(X)(f) Y. Then I'(£) is a Lie-Rinehart algebra over C>=(M).

The (right) universal enveloping algebra of a Lie-Rinehart algebra is by definition an algebra
V(L) endowed with an algebra morphism ¢4 : A — V4(L) and a Lie algebra morphism ¢y, : L —
V(L) such that

tp(a-X)=1(X)tala) and ¢ (X)ea(a) —va(a)ip(X) = ta(w(X)(a)) (3.48)

for all a € A and X € L, which is universal with respect to this property. That is, if (W, ¢4, ;) is
another algebra with an algebra morphism ¢, : A — W and a Lie algebra morphism ¢, : L - W
such that

¢rla-X) = ¢r(X)pa(a) and ¢p(X)pa(a) = Pa(a)dr(X) = da(w(X)(a)),

then there exists a unique algebra morphism ® : V, (L) — W such that ®ory = ¢4 and Pory, = ¢y.

Notice that the first relation in (3.48) says that ¢, has to be right A-linear and the compatibility
condition ® o1y = ¢4 says that in fact ® is an A-ring map. There exists also a notion of left
universal enveloping algebra in which we require ¢;, to be left A-linear (see e.g. [CG]).

Remark 3.2.9. A left representation of a Lie-Rinehart (A, L,w) is an A-module V together with
a Lie algebra map p : L — Endy (V') such that

pla-X)(v)=a-p(X) (), pX)(a-v)=w(X)(@) v+a p(X)(v)

foralla € A, X € L and v € V (see e.g. [Hu2, Hu3]). A right representation of (A, L,w) is a left
representation of the opposite Lie-Rinehart algebra (A, L°?, —w). That is, an A-module V' with a
k-linear map p: L — End, (V') such that

p(IX.Y) (v) = p(Y) (o)) = p(X) (p(Y)(0),  pla-X) () =a-p(X)(v),
p(X)(a-v) = —w(X)(a)-v+a-p(X)(v).

As one may expect, right (resp. left) representations of (A, L,w) are in one-to-one correspondence
with right (resp. left) modules over the right (resp. left) universal enveloping algebra.

We point out that our definition of a right representation differs slightly from the one given
in [Hu2, page 430]. The reason is threefold: first of all this is more symmetric, secondly this one
ensures that A is a right representation as much naturally as it is a left one, that is to say, via the
anchor map w, and thirdly because with this definition right representations correspond to right
modules over the right universal enveloping algebra in a natural way.

The existence of the universal enveloping algebra has already been settled, in light of the well-
known constructions of [Rin] and [MM2]. However, it admits other concrete realizations. In this
thesis we opted for the following, which we consider easier to handle. Set : L - AQL, X — 1® X
and consider the tensor A-ring Ty (A ® L) of the A-bimodule A ® L. It can be shown that

Ty, (A® L)

V4 (L) & 7

where 7 is the two sided ideal

) nX) @an(¥) —n(Y)@an(X) —n(X,Y]),
*7"< 7 ()0 — a7 (X) o (X) a) X’YGL’GEA>

with algebra map ¢ty : A - V4 (L),a— a+ J and Liemap v : L = V4 (L), X —» n(X)+ J.
They satisfy the compatibility conditions (3.48) and Tx (A ® L) /J satisfies the universal property.
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Remark 3.2.10. By definition, —w : L — End(A)°” makes of A a right representation of (A, L,w).
For M, N two right representations, the assignments

m®@an = (pa(X)(m) @an+m@apy(X)(n))

for X running in L make of M ® 4 N a right representation of (A, L,w). In light of Remark 3.2.9,
these observations entail that the category of right V,(L)-modules is monoidal in such a way that
the forgetful functor U : My, () — Mae is monoidal as well.

Now, in light of Remark 3.2.10 and of a right-handed version of e.g. [Sc2, Theorem 5.1] (see also
[BM, Theorem 3.1] and [EKG, page 4]) it turns out that V(L) has to be a right bialgebroid. By a
direct computation using its universal property, one sees that V4 (L) is in fact a cocommutative
right A-Hopf algebroid with structure maps induced by the assignments

e(tala)) =a, (L (X)) =0,
Ata(a)) =ta(a) ®a1=1®41a(a),
A (X)) =1 (X)@a1+1®4 0 (X),
can ' (1 ®4 04

(a)) =ta(a) ®a1=1®4 ta(a),
) =1@a 1 (X) =1 (X)®a 1,

for all a € A, X € L. The unique detail that perhaps is worth to highlight is the following. The
assignments

a—14(a)®a1=1R4ta(a) and X —1Rstp(X)— 1 (X)®al

actually land into AV, (L) 4 X 4 aVa(L)* (see Remark 3.2.6). This is a k-algebra with componentwise
product but opposite algebra structure on the left-hand factor, i.e. *V4(L)% x4 4Va(L)*. Thus it
is fair to apply the universal property of V(L) to define the inverse of the canonical map.

As a consequence, we will sometimes refer to V4 (L) as the universal enveloping Hopf algebroid
of (4, L,w).

Example 3.2.11. Let A = k[X] be the algebra of polynomials in one indeterminate X over a
field k of characteristic 0. Consider its associated first Weyl algebra U := A[Y,9/0X], that is,
its algebra of differential operators (see e.g. [Co, Theorem 2.3]). Then the pair (A,U) is a (left)
cocommutative Hopf algebroid with structure maps

AY)=104Y +Y @41, eY)=0, Y Y. @,Y,=1@,4Y -Y®,4L

In fact, it is the (left) universal enveloping algebra of the Lie-Rinehart algebra (A, Der; (A)).

More generally, let M be a smooth real manifold and let A := C*(M) be the algebra of
smooth functions on M. Up to isomorphism, Der, (A) is the Lie algebra of vector fields on M,
that is, Der, (A) 2 T (TM — M), the smooth global sections of the tangent bundle. Thus, up
to isomorphism, V4 (Dery, (A)) is the algebra (in fact, cocommutative Hopf algebroid) of (globally
defined) differential operators on M (see e.g. [Hu3, page 64] or [Kp, Example (1.2.5)]).

3.3 The linear dual and the finite dual of a cocommutative
Hopf algebroid

Let £ — M be a Lie algebroid over the smooth manifold M. Set A := C>(M) and L :=T (L) and
denote by U, (L) the left universal enveloping algebra of the Lie-Rinehart algebra (A, L). Mimicking
[MM2, Definition 1.3] we say that U4 (L) is the (left) universal enveloping algebra of £. In [Kp,
A.5.10] it is shown that *U (L) = ,Hom (U (L), A) represents a formal groupoid which formally
integrates £ (even if the author explicitly decided to do not care about the antipode). However, as
we mentioned in the Introduction, we are in the conditions to associate to £ a finite dual Hopf
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algebroid °U, (L) as well. This section is dedicated to study the connection that exists between
these two constructions. In fact, we will do this in a right-handed context, by considering the (right)
universal enveloping Hopf algebroid V(L) of £, its full right linear dual V4 (L)* = Hom , (V4(L), A)
and the right finite dual commutative Hopf algebroid V4(L)° in the sense of [EKG], for a matter
of consistency with the works we are referring to. Nevertheless, we would like to point out that
the results we are going to present admit a left-right symmetric version which allows one to apply
them to the aforementioned geometric situation.

Up to this section, by a filtered (bi)module we meant a k-module V' endowed with a decreasing
filtration

S CRVC...CRVCFRV=V

plus other structures suitably compatible with this filtration. From this section on, we will also
need the notion of an increasingly filtered (bi)module, which for us is a k-module W endowed with
an increasing filtration

0OCF'WCFWC.---CF"WC---CW.

Referring to Subsection 3.1.1, this is nothing more than a Z-filtered k-module W where F_ W =0
and where we raised the subscripts to superscripts in order to distinguish this filtration from a
decreasing one.

3.3.1 The complete commutative Hopf algebroid structure of the con-
volution algebra

Our task in this subsection is to show that the convolution algebra of a given (right) cocommutative
Hopf algebroid endowed with an admissible filtration (see §3.3.1.1) and whose translation map is
filtered is a complete Hopf algebroid in the sense of §3.2.1. At the level of suitably filtered (left)
bialgebroids, this was already mentioned in [Kp, A.5]. However, it seems that the literature is
lacking in a construction for an antipode. Here we will compensate for this by providing the explicit
description of all the involved maps in the complete Hopf algebroid structure on the convolution
algebra. Such a description will be also needed to prove the results of the forthcoming subsection.
The prototype example which we have in mind and fulfils the above assumptions is the convolution
algebra of the universal enveloping algebra of a Lie algebroid.
In order to make the exposition more flowing, we consigned some proofs to Appendix B.

3.3.1.1 Admissible filtrations on general rings.

Let U be an A-ring or, equivalently, let A — U be a ring extension*V). Throughout this subsection

we assume A to be discretely filtered (i.e. F"A = A for all n > 0)"?. Mimicking [Kp, Definition
A.5.1], we say that U has a right admissible filtration if A C U (as a ring) and there is an increasing
exhaustive filtration U = (J,,.y F"U of A-subbimodules such that F°U = A, F"U-F™U C F**"U
and each one of the quotient modules in { F"U/F"~'U} _ is a finitely generated and projective
right A-module. In particular, any A-ring with a right admissible filtration is a locally finitely
generated and projective A-module in the sense of Appendix B. We will denote by 7, : F"U — U
and by 7, ., : F"U — F™U the canonical inclusions for m > n > 0. Notice that U can be
identified with the direct limit of the system {F"U, 7, ..}, that is, U = @ (F™U). The subsequent
Proposition 3.3.1 summarizes the properties of rings with an admissible filtration and we refer to
Appendix B for a more detailed treatment in the framework of (increasingly) filtered bimodules.

Proposition 3.3.1. Let U be an A-ring endowed with a right admissible filtration {F™U | n > 0}.
The following properties hold true

(1) Even if we plan to apply the results of this subsection to a cocommutative Hopf algebroid (A,U), we think that
these are interesting on their own and that this justifies the choice of presenting them in the present form.

(12)By referring to Subsection 3.1.1, this is the Z-filtration on A given by F, A = A for all n. > 0 and 0 otherwise,
which is exactly the same Z-filtration introduced in Remark 3.1.1 and that induces the discrete topology on A.
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1. Each of the structural maps T, ,41 : F"U — F"PU is a split monomorphism of right A-
modules. In particular, each of the submodules F"U 1is a finitely generated and projective
right A-module and each one of the monomorphisms 7, : F"U — U splits as map of right
A-modules.

2. As a filtered right A-module, U satisfies

F'U o F2U S mu
A U Fn=1U

U=gr(U)=Ad &

In particular U is a faithfully flat right A-module.

Proof. Since U is locally finitely generated and projective as right A-module, the proposition
follows from Lemma B.1, Corollary B.2 and Remark B.3 of the Appendices. The faithfully flatness
is a consequence of the fact that U is the direct sum of the faithfully flat right A-module A and
the flat right A-module @, ., F"™'U/F"U (see e.g. [Bk2, Proposition 9, I §3]). O

For every n > 0, we will denote by 6, the right A-linear retraction of 7,,.

Remark 3.3.2. Given a right admissible filtration {F™U | n > 0} on an A-ring U, it follows from
Lemma B.1 that we have right A-linear isomorphisms v, : F"U = @, _, F*U/F*~'U for all n > 0.
Let us fix a dual basis {(ul',77) |i=1,...,d,} for every F"U/F"'U, n > 0. These induce a

distinguished dual basis {(e?, AN i=1,...,d, i =>" d’v} on F"U for all n > 0, which is given

j=0 %

as follows. The generating set {e? | i =1,...,d, }isgiven by {¢;' (uF) |k =0,...,n,i=1,...,d,},
that is, ¢! (uy) = e}, , forall 0 <k <nandall 1 <i<dj (d_y =0 by convention). The dual
elements are given by first extending v* : FFU/F*'U — A to (v')f : @)_, F*U/F*'U — A
letting (7')F | gy pn-1p= 0 for h # k and then composing with 1,,, i.e. (7)o, = Aq,, for all
k,i as above.

This distinguished dual basis enjoys the following property which turns out to be quite useful.
Let us denote by ju.: @,_, F'U/F"'U — @,_, F*U/F* 'U the inclusion morphisms for
m < n. Then 9, 07Ty = jm.n ©¥m, whence 7,,, ,, (") =e? foralli =1,...,d,, and NP o7, ,, = A"
ifi=1,...,dm, A o7, = 0 otherwise.

3.3.1.2 The convolution algebra of a Hopf algebroid with an admissible filtration

Let (A,U) be a cocommutative (right) Hopf algebroid. By mimicking [Kp, A.5.8], we say that
(A,U) is endowed with a (right) admissible filtration if the A-ring U has a right admissible filtration
U = ,en F"U as in §3.3.1.1 which is also compatible with the comultiplication, in the sense that

A(F'U)C Y im(FPUs @4 F'Us) = Y FPUs®4 FUs = F" (Us ®4 Us)

p+g=n pP+q=n
(the counit is automatically filtered and the identification of FPU, ®, F9U, with its image

im (FPU, ®,4 FU,) is fair since the 7,: F"Uy — Upy’s are split monomorphisms of right A-
modules). The morphisms 7 from Definition 3.2.5 plays the role of the inclusion 75: A — U.

Example 3.3.3. Consider the universal enveloping Hopf algebroid U := V4 (L) of a given Lie-
Rinehart algebra (A, L,w). Since the tensor A-ring Ty (A ® L) is endowed with a natural increasing
filtration

F" (TA (A Rk L)) = éTA (A Bx L)kv

where Ty (A®, L)* := (A®y L)®4 (AR L)®4 - @4 (A&, L) for k times, this induces a filtration
on U via the canonical projection. Thus, the n-th term of the filtration F"U is the A-subbimodule
generated by the products of the images of elements of L in U of length at most n, that is to say,
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FrU = A4 o (L) + -+ + ¢ (L)". If we assume as usual that A is discretely filtered then both
ty:A—=Uande:U — A are filtered. Moreover, from

A(LL (X)) =1y (X)®A1U+1U®ALL (X) €im (F1U®A FOU)+|m (FOU®A FlU) = F1 (U®A U)

it follows that
AFEU) YA (1 (1)) €A L) Y F U@ U) CF (UeaU)
k=0 k=0 k=0

(notice that this makes sense since im (A) C U x4 U, which is a filtered algebra with filtration
induced by the one of U ® 4 U). Summing up, U is what we may call a filtered cocommutative
bialgebroid. Furthermore, if L is a projective A-module, then we have a graded isomorphism of
A-algebras gr(U) = S, (L), the symmetric algebra of L (see e.g. [Rin, Theorem 3.1]). From this,
one deduces that if L is also finitely generated, then the quotient modules F"U/F"~'U are finitely
generated and projective as right A-modules. Therefore, under this additional hypothesis (which is
always satisfied when L = T'(£) for a Lie algebroid £ over a connected smooth manifold M%), U
turns out to be a cocommutative right Hopf algebroid endowed with an admissible filtration.

Lemma 3.3.4. If (A,U) is a cocommutative Hopf algebroid endowed with an admissible filtration,
then the canonical morphism can is a morphism of filtered k-modules. Its inverse can™' is filtered
if and only if the translation map ¢ is.

Proof. Endow Uy ® 4 AU and Uy ®4 U, with the increasing filtrations
F'(Us@aaU)= Y im(FPUy @4 AFU) and F*(Us®@4Us) = > F'Us®4 FU,.
p+qg=n p+qg=n

Since the comultiplication is compatible with the filtrations, by applying can to each term of the
canonical filtration of Uy ® 4 4U we find out that

can(F'(Us@aaU)) € > FU-FU @4 FULC Y FrHU, @4 F'U,

pHl+k=n p+l+k=n
C Y FUs@4 F'Us=F"(Us®a4Ua).
i+j=n

This means that can is a filtered morphism of k-modules as claimed.

For the second claim, if can™? is filtered then obviously § is so. Conversely, assume that ¢ is
filtered. We already know from Equation (3.46) that can ' (u®,v) = > uv_ ®, v, for all u,v € U,
whence for every n > 0

D can N (FPUL @4 FUA) C Y im (FPU - F'Us®4 4aF'U) C F" (Uy @4 aU)
ptg=n pt+htk=n

1

and so can~! is filtered as well. O

In general, right A-linear maps Uy — A form the k-module U* which comes endowed with a
structure of algebra given by the convolution product

f*xg:U— A, (u > Zf(ul)g(ug)) . (3.49)
In addition, this comes endowed with an algebra map
V:AQ A= U", (a®@d — [u— e(du)a]). (3.50)

As a matter of notation, we will set s.(a) =9(a®1) and t.(a) = I(1®a) for all a € A and we will
refer to them as the source and the target of U* respectively.

(I3)If M is a compact smooth manifold, this is the Swan part of the Serre-Swan Theorem. However, its proof can
be generalized to arbitrary smooth manifolds (see e.g. [N, Theorem 11.32] and the subsequent Remark).
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Remark 3.3.5. It may be useful to notice that the A-bimodule structure induced on U* by 9
coincides with the expected one, that is a> f<b=a- f < b. Indeed, for all f € U*, u € U and all
a,b € A we have that

(> fab)(w) = W@ 1) fxI1@b) () = a® 1)(us)f(u)9(1 @ b)(us)

(3.44)

= Zae (uy) f (ug) € (bus) = Zaf(ugﬁ (ur) e (bug)) = Zaf(uls (bus))

(3.44

LS af(buse (u)) “2” af (bu).

We are going to show now that the convolution algebra U* of certain cocommutative right
Hopf algebroids (A,U) with an admissible filtration is a complete Hopf algebroid, where the
comultiplication A, : U* — U’ ®4 ,U* is induced by the multiplication of U and the counit is
the map €,: U* — A such that f — f(1). The base algebra A is always assumed to be discretely
filtered and U* is considered as an A-bimodule via the source and the target maps induced by the
algebra morphism ¥ : A ® A — U* of equation (3.50). The construction of the antipode for U*
will require an additional hypothesis and it will be treated separately in §3.3.1.4.

First of all, notice that U* = lim ((F"U)*) as A-bimodules via the isomorphism

U- lim ((F"U)")
L G 0)) (3.51)
g = 1im (gn) <————(gn)n>o
and it can be endowed with a natural decreasing filtration
Fo(U*):=U" and F,,(U") :=ker (1)) =Ann(F"U) (3.52)

where Ann(F"U) = {f € U* | f(F"U) = 0} (see §B.2 for the general case). Moreover, this filtration
enjoys the following central property: for every n > 0 we have an isomorphism of A-bimodules
U*/F,.1 (U*) & (F"U)" (see Remark B.3). Hence U* is a complete A-bimodule and so a complete
k-module as well. Besides, U* is a projective limit of (A ® A)-algebras as well, where the projective
system {(F"U)* | n € N} is endowed with the algebra maps 9, = (1,,)* 09 : A® A — (F"U)* and
where (F"U)* is the convolution algebra of the A-coring (F"U) 4.

Lemma 3.3.6. The pair (U*, F,,(U*)) gives a complete A-bimodule as well as a complete algebra.

Proof. We already observed that U* is a complete A-bimodule as well as a complete k-module.
Thus, in light of Remark 3.1.31, it is enough for us to prove that the filtration F,,(U*) is compatible
with the convolution product to conclude the proof. Notice that the Ann (F"U)’s are ideals, whence
we have that F,,(U*)*F,,(U*) C F, 1 ,,(U*) whenever n or m is 0. If mn > 0 then, given f € F, (U*)
and g € F,,,(U*), we have that

(frg)(F™tuyc ST f(FU) g (FU) =0,

ptg=n+m-—1

because whenever p > n it happens that ¢ =m +n —1 —p < m — 1 and hence g vanishes on F?U.
Therefore, f * g € Ann (F™™™~U) = F,,,,(U*) and hence F,,(U*) % F,,(U*) C F,,,,(U*) for all
m,n > 0. Once recalled that we consider A discretely filtered, it is clear that F,(U*) induces on
U* a filtration as a algebra and as an A-bimodule at the same time. O

Remark 3.3.7. We already know that the convolution algebra U* is an augmented one and
the augmentation is given by the algebra map (which is going to be the counit) e, : U* — A,
f = f(1). Therefore, one can consider the Z-adic topology on U* with respect to the two-sided
ideal Z := ker (¢.). If we compare this with the filtration (3.52), we see that Z = F,(U*) and so
I" C F,(U*), for every n > 0. Thus the Z-adic topology is finer than the linear topology obtained
from the filtration {F,,(U*) | n € N} of Equation (3.52).
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3.3.1.3 The comultiplication and the counit of U*

Next we want to show that the multiplication m: U ® U — U induces a comultiplication A, : U* —
U* ®4 U* which endows U* with a structure of comonoid in the monoidal category of complete
bimodules (M, ®a , A). We keep the conventions of §3.3.1.1 and we will often make use of the
notations introduced in Notation 3.1.20 and 3.1.24.

Let us perform the tensor product Uy ® 4 4U. The multiplication m : U ® U — U which gives
the algebra structure to U factors through the tensor product over A

m (z70(a) ® y) = x70(a)y = m(z ® To(a)y),
and it is A-linear with respect to both regular A-actions on Uy ® 4 AU, namely
a(z®ay) = (ro(a)r) ®ay and (z@ay)a=z®4 (y7o(a)).

Therefore, it induces a filtered A-bilinear morphism m* : U* — (U ® 4 U)* and A-bilinear maps
My FUs @4 aFPU — F97PU, which dually give rise to a family of morphisms of A-bimodules

A, Ur 2 (prrayy 2% (FaU, @, JFPU)"

such that A, ,(f) (x ®4 y) = f(zy) for every ¢,p € N and for all f € U*, z € FU and y € F*U.
Given f € U*, for each element u € U we define f — u: Uy — A4 to be the linear map which
acts as v — f(uv).

Lemma 3.3.8. For any f € U* and for all q,p € N, we have

dq

(60 Do) () =3 70 (f = 7(el)) @a M € (FPU)" 4 @4 4 (FU) (3.53)

k=1

where {ef, A\ | k=1,---,d,} is the dual basis of (FU) given in Remark 3.5.2 and the morphisms
Gpq i (FPM*) , @4 4 (FIM*) = (FIMy ®4 aFPM)" are canonical isomorphisms.

Proof. The existence of the canonical isomorphisms ¢, , descends from Corollary B.2. The proof
then follows by applying ¢, , to both sides of (3.53). O

Recall that since U is endowed with an admissible filtration, it is an A-bimodule which is locally
finitely generated and projective on the right and so we may apply, in particular, the results from
§B.3. It follows then, from Lemma 3.3.8 and from the fact that (U @, U)* = U* &, U* as filtered
bimodules via the completion of the canonical map

du,
(U)a®a 4(U") e (Ua®4 aU)*
f@®ig———[z®@ay— f(9(z)y)]
(see Proposition B.7), that we have an A-bilinear comultiplication

A, i=tpypom U = (U )a®a4(U")

which makes the following diagram commute

U*ffffffffff*, 77777777 >‘U*(§)AU*
\ U, U
m* Yu,u
ot (U ®a U)* Tp,q (354)
l/(Tq@ATp)*

m

(Fq+pU)* q,p (FqU ®A FpU)* ¢qu

(FPU)* @4 (FIU)*
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for all p,q > 0. The projections II, , (see Lemma B.14) are defined in such a way that U* ® 4 U*
becomes the limit of the projective system {(F™U)* @4 (F"U)*, 7}, ®a T;’n}N2 where the maps

Ty © F2U — F™U are the canonical inclusions for n > ¢. Furthermore, the comultiplication A, is
uniquely determined by the following rule: for every f € U*,

A(f)= nhj{}o (Z Jaym ®a f(2),n) A [f(uv) = nlg{}o (Z faym (f(z),n(u)v)) s Vu,v e U} (3.55)

(it is enough to apply CEJ\U to both sides of the left-hand equality).

Remark 3.3.9. Thanks to relation (B.25) of the Appendices and (3.53) and by resorting to the
notations introduced in Remark 3.3.2, one may write explicitly

n—00
i=1

A.(f) = lim (Z (f —7u(e})) ®a EA;L> : (3.56)

where we set Exn := 07 (A}"). Indeed,

AL() "2 lim (€ (W (AL())) "2 lim (5 (Z 7o (f = Tale})) ®a A:))

n—r o0 n—r oo

= lim (Zﬂ 05 072) (f — Tulel)) ®a 9;()\?)> = lim <Zﬁ (f = 7u(e})) ®a EA?)

n— oo n— 00
i=1 i=1

(recall that for g € U* we have that g — (6% o 7%) (g) € ker (777) = F,..1(U™)).
Now we can state the subsequent lemma.

Lemma 3.3.10. Endow U* ®4 U* with the projective limit (decreasing) filtration (see e.g. (3.7)
or adapt (3.13)) and A with the discrete one. Then the comultiplication A, : U* — U* @, U* and
the counit e,: U* — A, f — f(1y), are morphisms of filtered A-bimodules. Moreover, they are
morphisms of complete algebras as well.

Proof. Both properties for €, are easy checks, thus we will focus on the comultiplication only. By
definition of A,, the first claim follows from the fact that (U ®, U)* = U* @, U* is a filtered
isomorphism and that the transpose of a filtered morphism of increasingly filtered modules is
filtered with respect to the induced decreasing filtrations (3.52) on the duals. To show that A,
is unital, recall first that the unit of U* is the counit € = 1y« of U and the unit of U* ® 4 U* is
e®ace = lysg,ur, 50 lygry. = £ ®4 ¢ (the notation is that of Notation 3.1.24). Since

—

buw (FEAE) (4 v) = Guw (V-0 (€84 9)) (D4 v) = Gui(e ©42)(u 84 V)
= e(e(u)v) ¢4 e(uv)

it follows from (3.55) that A,(g) = ¢ @4 e.

Now consider (U* ®a U*) ® (U* ®a U*) — (U* Ra U*), the multiplication of the complete
algebra U* ® 4 U*, which is, up to the isomorphisms of Lemma 3.1.38, the completion of the factor-
wise multiplication (U* @, U*)@(U* @, U*) = (U* @4 U%), (2@4y)R (2’ ®@4Y') = %2’ @4y*y'.
Denote by m : (U* @A U*) ® (U* @A U*) — (U* QA@A U*) the associated filtered multiplication. In
view of the adjunction (3.33) and of the commutativity of the following diagram

L UeUr 208 U @U@ (U &4 U")
U*@U* Al ® A
U*
Ay



(where we simplified the notation as much as we could), to prove that A, is multiplicative it is
enough to show that A,(f *x g) = m (A.(f) ® A.(g)), for every f,g € U*. In view of (3.54), to
show the last equality amounts to check that II, , (A.(f xg)) =11, , (m (A.(f) ® A.(g))) for all
p,q € N. By employing the notation of (3.56), we know that

AL(f +g) = lim (fj((f #9) = 7 (c})) ©a E) : (3.57)

k=1

n— o0 =
4,J,=1

m (A.(f) @ A(g)) = lim < Z(f — 7. (ef) * (g — Ta(e])) ®a (BExn * EAJ)> . (3.58)

Let x € FiU, y € FPU for some p+qg=nandset k =n+1=p-+ q+ 1. We compute
O (Tya (0 (D)) B4 A(9)) ) ) (2 @4 y)

Y () o) (B # B) (o)
2 2 S ) ) (B e o)

dy,dp

=X Z ! ((efE*? (xl))Exy(mz)%) 9(€;y2)

DY Z f (:clEA? (xz)yl) geb) 203 fpn)g (Z(efEkf (xQ))y2>

J
(L)

=3 fay)g(@ay:) =Y F((ay))g((2y)2)

(3.54)

= (f*9)(xy) =" ¢pq (g (Au(f % 9))) (@4 y)

where in (%) we used the left A-linearity of A and from (x*) up to the end of the computation,
we omitted the inclusions 7,’s. The equalities (A) follow from the fact that A is compatible with
the filtration and from the following computation. Let € FPU and pick k > p, then in light of
Remark 3.3.2

dj

ZTk (e7) By (Tp(2)) = ZTk (e5) AF (0x (1,(2))) 0 ZTk (€F) XF (mp ()

=Tk (Z Tp.k (ef) A (z)> = Tp(x)'

In conclusion, we have

Wy (M (AL (1) © Au(9)) ) =Ty (A.(F + 9)).
for every p,q > 0, whence A, is multiplicative as well. O

Proposition 3.3.11. Let (A,U) be a cocommutative Hopf algebroid with U endowed with an
admissible filtration {F"U | n > 0}. Then (U*,A.,¢c.) is a coalgebra in the monoidal category
(A, ® 4, A) of complete A-bimodules.

Proof. We already know from Lemma 3.3.6 that U* = yLn(U*//—\nn (F"U)) is a complete A-
bimodule and from Lemma 3.3.10 that the maps A, and e, are A-bilinear and filtered.
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Let us prove then that A, is coassociative and counital, with counit ,. Let us begin with
counitality. Since €, is filtered, €, ® 4 U* is filtered and hence we have e, ® , U*: U*®@, U* — U*
which acts as

(. ®4U7) (jggo (Z F @4 g§">>> = lim (Z £ (1) - "’) .
=1

=1

Applying this formula to A, (f) for any f € U*, we get

(8* ®a U*) (AL(f)) (3.56) 7}1_{20 (z": f(Tn(e? )\n) = nh—{Eo <Zf Tn -0 >
— lim (fr.6,) = /.

because the dual basis {e,A\" | i = 1---d,} of F"U is the one introduced in Remark 3.3.2 and
fTabn — f € Ann(F"~'U) = F,U*. This shows that (e. Ra U*) o A, = ldy-. Analogously, we
obtain (U*®@a4e,) 0 A, = Idy-.

Finally, we have to check the coassociativity of the comultiplication. For a given f € U*,

(@308 = 1 (30 (1 (St @0 fimn)) @ S ) ).
W88 (@) = i (3 (form @ (fim (X 0 fin))) ) )

and we need to prove that
(U* ®A A*) (A*(f)) = &y u=Uu~* ((A* @A Ur) (A*(f)))

where oy« py« p+ is the associativity constraint induced by the one in (3.26). It descends from

Theorem 3.1.35 that (/—\) DM — O is monoidal with the structure isomorphisms given in
Lemma 3.1.38. In particular, the following diagram commutes

~
ey ux ®aU" — ~ PU*Q ,U*,U*

(U ®aU*) @uU* ——" s (U @, U*) ©4 U* (U @, U*) @, U*

“U*,U*.U*l iocwf{]?ﬂ*

®A Pu* U* — PUu*Uu*®, ,U* —_—

U @4 (U BaU") — 200 e 8, (U @4 U*) — 04" e @, (U @4 U¥)

hence the coassociativity of A, will follow once it will be shown that

lim (Z fa,nn @a fa2)nn ®a f), ) = nhj& (Z fayn ®a fe1)nn @a f(zz),n,n> (3.59)

n—00

Observe that, in light of (3.55), for all u,v,w € U we have

¢@U (¢U,@U*) ( lim (Z fannn ®a fa2)mn ®a f), )) URs VR4 W)
= 1im (3 Sanmn (JammnFern(@r)w)) 2 fu(ew)),

¢$®\AU (U*mwj) ( lim (Z Jym ®a fenynn ®@a fie2)m n)) URA VR4 W)

v)w

= tim (3 i (e Semmatwow) ) 2 f((u

Comparing this last equations leads to equality (3.59) and then to the coassociativity of A,. O

)-
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3.3.1.4 An antipode for U*

Now we proceed to construct an antipode for U*, under the additional hypothesis that the
translation map of U is a filtered morphism of algebras. Notice that we already know from Lemma
3.3.4 that can is filtered as a morphism of k-modules, but nothing ensures a priori that can™! is
filtered as well. Nevertheless, such an assumption is always fulfilled in the case of the universal
enveloping Hopf algebroid of a Lie-Rinehart algebra with finitely generated and projective module
L4, as the next example shows.

Example 3.3.12. Take (A, L,w) a Lie-Rinehart algebra with L finitely generated and projective
and U = V(L) its universal enveloping algebra as in Example 3.3.3. For every k > 1, the
translation map ¢ satisfies

5(0) € (F (UeaD)) CF Ue, ). (3.60)

Then, in light of (c) of Remark 3.2.6 and in particular of (3.66) below, the following computation

n (3.66) <~ (3.60) <~
SFT)CS S (LL (L)’“) C S @) C S FHU®U)CF (Ual)
k=0 k=0 k=0

1

shows that ¢ is a filtered algebra map, which implies that can™! is also filtered.

As a matter of terminology, if we have a cocommutative Hopf algebroid composed by filtered
k-algebras and filtered k-algebra maps (translation map included), we may call it a filtered
cocommutative Hopf algebroid. Now, getting back to the point, at the level of the algebra structure
the antipode is provided by the following map

S, U = U, (fl—) [uHZe(f(u_)qu)}), (3.61)

where 6 : U = Uy @4 AU, ur— can ™ (1®4u) = > u_ ®4 u, is the translation map (compare with
[Ko, §4.3] and [CGK, Theorem 5.1.1] for the case when U is finitely generated and projective right
A-module). As it was shown in [Sc3, Proposition 3.7], the map d enjoys a series of properties. Here
we recall few of them, suitably adapted to our framework, which will be needed in the sequel. First
recall from (b) of Remark 3.2.6 that can (v ®4 v) = > uv_ ®4 v;. Then for all u,v € U and
a € A we have

1®@su= Zu_u+,1 ®a Uy o in Us®4U4 (3.62)

D Ui @Aty DAty =D U @ Uy ®a Uy in (Us®4aU)®4Us (3.63)
Zu+,_ @A U_ ®Au+7+:Zu_,1 ®AU_ 9@ Uy in Us@,Us@4U4 (3.64)
Zu_u+ = To(e(uw)) in F'U=A (3.65)

Z(uv)_ ®4 (uv), = Zv_u_ R4 ULV, in Uy®44U (3.66)
a@al=10@,sa=) a_®sa in Ujy®a aU. (3.67)

In particular, by equation (3.66) we conclude that § is an algebra map, viewed as a morphism
§: U = AUP x4 AU (3.68)

Remark 3.3.13. If (A, V(L)) is the universal enveloping Hopf algebroid of a Lie-Rinehart algebra
as in Example 3.3.12, then the translation map is filtered and hence the map S, of equation (3.61)
is filtered as well. Indeed, since

S - @ar(u)e e Y im(r,®41,),

pt+qg=n
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for every u € F"U and n > 0, we have that

(S.(1) (1a(w)) 27 Y e ( (u)+) —0
for all f € F,;1(U*) = Ann (F"U). Therefore, S.(F,(U*)) C F,(U*), for every n > 0.
The subsequent lemma will be needed to show that S, is multiplicative.

Lemma 3.3.14. Let f,g,h € U* and w € U. Then we have

S.(fx9)(0 = 3 8.0 g(w-)us
(S.00) 1) () = (b = f(u)) () = (e = Flu)) +h)(us)

Proof. We will implicitly use the co-commutativity of the comultiplication of U as well as the
A-linearity of §. Computing the left hand side of the first equality gives

S.(f xg)(w) "= 3 e (f*g >=Za(f(u71)g(u72)u+)
(364)2 ( u++)<501)28 ( )

where in the last equality we used (3.61) and (3.67). This leads to the stated first equality.
As for the second one, we have

(3.69)

3.61) (3.63)

(S.0£) h)(w) = So(N)(un)h(u) 2 e (g Yua) 2 e (Flu i Yhlus )
from which one deduces on the one hand that
(S-(F) M) () = £ (f (Y Y hlusz) = (e flu)) «h) (us)
and on the other hand that
(S.() # W)(u) = £ (f(u g ) hlus,2) = (g RS (Y 2) = h(f(u-us). 0

Proposition 3.3.15. Let (A,U) be a cocommutative (right) Hopf algebroid endowed with an
admissible filtration and assume 0 is a filtered algebra map. Then the map S, of equation (3.61) is
a morphism of complete algebras such that S, os, =t, and S, ot, = s,.

Proof. We need to check that S, is multiplicative and that it exchanges the source with the target,
as we already know that it preserves the filtration in view of Remark 3.3.13. Recall that the unit
of U* is given by 9 : A® A — U~ sending a ® a’' — [u — ae(a’'u)]. Given a,a’ € A we have

(3.61)

S.(V(a®a))(u) 5(19((1 ® a’)(u,)u+) = 5(5(a’u7)au+) = 5(a’u,au+> @2 s(u,au+a’)
= s(u_au+)a’ = 5<(au)_(au)+)a’ @59 e(au)a’,
whence S,(¥(a ® a’)) = ¥(a’ ® a). Therefore, S, o s, =t, and S, ot, = s,., where s,,t, are as in

equation (3.50). Let us check that S, is multiplicative. If we consider f,g € U* and u € U, we
have

(S.(0)%8.(9)) (w) 2" (8.(g) = Flu)) (ws) = Sulg) (flu)ur ) 27 Sulge)(w) = S.(F+g)(w).
This shows that S.(f * g) = S.(f) * S.(g), concluding the proof. O

The following is the main result of this subsection.
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Proposition 3.3.16. Let (A,U) and § be as in Proposition 3.3.15. Then (A,U*) is a complete
Hopf algebroid with structure maps s,, t., A., €, and S,. In particular, this is the case for the
universal enveloping Hopf algebroid U = V(L) of a Lie-Rinehart algebra (A, L,w), where L is a
finitely generated and projective A-module.

Proof. We only need to check that the algebra map S, enjoys the properties for being an algebraic
antipode since it is already filtered. Let f € U* and take an arbitrary element u € U. Then

Jim (37 (Frr S (Fan)) (@) = Jim (30 (S (Fan) # i) (@) 27 T (3 frn(Fon(uJus))
CETST flucuy) ) fle(w) = F(De(u) = s. (e ()(w).

Therefore, for every f € U*, we have

lim (3 (fun %S (fa) ) = 5.(- ().

n—r00

Now let us check that §? = Idy+~ which will be sufficient to claim that S, is an antipode for
U*. Recall that § : U, — Ua ®4 4U, is right A-linear with respect to the highlighted actions (in
particular, Uy ® 4 4U has the regular right action), so that we can consider the map

(6®A AU) O(Sf U-) (UA ®A AU)A ®A AU7 (U'-) Zuﬂ, ®A u,’Jr ®A u+)

Let us compute the image of the element Y u__ ®4 u_ u; € Uy @4 AU by the map can

Z canfu_ - ®@su_juy) = Z“af (uo sy ), ®a (Us uy),
= Zu7,7u7,+,1u+,1 QA U_ 42Ut o

(3.62)
= E Usp A U_Uy o = E Ugpo ®a U_Uy q

G52 o ®Ral=can(u®,1),

(%)

where the step () is fair as we are considering U as an A-bimodule via the central action induced
by the right one (as we do when we consider the A-coring (U4, A, €)), so that the switch morphism
UsR@4Uy 52U ®R,3Uns, u®@4 01— v Q&4 u is well-defined. Therefore, for every u € U, we have

D ul_@au_jup =u®s1€ Uy @4 aU. (3.70)

In this way, if we take a function f € U* and an element u € U, we get

SN 2D e(Se oy ) 2N e (flun Jussus ) e (fu)1) = f(u),

whence §? = Idy+ and this finishes the proof of the fact that (U*,*,e, A, €., S.) is a complete
Hopf algebroid. The particular case follows immediately from Remark 3.3.13. O

3.3.2 The main morphism of complete commutative Hopf algebroids

In this section we prove the existence of a morphism of complete Hopf algebroids connecting the
completion of the so-called finite dual Hopf algebroid (to be recalled in §3.3.2.1) of a cocommutative
Hopf algebroid (A4, U) with admissible filtration and its full linear dual U*. As before, a possible
application is for (A,U) = (C*(M),Va(I'(£))), where £ — M is a Lie algebroid over a smooth
manifold M. We hope that this construction, together with the approach presented in [Kp|, may
shed new light on the integration problem for Lie algebroids.

110



3.3.2.1 The finite dual of a cocommutative Hopf algebroid.

We recall from [EKG] the construction of what is known as the finite dual Hopf algebroid. Following
[EKG], given a (right) cocommutative Hopf algebroid (A, U) we consider the category Ay of those
right U-modules whose underlying right A-module structure is finitely generated and projective
(sometimes called A-profinite right U-modules). This category is a symmetric rigid monoidal
k-linear category with identity object A, whose right U-action is given by a.u = ¢(au). The tensor
product of two right U-modules M and N is the A-module M ® 4 N endowed with the following
right U-action

(m®a n).uzZ(m.u1)®A (n«us).

The dual object of a right U-module M belonging to Ay is the A-module M* = Hom , (M, A) with
the right U-action

weu: M — A, (m»—)Zg@(m.u,).tq), (3.71)

where as usual > u_ ®4 uy = can (1 Q@4 u).

Furthermore, the forgetful functor w : Ay — proj(A) to the category of finitely generated and
projective A-modules, which is a (non trivial) symmetric strict monoidal faithful functor, plays the
role of a fibre functor as in the Tannaka reconstruction process performed in [Brg].

The commutative Hopf algebroid constructed from the data (Ay, w), will be denoted by (A, U°)
and referred to as the finite dual Hopf algebroid of (A,U). If we set Ty n = Hom, (M, N),
Ty := Tarr and we denote by M and M* the objects w (M) and w (M)" in proj(A), then U°
may be realized as the quotient algebra

M* @, M

MeOb(Ay)

U =
Jay

(3.72)
by the two sided ideal J 4, generated by the set

{ ((,0®TN f(m)) — ((apof) @1, m) ‘ LpeN*,meM,feTM,N,M,NEOb(AU)},

where we identified each element of the form ¢ ®r,, m € M* ®r,, M with its image in the direct
sum @ M*Qp, M.

MeOb(Ay)

The structure maps of the finite dual Hopf algebroid (A,U°) are given as follows. Write
© ®,, m for the equivalence class of the image of an element of the form ¢ ®r, m € M* ®@r,, M,
for some object M € Ay . Since all involved maps are linear, we will be dealing most of all just
with elements of the form ¢ ®x,, m, by-passing the more general summation notation. Thus the
structure maps on U° are given by

uo: k — U, (1Wm), To: A® A — U, (mmm),

me: U°@U° = U°, (¢®TNn®go®TMm»—> (V%) Oryrg , n (m®An)),

=1

Ag: U = U°®,U°, <¢®TMm.—>Z¢®TM € ®a € Oy m),

€o: U° — A, (50 Q1 M > @(m)>7 S, U° = U°, ((P Qryy M Vi Oy 90)‘
where [, : A — A, b+ ab, is the left multiplication by a, {e;,ef |i =1,...,dy} is a dual basis of
My, ev,, : M* — A is the “evaluation at m” map and for every 1) € N* and ¢ € M*, the map
Yxp: M @4 N — Aactsas m®4n— ¢ (m)y(n).

111



Remark 3.3.17. In fact, every element in U° is of the form ¢ @r,, m for some M in Ay, m € M
and ¢ € M*. Indeed, assume that we have an element of the form ¢ ®z,, m + ¢ ®r, n. Consider
P:=M®®N and iy, : M — P, iy : N — P the obvious inclusions. Set ¢ @1 : P — A for the
codiagonal map of ¢ and 1 such that (m,n) — ¢(m) + ¥(n). Then

O @7y m+ Y ryn=((¢®Y)oin) @ry, m~+ ((pBY)oiy) Oryn
= (@) @1, in(m) + (0 @ Y) @1y in(n)
= (QD @ ¢) ®Tp (m7n)

Notice that there is a linear map
¢:U°—U", (@@TMmr—>[ur—>cp(m.u)}>. (3.73)

The following lemma is a straightforward computation, see [EKG].
Lemma 3.3.18. The linear map ¢ is an homomorphism of (A ® A)-algebras.

Remark 3.3.19. It is noteworthy to mention that the algebra map (, in contrast with the case of
algebras over a field, is not known to be injective. However, if the base algebra A is a Dedekind
domain for example, then ( is injective for every U (see [EKG] for more details).

Example 3.3.20. Let A = C[X] and U = A[Y,0/0X] as in the Example 3.2.11. The category
Ay of right U-modules with finitely generated and projective (in fact, free of finite rank) underlying
right A-module structure coincides with the category of differential modules over A. If we consider
the forgetful functor Ay — proj(A) and we perform the Tannaka reconstruction process as in this
section then the outcome is the Hopf algebroid U° and the canonical morphism ( of Lemma 3.3.18
is injective by Remark 3.3.19.

3.3.2.2 The completion of the finite dual and the convolution algebra

Let (A,U) be a filtered cocommutative (right) Hopf algebroid and consider its finite dual (A, U°)
as a commutative Hopf algebroid with structure maps given in §3.3.2.1. Here we assume that U
is endowed with an admissible (increasing) filtration {F"U},cn such that the translation map is
filtered, as in §3.3.1.4. The admissible filtration on the Hopf algebroid U induces a filtration on
the convolution algebra U* as given in (3.52) of §3.3.1.2. As we already showed, (A4, U*) with this
filtration is a complete Hopf algebroid with structure maps explicitly given along §3.3.1.

Proposition 3.3.21. Let (A,U) be a cocommutative (right) Hopf algebroid with an admissible
filtration and consider its finite dual (A,U°). Set T := ker (g, : U° — A), that is the kernel of the
counit of U°. Then the canonical map ¢ : U° — U* of equation (3.73) is filtered with respect to the
filtrations F,, (U°) =1I" and F, ., (U*) = Ann (F"U) for alln >0, as in (3.52).

Proof. Tt can be easily checked that €, 0( = €., where e, : U* — A and ¢, : U° — A are the counits.
In particular this implies that ¢ (Z) C ker (g,). Hence the claim will be proved if we will be able to
show that ker (e,) C Fy (U*) = Ann (F°U) = Ann (A), because in this case the multiplicativity of ¢
will imply that

C(FU°) =¢(I") CC@D" € (R (U7)" € F. (U7).

However, if f € ker (g,) then f(1y) =0, whence f(m(a)) = f(1y - a) = f(1y)a = 0. Consequently,
F°U = A C ker (f), from which it follows that ker (¢.) C Ann (F°U) as desired. O

In light of Proposition 3.2.3, (A, (/]7’) is a complete Hopf algebroid. On the other hand, we know
from Proposition 3.3.16 that (A, U*) admits a structure of complete Hopf algebroid whenever the
translation map of U is filtered algebra map. Combining all these facts allows us to improve the
content of Lemma 3.3.18 as follows.
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Theorem 3.3.22. Let (A,U) be a filtered cocommutative (right) Hopf algebroid with an admissible
filtration. Then the (A ® A)-algebra map ¢ : U° — U* of equation (3.73) factors through a filtered

morphism C Ue — U~ of complete Hopf algebroids. Thus we have a commutative diagram

In particular, this applies to U = V (L), the universal enveloping Hopf algebroid of any Lie-Rinehart
algebra (A, L,w) with L finitely generated and projective.

Proof. In Proposition 3.3.21 we showed that ( is a filtered algebra map. Thus, by applying the
completion bifunctor of Theorem 3.1.35 to ¢ (A is discretely filtered), we obtain that ¢ is a filtered
morphism of complete algebras. Now, since we already know that €, o ( = €, and in view of Lemma
3.3.18, we are left to show that ¢ is compatible with the comultiplications and the antipodes. That
is, that the following relations hold

(€840) oA =A 0l and (o8 =5.0C
However, in light of the adjunction (3.33), it will be enough to show the following ones
Yoo 0 ((®aC)o A=A, 0¢ and (oS,=S8.0C(.

Hence, let us consider an element of the form ¢ ®r, m € U°. So we obtain an element in
U@, U*=U*®4 U* given by

(Yor@av= 0 ((®a () 0 Ay) (0 @1y, M) = Yy 0+ <ZC © @1, ) @4 € (€] @1y, M ))

hm (ZC Y7, € )®A<(W)>'

Notice that for every u,v € U it satisfies

Tim (ch By @) (C (F Ty ) (w0 )) = lim (Zw esel(m o) )) — p(m. (uv))

= C((P ®TM m) (U’U)

whence, by the criterion of equation (3.55), we have that yy+g i« 0 ((®a()0A; = A, 0. Moreover,

((€080) (2 @y m))(u) = € (Vi By #) (u) = (0 w) ()
e mou)uy) S (¢ @@, M) (v)
for every u € U, M in Ay, m € M and ¢ € M*, so that the proof is complete. O

As in Example 3.2.4, we are going to consider the A-bimodule A ® A to be endowed with the
K-adic filtration given by K :=ker(m4: A® A — A), even if A itself is discretely filtered.

Proposition 3.3.23. Let (A,U) and (A,U°) be as in Proposition 3.3.21 and assume further that
¢ :U° — U~ is injective. Then the following assertions are equivalent

(a) the morphism C: Uo > U isa filtered isomorphism,

(b) the morphism gr (Z) s gr ((/]\0> — gr(U*) is a graded isomorphism,
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(c¢) the morphism QA“ is surjective and the T-adic filtration on U° coincides with the one induced
from U™,

A~

the graded morphism gr 1 gr Ue) — gr(U*) is surjective and the Z-adic filtration on U°
d) th ded hi ¢ U U d the Z-adic fil U

coincides with the one induced from U™,

(e) the graded morphism gr(¢) : gr(U°) — gr(U*) is surjective and the T-adic filtration on U°
coincides with the one induced from U™,

Moreover, the following assertions are equivalent as well
(f) the morphism E: Ue — U* is an homeomorphism,
(g) the morphism Z: Uo — U* is open and injective and U° is dense in U*,
(h) the T-adic topology on U° is equivalent to the one induced from U* and U° is dense in U*.
(i) the T-adic filtration on U° is equivalent to the one induced from U* and U° is dense in U*.

If in addition the morphism 9 induced by the algebra map ¥ : A® A — U* of equation (3.50) is a
filtered isomorphism, then all the assertions from (a) to (i) are equivalent.

Proof. Since ( is injective, we may omit it from the computations by identifying U° with its image
in U*. Before proceeding with the proof, there are some facts that have to be highlighted or recalled.
First of all, notice that injectivity of ¢ implies that the filtration on U® is separated. Secondly, recall
that a morphism of filtered bimodules f : M — N is said to be strict if f(FyM) = f(M)N F,N for
all k > 0. In particular, ¢ is strict if and only if the Z-adic filtration on U® coincides with the one
induced from U* via ( itself. Thirdly, a filtered morphism (as ¢ for example) is a filtered isomorphism
if and only if it is bijective and strict. Finally, we have that gr (yyo) : gr (U°) — gr(ﬁ\") is always
an isomorphism (see e.g. [NvO2, Proposition D.3.1]), so that gr(@ is injective (resp. surjective,
bijective) if and only if gr(¢) is. Now, by applying [NvO2, Cor. D.IIL.5, D.II1.6 and D.II1.7] one
proves that (¢) < (a) & (b) < (d) < (e).

The equivalence (h) < (i) follows because two filtrations are equivalent if and only if the
induced topologies are so (we already mentioned this in the introduction to §3.1.1). For the

remaining equivalent facts, notice that E is surjective if and only if for every x € U* and for
all k > 0, there exists m;, € U° such that x — ((my) € F, (U*) or, equivalently, if and only
if (the image of) U° is dense in U*. This proves the equivalence between (f) and (g), so that
we may focus on (g) < (h). Assume initially that C is an open and injective map. We may
then omit it as well from the computations by identifying U° with its image in U*. From this
it follows that for all h > 0, F,(U°) is open in U*. In particular, there exists k > 0 such
that F, (U*) C F,(U°). Thus, U° N F, (U*) C U° N F,(U°) = F, (U°), which expresses the
fact that the Z-adic topology is equivalent to the induced one. Conversely, assume that these
two topologies are equivalent and that U° is dense in U* (that is, that ( is surjective). We
plan to prove first that every Z(Ft((/]\")) is open in U* (which implies that Z is open) and then
that Z is injective. To this aim, pick ¢ > 0 and consider k (which we may assume greater
or equal than t) such that U° N F, (U*) C F,(U°). Then every y € F), (U*) is of the form
y = Z((mi+Fi (U°))i20) — (C(ms) + Fy (U)o, for some (m; + F, (U°)),., € U° such that
C(my) € F, (U*)NU° C F, (U°), because 0 = m(y) = pp(y) = ¢((my,) + Fi.(U*). Hence

mt+Ft(U°):mk+Ft(U°):0

in the quotient U°/F, (U°) and so (m; + F; (U°)),5, € Ft((/];) Summing up, we showed that for

every t > 0, there exists a k > t such that F, (U*) C Z‘(Ft((/ﬁ)) and hence that ¢ is an open map.
Let us show now that it is injective as well. To this aim, let (m, + F; (U°)),., be an element in

ker(a. This implies that {(my) € F, (U*) NU®° for all k > 0 and that, since the two topologies are
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equivalent, for every k > 0 there exists j, (which we may assume greater or equal than k) such
that F}, (U*)NU° C Fy, (U°), whence

my, + Fy, (U°) =m;, + F, (U°) € (F};, (U*)NU°)+ F, (U°) = F,, (U°),

so that (m; + F; (U°)),5, = 0. With this we conclude the proof that (f) < (g) < (h).

Finally, (a) clearly implies (f). Conversely, assume (f). Since ( o7, = ¥, if ¥ is a filtered
isomorphism then ¢ admits the filtered section 77, o ¥=*, which is forced to be its inverse. Thus, it
is a filtered isomorphism. U

The subsequent Corollary is the point of contact with the theory of integration for Lie algebroids
retrieved in [Kp]. Its proof is a direct application of [EKG, Theorem 4.2.2] and so it is omitted.

Corollary 3.3.24. Let (A, L) be a Lie-Rinehart algebra and consider U = V(L) its universal
enveloping Hopf algebroid. Assume that U° is an Hausdorff topological space with respect to the
T-adic topology and that ¢ is an homeomorphism. Then ( is injective and hence there is an
equivalence of symmetric rigid monoidal categories between the category of right L-modules and the
category of right U°-comodules with finitely generated and projective underlying A-module structure.

Remark 3.3.25. As a final remark, we want to point out that the completion of ¢ might fail to
be an homeomorphism, even if ¢ is injective and A is the base field, as we are going to show in the
next subsection for an apparently trivial example: namely the enveloping Hopf algebra U = U(L)
of the one-dimensional Lie algebra L = kX (see [ES1]). Nevertheless, we believe that in the Hopf
algebroid framework some unexpected result may show up. For instance, we just mention the fact
that the classical Sweedler dual coalgebra U° of the first Weyl algebra U as in Example 3.2.11 is
zero, while the finite dual Hopf algebroid U® is not. This, in our opinion, suggests that the problem
of ¢ being an homeomorphism or not for universal enveloping Hopf algebroids is still worthy to be
studied. In fact the presence of the algebra of infinite jets could make some difference.

3.3.2.3 Not an example: the one-dimensional Lie algebra

We keep working with k a field, now algebraically closed of characteristic zero. Let L := kX be the
one-dimensional (abelian) Lie algebra and take A = k itself. Obviously, Dery (k) = 0 and hence
(A, L,0) is trivially a Lie-Rinehart algebra. Its universal enveloping Hopf algebroid V(L) coincides
with U(L), the ordinary universal enveloping algebra, which in turn coincides with k[X], the Hopf
algebra of polynomials in one indeterminate. Comultiplication, counit and antipode are the algebra
morphisms induced by the assignments

AX)=X®1+10X, X)=0, S(X)=-X.

Furthermore, the obvious filtration F"k[X] = @, _,kX* is an admissible filtration in the sense of
§3.3.1.2 for the cocommutative Hopf algebra k[X].

In light of [EKG, §3.4], the finite dual construction in this case coincides with the ordinary
Sweedler dual (we already saw this in Proposition 2.3.25), whence

Va(L)® =k[X]* = {f e k[X]" | f((p(X))) = 0 for p(X) € k[X]} C k[X]"

and ( is simply the right-most inclusion above.

For what concerns the filtrations, set I := ker (e, : k[X]" — k) and J := ker (&, : k[X]° = k),
where both €, and €, are given by the evaluation at 1,. Recall that F,,, (k[X]") = Ann (F"k[X])
and F, (k[X]°) = J" for all n > 0. For the sake of simplicity, let us show that in this case

F, (k[X]") =1". (3.74)
Remark 3.3.26. For every k > 0, set e, := X*/k! € k[X]. It is well-known that the assignment
0: k[X]" — K[[Z]], (f — S i= Zf(ek)Zk> (3.75)

k>0
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gives an algebra isomorphism between k[X]" and the algebra of formal power series, where k[X]"
is endowed with the convolution product (1.24) and the multiplication in k[[Z]] is

(Z aiZ’) (Z ij]‘> => ( > aib]) AR
i>0 >0 k>0 \it+j=k

Now, on the one hand f € F, (k[X]") if and only if f(X*) =0forall 0 <k <n—1,if and
only if s; € (Z™). On the other hand, g € ker (e.) if and only if s, € (Z). Therefore, if we pick
f € F, (k[X]") then s; € (Z™) = (Z)" and so we can write s; = Y s,, -+ 5,, for some s,, € (Z).
Coming back to k[X]", this implies that f =Y g, x---x g, € I", so that F, (k[X]") C I". Since
the other inclusion is evident, we have the equality (3.74).

Summing up, both k[X]" and k[X]° are filtered with the adic filtrations F, (k[X]") = I" and
F, (k[X]°) = J, n > 0. Moreover, k[X]° inherits the induced filtration F’ (k[X]°) = I" Nk[X]°
from the inclusion ¢: k[X]° C k[X]" and it is clear that F, (k[X]°) C F! (k[X]°). Hence, the
J-adic filtration on k[X]° is finer than the induced one. As we will show, it is in fact strictly finer.

For every A € k, we set ¢, : k[X] — k to be the algebra map such that ¢,(X) = A\. The set
G, = Alg, (k[X],k) = {¢x | A € k} is a group with group structure given by

O - Oar 1= Ox k Ox = Gagn, eq, =€ = Qo, (¢>\)71 =g oS =0¢_,.

Lemma 3.3.27 ([Mo, Example 9.1.7]). Denote by £ the distinguished element in k[X]|" which
satisfies E(X™) = 0,1 for all n > 0 (Kronecker’s delta). Then the convolution product induces an
isomorphism of commutative Hopf algebras

Y k€] ® kG, —k[X]°, (g” ® hx > £ % da), (3.76)

where kG, is the group algebra on G, and K[| is the Hopf algebra of polynomials in &.
We denote by
L= (k[§]<_¢> K[X]°C* ]k[X]*) (3.77)

the algebra monomorphism induced by Y.

Remark 3.3.28. It is worthy to point out that Lemma 3.3.27 is a particular instance of the
renowned Cartier-Gabriel-Kostant-Milnor-Moore Theorem, which states that for a cocommutative
Hopf k-algebra H over an algebraically closed field k of characteristic zero, the multiplication in
H induces an isomorphism of Hopf algebras U (P (H)) #kG (H) = H, where the left-hand side is
endowed with the smash product algebra structure (see [Mo, Corollary 5.6.4 and Theorem 5.6.5],
[Sw, Theorems 8.1.5, 13.0.1 and §13.1] and [Rad, Theorem 15.3.4]).

Denote by ¢, : kG, — k the counit of the group algebra, which acts via €,(¢y) = ¢»(1) =1
for all A € k, and by &, : k[¢] — k the counit of the polynomial algebra in £ defined by €¢(¢) = 0.
These maps are in fact the restrictions of the counit ¢, : k[X]° — k to the vector subspaces of
k[X]° generated by G, and {£" | n > 0}, respectively. Thus, up to the isomorphism ¥ of equation
(3.76), we have e, = g ® &,.

Lemma 3.3.29. The isomorphism V¥ of (3.76) induces an isomorphism of vector spaces

~  ker(g,) J
ké @ —\Fa) o
¢ ker (g,)®  J?

where € = € + (£2) in the quotient (€)/(€?).
Proof. First of all, as ¥ is an isomorphism of Hopf algebras, it induces an isomorphism of vector
spaces between J/J? and ker (e ® &,) /ker (e ®€,)®. Set K := ker(¢; ®¢,). The family of
assignments
) | ker(e) K
(EFF1) 7 ker (e,)" Kn+1’

( (" + ) @ (x + ker (sa)h“) (o) + K"“)
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for b,k > 0 and n = h + k induces a graded isomorphism of graded vector spaces
gr(k[¢]) ® gr(kG,) = gr(k[¢] @ kG.,),

see e.g. [NvO2, Lemma D.VIIIL.2]. In particular, the degree 1 component of this together with ¥
induces the stated isomorphism

-k kG k k K J
ké 7er(€”)2 o (<§2> ® . ) ® ([S] eri€a) (5”)2> > > O
ker (€4) (€2)  ker(e,) (€)  ker(ea) K J
The key fact to prove that the J-adic filtration on k[X]° is finer than the induced one is that

the quotient ker (¢,)/ker (,)° does not vanish, as we will show in the subsequent lemma. To this
aim, recall the isomorphism O from Equation (3.75) and notice that for all A € k we have

O(p) =Y (A]i)k —ep(AZ), OE) =1 and 6@ =2 (3.78)

k>0
Lemma 3.3.30. The element ¢; — € + ker (,)° is non-zero in the quotient ker (,)/ker (,)°.

Proof. Assume by contradiction that ¢, —e € ker (g,)*. By applying V¥, this implies that ¢, —¢ € J?,
whence ¢, —e € I? in k[ X]". Since © induces a bijection between I"™ and (Z") C k[[Z]] for all n > 1,
claiming that ¢, — e € I in k[X]" would imply that >_, ., Z*/k! € (Z?), which is a contradiction.
Thus, ¢; — € ¢ ker (,)°. O

It follows from Lemma 3.3.29 and Lemma 3.3.30 that the elements & + J2 and ¢, — ¢ + J? are
linearly independent in J/J2. In particular, ¢, — e — £ ¢ J2. However, since

(3.78)

O —e—¢) exp(Z) —1—7Z e (Z%),
we have that ¢, —e —& € I? as an element of k[ X]". This shows that ¢, —e — ¢ belongs to k[X]°N 1?2
but not to J?, so that J? C k[X]° N I?. In general, for all n > 2 the computation

] <¢1 - (kz_o ]ilfk>> ¢ exp(Z) — (Z i?) =2Z". (Z (n—Zf—kk)'> e(zZm)

k=0 k>0

implies that the element
n—1
1
1 — (Z k,i’“) (3.79)
k=0

belongs to I Nk[X]°. By induction on n > 2, however, one may check that it does not belong to
J", so that the two filtrations do not coincide.

Summing up, we have shown that the J-adic filtration on k[X]° is strictly finer than the
filtration induced from the inclusion ¢ : k[X]° — k[X]". This is already enough to claim that Cis
not a filtered isomorphism, in light of Proposition 3.3.23. However, for the sake of completeness,
we want to see that it is not even an homeomorphism (notice that in this case the completion of
¥ :k @k — k[X]" is not a filtered isomorphism, so that we cannot apply directly the last claim of
the above mentioned proposition).

Let us consider again the algebra monomorphism ¢ : k[§] — k[X]" of equation (3.77). Assume
k[¢] to be endowed with the adic filtration induced by (£). Since ¢(§) € ker (e,) = I, we have that ¢

is a morphism of filtered algebras and so we may consider its completion 7 : u?[a — k[X]" 2 Kk[X]".

=

Therefore, up to the canonical isomorphism k[¢] = k[[¢]] = k[[Z]] (see Example 3.1.36), the map ©
turns out to be the inverse of ©. A useful consequence of this is that every element g € k[X]" can

be written as
g= Zg(ek)fk, (3.80)

E>0
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where as before e, = X*/k! for all k£ > 0. By the right-hand side of equation (3.80), we mean the
image in k[X]" of the element

(igwsk + I) = (if:(ek)f’“)

via the isomorphism 7. Since &' (e;) = 4, for all 4,5 > 0, given any p = >_;_ pe; € k[X]
the sequence (3°7_, 9(ex)€") (p), n > 0, eventually becomes constant and it equals the element
S pigle:) = g(p). In light of this interpretation, I" = (¢") for all n > 0, in the algebra k[X]".

n>

Remark 3.3.31. Looking at the conditions in Proposition 3.3.23, it is worthy to mention that
k[X]° is dense in k[X]" with respect to the finite topology on k[X]" (the one induced by the product
topology on k*X1), see for instance [DNR, Exercise 1.5.21]. On the other hand, since for every
f € kK[X]" and for all n > 0, we have that f + (£") = O (f;eg,€1,---,€n_1), the space of linear
maps which coincide with f on ey, es,...,€e, 1, it turns out that the I-adic topology on k[X]" is
coarser then the linear one. It follows then that k[X]° C k[X]" is dense with respect to the I-adic
topology as well and hence one may check that

Now, consider the completion 1 : k[[¢]] — @, where 1 is the filtered monomorphism of
algebras given in (3.77). By the definition of ¢ (see (3.77)), one shows that Z o $ = 7. Therefore, Z
is a split epimorphism, as 7' is an homeomorphism whose inverse is ©.

The subsequent proposition gives conditions under which ¢ becomes an homeomorphism.

Proposition 3.3.32. The following assertions are equivalent

(1) the canonical map e m — k[X]" is a filtered isomorphism,
(2) the J-adic and the induced filtrations on k[X|° coincide,

(3) the canonical map C : @ — k[X]" is an homeomorphism,
(4) the canonical map C: m — K[X]" is injective,

(5) the J-adic and the induced topologies on kK[X|° are equivalent,
(6) the J-adic and the induced filtrations on k[X]° are equivalent.

Proof. We already know from Remark 3.3.31 that k[X]° is dense in k[X]*. Moreover, 1 o © is
a filtered section of Z , which is surjective. Thus, if Z is injective then it is bijective with inverse
1 0 O and so a filtered isomorphism (in particular, an open map). This proves the implication
(4) = (1). Furthermore, in light of these observations the statements (1), (2), (3), (4), (5) and
(6) correspond to the statements (a), (¢), (f), (9), (h) and (i) of Proposition 3.3.23 respectively.
Whence we have the remaining chain of implications

(1) (2)= (3)& (4) = (5) = (). L

In conclusion, it follows that none of the equivalent conditions in Proposition 3.3.32 holds, as
the two filtrations do not coincide. An explicit non-zero element which lies in the kernel of ( is
exactly the one coming from equation (3.79). Indeed, on the one hand

<¢>1 -3 %5’“ + J”“) € k[X]°

n>0
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is non-zero, but on the other hand a direct check shows that in k[X]" we have

- <<z>1 DI I”H) ~o0.

n>0

~ 1
C <¢1_Zk|é—k+{]n+1>

Remark 3.3.33. Recall that an element (f, + J™*'), ., in k[X]° can be considered as the formal

limit lim (f,) of the Cauchy sequence {f, | n > 0} in k[X]° with the J-adic topology. The element

(¢1 + J"),5, can be identified with ¢, itself, as limit of a constant sequence. On the other
hand, the element (3, &*/k! + J"") _ can be considered as the limit lim (37 &*/k!). As

we already noticed, ¢, is associated with the exponential function, in the sense that its power
series expansion in k[X|" is >, &"/k! = exp(&). However, it follows from what we showed that

—

in k[X]° the Cauchy sequence {>_;_, &*/k! | n > 0} does not converge to ¢;.

References

The material for this chapter comes almost entirely from the joint papers with Laiachi El
Kaoutit [ES1] and [ES2]. Section 3.1 is a revised version of Appendix A in [ES2] and many of
the results contained there can be found (maybe up to some reinterpretation) in any textbook
on filtered and graded modules (we found inspiration in [NvO2] and [Bk3], for example), but we
preferred to follow a personal approach in the presentation, to set them in the wider framework of
bicategories. All the other sections, apart from §3.3.2.3 which collects the content of [ES1], come
from the main body of [ES2].
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Appendix A

Units of the tensor algebra

In Example 2.4.11 we claimed that the tensor k-algebra T'(V') over a vector space V' cannot admit
non-trivial reassociators. This appendix contains few technical results aimed at proving this. The
following general result is probably well-known but we were not able to find a reference.

Lemma A.1. Let A=, A, be an N-graded ring. Suppose that the product of two non-zero
homogeneous elements is non-zero. Then the units of A are concentrated in Ay and A is a domain.

Proof. Let z,y € A be non-zero elements. Write z = zo+x1+: - -+, and y = yo+¥y1+- - -+y,, where
i, y; € A;, with x, # 0 and y, # 0. By assumption, z,y, # 0 and it is clearly the homogeneous
element with highest degree of xy. If zy = 1, then the unique option is s +t¢ = 0, whence s = 0
which means z € Ay. If xy = 0, then we must have x,y, = 0, which is a contradiction. O

Corollary A.2. Given a vector space V, the group of units of the tensor algebra T(V') is k\ {0}
and T(V) is a domain.

Proof. We have that T = T(V) is graded with respect to T, := V®". Given z € T, and y € T,
non-zero elements, we have that x - y = x ® y which is non-zero. O

Lemma A.3. Let R be a k-algebra that is also a domain. Then T(V)® R is a domain.

Proof. By the Axiom of Choice we can choose a totally ordered basis B := {v; | i € I} for V.
Mimicking [Gr, Example 2 and 3] we can construct an admissible graded lexicographic order on
the basis By := {v;,vs, - --v;,, | n>1and 4y,...,%, € [} U{l} of T =T(V) as follows

Uiy Uiy *** Vi, < U5y Vg~ Uy,
ifn<morn=m,v, =uv, for 0 <s<(t—1)<nand v, < v, with respect to the total
order on B. Let z,y € T ® R with x # 0 and y # 0. We can write x =b;, ® z; +--- + b;, @
where z,...,z, € R with =, # 0, b, - ,b;, € Br and b;, < --- < b;,. Analogously write
y=b, ®y + - +b;, ®y, where yy,...,y, € Rwithy, #0, b;,,---,b;, € Brand b;, <--- <b;,.
Since R is a domain, z,y, # 0. Moreover, b; b;, € Br whence (b;, ® z;) (b;, ® y;) = b;,b;, sy, # 0.
Note that 2y = b, b;, @ T1y; + -+ + b; . b;, ® z,y, where b;_b,, is the greatest of all the first entries
of the summands involved. Thus zy # 0. O

Corollary A.4. Given a vector space V and n € N, the group of units of the tensor algebra
T(V)®" isk\ {0} and T(V)®" is a domain.

Proof. In view of Corollary A.2 and of Lemma A.3, T(V)®" is a domain by induction on n.
Moreover, since T'(V) is a graded algebra, T(V)®™ is graded too. By Lemma A.1l, the group of
units of T'(V)®" is concentrated in degree zero. O
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Appendix B

Locally finitely generated and
projective filtered bimodules

In this appendix we plan to study the linear dual of the tensor product of two locally finitely
generated and projective filtered modules (for instance, rings with an admissible filtration as in
§3.3.1.1). In particular, we will show that this bimodule is isomorphic as a filtered bimodule to the
complete tensor product of the duals.

B.1 Locally fgp filtered modules

Let k be a commutative ring as usual. Let R be a k-algebra and M be a right R-module endowed
with an exhaustive ascending filtration {F™M | n € N} (see the introductions to §3.1.1 and §3.3).
In view of our aims, we assume R to be discretely filtered (i.e. F"R = R for n > 0 and 0 otherwise).
We denote by gr™ (M) the quotient module F"M/F"~*M for alln > 0 (F~'M = 0 by convention),
and by gr (M) the associated graded module gr (M) = €, ., gr" (M). Henceforth and in line with
§3.3, we denote increasing filtrations with upper indices and decreasing ones with lower indices.
Moreover, T, , : F*"M — F™M and 7, : F*"M — M for all m > n > 0 will denote the canonical
inclusions.

Lemma B.1. Let R be any k-algebra, M a right R-module endowed with an ascending filtration
{F*M | k € N} and let n € N. If the quotient modules F* M /F*~1M are projective right R-modules
for all0 < k <mn, then F"M = gr (F"M) as filtered modules. In particular, F"M 1is projective.
If moreover the quotient modules F*M/F*=*M are finitely generated for 0 < k < n, then F"M
is finitely generated as well. Finally, if the filtration is exhaustive and the quotient modules
FrM/F"='M are projective for all n € N, then there exists an isomorphism of filtered modules
M = gr(M) and My, itself is projective.

Proof. Since every quotient module F*M/F*='M is projective as right R-module for all 0 < k < n,
we have a split exact sequence of right R-modules

F"M
Fr=1M

Tn—1,n
0 ——=IM""'"M == F"'M ==

from which it follows that, as right R-modules,
M

F*M~F"'M .
© Fn=iM

Proceeding inductively, we have that

n ~ T FkM n
k=0

123



Observing that F™ (gr (F"M)) = @, , F*M/F*'M = gr (F"M) and F™ (F"M) = F™M for
all m < n, it is clear that the isomorphism preserves the filtrations as claimed. Moreover, as direct
sum of projective right R-modules, F™ M is projective as well. The second claim is clear, as the
direct sum is finite. About the last claim in the statement, saying that the filtration is exhaustive
means that M = lim (F™M) as filtered modules. Since F"M = gr (F"M) = F™ (gr(M)) as filtered
modules, we have that M = lim (F"M) = lim (F" (gr(M))) = gr(M) as claimed. As direct sum of
projective right R-modules, M is itself projective. O

Assumption. Henceforth, all ascending filtrations will be exhaustive.

In analogy with [Crn, §4], we will say that an increasingly filtered right R-module M such
that the quotient modules F™"M/F"~' M are finitely generated and projective is a locally finitely
generated and projective (filtered) module (locally fgp, for short).

B.2 The filtration on the linear dual of a locally fgp filtered
bimodule

Assume that we are given an increasingly filtered R-bimodule M which is locally fgp as a filtered
right R-module. In particular, this means that each member of the increasing filtration {F"M |
n € N} is actually an R-subbimodule with a monomorphism 7,, : F"M — M and that the
factors F"M/F"~'M are finitely generated and projective right R-modules. Since the filtration
{F"M | n € N} is exhaustive, we may identify the right R-module My with the inductive limit
M = lim (F™M) of the system {F"M, T, ni1}, .y Therefore, M* = Hom , (M, A) = m ((F"M)")
as a left R-module via the left R-linear isomorphism

[ (T (Do (B.2)

where (r- f)(x) =rf(x) for all f € M*, r € R and x € M. However, M* is also a right R-module
with (f —z)(m) = f(x-m) for all f € M*, m € M and z € R, and it turns out that the
isomorphism (B.2) is right R-linear as well (in fact, 7% is R-bilinear for all n > 0). Therefore,
M* = lim ((F"M)") as R-bimodules. Notice that g : M — R is the unique right R-linear map
that extends all the g,,’s at the same time, that is, go 7, = g,, for all n > 0.

Corollary B.2. Let M be an increasingly filtered R-bimodule which is locally fgp as right R-module.
The following properties hold true.

(i) Each of the subbimodules F™ M is a finitely generated and projective right R-module and each
of the structural maps Ty ny1 : F*"M — F* 1M is a split monomorphism of right R-modules.

(i) Each canonical inclusion 7, : F*M — M is a split monomorphism of right R-modules, too.
(#ii) For every m,n > 0, we have an isomorphism of R-bimodules
G (F"M) p Q@p g (F"M)" = (F"Mg @g pF™M)"
such(that (b)m,n (f®r9) (x®@ry) = f(g(x)y) for allx € F"M,y € F™M, f € (F"M)" and
ge (F"M)".

Proof. Claim (i) follows directly from Lemma B.1 and to prove (7i), we may proceed as follows.
For every n > 0 consider a right R-linear retraction p,, .1 : F™™'M — F™M of the structure map
Tnmt1- If m > n then the composition p, .. = Pn.nt1 © Priinte © O Pm_1.m i a right R-linear
retraction for the canonical inclusion 7, ,, : F"M — F™M. Now, the following family of right
R-linear maps
Tem : FEN - F*N k<n
{ Pni: FFN — F"N k>n
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makes of F"M a sink for the diagram {F*M, Thkt1 ey 0 M. By the universal property of
M = lim (F™ M) we have that there exists a unique right R-linear morphism 6, : M — F"™M such
that 0, o7, = p, if K >n and 0, o7, = 71, if K < n. In particular, 6,, o 7, = ldpn ), whence
it is a retraction of 7,,. Finally, in view of [BSZ, Lemma 11.3] and the hom-tensor adjunction
respectively, we have the chain of isomorphisms of R-bimodules

(F" M) @ r(F"M)" = Hom , (F" Mg, (F™M)" z) 2 Hom , (F" My @ nF™ M, R)
which proves (7). O

Remark B.3. From the previous proof (of Corollary B.2) we get that there is a right R-linear
retraction 0, : M — F"M of 7,,. In particular, each of the maps 77 : M* — (F"M)" is a
split epimorphism of left R-modules with section 0 : (F"M)* — M*. Denote temporarily by
T, @ M* — M* /ker (1) the canonical projection. Even if 6% is just left R-linear, the composition
n 00 (F"M)" — M~ /ker (7;) is R-bilinear as it is the inverse of the R-bilinear isomorphism

: M* [ker (1) — (F™M)" induced by the factorization of 7 through the quotient.

Shi

Now, the right linear dual M* inherits naturally a decreasing filtration which converts it into a
complete R-bimodule. Namely, mimicking [MSS, Appendix A.2], let us consider the filtration

Fo(M*)=M* and F,;, (M*)=ker(r), forn>0.1 (B.3)

In view of (%) of Corollary B.2, we have an isomorphism of R-bimodules (F"M)* = M*/F, ., (M*).
From this together with the isomorphism (B.2), Proposition 3.1.14 and Remark 3.1.32, we deduce
that the filtration {F,, (M*) | n € N} induces a linear topology over M* with respect to which it is
a complete R-bimodule.

Remark B.4. In order to be able to evaluate limits of Cauchy sequences in M* on an element of M
it is useful to notice the following. Let {f,}n>0 be a Cauchy sequence of right R-linear maps in M*
and let f = lim (f,) denote its limit in M*. Therefore we have that f — f, € F, (M*) = ker (7;;_,)
for every n > 1. For all z € M, there exists an [ > 0 such that x € F'M and hence for every
k > 1+ 1 we have that

fr(@) = fi(n(z)) = f(n(z)) = f(z).

This means that the sequence of elements {f,(z)} -, eventually becomes constant in A and equal

n>0
to the value of f on z. Thus, it is meaningful to set f(x) = (hm (fn)) () := lim (f.(x)).
n—oo n—oo
Notice also that if we consider the inductive limit function of the inductive cone {7 (f11)}nens

we find out that lim (72 (fu1)) = lim (72 (f)) = f = lmm (f,).
B.3 The complete tensor product of fgp modules
It is useful to point out that the full subcategory of R-bimodules which are locally fgp on the

right is closed under taking tensor products (compare with [Ma, Theorem C.24] in light of Lemma
B.1). Indeed, let M, N be filtered R-bimodules which are locally fgp on the right and consider the

filtration
n €N }

on M ®z N with inclusion maps 7,, : F"(M ®r N) = M ®r N. Then we have an R-bilinear
isomorphism

{F”(M ®r N) = Z FPM ®p FIN

ptg=n

D FrM o FIN \ | F"(M@gN)
Fr=1M “F Fa-iy Fr=1(M ® N)’

ptqg=n

M Since ker (1) = {f € M* | F*M C ker (f)}, we will often use the notation Ann (F™M) to refer to it.
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induced by the assignments
(zp + FP7 M) @p (yg + F*7'N) = (2, @r yg) + F* 71 (M @5 N)

for p+ q = n. Thus the factors F*(M @z N)/F"~'(M ®r N) are finitely generated and projective
as right R-modules and M ®g N is locally fgp as claimed.
Next, for M, N two R-bimodules which are locally fgp on the right we want to compare the

linear dual (N ®z M)* with the complete R-bimodule M@N* = M*®r N*. At the algebraic
level, we have a canonical R-bilinear map

oM, N

(M*)gr ®r r(N*) ———— (Nr Qg g M)*

(B.4)
fO®rgr——>[y®rz— f(g(y)r)]

which makes the following diagram commute

SN, N

M* @y N*—% S (N@g M)"
(r%)*%(fff)*i l(nwmgg)* (B.5)

Pm,n

(F"M)* ®g (FPN) —""s (F"N @5 F™M)* .

Our plan for what is left of the section will be to show that the natural transformation ¢ n is
filtered and that it induces an isomorphism of filtered R-bimodules between (N ® g M)* and the
completion of M* ®z N* with respect to the filtration

F,(M*®r N*)= Y im(F,(M") @ F,(N")). (B.6)

To this aim, we start with a couple of intermediate results. The first technical lemma, Lemma B.5,
is about the relation between intersections and tensor products. Maybe it is well-known, but we
were not able to find an explicit reference. The second one, Lemma B.6, allows us to rewrite the
n-th term of the filtration (B.6) as intersection of suitable kernels.

Lemma B.5 (see also [BW, §40.16]). Let R be any k-algebra. Let W be a left R-module and
p: W — W, be a surjective left R-linear morphism with kernel f: W, — W, where Wy, is projective
over R. Let also g: Vi — V be an injective morphism of right R-modules. Then

im(VezW)Nim((V; @ W) =im (V, @z W)
in Vg W, where im () denotes the canonical image in the tensor product.
Proof. First of all, notice that the hypothesis on p implies that we have a split short exact sequence

f P

0 W w W, 0.

We want to apply [W, §10.3(2)]. To this aim, consider the following diagram of abelian groups
with commutative squares and lower exact row

Vi®rf 9 RP

OHX/H@RWlHV&@RWHV@RWQ

9®RW1\L ig@)RW

OHV®RW1WV®RWWRP‘V®RWQHO

Since f splits, V; ®g f is injective. Clearly (g ®zp)o (Vi ®gr f) = g®r (po f) =0, so that to have
that the upper row is exact as well we are left to prove that ker (g ® p) C im (V; ®z f). Let us
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pick z € ker (g ®r p). Since W, is projective as left R-module, g ®z W5 is still injective, whence
(Vi®grp)(z) =0and z € ker (V; @z p) =im (Vy; g f). Thus ker (¢ @ p) C im (V; ®p f) and the
first row is exact as well.

Passing to the images of the vertical arrows, we have that

VRS VQRrp

0 ——=g(V1)@rW) —=g(V1) @ W ——=V @ W,

| E

OH‘/@RWlWV@RWWV@RWQHO

where by g(V1) ® g W we meant the Z-submodule of V @z W generated by elements of the form
g(v) @r w for v € V; and w € W. Tt is still a diagram of abelian groups with exact rows and
commuting squares. Being V' ®pz f injective, we may identify its domain with its image, so that

0——=im (Vi @ W1) —=im (V; @x W) —2LV @5 W,

V@r Wy ——0

is still a diagram of abelian groups with exact rows and commuting squares. In view of [W
§10.3(2)], the left-most square is a pull-back diagram, which means exactly that in V @z W we
have im (Vi @ g W1) =im (V; @ W) Nim (V @z W1). O

Lemma B.6 (compare with [AMe]). Let R be a k-algebra and V,W be decreasingly filtered
R-bimodules such that W/F,W is projective as left R-module for alln € N. Then

Yo imEVerEW)= () ker(r) @rm))
pta=n ptg=n+1

where 7r V= V/E,V and 7rW W — W/E,W are the canonical projections. In particular, for
M and N R-bimodules such that N is locally fgp on the right, we have

FuM @r N7 = () ker( ()" @ (7)), (B.7)

pt+g=n—1

Proof. The inclusion from left to right is trivial, so let us prove the other one. The hypotheses
on the W/F,W’s imply that every injection 7V : F,W — W admits a retraction p? and every
projection 7V : W — W/F, W admits a section ¢V which are left R-linear. Since every TV is
filtered, for all m > n it induces 7", : F,W/F,,W — W/F,, W such that ﬂ"fm o W,me =a¥orW,

where 7V, F,W — FnW/F W is the canonical projection Since p¥ oW = pW oW o TT‘:LV,H =
To s it turns out that p}” induces a retraction p) : W/F,,W — F, W/F W oof 7V, such that

py omy =mY  opy. Analogously, 0,7 induces a section W . F,W/F,,W — F,W of =¥V such
that 7,V 05}V = o) o7V . Since

v
7rn—i®R( g1 © Opz OTI Op1)* Ty 2®R(“+1O7rm+1opz 07—1 Opl)?

it follows that (WX?Z- @r (7N, 07V 0 p ooV 0 pl')) (z) =0 if and only if

(Ver (@, 0pW ooV opl)) (z) € ker (ﬂ,‘f_i ®r Fi+1W> =im (T,‘L/_i Qg F¢+1W> .

Pick z € N ker (¥ @ 7)") and write it as

p+g=n+1

n—1

x—(V®R( O”lvv))(x)"‘Z(V@R(Uz“iloﬁxloﬁwopyo 07—1 Py ))()+

=1

(V®R( op, o r‘;vlopzv—lo"'oleop‘ly))(x)'
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Notice that, by the hypothesis on =,

W . W
(V@rm") (z) € ker (ﬂx ®r FlVV> =im (TX ®r F1W>
so that (V @z (6 o7}")) (z) € im(F,V ®z W) and (1)_, @z (1) oo} om}V)) (z) = 0. By
proceeding inductively one shows that we have

(V @ (1, 07 0 ol o0V 0 pV)) (x) € ker (ﬁx_i On lew) “im <Tnv_l. on szw) ,

whence (V ®@g (oY, om0V op ooV opl")) (z) € im(F,_;V@r W) CV @z W for all

0 <i<n—1. On the other hand, since

F,L'+1W

w
cCVv _
) =V on Fip W’

(V@R (WﬁloTiWopXVo...oleop?/))(x)Eim (V@R

we have that (V ®g (off, o, 07V o pVo---orVoplV)) (z) €im(V@r EW)CV @z W for

all 0 < ¢ <n—1. Thus, in view of Lemma B.5,

(V Qr (o’ﬁl 071';/}:1 ot opV ooV op¥v)) (z) eim(Ver FEW)Nim (F,_;VQrW) =

for all 0 < i < n — 1. Clearly, the summand (V @z (7 0 p o7V 0 pW 0 oV 0 pl")) (z)
lives in im (V ®g F,,W), so that the first assertion is proved. For what concerns the second one,
if N is locally fgp on the right then, by definition of F ., (N*) and by (i) of Corollary B.2,
N*/F;1 (N*) = (F*N)" for all k > 0, which is a finitely generated and projective left R-module.
Thus we may apply the first assertion to claim that

Zim(Fp(M*)(@RFq(N*)): ﬂ ker(w;‘/’*@Rw;\’*): ﬂ ker((Té‘fl)*QoR(T(ﬁl)*).

ptqg=n pt+g=n+1 pt+g=n+1

Notice however that since both morphisms 7 and 7%, are the 0 morphism, we have that
ker ((,)" ®g (7Y,)") = M* ®x N* for the pairs (p,q) € {(0,n+1),(n+1,0)} and so they
do not contribute to the intersection. Therefore,

F.(M*@r N )= ) ker( ()" ®r (Tfil)*) = N ker( (") ®r (T;V)*) O
p+g=n+1 p+gq=n—1
p,q=>1

Now we are ready to state and prove Proposition B.7. It gives the relation between the
complete bimodules M*/®R\N* = M*®z N* and (N ®r M)*, where M* ®p N* is endowed with
the filtration (B.6) and the decreasing filtration on (N ®pz M)* is given as in (B.3), that is,
Fy(N®rM)*)=(N®grM)* and F, (N @z M)*) = ker (77_,) for n > 1. The proof is long and

a bit technical, whence we split it into smaller results.

Proposition B.7. Let M and N be two R-bimodules, locally fgp as right R-modules. The natural
transformation ¢ n of equation (B.4) induces a filtered isomorphism M* ®@gr N* = (N ®p M)*
such that the following diagram is commutative

éM,N

(M*) ®r g (N7) (Nr ®@r RM)*

o -~
N -~
ORr _ 7 ¢M,N



Let us devote the remaining part of this section to the proof of this proposition. Henceforth we
will assume that M and N are R-bimodules which are locally fgp on the right and, for the sake of
clearness, we will denote by

o M*®RN*
:M*®@r N* = M* ®r N*, T M* Q@ N* - ———————,
Y R R k R Fr (M= @p N7)

M* ®R N*
F, (M* ®z N*)’

M* ®R N* M* ®R N*

Mgt — , M @ N* —
1k F, (M= @5 N7 Fy (M* @5 N Pk R

the obvious maps, for all £ > 0 and all | > k. Notice that since 8 is a retraction of 7/ (see
Remark B.3), we know that for all p < m we have

M M _ pgM M M _ M
0771 ° TP - 9m OTm © Tp,m - Tp,m (B8)

and hence (7)" o (92)" = (M )" for all m > 0 and all p < m.
Our first aim is to show that the completion qS/MTV actually exists.

Lemma B.8. The dual bimodule (N @ r M)* is a complete R-bimodule with respect to the filtration
Foi1 (N @5 M)*) = ker (7}) = Ann (F*(N ®5 M)) (B.9)

(see §B.2). Moreover, the canonical morphism ¢y n is filtered and hence it induces a morphism of
complete bimodules

OmN: M*®RN* — (N®r M)*.

Proof. As we observed at the beginning of the section, the category of bimodules which are locally
fgp on the right is closed under taking tensor products. Therefore, N @ M is a locally fgp right
R-module and hence (N ®g M)* is a complete R-bimodule with respect to the filtration (B.9).
Thus, it is enough for us to prove that ¢y is filtered.

In view of (B.5), for all m +n = k we have that

(TTILV Rr TT]:LI)* (d)M*N (Fk+1 (M* ®r N*))) = ¢m,n<( (7-71;1)*®R(7-TILV)* ) (Fk+1 (M* ®r N*) )) (]3:'7) 0.
In particular, this implies that ¢, y is filtered as claimed and m is well-defined. O

Furthermore, we deduce from the argument of the above proof that for all £ > 0 and for all
m,n > 0 such that m + n = k, there exists a unique R-bilinear morphism

. (M* ®R N*)
m,n - Fk+1 (M* n N*)

o — (F"N ®@r F™"M)*
such that

O © M1 = (T @ T2!) " 0 Parn- (B.10)

Lemma B.9. For everym,n>0,q¢<n,p<m, k=m+n and h =p—+q, the morphism o, »,
satisfies also

(7o ORTph) " © Tmin = 0p.g © Thp1 s (B.11)
Proof. We may compute directly

N MO\ * (B-10) N M O\* N MY *

(Tq,n Or Tp,m) ©0mn © Tmint1 = (Tq,n ®r TpJn) © (Tn Qr T, ) ° ¢M’N

N M (B.10)

= (Tq ®r T, ) OPMN = OpgOThi1 = Opg O Tyt ht1 O Mht1- O
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These facts will be needed soon in the next part of the proof. Notice moreover that the
completion ¢ n of the filtered morphism ¢, x fits into the commutative diagram

-~ d) .
M*®r N* L (N®RM)
pk“i i(f@mfﬁ’)* (B.12)
M*®@pN* Om,n " - .
Fk+1(M*R®RN*) (F N ®gp F M)

for every k > 0 and for all m,n > 0 such that m +n = k.

Our next aim is to construct explicitly a filtered inverse for (b/M\N To do this, we are going to show
that M* ®x N* is the projective limit of the projective system {(F™M)* @z (F"N)" | m,n € N}
with structure maps (TM )* Qg (T;\”n)* for all p < m and g < n and then use this fact to construct

p,m

a suitable map (N ®p M)" — M* &z N* which will prove to be the inverse of gﬂI\N
For all m + n = k consider the composition

Hm,n = (Zs;:n o O—m,n Opk+1 (B13)

which gives an R-bilinear morphism II,,,, : M* @ N* — (F"M)* @5 (F"N)" (the candidate
structure maps). Basically by definition it satisfies I1,, , oy = (7)" @z (7¥)" and moreover the
subsequent lemma holds.

Lemma B.10. For all k > 0 we have

Fopr (M@ N*) = [ ker(M,n.), (B.14)

m+n==k
where as usual Fj, (M* ®r N*) = ker (Pry1)-

Proof. If we consider the commutative diagram

M*@p N* 2" (Fm M) @ (FPN)*

Pk+1l bm,n

Ay (F"N @g F™M)"

Fr1(M*®RrN*)  om.n

for every k > 0 and every pair m,n > 0 such that m +n = k, then ker (py41) C ker (I, ,,) and
s0 ker (Prs1) € iney ker (I, ). Conversely, assume that z € [, _, ker (I, ,) and consider
Prs1(2). There exists x € M* ®g N* such that p,,1(2) = mpy1(x) and for all m,n > 0 satisfying
m +n = k it turns out that

0 = I0,.(2) "2V (

B © T © Prei1) (2) = (Dt © T © T (@)
(B.10) (B

(k0 (7 @) o 0m) (0) E (720)" 0 (7)) @)

Therefore, € ker( (M) @p (TN)*) for all m +n = k, whence

HS m ker((Tf)*(@R(TT]LV)*)(17)Fk+1(M*®RN*).

In particular, 0 = 7441 (2) = pry1(2) and so z € ker (pr41) as claimed. O

Now, for every k > 0 and all m,n > 0 such that £k = m + n consider the R-bilinear maps
' M* ®R N*
" Py (M ®g N¥)

— (F"M)" @g (F"N)" (B.15)

(b;:n o O-m,n
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and
M* ®R N*
Fhpr (M* ®p N¥)

where h = min(m,n) and for all f € (F™M)", g € (F"N)"

Emm: (F"M)" @g (F"N)" —

Emn (fOrG) = ((9%)* (f) ®r (95)* (9)) + Fup (M™®@g N7). (B.16)
Lemma B.11. For all m,n >0, the morphisms &, ,, are well-defined™ .

Proof. The following computation

() (03 (F =) @n () ((02) (9) = (f =) Org = @rrg
= (=07 (@) (1) @r (=) (r(62) )

shows that ((6,/)" (f <) @& (07)" (9)) — ((07))" (f) @ (62)" (rg)) € ker ((75)" ®r (7)") and
since for every i, j such that i + j = min(m,n) = h

(7)) @r (V)" = ((710)" @r (777,)7) o (7)) @r (721)7) -
it is clear that
ker ((72)" @r (7)) € [ ker (1) @r (7)) & Fups (M* @5 N¥) (B.17)
itji=h
and hence

(02 (f = 1) @& (0))" (9) + Frr (M* @ N*) = (00)" (f) @1 (65)" (rg) + Fuya (M* @z N*).

A similar argument may be used to show that &, ., is also right R-linear, which is not immediate
from the definition. O

These will be used to connect the projective system {M* @z N*/Fj,.1 (M* @ N*), 71}, with
the diagram {(FmM)* ®r (F"N)", (Tzf\fm)* ®nr (T;Yn)*}NQ.

Lemma B.12. For all m,n,p,q > 0 such that p+ q = h = min(m,n) and | = min(p, q), the
following relations hold

Opg ©Emm = Gp.q © ((T;\j[m)* Qr (Tgn)*) , (B.18)

gp,q ° (b;}] O0p,q = Thil,i+1- (Blg)

Proof. To prove (B.18) observe that for all f € (F™M)* and all g € (F"N)* we have
Tt (G (F 80 9)) = 00 (02)" (F)©n (62) (9) + Fus (M 9 N") )
(s (02 (1) 9 (02)" )
R IO (N (CONGENMTANT)Y
26 (()7 0 @) )0 o ()0 (02)) @)

(B.8)

= 60 () (D@ (70)" (9)

(2)In general, we cannot perform the tensor product (9%) * RR (9,1:]) * as the maps (Hf‘n/f) " are just left R-linear

131



and the claimed relation (B.18) follows by R-bilinearity of 6, ,0&,,,, and ¢, ,0 ((7 )* ®r (Tszm>*>

p,m
Instead, to prove (B.19) notice firstly that since (§2')" is a section of (77)" it follows that for
all f € M* one has ((62) o ()") (f) € f + ker ((7M)") = f + F,41 (M*) and hence, since

p

I = min(p, q) < p,q, one has also that for all g € N*

*

(( (aéw)* ° (T;fw)*)(f) ®r 9) —(f®rg) € Fps(M" ®@r N*) CFi i (M" ®r N™). (B.20)

An analogous result holds for all g € N*. Therefore, for all f € (F™M)" and all g € (F"N)" we
have

(B.10)

(6.0 0 673 0 T 0 Tunt) (F @1 9) "2 (&40 674 0 (7 @r7) 0 b ) (f 1 )
" (g0 () 0n (7)) ) (F @r9)
= (@) o @) ) (D@ () 0 () )(9) + Fior (M 2 NY)
(B.20)

= fOrg+Fiin(M*"®r N*) = (Ti1,041 0 Thi1) (f ®r 9) - O

Getting back to the point, in light of (B.11) the first family (B.15) of maps makes all the
following diagrams commute

RO omon v Pmin . .
M*QrN (FnN®RFmM) 4>(FmM) ®R(FnN)

Frgnt1(M*Q@RpN*)

7r7n+n+1,p+q+1l l(f(g\y’n@R‘r}ym)* l(T%m)*®R(T§'ln)* (B?].)
* * o ¢71
M N P.q n m « Ppya * *
e (F"N @n F™ M) —2% (FPM)* @p (FIN)

Let us show that the second family (B.16) makes almost the same the other way around.

Lemma B.13. For allm,n >0, p <m, q <n, all the following diagrams commute

(FmM)* ®R (FnN)* Em,n M*®pN*

Fi 1 (M*®@RrN*)

(Tﬁfm)*m(an)*i l (B.22)
(FPM)* Qr (FqN)* M*®@prN*

tpg  Frp1(M*®pN*)

where h = min(p, q) and | = min(m,n).

Proof. By a direct computation,

(0 (O (74070 ) @r ) (0) () @) ) = (75)" () @ (7) (9)
@ (@0 ) @r (7)) (02) @)

Thus, by using the same argument that we used in the proof of Lemma B.11 and, in particular,
Relation (B.17), one may check that for all f € (F™M)" and all g € (F"N)"

(07)" ((755)" (D) @x (0)" ((72%)" (9)) = (00)" () @5 (02)" (9) € Frogs (M @5 N*). DI

With this last lemma, we collected results enough to prove that M* &z N* together with
the family of maps {II,,, | m,n > 0} is (isomorphic to) the projective limit in the category of
R-bimodules of the projective system (F™M)" ®z (F"N)" with structure maps (7,)" ®r (72,)"

for all p < m and ¢ < n. We state it here the more explicitly that we can for future reference.
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Lemma B.14. Let M and N be two R-bimodules which are locally fgp on the right and consider
M, : M*®r N* = (F"M)* @ (F"N)", (200 C (7)) @ (7)) (zm+n+1)) .

for all m,n € N. Then M* &g N* together with the family of morphisms {I1,,.,, | m,n € N} is
the projective limit of the projective system {(F™M)" @ (F"N)" | m,n € N} with structure maps
(M )* Onr (Té\fn)* for allp <m and ¢ < n.

p,m

Proof. In light of (B.21) and the fact that ( M* ®x N* 225 (M* @ N*) /F, (M* ®z N*) ), isa

N

source, we have that ( M*®z N* M (F™M)" ®@g (F"N)" ), is a source as well. Let us assume

that there is another source ( X L (F™M)* ®g (F"N)" )N2' By considering the compositions

Emon © Bunon, one makes of X a source for {(M* ®r N*) /F}, (M* ®r N*) , Tk 5}, and hence there
exists a unique morphism of bimodules ® : X — M* ®z N* such that for all h > 0 one has

Pht1© ¢ = gm,n © Bm,n (B23)

for all m,n such that h = min(m,n)®. For all m,n > 0 and k = m + n, this ® satisfies

(B.13) ,_ (B.23) ,_ (B.18) . .
Hm,’ﬂo@ = ¢m%noam,nopk+1o® = (bm%noo—m,nogk,koﬁk,k = ((Tiw,\/[,k) ®R(7—717,\,]k) )Oﬂk,k:ﬂm,n'

Assume that there exists a morphism ¥ : X — M*®p N* such that II,,,0o% = 3,., for all
m,n € N. For any k£ > 0 we have

(B.19)
Pk+1 © U= T2k+1,k+1 © P2k+1 © U= fkk © Hk,k ol = fkk © Bkk

which means, by uniqueness of the morphism ® satisfying (B.23), that ¥ = & and M* &, N*
satisfies the universal property of the projective limit as claimed. O

Lemma B.14 allows us, finally, to prove Proposition B.7.

Proof of Proposition B.7. Since the tensor product commutes with colimits, since the filtrations
on M and N are exhaustive (i.e. M = ligl(F"‘M) and N = @(F”N)) and since the Hom
functor converts colimits in limits, one may claim that (N @z M)" together with the morphisms
(TN @z 7M)" is the projective limit of the projective system {(F"N @z F™M)" | m,n € N} with

structure maps (7Y, ®g 7,)" for p < m and ¢ < n. Now, by definition of II,, , we have that
(B.13) (B.12) R
(bm,n o Hm,n - Um,n o pk+1 - (Ti\] ®R 7_717\14) o ¢AI,N7 (B24)

whence ¢>/M\N is also the unique morphism induced by the map of projective systems ¢,, . By
considering ¢! instead, one deduces that there exists a unique morphism ¢y, x : (N ®r M)" —
M* ®g N* such that II,, ,, 0 ¥ar,n = ¢, 0 (TN ®@p 7M)". It is not difficult to see that éar v and
Y,y are mutually inverses, so that we are really left to prove that ¢ is filtered. Recall that
Foi1 (N®gr M)*) = Ann (F*(N ®p M)). Thus, for all p+ g =n,

Iy, (s (Ann (F"(N @ M)) ) ) = 6,3 (72 @ 7)) (Ann (F"(N @5 M) ) ) = 0

(B.14

so that ¥ n(Ann (F*(N @ M)))C () ker(IL,,) = ) a1 (M* @5 N*) and vy y s filtered. O

ptg=n

(3)By using (B.22), one may check that Em,n © Bm;n = &n b © Bn,n, where h = min(m,n), so that the previous
relations depend only on h and not on the particular m or n used.
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Given z € M* @z N* we already know, by adapting Notation 3.1.24, that z = lim (p,, (2)) up
n—oo

to a choice of a representative in M* ®z N* for each element p,(z) (this is not restrictive, in light
of Remark 3.1.19). Fix h > 0. For all m,n > h such that h = min(m,n), set k = m + n. Then

(B.13) _ (B.19)
(gm,n © Hm,n) (Z) = (gm,n © ¢m1n O O0m,n Opk+1) (2’) = (7rk+1,h+1 0pk+1) (2’) = Ph+1(2’)
and hence &, , oIl ,, = ppy1. In particular,
2= T (praa(2)) = Jim ((€nn 0 Thas) (2)). (B.25)
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internal bimodules, 15 constraint
left rigid, 5 associativity, o, 3
left-closed, 5 left unit, A, 3
monoidal, 3 right unit, p, 3
neutral Tannakian, 21 contravariant adjunction, 2
reflective subcategory, 80 convolution product, 19
right rigid, 5 coquasi-antipode, 42
right-closed, 5 coquasi-bialgebra, 19
skeletally small, 2 reassociator, w, 19
small, 2 coquasi-Hopf algebra, 42
symmetric monoidal, 6 coring, 93
0,1,2-cells, 13
(right) character, 96 diagonal action, 17
coalgebra diagram, 2
coalternative, 50 dinatural transformation, 5
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dual basis, db,, 37

dual basis, db, 5

dual module, 2

dual morphism, 5

duality, 2

dualizable object (see rigid), 5

Eilenberg-Moore category, 10
evaluation, ev,, 37
evaluation, ev, 5

fibre functor, w, 20, 111
PBimft, 76
CHAIgd™, 94
mﬂt7 72
filtration
augmentation, 94
coarser, 72
complete, 77
discrete, 73
equivalent, 72
exhaustive, 72
final, 73
finer, 72
Hausdorft, 77
induced, 73, 77
initial, 73
quotient, 73
(right) admissible, 100, 101
tensor product, 74
trivial, 73
finite dual
coalgebra, A°, 45
non-coassociative coalgebra, A®, 49
finite-codimensional ideal, 49
functor
bifunctor, 14
colax monoidal, 4
colax tensor, 4
neutral, 4
contravariant, 2
covariant, 2
lax monoidal, 4
lax tensor, 4
neutral, 4
strict, 4
monoidal, 4
equivalence, 4
tensor, 4
neutral, 4

gauge transformation, 18
good subspace, 49
groupoid object, 92
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Hom, (X,Y), 1

Hopf algebroid
cocommutative, 96
commutative, 92
complete, 94
filtered cocommutative, 108
filtered commutative, 94
finite dual, 111
split, 93

horizontal composition, 13

identity 1,2-cell, 13
increasingly filtered, 100

left dual object, 5
Lie algebroid, 98
limit, 3
creation, 3
detection, 3
lifting, 3
preservation, 3
reflection, 3
linear topology, 71

AMa M37 AMB7 8

M (see Mody), 1

Mod,, 1

module
Z-filtered, 72
(decreasingly) filtered, 72
bimodule, 7
complete, 78
complete bimodule, 86
filtered bimodule, 76
geometrization, 96
left, 6
locally fgp, 124
profinite, 111

representation of L.-R. algebra, 98

right, 7
shifted (filtered), 72
module algebra/coalgebra, 68
monad, 10
monoid (see algebra), 6
morphism
L-coalgebra, 11
T-algebra, 10
anchor map, w, 97
bicomodule, 8
bimodule, 7

coalgebra with multiplication and unit,
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commutative Hopf algebroid, 93



comonoid/coalgebra, 7
complete, 77

complete bimodule, 86
coquasi-bialgebra, 19
filtered, 72, 76

filtered isomorphism, 72
Hopf-Galois map, can, 96
left comodule, 8

left module, 6
monoid/algebra, 6
non-associative algebra, 48
quasi-bialgebra, 17

right comodule, 8

right module, 7
source/target, 93

strict, 114

translation map, 96

ve, 39
wM,N, 12

pentagon axiom, 3

preantipode
coquasi-bialgebra, 37
quasi-bialgebra, 32

product (of categories), 2

quasi-bialgebra, 16
reassociator, ®, 17
quasi-Hopf bimodule, 30

Reconstruction Theorem
for coquasi-bialgebras, 24
for coquasi-bialgebras with preantipode,
42
for coquasi-Hopf algebras, 42
for Hopf algebras, 43
reflexive
coequalizer, 11
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pair, 11
right dual object, 5
(right) universal enveloping algebra, V(L),
98
rigid object, 5
ring, 100

scheme, 2
sequence
Cauchy, 77
convergent, 77
Set, 1
sink, 2
source, 2
split coquasi-bialgebra, 59
Structure Theorem for quasi-Hopf bimodules,
33
super factorial, 61
symmetry, 6

Takeuchi product, 96
Tannaka-Krein reconstruction, 20
tensor
equivalence, 5
isomorphism, 5
natural isomorphism, 5
natural transformation, 4
product, ®, 3
product, ®4, 12
Top, 1
transpose (see dual morphism), 5
triangle axiom, 3
Ty,w, 22
twist equivalence, 17

unit, I, 3

Vect, 1
vertical composition, 13
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