HOPF ALGEBRAS AND THEIR GENERALIZATIONS
FROM A CATEGORICAL POINT OF VIEW

GABRIELLA BOHM

ABSTRACT. These lecture notes were written for a short course to be delivered in March
2017 at the Atlantic Algebra Centre of the Memorial University of Newfoundland, Canada.

Folklore says that (Hopf) bialgebras are distinguished algebras whose representation
category admits a (closed) monoidal structure. Here we discuss generalizations of (Hopf)
bialgebras based on this principle.

e The first lecture is used to present the necessary categorical background. The key
notion is the lifting of functors and natural transformations to Eilenberg-Moore cate-
gories of monads.

o In the second lecture this general theory is applied to the lifting of the (closed) monoidal
structure of a category to the Eilenberg-Moore category of a monad on it. This results
in the notion of a (Hopf) bimonad.

o In the third lecture we first see how the classical structure of (Hopf) bialgebra fits this
framework. The next example to be discussed is that of a (Hopf) bialgebroid (over an
arbitrary base algebra).

e The fourth lecture is devoted to the particular (Hopf) bialgebroids whose base algebra
possesses a separable Frobenius structure; known as weak (Hopf) bialgebras.

e The subject of the fifth lecture is (Hopf) bimonoids in so-called duoidal categories.

INTRODUCTION

Since several decades, Hopf algebras have been successfully applied as symmetry ob-
jects in many different situations. For this reason they have been subject to very intensive
research.

Classically, a bialgebra is a vector space carrying the structures both of an algebra and
of a coalgebra. These are required to be compatible in the sense that the comultiplication
and the counit are algebra homomorphisms; equivalently, the multiplication and the unit
are coalgebra homomorphisms. A Hopf algebra is defined as a bialgebra with an additional
property which has several equivalent formulations. The most well-known, perhaps, is the
existence of a generalized inverse operation, the so-called antipode map.

Although Hopf algebra theory has been a highly successful and popular topic, in various
applications some generalizations of Hopf algebras turned out to be needed. There are
many such generalizations which apparently go in different directions.

Sometimes the underlying vector space is replaced with some more general, or sim-
ply with some different object: Hopf algebras over commutative rings, on graded vec-
tor spaces, on simplicial vector spaces, and — including all of these — even in arbitrary
braided monoidal categories appeared in the literature.

Going even further, more general than braided monoidal categories can be taken. The
categories discussed in [1] have two different, but compatible monoidal structures. In [1]
they were termed 2-monoidal categories; since then (following [31]) they are more often
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called duoidal categories. In this setting the algebra structure is defined in terms of one of
the monoidal structures and the coalgebra structure is defined in terms of the other one.

In another direction of generalizations the axioms became weakened. In weak Hopf
algebras [10], for example, the comultiplication is not required to preserve the unit but
some weaker axioms are imposed instead.

Although the above generalizations look conceptually rather different, they share an es-
sential feature: the structure of their category of representations. In each case it is a closed
monoidal category. The aim of this course is to give a deep explanation of this fact by
showing that all of the listed generalizations of Hopf algebras are instances of the unifying
notion of Hopf monad.

Let us stress that all of the generalizations of Hopf algebras which occur in the course
(and so in these notes) are strictly associative and strictly coassociative. We do not mention
the generalizations known as quasi- and coquasi Hopf algebras. The fact is that they do
not fit our framework: in all of our examples, the closed monoidal structure of the relevant
representation category is lifted from a suitable base category. That is to say, these repre-
sentation categories admit a strictly closed monoidal forgetful functor to this base category.
This is not the case with (co)quasi Hopf algebras: although their categories of represen-
tations also admit monoidal structures, their forgetful functor to the base category is not
strictly closed monoidal.

Acknowledgment. It is a pleasure to thank Yorck Sommerhéuser for organizing this mini
course and for the generous invitation. The author is supported also by the Hungarian
Scientific Research Fund OTKA (grant K108384).

1. LECTURE: LIFTING TO EILENBERG-MOORE CATEGORIES

The first lecture is used to present the necessary categorical background. The key no-
tion is the lifting of functors and natural transformations to Eilenberg-Moore categories of
monads.

In order to fix notation and terminology we recall some basic notions. For more on them
we refer to [22].

Definition 1.1. A category A consists of

e aclass of objects X7, ...

e for each pair of objects X,Y a collection A(X,Y) of morphisms X — Y

e for each object X a map 1 from the singleton set 1 to A(X,X) (whose image is
termed the identity morphism X — X)

e for each triple of objects X,Y,Z a map from the Cartesian product A(Y,Z) x A(X,Y)
to A(X,Z) (termed the composition)

such that for all objects X,Y,Z,V the following diagrams commute.

AX,Y) L A, Y) x AKX,Y) AZV) X AY,Z) x AKX, Y) 2L AY, V) x AX,Y)

ml \ l ml l

A(X,Y) x A(X,X) —= A(X,Y) A(Z,V) x A(X,Z) A(X,V)

Examples 1.2.
(1) The singleton category 1 consists of a single object and its identity morphism.



(2) In the category set of sets,

e the objects are sets X,Y,...

e the morphisms from X to Y are the maps X — Y

e the identity morphism X — X is the identity map

e the composition of morphisms is the usual composition of maps.
(3) In the category vec of vector spaces,

e the objects are vector spaces (over a given field) X,Y, ...

e the morphisms from X to Y are the linear maps X — Y

o the identity morphism X — X is the identity map

e the composition of morphisms is the usual composition of maps.
(4) In the category mod(A) of modules over a given algebra A,

e the objects are A-modules XY, ...

e the morphisms from X to Y are the A-module homomorphisms X — Y

o the identity morphism X — X is the identity map

e the composition of morphisms is the usual composition of maps.

Definition 1.3. A functor f from a category A to a category B consists of

e a map associating to each object X of A an object fX of B
e for each pair of objects X,Y amap f: A(X,Y) — B(fX, fY)
such that the following diagrams commute for any objects X,Y,Z of A.

1 — 1 A(X,X) A(Y,Z) x A(X,Y) —>— A(X,Z)
) | |
R?B(fXJCX) B(fY,fZ)XB(fX,fY)T‘B(fX,fZ)

A functor f: A — B is said to be faithful if the induced map A(X,Y) — B(fX, fY) is
injective for any objects X,Y.

The (evident) composition of functors  : A — B and s : B — C will be denoted by juxta-
position st : A — C. The identity functor A — A will be denoted by 1.

Examples 1.4.

(1) Regarding any vector space as a plain set, and regarding linear maps as plain maps
of the underlying sets we obtain a forgetful functor u : vec — set.

(2) In the opposite direction, for any given field k£ we can take the vector space kX
spanned by the elements of a fixed set X. Since any map X — Y extends to a linear
map kX — kY, this yields a ‘linearization’ functor k : set — vec.

(3) If A is an algebra over a field k then every A-module is in particular a vector space
over k and A-module maps are in particular k-linear. This yields again a forgetful
functor mod(A) — vec.

(4) Let us take next algebras A and B over a field k. For a left A-module V and a
B-A bimodule W, we can take the A-module tensor product W @4 V, which is the
quotient of the vector space W ® V with respect to the subspace

{w-a@v—w®a-viacA,veV, weW}.

Via the B-action on W, W @4 V is a left B-module, and for any left A-module map
h:V — V' there is a left B-module map 1 ®4h: W ®4V — W ®4 V’. This defines a
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functor W ®4 — : mod(A) — mod(B). In particular, for any left B-module W there is
a functor W ® — : vec — mod(B) and thus for any vector space W there is a functor
W & — : vec — vec.

(5) In the opposite direction, for any left B-module Z we can regard mod(B)(W,Z)
(the set of B-module maps W — Z) as a left A-module with action (a - q)(w) :=
g(w-a) for a B-module map ¢ : W — Z, a € A and w € W. Post-composition with
any B-module map [ : Z — Z' yields an A-module map /o — : mod(B)(W,Z) —
mod(B)(W,Z') defining the functor mod(B)(W,—) : mod(B) — mod(A). In partic-
ular, for any left B-module W there is a functor mod(B)(W, —) : mod(B) — vec and
thus for any vector space W there is a functor vec(W, —) : vec — vec.

(6) For any category A, functors from the singleton category 1 to A are in a bijective
correspondence with the objects of A.

Definition 1.5. Consider functors f and g of equal source A and equal target B (we say that
f and g are parallel functors). A natural transformation @ : f — g consists of

e for each object X of A a morphism @y : fX — ¢gX in B

such that the following diagram commutes for any morphism 4 : X — Y in A.

fX&gX

o

fYTgY

Examples 1.6.

(1) Asin part (5) of Examples 1.4, there is a functor mod(B)(B,—) : mod(B) — mod(B)
for any algebra B. For any left B-module Z, the B-module map mod(B)(B,Z) — Z,
provided by the evaluation of a B-module map g : B — Z on the unit element of
the algebra B, and its inverse Z — mod(B)(B,Z) sending z to the map b+ b -z
define natural transformations between mod(B)(B,—) : mod(B) — mod(B) and the
identity functor.

(2) Composing the functors in parts (1) and (2) of Examples 1.4 we obtain a functor
sending a set X to the set of elements in the vector space kX. The evident inclusion
maps X — kX yield the components of a natural transformation from the identity
functor set — set to this composite functor.

(3) In the situation of part (4) of Examples 1.4, take a B-A bimodule map p: W — W',
Then for any left A-module V, the left B-module maps p @4V : W @4V — W/ @4V
yield the components of a natural transformation W @4 — — W/ ®4 —.

(4) In the same setting as in the previous item (3), pre-composition with p defines a left
A-module map — o p : mod(B)(W’,Z) — mod(B)(W,Z) for any left B-module Z.
These are the components of a natural transformation mod(B)(W',—) —
mod(B)(W, —).

(5) Composing of the functors in parts (4) and (5) of Examples 1.4 we obtain a func-
tor sending a left A-module V to the A-module mod(B)(W,W ®4 V). The maps
V — mod(B)(W,W ®4 V) sending v to the map w — w ®4 v yield the compo-
nents of a natural transformation from the identity functor mod(A) — mod(A) to
mod(B)(W,W @4 —).



(6) Composing of the functors in parts (4) and (5) of Examples 1.4 in the opposite order,
we obtain a functor sending a left B-module Z to the B-module W ®4 mod(B)(W,Z).
The evaluation maps W ®4 mod(B)(W,Z) — Z sending w ®4 ¢ to g(w) yield the
components of a natural transformation form W ®4 mod(B)(W,—) to the identity
functor mod(B) — mod(B).

Exercise 1.7. Consider functors W ®4 — and W ®4 — : mod(A) — mod(A) induced by A-
bimodules W and W' as in part (4) of Examples 1.4. Show that any natural transformation
between them is induced by an A-bimodule map W — W' as in part (3) of Examples 1.6.

Hint. A=Y =
AV M Ve ,M M
Ad)T VrbT T(I'I)
v, Vv,
AT M Vel Ve M - M

“weIderp SUIMo[[o} Y JO ANANBINWWOD

AqQ ‘ST JRYL A 9[NPOW-Y 1J[ AUB JO 4 JUSWI[S PIXy AIenigie ue AQ padnpul ‘a-v < v ‘A
+ y dew o[npow-y 1391 9y} 01 30adsar yiim Ajrernjeu sit Aq @ urelqo-a1 am ‘1opio disoddo
3y} Ur SUONONIISUOD JsaY) Funerdr pue — V@ M < — V® M : @ uoneuiojsuen [eimjeu ©
yim Suntels -dew 9npowq [BUISLIO Y} UIR}O-aI A[SNOTAQO 9M ‘QUO JAOQER AY) puUe 9'|
sordwrexq jo (¢) 1ed ur uononnsuod ay) unerd)l pue dew oMpowiq-y ue Yim Junaels
"(1°1) Jo dewr oy jo Kyuredur|-y S St ey

= Vo =
M=——VOM=—V"OM~—M

T e TM@)[ ]

,M<E—V®,MWVV®AA<%—AA

WERISBIP 9ANBINUWIWOD Y} SPIAIA 11 03 10dsa1 yiim ¢ Jo Ajfeinjeu
UL 'V < Vv dew onpowi-y 1J9] B SQUYIP Y JO p JUW[ paxy Aue Aq uonedrdninuw y3ry

(rn ',AATV"I@,AAWVV@AA?M
dew snpow-y 1391 Y1 91RI0SSE — VR, M <— — V@ M : ¢ UONBWIOJSURI) [RINJRU B O],

1.8. Operations with natural transformations. For natural transformations ¢ : f — f’
and @ : f/ — f” between parallel functors A — B, their composite ¢’ o @ : f — f” has the
following component at any object X of A.

fX Ox f/X (PX f//X
The identity for this composition is the identity natural transformation 1 : f — f with the
component at the object X of A:

X - rx.

A natural transformation which has an inverse for this composition is termed a natural
isomorphism. This means that each component has an inverse.

For parallel functors f,f’ : A — B which are composable with the parallel functors
g, : B — C, and for natural transformations ¢ : f — f' and y: g — g, there is a natu-
ral transformation y@ : gf — g f' — known as the Godement product of @ and Y — with
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component at any object X of A occurring in the equal paths around the following diagram.

Yrx
gfX —¢'fXx

g‘PXl lg/(PX

gf'X 7S grx

These operations obey the following interchange law. For functors f, ', f” : A — B
and g,g’,¢" : B — C, and for natural transformations ¢ : f — f, ¢’ : f' — f", v:g — &/,
Y ¢ — ¢’ the equality (Y oy)(¢'c @) = (Y¢') o (y9) holds.

Example 1.9.

(1) Part (1) of Example 1.6 describes a natural isomorphism between mod(B)(B,—)
and the identity functor mod(B) — mod(B).
(2) Composing both naturally isomorphic functors in item (1) above with the forgetful
functor u : mod(B) — vec from part (3) of Examples 1.4, we get a natural isomor-
phism between mod(B) (B, —) : mod(B) — vec and u.
Definition 1.10. An adjunction consists of

e functorsr: A —Band/:B— A

e for each objects X of B and Y of A an isomorphism A(IX,Y) = B(X,rY) which are
natural in both objects X and Y; that is, for any morphisms p : X’ — X in B and
q:Y — Y’ in A the following diagram commutes.

A(IX,Y) —— B(X,rY) (1.2)
qo_ol,,l jrqo_o,,
A(IX',Y") — B(X',rY’)
An adjunction is denoted by [ - r: A — B (without explicitly referring to the natural iso-
morphism part).

Proposition 1.11. An adjunction can equivalently be described by the following data.

e functorsr: A —Bandl:B — A
e natural transformations M : 1 —rland € : lr — 1

such that the following diagrams commute; that is, the so-called triangle identities hold.

rir Irl (1.3)
N N
y——————————————— 7 | ———]

The natural transformation 1 is called the unit and € is called the counit of the adjunction.

Proof. Suppose that isomorphisms Ex y.A(IX,Y) — B(X,rY) as in Definition 1.10 are given.
The component of 7 at any object X of B is then constructed as Ex ;x (1) and the compo-

nent of € at any object Y of A is constructed as ér}ly(l). Then the component of the upper
path of the first diagram in (1.3) at any object Y of A is equal to rﬁr_Y]Y(l) o&yy(1). By
the naturality condition (1.2) this is equal to éry,y(ér;}y(l)) thus to the identity morphism



rY — rY. The second triangle identity is checked symmetrically. The naturality of 1 fol-
lows by applying (1.2) twice: for any morphism 7 : X — X’ in A,

rito éxe(l) = €X71Xl(ll‘) = éX’,lX’(l) of.
The naturality of € is checked analogously.
Conversely, suppose that natural transformations 1) and € as in the claim are given. The
natural isomorphism in Definition 1.10 is constructed as

A(IX,Y) — B(X,rY), h+— rhony.

Using the naturality of 17 and € together with the triangle identities (1.3) we see that it has
the inverse

B(X,rY) — A(IX,Y), W eyoll.
The commutativity of (1.2) follows by the naturality of 17 and the functoriality of r: for any
morphism /4 : [X — Y in A,

rqorhonxop=rqorhorlpony =r(qoholp)ony.
It is immediate to see that the above constructions are mutual inverses. O

Example 1.12. The natural transformations in parts (5) and (6) of Example 1.6 are the
unit and the counit, respectively, of an adjunction W ®4 — < mod(B)(W,—) : mod(B) —
mod(A).

Exercise 1.13. Show that whenever a functor possesses a (left or right) adjoint, it is unique
up-to a natural isomorphism. In particular, the unit and the counit of an adjunction / - r are
unique up-to a natural isomorphism.

Hint. “uoneaidsur 103 0] SUONIPUOD S[SULLI) Y} JO SULIOJ Y} S(] *,] PuB
] U9am)9q SwSIYdIOWOSI [eINJBU 9SISAUI A[[eninwl JoNNsuU0d 0} suondun(pe yioq Jo sIUN0d
oY) pue S)un Ay} () "4 I0joUNJ dWes dY) Jo sjulolpe 1Jo[ a1k 7 pue 7 y1oq JBY) JWNSSY
Definition 1.14. A monad on an arbitrary category A consists of
e afunctors: A — A
e a natural transformation 1 from the identity functor 1 to # (known as the unit of the
monad)
e a natural transformation u from the two fold iterate ¢ to ¢ (known as the multipli-
cation of the monad)
such that the following diagrams commute.

| 1
L) P,
N
2y 22—t
1 u

Examples 1.15.

(1) Every identity functor can be made a monad with the identity natural transformation
as the multiplication and the unit.

(2) Consider an adjunction / 4 r : A — B. It induces a monad on B with functor part r/,
unit 1) : 1 — rl of the adjunction and multiplication 1€1 : rlr/ — rl constructed from
the counit € : [r — 1 of the adjunction. Indeed, associativity of the multiplication is
immediate by the naturality of € and unitality follows by the triangle conditions.
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(3) Consider an algebra A over a field k with unit map i : Kk — A and multiplication
m:A®A — A. By Example 1.12 and part (2) of Examples 1.9 there is an ad-
junction A ® — < u : mod(A) — vec whose induced monad lives on the functor
A ® — : vec — vec (seen in part (4) of Examples 1.4). The unit of this monad
is the natural transformation from the identity functor to A ® — with components
i®1:V =+A®YV, for any vector space V. The multiplication is the natural trans-
formation A ® A ® — -+ A ® — with components m® 1 : ARARV — A®V for any
vector space V.

A natural question arises at this point whether any monad is induced by an adjunction (in
the way discussed in part (2) of Examples 1.15). This turns out to be the case, indeed, as
we shall discuss next.

Definition 1.16. Consider a monad ¢ on a category A with unit 17 and multiplication . An
Eilenberg—Moore algebra (or module) over this monad consists of

e an object V of A
e a morphism v: ¢tV — V in A (the so-called action)

such that the following diagrams commute.

vy 2y 2oy
\jv tvt jv
\% tV——V

v

Together with the morphisms 4 : V — V'’ such that v'.1h = h.v, Eilenberg—Moore algebras
of ¢ constitute the so-called Eilenberg—Moore category denoted as A'.

Examples 1.17.

(1) Regard an identity functor 1 : A — A as a monad, in the way described in part (1)
of Examples 1.15. Since its Eilenberg—Moore algebras must be unital, they must
be of the form (X, 1) for an any object X of A. Consequently, the Eilenberg—-Moore
category is A itself.

(2) Consider the monad in part (3) of Examples 1.15, induced by and algebra A. Its
Eilenberg—Moore category is mod(A).

1.18. The Eilenberg-Moore adjunction. For any monad (z,1, it) on A, there is a forgetful
functor «’ : A — A. It sends an Eilenberg—-Moore algebra (V,v) to the constituent object V
and it acts on the morphisms as the identity map.

The forgetful functor u’ has a left adjoint f’ sending an object X of A to the Eilenberg—
Moore algebra (¢X, iy ) and sending a morphism # to th.

The of unit of the adjunction should be a natural transformation 1 — ' f* = ¢. Its com-
ponent at any object X of A is provided by Ny in terms of the unit 1 of the monad 7.

The counit of the adjunction should be a natural transformation f*u’ — 1. Its component
at any object (V,v) of A’ is v.

The monad induced by the adjunction f* 4 u’ is equal to (z,1, ).

Theorem & Definition 1.19. [30] For any monads t on a category A and s on a category
B, and any functor g : A — B, there is a bijective correspondence between the following
data.



(1) Functors g7 : A — B® rendering commutative the following diagram.

NPt

u! l Lus
A——B
g
(i1) Natural transformations y : sg — gt such that the following diagrams commute.

ly 71
szg — §gl ——> gl‘2

e

Sg y gt

The functor g¥ is termed a lifting of g (along the monad morphism 7.)

Proof. Assume first that the functor g7 in part (i) is given. It takes any Eilenberg—Moore
t-algebra (V,v) to some s-algebra. From the functor equality u*g? = gu’ we know that the
object part of g¥(V,v) must be u®g"(V,v) = gu' (V,v) = gV; which carries then some s-action
P, : gV — gV. In particular, there is an s-action p;x ) : sgtX — gtX for any object X
of A. We construct the components of the desired natural transformation 7y as

Px uy)

Yx = sgX Rl sgtX gtX

for any object X of A.

In order to see that it has the expected properties, note first that for any morphism 4 :
(V,v) = (V' V) in A", u*g¥h = gu'h = gh hence — since u* acts on the morphisms as the
identity map — g”h = gh is a morphism in B* from (gV,p(y,) to (gV', p(v1,))-

For any morphism /: X — X’ in A, f'l =1tl is a morphism (¢X, ux) — (£X’, tx) in A’
Hence gt/ is a morphism in B* from (g2X,p(x uy)) t0 (82X’ px7 ). Using this, and
the naturality of the unit 1 of the monad 7, we see that Y is natural; that is, the following
diagram commutes for any morphism / : X — X’ in A.

Pux
sgX S8MNx sgtX (X ux) X
sgll lsgll j gtl
X ———— sgtX’ tX'
T Pax! uyr) §

The compatibility of y with the units of both monads ¢ and s; that is, commutativity of the
following diagram follows by the unitality of the s-action p(;x ;) and the naturality of the
unit 1 of s.

8Nx

gX gtX
ngX L l%N
sgX e sgtX Pt gtX

Finally we should see the compatibility of y with the multiplications of both monad ¢ and
s. For this purpose note that the associativity of the multiplication y of the monad ¢t makes
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Uy : 12X — tX a morphism in A?, from (¢2X, u;x) to (X, x ), for any object X of A. Hence
gl is a morphism in B* from (gr’X, P(2x ux)) 10 (82X, P(ix uy))- Using this, the unitality
of u, the associativity of the action px ;) and the naturality of u, we see that the fol-
lowing diagram — expressing the compatibility of y with the multiplications of  and s —
commutes.

SP(X py) 22X uyx)

szgnx

sng szth sgtX e sgth p(—> gth
\ L sghix
Hex Herx sgtX ghix
P(ex uy)
sgX e sgtX Pexn) gtX

In the opposite direction, assume that the monad morphism ¥ in part (i1) is given. We
construct the desired functor g¥ sending an object (V,v) of A’ to

gv
gv)

(gV, sgV W gtV

and sending a morphism % : (V,v) — (V') to gh.
Unitality of the action gvo ¥ : sgV — gV follows by the unitality of v and the compati-
bility of y with the units of # and s:

ol

sgV gtV gv

w 8v

and its associativity follows by the naturality of ¥, the associativity of v and the compatibil-
ity of y with the multiplications of # and s:

s*gV S sgtV g sgV

l hv w

Hev gt*v i gtV
lguv lgv

sgV " gtV o gv.

This proves that (gV,gvo % ) is an object of B®. Also gh is a morphism in B®; that is, the
following diagram commutes, by the naturality of y and since 4 is a morphism in A’:

sgV W gtV & gv
sgh l l gth l gh
sgV’ atV’ gV’
Y gv

The above constructions are mutual inverses. Indeed, staring with a functor g7 as in part
(i), and iterating both constructions, we arrive at the functor sending and Eilenberg—Moore
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t-algebra (V,v) to the pair consisting of the object gV and the s-action occurring in the equal
paths around the commutative diagram

sgny (tV,py)

P
sgV —— sgtV —— gtV

K jsgv lgv

sgV m gV

That is, we re-obtain the functor g¥. Here we used that — by its associativity — v is a
morphism in A’ from (¢V, uy) to (V,v) and hence gv is a morphism in B* from (gtV, oy, )
to (gV,p(v,)); as well as the unitality of v.

Starting with a monad morphism 7 as in part (ii) and iterating both constructions in the
opposite order, we arrive at the natural transformation with component at an object X of A
occurring in in the equal paths around the commutative diagram

sgX L gtX
sgnNx j ngN

2
sgtX ” gt°X gtX

8gUx

That is, we re-obtain Y. Here we used the naturality of ¥ and the unitality of 7. U

Example 1.20. As in part (4) of Examples 1.4, any vector space W over a field k induces a
functor W ® — : vec — vec. We want to lift this functor. To this end, consider the following
two monads on vec. The first one be the identity functor as in part (1) of Examples 1.15,
with Eilenberg—Moore category vec, see part (1) of Examples 1.17. The second one be the
monad in part (3) of Examples 1.15, induced on vec by a k-algebra A, with Eilenberg—Moore
category mod(A) in part (2) of Examples 1.17.

We are interested in lifted functors

vec — — > mod(A)

Lu

vVeC ——> VeC
W&—

By Theorem & Definition 1.19, they correspond bijectively to monad morphisms with com-
ponents Yy :AQW X — W ®X, for any vector space X.

Any element x of a vector space X induces a linear map k — X, sending the multiplicative
unit 1 of & to the chosen element x. Hence naturality of y implies that

Y (@a@wRx) =%(a®@w)x, VxeX,weW, acA.

Moreover, ¥ obeys the compatibility conditions of a monad morphism if and only if ¥ :
A®W — W is a unital and associative A-action on W.

In a word, liftings of the functor W ® — : vec — vec to vec — mod(A) are in a bijective
correspondence with the A-actions on W.

Exercise 1.21. Consider monads 7 on a category A, s on B and z on C; together with functors
f:A— Bandg:B— C. Assume that they admit liftings /¢ : A’ — B* and g" : B — C?
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along some monad morphisms ¢ and y. By the commutativity of the diagram

f‘P

Al BS g7 Cz

A——=B——C
we know that g7 f? is a lifting of gf. Compute the corresponding monad morphism.

03 4

Theorem & Definition 1.22. [30] For any monads t on a category A and s on a category B,
let h, g : A — B be functors admitting liftings h* g : A" — B* (along respective monad mor-
phisms ) and 7y). Then for any natural transformation ® : h — g the following assertions
hold.
(1) There exists at most one natural transformation @ : WX — g" such that MSE(VN) =y
for all Eilenberg—Moore t-algebras (V,v).
(2) The natural transformation @ in part (1) exists if and only if the following diagram
commutes.

sh—>~ht
lo l j ol
S8 —> 8!
The natural transformation @ — provided that it exists — is called the lifting of ®.

Proof. Part (1) is immediate from the faithfulness of u°.
(2) The lifting ® exists if and only if wy : AV — gV is a morphism in B’; that is, the
following diagram commutes.

xv hv

shV htV hV (1.4)
S
sgV W gtV o gv

If the diagram of part (1) commutes then so does (1.4) by the naturality of @. Conversely,
if (1.4) commutes then so does

shX G X
N lh,N
shiX 25 n2x M pex
sy sOx \ (1.4) \ orx
sgtX L gth i gtX
S )

sgX gtX

Tx
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for any object X of A, by the naturality of ¥, ¥ and @ and by the unitality of ¢. U

Example 1.23. By part (3) of Examples 1.6, any linear map p : W — W’ induces a natural
transformation p® — : W ® — — W/ ® — between functors vec — vec.

If W and W’ are modules over an algebra A, then the induced functors W ® — and W/ @ —
lift to vec — mod(A).

Theorem & Definition 1.22 says that the natural transformation p® —: W ® — - W/ @ —
between functors vec — vec lifts to a natural transformation between the lifted functors
vec — mod(A) if and only if p is an A-module map.

Theorem & Definition 1.24. [15, Theorem 3.13] Consider a monad t on a category B
(with unit " and multiplication U') and a monad s on A (with unit N° and multiplication
w¥). Take an adjunction | 4 r: A — B (with unit 1 and counit €) such that | admits a
lifting I* . B' — A* along some monad morphism M : sl — It. The following assertions are
equivalent.

() Also r admits a lifting rP : AS — B such that I* 4 rP is an adjunction whose unit is
the lifting of N and the counit is the lifting of €.
(i) A is invertible.

In this situation the adjunction I* 4 1P is said to be the lifting of [  r.

Proof. By Theorem & Definition 1.19 and Theorem & Definition 1.22 assertion (1) is equiv-
alent to the existence of a monad morphism p : tr — rs rendering commutative the following
diagrams.

Al 1p

t t slr ——ltr ——Irs (1.5)
| R E
trl ——rsl ——rlt S S
pl 1A

(The bottom row of the first diagram and the top row of the second diagram are computed
as in Exercise 1.21.) Use the naturality of 1 and € together with the triangle conditions to
see that the adjunction / - r gives rise to mutually inverse bijections between the following
families of natural transformations.

11n 161 ell

®  :nat(tr,rs) — nat(le,sl),  Ew— It ltrl Irsl sl

1 151
&1 :nat(lt,sl) — nat(tr,rs), C— tr U vier ° rslr -5 ps

(& and ®(&) are called mates under the adjunction). The conditions of (1.5) are equivalent
to the statement that A and ®(p) are mutual inverses. Indeed, apply the functor / to the
equal paths of the first diagram of (1.5); and post-compose the resulting equal expressions
with €11. Use a triangle condition to deduce A®(p) = 1. Conversely, apply r to both sides
of the equality A®(p) = 1 and pre-compose the resulting equal expressions with 171. Use
a triangle condition to deduce commutativity of the first diagram of (1.5). By symmetric
steps commutativity of the second diagram of (1.5) is shown to be equivalent to ®(p)A = 1.

This shows that whenever (i) holds, A is invertible as stated in (ii).

Conversely, if A is invertible as in (ii), then we can construct p := ®~1(A~1). Tt will
render commutative the diagrams of (1.5) by the above considerations and it will be a monad
morphism by commutativity of the following diagrams (what follows using naturality of the
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occurring morphisms, the fact that A is a monad morphism and the triangle conditions on
N and &).

I"\ r
nl le
n'l rlyr =—rlr 1n’
) e
tr ritr rslr rs
nll 1211 lle
Inll 11A~11 111
2r tritr trslr € o trs
niil lnm
\ 11111 1A~

1 11111e
ritrslyr ———— rltrs

\/1;111 llrln
1 1 1111

Inl 11111e
u'l rsltr ———— rslritr rslrslyr ———— rslrs

1u'1 \ lnsm |1ren
12— 2 111e
_—

rsltr ———— rs“lr rs?
[reem lms
tr ritr rslr rs
nll 121 11e

Thus the assertions of (i) hold. [

11
rlt?r ritritr ————

2. LECTURE: (HOPF) BIMONADS

In the second lecture the general theory introduced in the first lecture is applied to the
lifting of the (closed) monoidal structure of a category to the Eilenberg-Moore category of
a monad on it. This results in the notion of a (Hopf) bimonad. Our key references here are
[23], [21] and [15].

Definition 2.1. A monoidal structure on a category A consists of

e a distinguished object I, called the monoidal unit (regarded as a functor from the
singleton category to A)

e a functor ® from the Cartesian product category A x A to A (called the monoidal
product)

e natural isomorphisms @ : (—® —) ® — - — ® (— ® —) (called the associativity
constraint), A : 1@ — — 1 and p : — @1 — 1 (called the unit constraints)

such that for all objects X,Y,Z,V, the following diagrams commute.

Ox®y,zZ,V Ox vy zev

(X®Y)RZ)RV XRY)®(ZxV) XRY®((ZxV))
OCX.,Y,Z®11 T1®Oﬂy.z,v
(X@(Y@Z))@V — X®((Y®Z>®V)

(X®I

IRY)

)Y X®(
XQ®Y
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They are known as the pentagon and triangle conditions, respectively.

Examples 2.2.

(1) The category of sets is monoidal via the monoidal product provided by the Cartesian
product and monoidal unit the singleton set.

(2) The category of vector spaces is monoidal via the monoidal product provided by
the tensor product of vector spaces and monoidal unit the base field.

(3) The category of bimodules over any algebra A is monoidal via the monoidal product
provided by the A-module tensor product and monoidal unit the regular A-bimodule
A (with actions given by the multiplication).

(4) For any category A, the category whose objects are the endofunctors A — A, and
whose morphisms are the natural transformations, admits the following monoidal
structure. The monoidal product is the composition of functors (and the induced
Godement product on the natural transformations). The monoidal unit is the identity
functor. The associativity and unit constraints are identity natural transformations.

Exercise 2.3. Verify the commutativity of the following diagrams in an arbitrary monoidal
category, for arbitrary objects X,Y.

Oxy1 o xy

XeY)®l XYl IX)QY I®(XR®Y)
X®Y XQ®Y
Hint. "A[[eoIoWWIAS PA[puey SI WRISLIP PUOIAS Y[, "WeISeIp ISy
Ay} Jo AyAneInuod Ay saA0Id Iy QIqIILAUL ST [ R (AR X) — QR (J® (AR X)) : d 9ouIg
AOX o URN)OX == [Q(AOX) <o 1O (19 (4@ X))

0} [enba st wsiydiow
Sunnsal oy 1ey) 99s 03 d pue 0 Jo AeINIeU AY) USY) PUB ‘UONIPUOD J[IULLI) A} ISIJ Mmou
asn (1'7) ym J = A = 7 Joj uonipuod uogeyuad o Jo yred 1oyjo ay) os[e asoduwiod-1sod

IR(A®X) IR(IR(A®X))

ARDX

A@xd 19(4A8X)d

0] [enba st wsiydiow
Sunnsal oy Jey) 99s 03 d Jo AeInieu 9y} pue UOHIPUOD J[SULLIE) Y ‘0 JO AI[eInIeu oy} S

(IRARX (IN®A®X

(1'7) [®Xﬁ@TJ®H®X)q%

(®1)®1
s
yred doy oyp 9sodw0o-1s0d ‘] = A = Z 10J uonIpuod uosejuad oy o) ‘WeISeIp 11y oY) 10
2.4. Coherence. Mac Lane’s Coherence Theorem [22, Section VII.2] asserts the following.
In any monoidal category, taking composites of monoidal products of the associativity and
the unit constraints and of identity morphisms, one can construct at most one morphism with
a given domain and codomain. That is to say, such morphisms are uniquely characterized
by their domain and codomain.
By this reason, for brevity, we shall not explicitly denote the associativity and the unit
constraints. That is, we write X both instead of / ® X and X ® I; and we write X Y ® Z
both instead of (X ®Y)®Z and X ® (Y ® Z), for any objects X, Y, Z.
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Definition 2.5. A monoidal structure on a functor f from a monoidal category A to a
monoidal category A’ consists of

e amorphism f° : I’ — fI (called the nullary part)
e a natural transformation f2: f — ®' f— — f(— ® —) (called the binary part)

such that the following diagrams commute for any objects X,Y,Z of A.

fRy®'1 =1

X fYe' fz fXeY)' fZ X fIQ fX
1 ®,f1%,z l jf)%@y‘z 1/ f0 L Lf]z.x
X' fY®Z) — fXRY®Z) X&' fI = X

An opmonoidal structure on f consists of

e amorphism fV: fI — I (called the nullary part)
e a natural transformation 2 : f(—® —) — f — ®'f— (called the binary part)

such that the same diagrams with reversed arrows commute.

An (op)monoidal structure is strong if the morphism f° and the natural transformation
£? are invertible.

An (op)monoidal structure is strict if fO is the identity morphism and f2 is the identity
natural transformation. This means the equality of objects fI =1"and f(X ®Y) = fX ® fY;
and the conditions Otj’% vz =foxyz, A}X = fAx and p}X = fpx on the (un-denoted)
associativity and unit constraints, for all objects X,Y,Z of A.

Examples 2.6.

(1) Identity functors on monoidal categories are strict monoidal.

(2) The ‘linear span’ functor in part (2) of Examples 1.4 is strong monoidal.

(3) Take an algebra A over a field k. The forgetful functor u (see part (3) of Examples
1.4) from the monoidal category category of A-bimodules in part (3) of Examples
2.2 to the monoidal category of vector spaces in part (2) of Examples 2.2, admits
the following monoidal structure. The nullary part is the linear map k — A sending
the multiplicative unit 1 of & (i.e. the “number” 1) to the unit element of the algebra
A, and the binary part uV ®; uW — u(V ®4 W) is given by the canonical projection,
for any A-bimodules V and W. This monoidal structure is not even strong.

Exercise 2.7. Show that the composite of (op)monoidal functors is (op)monoidal.

Hint. . - -—
(A©Xx)48 o (xS @ xf)3 yTETs Af3® x/3 1red Areuiq

C

ue 7[8 <— 18 <— 7 1ed Areymnu
pue 1/ VA Il
m
9)1sodwod 1Y) U0 AINIONLS [EPIOUOW B JONISU0)) * D) ~ 4 <f_ Yy slojounj [eprouowr ayeJ,

Exercise 2.8. Prove that in an adjunction / - r between monoidal categories, there is a bi-
jective correspondence between the monoidal structures on r and the opmonoidal structures
on /.
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Hint. ‘K[reornouwriAs dewr 9SI9AUT 9y} 1001SUOD) *,\ JO £ X $199[qo [[e 10]
K1® X1~ (A1@ X141 iy (A1 ,® X101 72— (A2 X)1 wed Areug

pue J<— [i] <—— ] ed Arejnu
I3 0"]
M ] U0 21mjonxs [eprouowdo ue Jonnsuod 4 U0 (L4 1) AINONLS [EPIOUOW B JO SULIS) U]

"3 1IUNOO pue L 1un [IIMm ‘SOLI0Z9IRD [BPIOUOW UIIMIAq Y/ <— Y/ © 4 |- ] uonounipe ue aye],

Definition 2.9. A natural transformation @ : f — f’ between monoidal functors is said to
be monoidal if the following diagrams commute.

2

f 0
X Y s p(X oY) A

ox @' oy l l Oxoy ‘ l o
f/X®/f/YE“f,(X®Y) I/Tfll

A natural transformation ¢ : f — f’ between opmonoidal functors is said to be opmonoidal
if the same diagrams with reversed horizontal arrows commute.

Example 2.10. Identity natural transformations of (op)monoidal functors are (op)monoidal.

Exercise 2.11. Show that both the composite and the Godement product of (op)monoidal
natural transformations is (op)monoidal (with respect to the (op)monoidal structure of the
composite functors in Exercise 2.7).

Definition 2.12. An opmonoidal monad on a monoidal category A consists of

e a monad ¢ on the category A (with multiplication y and unit )

e an opmonoidal structure (t° : 11 — I, > : t(— ® —) — t — ®¢—) on the functor ¢
such that u and n are opmonoidal natural transformations; that is, the following diagrams

commute. (The morphisms in the top row of the first diagram in each row are computed as
in Exercise 2.7.)

113 13
2XRY) - ttX 1Y) —= 12X @12Y X QY X®Y
Iixwl \UX(@NY TIX@@Yl lnx®ny
H(X®Y) ; Xty  t(XQY) S—=tX®tY
5y iy
0 0
21 1 t ! I [——— ]
| |-
tl 1 tl ——1
I 0

Theorem 2.13. [23] [21] Consider a monoidal category A and a monad t on the category
A (with multiplication 1 and unit 1). There is a bijective correspondence between the
following data.

(i) Monoidal structures on the Eilenberg—Moore category Al such that the forgetful
functor u' : A" — A is strict monoidal.
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(i1) Liftings of the monoidal structure of A to Al
(iii) Opmonoidal monad structures on t.

For this reason, opmonoidal monads are also called bimonads.

Proof. Recall from Definition 2.5 that the structure in part (i) means, in fact, a monoidal
structure on A’ such that the object part of the monoidal unit / is the monoidal unit / of A,
the object part of the monoidal product (V,v)®(W,w) of Eilenberg—Moore z-algebras (V,v)
and (W,w) is the monoidal product V ® W in A and the associativity and unit constraints
satisfy

uta(vvv)v(wvw)v(zvz) = aV7W7Z7 utI(V7v) = AV, utﬁ(VN) - pV
for all Eilenberg—Moore t-algebras (V,v), (W,w) and (Z,z). In other words, regarding I as
a functor from the singleton category 1 to A, the structure in part (i) consists of

e alifting of the functor 7 : 1 — A to a functor I : 1 — A

e alifting of the functor ® : A x A — A to a functor @ : A’ x A" — A!

e a lifting of the natural transformation ¢ : ® o (® X 1) — ® o (1 x ®) to a natural
transformation @ : ® o (® x 1) = ®o (1 x ®)

e a lifting of the natural transformation 4 : ® o (Ix 1) = 1toA:@o(Ix 1) — 1

e a lifting of the natural transformation p : ® o (1 xI) =+ 1top: ®o (1 x1)— 1.

That is, a lifting of the monoidal structure as in (ii).

By Theorem & Definition 1.19, the first two items in the above list correspond bijectively
to monad morphisms ¢ : ¢t/ — I and t* : t(— ® —) — t — ®t—. The diagrams expressing that
1Y and 1> are monad morphisms, are identical to the diagrams presented in Definition 2.12.

By Theorem & Definition 1.22, the data in the last three items of the above list exist if
and only if 7 and £ satisfy certain compatibility conditions with the associativity and the
unit constraints. Spelling out these compatibility conditions, we get precisely the diagrams
in Definition 2.5 defining an opmonoidal structure (¢°,7%) on ¢.

That is, (°,£%) equip ¢ with the structure of an opmonoidal monad as in part (iii). U

Definition 2.14. A monoidal category A said to be is right closed if for any object X, the
functor — ® X possesses a right adjoint. The right adjoint is called the internal hom functor
and it is denoted by [X, —]. The unit and the counit of the adjunction —® X — [X, —] will be
denoted by n¥ and €%, respectively.

Examples 2.15.

(1) The monoidal category of sets is right closed, with internal hom [X,Y] the set of
maps X — Y.

(2) The monoidal category of vector spaces is right closed, with internal hom [X, Y] the
vector space of linear maps X — Y.

(3) The monoidal category of bimodules over an arbitrary algebra A is right closed,
with internal hom [X,Y] the A-bimodule of right A-module maps X — Y (the left
and right A-actions on a right A-module map & : X — Y are given by (a-h-d')x:=
a-h(d -x)).

Definition 2.16. A strict monoidal functor u : A’ — A between right closed monoidal cat-
egories strictly preserves the right closed structure if each component of the natural trans-
formation

uX
Myix vy [uX ue'¥]

X, ulX,Y] @uX] = [uX,u([X,Y] @ X)]

ulX,Y) [uX,uY]
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is the identity morphism.

Lemma 2.17. For a strictly monoidal functor u : A" — A the following assertions are equiv-
alent.

(1) It strictly preserves the right closed structure.
(i) The functor equality u|—,—] = [u—,u—] holds and the following diagram com-
mutes for any objects X,Y of A

uY i [uX,uY @ uX| (2.2)
| |

ulX,Y @ X' [uX,u(Y @ X)]

(iii) The functor equality u[—,—]" = [u—,u—] holds and the following diagram com-
mutes for any objects XY of A
u([X, Y] @' X) (2.3)
H Lu.g;x
[uX, uY]|®@uX - uY
&y

Proof. This follows by the triangle conditions. Assertion (i) implies (ii) by the commuta-
tivity of

uX
W — X, u¥ @ uX] X, u(Y ©'X)]
/X®
L[MX un'¥ 1] /
un'’y X ulX, Y@ X) @uX] = [uX,u([X,Y @ X]' @' X)]
nu[x Ya/'x]
X e’y ]
ulX,Y @' X' [uX,u(Y @' X)].
Conversely, (ii) implies (i) by the commutativity of
ulX,Y) ulX,Y)
un/[’g(,y], V
n;[)y((ﬁy]/ ulX,
02 H
[uX,ulX,Y] @uX| [uX,u([X,Y] @ X)] [uX ,uY].
[uX ue'¥]
The equivalence (1)< (iii) follows symmetrically. U

Theorem & Definition 2.18. [15, Theorem 3.6] On an opmonoidal monad (a.k.a. bi-
monad) t on a right closed monoidal category A the following assertions are equivalent.

(1) A’ is right closed monoidal and the forgetful functor u' strictly preserves the right
closed structure.
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(i1) The right closed structure of the monoidal category A lifts to A’
(ii1) The natural transformation

2 1u_
H—®1—) et — @2 @

(between functors A X A — A) is invertible.

In this situation t is termed a Hopf monad.

Proof. Since the forgetful functor u’ : A" — A is strict monoidal, the functor — ® (V,v) :
A" — Al is a lifting of — ®V : A — A for any Eilenberg-Moore t-algebra (V,v), along the
monad morphism

2

B (vy) = tX®V) —=1X D1V 19 X @V (2.4)

for any object X of A.

By Lemma 2.17, assertion (i) is equivalent to the lifting of the adjunction —®@V [V, —]:
A — A to some adjunction — ® (V,v) 4 [(V,v),—] : A* — A’ for any Eilenberg-Moore -
algebra (V,v). This proves (i)<(ii).

By Theorem & Definition 1.24, (ii) is equivalent to the invertibility of ﬁX,(V,v) of (2.4) for
all objects X of A and all objects (V,v) of A’

If By (v, is invertible for all objects X of A and all objects (V,v) of A!, then in particular
Bx sy is invertible for all objects X,Y of A (where f” is the left adjoint of ' from Paragraph
1.18). This proves (ii)=-(iii).

Conversely, assume that (iii) holds; that is, Bx gy is invertible for all objects X,Y of A.
Then since via the -module epimorphism v : f'V = (¢tV, uy) — (V,v) any Eilenberg—Moore
t-algebra (V,v) is the quotient of a free one f'V, also ﬁxw’v) possesses the inverse

1on! ﬁ__lz 1
XV x o L ix o) Ui x o).

It is seen to be the two-sided inverse of BX,(VN) by the commutativity of the following
diagrams. (Here we use the naturality of n)” and 3, and the unitality and associativity of u’
and v.)

-1
1on! 137: 1®
XV ix 0w L ix o) U ix o v)

\ jﬁx,fzv

tX®tV Bx v,y

XV



HX®v) H(X®V)
W) 1(10v)
HX ®1tV) B, (v,v)
ﬁx SV
tXtV XV
/ 1®ntv 1o,
X @1V X 22V L2 X @V
W i
2
HX®1tV) 1(1®v)
%@7{/) x\
HX®QV) HXQV)

21

O

Let us stress that for general Hopf monoids ¢ there needs to be no antipode of the type
r—t.

3. LECTURE: (HOPF) BIALGEBRAS AND (HOPF) BIALGEBROIDS

In the third lecture we first see how the classical structure of (Hopf) bialgebra (over a
field) fits the framework developed in the second lecture. The next example to be discussed
is that of a (Hopf) bialgebroid (over an arbitrary base algebra). The most important refer-
ences are [32, Theorems 4.4 & 4.5] and [26, Theorem 5.1].

By part (2) of Examples 2.2, the category vec of vector spaces (over some field k) pos-
sesses a monoidal structure. Take a vector space A; recall from part (4) of Examples 1.4
the induced functor A ® — : vec — vec. We begin with the investigation of the opmonoidal
monad structures on it.

Proposition 3.1. For any vector space A over a field k, there is a bijective correspondence
between the following structures.

(1) monad structures on the functor A Q — : vec — vec (see part (4) of Examples 1.4)
(i1) algebra structures on the vector space A

Furthermore, in this setting the Eilenberg—Moore algebra of the monad A @ — : vec — vec
in part (i) is the category mod(A) of modules over the algebra A in part (ii).

Proof. An algebra A induces a monad A ® — : vec — vec as in part (3) of Examples 1.15.
Conversely, a monad structure (1, ) on the functor A ® — : vec — vec determines an
algebra structure on the vector space A with unit map 1 : Kk — A and multiplication map
Wi : A®A — A; associativity and unitality are immediate.
Starting with an algebra A and iterating these constructions we evidently re-obtain the
same algebra A. In order to see that starting with a monad (A ® —, 1, i) and iterating these
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constructions in the opposite order we also re-obtain the same monad, we use the same type
of reasoning as in Exercise 1.7. Namely, observe that any element v of an arbitrary vector
space V induces a linear map k — V sending 1 € k to v. Then it follows by the naturality
diagrams

Mk M

k——A ARA A
VL l1®v 1®1®vl ll®v
V—=AQV ARARQV —= ARV
nv Uy
that ny (v) = M (1) @ v and py (d @ a®v) = W (d @a) @v.
The final claim can be found in part (2) of Examples 1.17. U

Proposition 3.2. (1) For any vector space C over a field k, there is a bijective correspon-
dence between the following structures.
(1) opmonoidal structures on the functor C @ — : vec — vec (see part (4) of Examples
1.4)
(11) coalgebra structures on the vector space C
(2) For two coalgebras C and C' and a linear map f : C — C', the following are equivalent.
(i) For all vector spaces V, the maps f@1:C®QV — C'®V are the components of
an opmonoidal natural transformation C ® — — C' @ — between the opmonoidal
functors in part (1).
(ii) f is a homomorphism of coalgebras (that is, for all elements ¢ of C, ¢'(f(c)) =
e(c) and f(c)1® f(c)a = f(c1) ® f(c2), where a Sweedler-Heyneman type implicit
summation index notation is used.)

Proof. (1) If C has a comultiplication ¢ — ¢; ® ¢, with counit e, then an opmonoidal struc-
ture on the functor # := C ® — : vec — vec is provided by the nullary part e : C — k and the
binary part

thw CROVRW - CRVRCOW, cRVAW— iRV AW

for any vector spaces V and W. Commutativity of the diagrams of Definition 2.9 is imme-
diate from the coassociativity and counitality of the coalgebra C:

2
Vew.z

CRQRIUVRIWRZH ClRAVRIWRCrRZ

2
tV,W®ZI 1t\2/,w®]

cl®v®cz®w®zl1®7>cl®v®021®w®czz®z Cl1 VR C12WR X2
twz
Ty
cRv - 1R Qv
t\z/_kl \ 16®1®1
1RVl cre(c2) ®v e(c1)cr®@v

I®le

commute for any element ¢ of C, for any vector spaces V,W,Z and elementsve V,we W
and z € Z.

Conversely, an opmonoidal structure (¢°,¢2) on the functor  := C ® — : vec — vec deter-
mines a coassociative comultiplication t,i i - € — C®C with counit 1.
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Starting with a coalgebra C and iterating these constructions we evidently re-obtain the
same coalgebra C. In order to see that starting with an opmonoidal functor (t = C® —,°,1?)
and iterating these constructions in the opposite order we also re-obtain the same op-
monoidal structure (¢°,72), take the linear maps v : k — V and w : k — W induced by
arbitrary elements v and w of respective vector spaces V and W. Then it follows by the
naturality of 7> that the following diagram commutes.

>
ik

C cCxC
1®V®Wj ll@v@l@w

yw

This completes the proof of part (1).
(2) In light of part (1), opmonoidality of the natural transformation with components
f®1:CoV — C' ®V translates to

e(f(c))=e(c) and f(c)1@vRf(c)@w=f(c])@vR f(c2)@w

for any vector spaces V and W, v €V, w &€ W and ¢ € C. This is clearly equivalent to f
being a coalgebra map. U

Theorem & Example 3.3. For any vector space T (over some field k) there is a bijective
correspondence between the following structures.

(1) bimonad structures on the functor T ® — : vec — vec

(11) bialgebra structures on the vector space T
Moreover, T ® — : vec — vec is a Hopf monad if and only if T is a Hopf algebra.
Proof. Proposition 3.1 provides us with a bijection between the monad structures on ¢ :=
T ® — and the algebra structures on 7. Part (1) of Proposition 3.2 provides us with a
bijection between the opmonoidal structures on ¢ and the coalgebra structures on 7. By
part (2) of Proposition 3.2 the multiplication and the unit of the monad ¢ are opmonoidal
natural transformations if and only if the multiplication and the unit of the algebra T are
coalgebra homomorphisms. That is, if and only if the algebra and coalgebra structures of T
combine to a bialgebra.

Now let T be a bialgebra, equivalently, let t = 7 ® — be a bimonad. Then ¢ is a Hopf

monad if and only if for any vector spaces V and W, the map

Brrew :TRQVRTOW -TQVRTRW, VR @W— 1 ®vRcad @w
is invertible. This is clearly equivalent to the invertibility of the map
B : TROT - TRT, c®c e ®cac

rendering commutative the following diagrams.
1®@Mk

Bir®l Br. B,
TOTRT ZoTQTRT TOT —— TQT TOT —2TQT T —2T®T

ll@uk 1®ukl ltﬁk@l tl%k@lt lt‘)@l x Lﬁk,T
’ Hi Tk

TRT TeT TeITl —~TeTeT T TRT
%, T
(3.1)

kT
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If By 7 is invertible, then T is a Hopf algebra with the antipode

1 Bt
T ror Mo rer PO
Indeed, using the commutativity of the diagrams of (3.1) also the following diagrams com-
mute.

B @l
ToT 2" rorer ToTeT 22 roT
\ j1®/~lk l1®ﬂk
) Pir
Tik TR®T TRT M
% k
T k T
10 Mk
1®ﬁ*1 0
ToT 2™ roTer TeToT 2 Lrer
]tk7k®1 Zk’k®1®1T /
ﬁ71
5 T
Tik T®T TRTRT M
M x’
T k T
10 Mk

Conversely, if T is a Hopf algebra with the antipode o, then B r has the inverse
B TRT - T®T, c®c = c1®0(cy)d
Indeed,

BiroBrr(c®cd) = Bplci®cad) :cn@G(clz)(czc')

= c1®(o(cn)en)d =1t (e) @ =c®c  and
ﬁk,Toﬁ];]I“<C®C/) = BkT(C1®G(C2)CI) 1®612( (c2)c)

= 1®(c6(cn))d =c1t’()®@d =c®c.

0

Our next aim is to derive the axioms of a Takeuchi bialgebroid [35] and of a Schauenburg
Hopf algebroid [26] in a similar manner, by lifting the monoidal and the right closed struc-
tures of a bimodule category to a suitable Eilenberg-Moore category. That is, as bimonad
and Hopf monad structures on a suitable functor. We shall follow similar steps as before:
we study separately the possible monad structures, the opmonoidal structures, and finally
their compatibility.

We start with describing the underlying functor.

3.4. Modules bimodules and more. For any algebra B over a field, we may consider the
opposite algebra B°P. It lives on the same vector space B but it has the opposite multiplica-
tion b ® b' — b’'b (where juxtaposition stands for the multiplication of B). Clearly, (B°P)°P
is the algebra B.
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Consider now the enveloping algebra B® := B ® B°P (with the factorwise multiplication).
Any B-bimodule V' can be regarded as a left module over B€ via the action

BE®V =V, bb @vsb-v-b.

Together with the identity map on the morphisms this defines an isomorphism between the
category mod(B¢®) of left B®-modules and the category bim(B) of B-bimodules.

Take next a B*-bimodule V. As in part (4) of Examples 1.4, it defines a functor V ®pge — :
mod(B¢) — mod(B¢). Composing it on both ends with the isomorphism mod(B¢) = bim(B)
of the previous paragraph, we obtain a functor bim(B) — bim(B). It will be denoted by
V X —. Remember that it sends a B-bimodule W to the quotient of the vector space V @ W
with respect to the subspace

v-(beb)@w—vRb-w-b|veV, weW, bob' € B}
with the actions
B (VRW)®@B—=VRW, bR (Rw)®b — (bab) v K w.
In particular, considering B¢ as a B-bimodule |B® via the actions
BRB*®B — B®, b@(pq) @b — bpagb, (3.2)

V X®IB¢ is isomorphic to the B-bimodule to be denoted by |V, defined by the B-actions on V
in

BRV®B—V, bavab— (bab) v (3.3)

Proposition 3.5. For any algebra B and any B®-bimodule A, there is a bijective correspon-
dence between the following structures.

(i) monad structures on the functor AX — : bim(B) — bim(B) (see Paragraph 3.4)
(i1) algebra structures on A together with an algebra homomorphism B — A such that
the B®-actions on A are induced by this homomorphism.

The structure in part (ii) is called a B®-ring structure on A.
Furthermore, in this setting the Eilenberg—Moore algebra of the monad A — : bim(B) —
bim(B) in part (i) is isomorphic to the category mod(A) of modules over the algebra A in

part (ii).

Proof. The structure in part (i) consists of a natural transformation 17 with components
Nw : W — AXW, and a natural transformation p with components uy : AK(ARW) =
(A®pe A)RXW — ARW, for any B-bimodule W. They are subject to the associativity and
unit conditions.

As claimed in Exercise 1.7, the natural transformations 1 and pt are uniquely determined
by their components

n\BeiBe%A@\BegA and ‘LL‘Be1A®BeAg(A@BEA)&‘Be—)A®|BegA

which are B®-bimodule maps. The associativity and unit conditions on the natural transfor-
mations 1) and U translate to the commutative diagrams

e®pe 1 e®pe 1
ARpe A Rpge A Higep ARpe A A mB—B>A®BeA
1®Be.ulBel l.UBe 1®Ben3ej \ lIJBe
A®BeA A A®BeA A

Hipe Hipe
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Given these maps M pe and e, we define a multiplication on A as the composite of the
projection A ® A — A ®pe A with Lge : A ®pe A — A. By the associativity of fpge it is
associative and possesses a unit given by the image of the unit of B¢ under 7nge. For this
algebra structure Mge : B* — A is an algebra homomorphism which induces the given B®-
actions on A.

Conversely, if the data in part (i1) are given, then the associativity of the algebra A implies
that the multiplication of A factorizes through A ®pe A via some B¢-bilinear associative
multiplication A ®pe A — A. The given algebra homomorphism B® — A will be its unit by
the assumption that it induces the B®-actions on A.

This clearly gives a bijection between the data in parts (i) and (ii).

Concerning the final claim, an Eilenberg—Moore algebra of the monad AKX — : bim(B) —
bim(B) in (i) is a B-bimodule W together with an associative and unital action w : AW —
W. Then W is an A-module via the action provided by the composite of the canonical
epimorphismA@W — AXW and w : AW — W.

Conversely, if V is a module over the algebra A then the algebra homomorphism B¢ — A
induces a B®-action on V which may be seen as a B-bimodule structure, see Paragraph 3.4.
Then the given action A ®V — V clearly factorizes through the epimorphismA®V — AKXV
via the desired action AKXV — V.

Together with the identity map on the morphisms, these constructions yield the stated
mutually inverse functors. ]

Recall from part (3) of Examples 2.2 that the category bim(B) of bimodules over any
algebra B is monoidal. Next we wonder about the possible opmonoidal structures on the
functor CX— : bim(B) — bim(B) induced by a B®-bimodule C; see Paragraph 3.4.

Definition 3.6. [36] For an arbitrary algebra B, a B|B-coring consists of

e a B®-bimodule C

e for the B-bimodule |C of (3.3), a B-bimodule map A : [C — IC®p|C, ¢ — ¢] ®p 2
(where implicit summation is understood)

e a B-bimodule map € :IC — B

such that the following conditions hold.

(a) A is a coassociative comultiplication; that is, for any ¢ € C, ¢11 ®p 12 @pcr =
€1 @B C21 @B C22.
(b) € is the counit of A; that is, for any c € C, (€(c1)®1)-cr=c=(1®¢&(c2)) - c1.
(c) A respects the further B-actions as well; in the sense that for any c € Cand b b’ €
BRBP, Alc-(bab))=c1 - (b1)Rcy- (1Q1D).
(d) The image of A is central in a suitable B-bimodule; concretely, for any ¢ € C and
beB,c- (1 ®b)®3€2 =c1®pcy- (b® 1).
(e) The counit € satisfies €(c- (b® 1)) =¢€(c-(1®b)) forall c € C and b € B.
A morphism of B|B-corings is a B®-bimodule map f : C — C’ such that €'(f(c¢)) = €(¢) and
fle)1®pf(c)a= f(c1)®pf(c) forall c € C.
Proposition 3.7. (1) For any algebra B and any B®-bimodule C, there is a bijective corre-
spondence between the following structures.

(i) opmonoidal structures on the functor CX— : bim(B) — bim(B) (see Paragraph 3.4)
(ii) B|B-coring structures on the B®-bimodule C
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(2) For two B|B-corings C and C' and a B®-bimodule map f : C — C', the following are
equivalent.

(i) For all B-bimodules V, the maps fX1: CKV — C'KV are the components of an
opmonoidal natural transformation CX— — C' X — between the opmonoidal func-
tors in part (1).

(ii) f is a homomorphism of B|B-corings.

Proof. (1) First let a B|B-coring structure as in (ii) be given. The nullary part ¥ of the
desired opmonoidal structure in (i) has the domain
CXB CoB/{c-(bab)2p—c@bpb|ceC, peB, bob € B}
~ C/{c-(b®1)—c-(1®b)|c€C, b B}.

By property (e), the counit factorizes through this quotient of C via some B-bimodule map
t°:CRB — B.
The binary part #> should have components of the form

tyw : CR(V@W) = (CRV) @5 (CRW)
for any B-bimodules V and W. We claim that it is meaningful to put

I

t‘z/yw(c&(v@qgw)) = (c1Xv) ®p (c2X¥w); (3.4)

all the needed balancing conditions hold. To this end consider the (obviously well-defined)
map

CRCRVRW — (CRV)®p(CRW), c@d@ve@wr (cRv)®p(c®w). (3.5)
For any c,c’ € C,veV,w & W and b € B it satisfies
(1®b)-cRV)®p ('®w) = (cKRv)-bRp(c'Kw)
= (c®V)®pbh-('BW) = (cBV)®p ((b®1)-/&W).

In the first and the last equalities we used the forms of the B-actions on CXV and CXW,
respectively, and the second equality holds by the definition of the B-module tensor product.
This proves that (3.5) factorizes through the map

(IC®BIC)QV W — (CRV)®p (CRW), (c®pd)@vawr (cRV)®p (' Bw).
Pre-composing it with A® 1 ® 1, we get the map
CRVRIW — (CRV)Rp (CRW), cRVRAWH (c1XVv) ®p (¢ ®w). (3.6)
It satisfies further equalities for any c € C,v €V, w € W and b,b’ € B. First,
((c-(bab )1 ®V)Rp((c- (baD))28xwW) = (c1-(b@1)KV)®p(c2- (125 )W)
= (c1®b-v)Rp(c2&¥w-b").

The first equality follows by axiom (c) in Definition 3.6 and the second one holds by the
definition of the module tensor product X. Furthermore,

(c1®v-b)®p (c2Bw) = (c1-(1®b)RV)Rp (c2 Xw)
= (1XV)®p(c2-(PR1)RW) = (c]XV) Rp (c2 Kb - w).

The first and the last equalities hold by the definition of the module tensor product X and
the second one holds by axiom (d) in Definition 3.6. The last two computations prove that
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(3.6) factorizes through the well-defined map of (3.4). The map of (3.4) is a B-bimodule
map since A is so:

(bab)-c)1®V)Rp((PRD)-c)r&w) = (b®1)-c;XV)Rp((12D)-cr®w)
= b- (Cl &v) XB (Cz&w) b
The diagrams of Definition 2.5 commute by axioms (a) and (b) in Definition 3.6.

Conversely, let us be given an opmonoidal structure (¢°,¢2) as in part (i). The to-be-counit
€ is defined as the composite of the B-bimodule epimorphism

C—C/{c-b®1)—c- (12b)} 2 CRB

with 10 : C®B — B. By construction it is a B-bimodule map satisfying axiom (e) in Defini-
tion 3.6.
The to-be-comultiplication A is defined as the composite of the B-bimodule map

C — CR(1B* @5 |B%), c—ceR(101)®p(101)) (3.7)

with tée pe - CR(IB®p|B®) — (CXIB®) @p (CXIB*) and with the B-module tensor product

of the B-bimodule isomorphisms CX|B® = |C. Then it is a B-bimodule map by construction.
Denote the image of any element ¢ of C under this map A by c¢; ®p ¢2 (where implicit
summation is understood).

We turn to checking the validity of the axioms of Definition 3.6. Consider the B-bimodule
map

—wv-—:IB* =V, bb +—b-v-b (3.8)

induced by any element v of an arbitrary B-bimodule V. By the naturality of > the diagram

P
Iige |ge

CR(IB®®p|B%) —— (CKIB®) ®p (CKIB®)
1@(.v.®3.w.)l j(l&»)@;g(l&w)
CR(VepW) (CRV)®p (CRW)

2
yw

commutes. Its left-bottom path takes cX((1®1)®p(1®1)) (forany c € C) to t‘2,7W (cX(v®p
w)); while the top-right path takes it to (¢; Xv) ®p (c;Xw). This proves

t‘2,7W(c®(v ®pw)) = (c1Xv) ®p (c2Xw) (3.9)

for any elements ¢ of C, v of an arbitrary B-bimodule V and w of an arbitrary B-bimodule
w.

With (3.9) at hand, axioms (a) and (b) of Definition 3.6 hold by the commutativity of the
diagrams of Definition 2.5; taking each of the occurring objects equal to |B€.

The final two axioms (c) and (d) follow by the naturality of 12 as we claim next. Consider
the B-bimodule maps of (3.8) induced by the particular elements »® 1 and 1 ® b of the
B-bimodule |B®, for an arbitrary fixed element b of B. By the naturality of ¢ the following
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diagram commutes.

R

2
lige |ge

CX (1B ®p|B®) (CxIB®) ®p (CKIB®) — C®pC
1X (—(b®1)-—@p—(10b")-—)
(1K —(b@1)-—)@p(1 K —(1ab')-—)
CX (IB* ®p|B®) ; (CXIB®) @p (CRIB®) C®pC

Iige |ge

—(b@1)2p—(12b)

For any ¢ € C, the value of the left vertical on cX((1® 1) ®p(1®1)) is
cR(bo1)ep(1@b)=c- (bab)R(121)2p(1®1)).

Hence the left-bottom path takes it to A(c- (b ®b')); while the top-right path takes it to
c1-(b®1)®cy-(1®D'). This proves axiom (c). Similarly, the naturality of 7> implies
commutativity of the following diagrams as well.

\B |B®

CX (B¢ ®p|B%) —— (CKIB®) ®p (CKIB®) — C®pC
1®(-U®b)v®31)l j(l@-(l@b))@m l—-(1®b)®31
CH(IB®®p|B%) —— (CKIB®) ®p (CRIB*) —~ C®pC

’\Be IBe

\B |B®

CX(IB¢®p|B*) — (CXRIB®) ®p (CKI|B®) —>C®BC
1|Z|(1®B'(b®1)')l j1®3(1&~(b®1)-) l1®3—~(b®1)
CX(IB¢®p \Be) (CRIB®) ®p (CRIBE®) —>C®BC

Iige e
Their left verticals take ¢ X ((1® 1) ®p (1 ® 1)) (for any ¢ € C) to the equal elements
X(1®b)2p(1®1)=cR((1®1)®p(bx1)),

respectively, hence their left-bottom paths are equal on that element. Then so must be the
top-right paths proving axiom (d).

It remains to see that the above constructions are mutual inverses. Starting with a B|B-
coring in part (ii) and iterating these constructions we evidently re-obtain the original B|B-
coring. Starting with an opmonoidal structure (¢°,#%) in part (i) and iterating the construc-
tions in the opposite order, we obtain an opmonoidal functor whose nullary part is clearly
the same map . The binary parts agree by (3.9).

(2) Opmonoidality of the natural transformation with components fX1:CXV — C'®KV
(for any B-bimodule V) translates to the commutativity of the diagrams

2

0
CxB——~B CR(V@pW)—— (CRV)®p (CKW)
fxlj H f@lj j(fmwf&l)
C’&B—>B CR(VepW)— (C'RV)Rp (C'RW)
V,W

for any B-bimodules V and W.
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Pre-composing the equal paths around the first one with the canonical epimorphism C —
CX B it gives the equivalent condition €' o f = €.

The top-right path of the second diagram sends an element ¢X (v ®p w) of the domain
to (f(c1)®v) ®p (f(c2) ®w) while left bottom path sends it to (f(c);Xv) ®@p (f(c)2Xw).
Hence if f satisfies the comultiplicativity condition f(c); ®p f(c)2 = f(c1) ®p f(c2) then
the second diagram commutes. The opposite implication follows by evaluating the diagram
at V =W = |B® and pre-composing its equal paths with the map of (3.7) and post-composing
them in both factors with the isomorphism CX|B® == C. U

Corollary 3.8. (1) For any algebra B, the B®-bimodule B¢ (with actions provided by the
multiplication) carries a B|B-coring structure with comultiplication

B® — B*®pB°®, bab — (b®1)Rp (12D

and counit
B® — B, bab — bb.
(2) For any B|B-corings C and C', the B®-module tensor product C ®ge C' is a B|B-coring
with comultiplication
c®pe > (c1 @pe ¢)) ®p (€2 @pe )

and counit

c®Rpec = (- (e(c)®1)) =€ (- (12e(c))).

Proof. (1) The functor B — is naturally isomorphic to the identity functor bim(B) —
bim(B); which is opmonoidal by part (1) of Examples 2.6. An easy computation shows
that via the correspondence in part (1) of Proposition 3.7, the opmonoidal functor B*X — :
bim(B) — bim(B) corresponds to the B|B-coring in the claim.

(2) Both B|B-corings in the claim determine opmonoidal functors CK— and C'X— :
bim(B) — bim(B) as in part (1) of Proposition 3.7. Their composite CX(C'X—) =
(C ®pe C') ) — is opmonoidal by Exercise 2.7. An easy computation shows again that via
the correspondence in part (1) of Proposition 3.7, it corresponds to the B|B-coring in the
claim. U

Theorem & Definition 3.9. [32] For any algebra B and any B®-bimodule T, there is a
bijective correspondence between the following structures.

(i) bimonad structures on the functor T X — : bim(B) — bim(B) (see Paragraph 3.4)
(ii) a B®-ring structure M, and a B|B-coring structure (A, €) on the B®-bimodule T such
that n and the projected multiplication map T ®pe T — T are morphisms of B|B-
corings. That is, the following identities hold.
(a) forany c¢,c’ € T, Alcc’) = c1c| ®p cach (note that the right hand side is mean-
ingful by axiom (d) of Definition 3.6)
(b) for the unit 17 of the algebra T, A(17) = 17 Qp 17
(c) forany ¢, €T, e(cc’) =€e(en(1p@€(c’))) = e(en(e(c’) ® 1)) (the equality
of the last two expressions follows by axiom (e) of Definition 3.6)
(d) for the unit 17 of the algebra T and the unit 1p of the algebra B, €(17) = 1p.

The structure in part (ii) is called a B-bialgebroid structure on T (see [20]). A slightly
different, but equivalent formulation in [35] was also called a x g-bialgebra.

Furthermore, the bimonad T ®— : bim(B) — bim(B) in part (i) is a Hopf monad if and
only if the map from the B°P-module tensor product

TRprT:=TRT/{cn(lp2b)®c —con(lpab)d|c,d €T, b € B}
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to the B-module tensor product
TopT :=TT/{N(1p@b)cxc —con(be1g)c|c,c' €C, be B}

sending ¢ @por ¢’ 10 ¢1 @p cyc’ is invertible (note that it is well-defined by axiom (c) in
Definition 3.6). In this case T is called a (Schauenburg) Hopf algebroid over B (or xp-
Hopf algebra, by other authors).

Proof. The bijective correspondence between the data in parts (i) and (ii) follows immedi-
ately from Proposition 3.5 and Proposition 3.7.

For the bimonad 7X— : bim(B) — bim(B) in part (i), the components of the natural
transformation in part (iii) of Theorem & Definition 2.18 take the following form, for any
B-bimodules Vand W,veV,weWandc,c/ €T.

TR(VRp(TRW)) = (TRV)®p (TRW), cX(vRp(dBw))— (c]®Vv)®p (coc Bw)
(3.10)
This is clearly invertible if the stated map

T®peT - TRRT, cRpop ¢ — ¢ Rpcac (3.11)

is so. Conversely, if (3.10) is invertible for any B-bimodules V and W then it is invertible in
particular for V. =W = |B®. Composing this isomorphism with the isomorphisms

TR(IB*®p (TRIB®)) = T Qpor T,
cR((pep)@p(RBRD))) —cn(p1p) @pe n(p' @ 1p)cN(bB)

and
(TXIB®) ®p (TRIB®) > T®pT,
(cR(pap))@2p(R(BRV))—cn(pep)Rpcn(bRD)

we obtain the isomorphism (3.11). 0

Let us emphasize that for general Hopf algebroids 7' there is no antipode of the type
T—T.

The notion of Hopf algebroid in Theorem & Definition 3.9 should not be mixed up with
an inequivalent definition in [20] under the same name.

Example 3.10. For any algebra B, the enveloping algebra B¢ is a B*-bimodule via left and
right multiplication. The induced functor B¢X — : bim(B) — bim(B) is naturally isomorphic
to the identity functor which carries a trivial structure of opmonoidal monad. Furthermore,
for the identity functor bim(B) — bim(B) the components of the natural transformation in
part (ii1) of Theorem & Definition 2.18 are identity morphisms thus they are invertible.
This says that the identity functor bim(B) — bim(B) — and hence B*X — : bim(B) —
bim(B) which is naturally isomorphic to it — can be regarded as a Hopf monad. Then
by the application of Theorem & Definition 3.9 we infer a Hopf algebroid structure of
B®. Explicitly, the B®-ring structure is given by the identity map 1 : B®* — B® while the
comultiplication A and the counit € take the respecive forms

AbRD)=(bx1)2p (10D e(bab') =bb forall b® b’ € BE.
There is an extended literature on bialgebroids and Hopf algebroids, see e.g. [32] [33]

[26] [27] [28] [17] [16] [19] [18] [3] [13] [14] [4] [2] [7] [5] [11] [6]. Many results on
classical bialgebras and Hopf algebras have been extended to them. But there is more than
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that: they allowed for answers to questions that could not be settled within the classical
theory.

As an illustration, or rather advertisement, let us mention — without entering any de-
tails — the following highlight result due to Szlachdnyi and his collaborators. As it is well
known, a Galois field extension with some group has an inherent characterization without
explicit mention of the Galois group: it is a normal and separable field extension. Galois
extensions of algebras by Hopf algebras widely generalize Galois field extensions. They
received great attention, among other reasons by their application in non-commutative dif-
ferential geometry, in the description of non-commutative fibered bundles. However, no
inherent characterization of Galois extensions of algebras by Hopf algebras is known, with-
out explicit reference to the Hopf algebra in question. As a remarkable achievement, such
a description is available for Galois extensions of algebras by certain, finitary (Hopf) bial-
gebroids:

Theorem 3.11. [19][3] For an algebra extension N C M, the following assertions are equiv-
alent.
(1) N C M is a Galois extension by some finitely generated and projective bialgebroid.
(i1) The algebra extension N C M satisfies the so-called balancing and depth 2 condi-
tions, see [19].
The following assertions are equivalent to each other too.
(1) N C M is a Galois extension by some Frobenius Hopf algebroid, see [3].
(11”) In addition to the balancing and depth 2 conditions in part (ii), N C M is a Frobe-
nius extension.

4. LECTURE: WEAK (HOPF) BIALGEBRAS

The fourth lecture is devoted to the particular (Hopf) bialgebroids whose base algebra
possesses a separable Frobenius structure; known as weak (Hopf) bialgebras. The basic
references are [10], [34] and [29].

Definition 4.1. A separable Frobenius structure on a functor f : A’ — A between monoidal
categories consists of

e a monoidal structure (p° : I — fI',p?: f —Rf — = f(— @' —))

e an opmonoidal structure (¥ : fI' = 1,i%: f(— @' —) = f—®@f—)
such that for any objects X,Y and Z of the category A/, p}z( y© i}z( y = 1 holds and the fol-
lowing diagrams commute. 7 7

P2 / P2 /
XY fZ L f(X 'Y &' Z) XRfYR'Z) L (X @'Y @' Z)
i%(,Y®ll j’.}z(?m’z 1®’?’,ZL Li)z(@@’y,z
fXQfY®fZ— X f(Y'Z) XOfYQfZ — fXR'Y)®fZ
]®pY,Z pX,Y®1

For a separable Frobenius functor f from an arbitrary category A’ to vec, and any objects
X and Y of A’, the vector space f(X ®'Y) can be identified with the range of the idempotent
linear map i y o px y : fX @ fY = fX @ fY.

Example 4.2. A separable Frobenius structure on any strict monoidal functor is provided
by the identity natural transformations.
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Exercise 4.3. Show that the composite of separable Frobenius functors is separable Frobe-
nius too, via the monoidal and opmonoidal structures as in Exercise 2.7.

Proposition 4.4. For any algebra B over a field k, there is a bijective correspondence
between the following structures.

(i) separable Frobenius structures on the monoidal forgetful functor u : bim(B) — vec
of part (3) of Examples 2.6

(ii) coalgebra structures (i : B — k,§ : B — B® B) on B whose comultiplication is a
B-bimodule section of the multiplication; that is — denoting by m : B& B — B the
multiplication — the following diagrams commute.

B®B 199 B®B®B B B
x
BRB®B B®B B®B

1®m
The structure in part (ii) is called a separable Frobenius algebra structure on B.

Proof. Assume first that an opmonoidal structure (i¥,i?) as in part (i) is given. We define
the comultiplication & as the composite

2

uB —= u(B®pB) —== uB @ uB.

By the commutativity of the diagrams of Definition 2.5, it is coassociative and possesses
the counit i°. By construction it is a section of the multiplication

2
P ~
uB @ uB —~ u(B®pB) — uB.

Evaluating the diagrams of Definition 4.1 at X =Y = Z = B we infer the B-bilinearity of 8.

Conversely, let us be given a separable Frobenius algebra structure on B as in (ii). The
unit element 1 of B is central in the B-bimodule B whose actions are given by multipli-
cation. Since 8 is a B-bimodule map, from this B-bimodule B to |B¢ of (3.2), it takes the
central element 1 to a central element 11y ® 15 := (1) in IB® (where implicit summation
is understood). Hence for any B-bimodules V and W there is a well-defined B-bimodule
map

i%,}W:u(V®BW)—>uV®uW, vRpw v Ly @ 1oy -w.

It is immediate to see that together with i : uB — k (which is the counit of §) they provide
an opmonoidal structure on u; that the diagrams of Definition 4.1 commute; and that since
8 is a section of the multiplication, p? o i? is the identity natural transformation. Thus we
constructed a separable Frobenius structure on the monoidal functor u : bim(B) — vec.
Starting with the structure in part (i1) and iterating the above constructions we clearly
re-obtain the original data. Starting with the data () in part (i) and iterating the above
constructions in the opposite order we obtain an opmonoidal structure evidently with the
same nullary part i°. It is more involved to see that we also re-obtain the original binary part
i2. Consider the B-bimodule |B¢ of (3.2) and the B-bimodule maps of (3.8). If we denote
(understanding implicit summation) by 1;;) ® 13 ® 13 ® 114y € B® B® B® B the value of
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iIZBe 5e ON (1®1)®p (1®1), then the naturality of i%, more concretely, commutativity of the
diagram
2
lige |ge
B°©p|B° —~ |B° @ |B®
('V')®B(‘W‘)l l(—-v-—)@)(—'w'—)
VepW — Vew
yw

implies that for any v&@pw € V@ W,
iy (v@sw) =1 v- 1 @ Iz -w-1py. 4.1

Evaluate now the diagrams of Definition 4.1, for X =Y = Z = |B®, on the elements ((1 ®
Dep(lel)®leland 1®1®((1®1)®p (1®1)), respectively. Using (4.1), it yields
the respective conditions

Il @ (I el)es(1@1y)) =1ne e (g ®ly)es(1®1))  and
((1[1] ®1)®Rp(1® 1[2])) & 1[3] & 1[4} =(1®1)®p (1[1] & 1[2])) & 1[3} & 1[4].
Multiplying the third, fourth and fifth tensorands of the first equality, and multiplying the
second, third and fourth tensorands of the second equality, this implies
1@lplpg@lg@ly =1l ly =Inelgellyel
and hence
@1 @13 @1y =111 @131y L. 4.2)
On the other hand, the multiplication is a B-bimodule map m : |[B®* — B. So by the naturality
of i% also the following diagram commutes

2
lipe |pe
B 25 B¢ —2, |Bew|Be
m®3ml lm@m
B®yB — B®B
BB

proving 1l ® 131y = ié (1) which we denoted earlier by 1(;y ® 15y (understanding
implicit summation). Combining this with (4.2) we see that 1 @ Ipj®@ 13 @ 1y =1®
111y ® 115y ® 1 and thus from (4.1), i%,’W(v ®pw) =v-1(1y® 1) -w as needed. O
We deduce from Proposition 4.4 that for a separable Frobenius algebra B, the B-module
tensor product V ®p W (of any B-bimodules V and W) can be identified with the image of
the idempotent map
VoW = VeWw, v®wr—>v-l<1>®1<2>-w

for the image 1,1y ® 15y of the unit element of B under the comultiplication (using an
implicit summation notation).

Theorem & Definition 4.5. For any algebra A over a field k, there is a bijective correspon-
dence between the following structures.
(i) e monoidal structures on mod(A) and
e separable Frobenius structures on the forgetful functor U : mod(A) — vec
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(i1)) e bialgebroid structures on A (over some unspecified base algebra) and
e separable FrobeniAus algebra structures on the base algebra of the bialgebroid
(iii) coalgebra structures (A,€) on A such that for all a,a’,a" € A the identities
(@) A(ad’) = Ala)A(d)
(b) iA(l) @\1)(1 ®A(1)) =1 ® 1Az ® 13/\: (IxA)(A()®1)
(c) €(aay)e(asa") = €(ad'a") = €(aaj)e(asa”)
hold, where 1 stands for the unit element of the algebra A and a; ® a; = Z(a) for

any a € A (where implicit summation is understood).

The structure in part (iii) is called a weak bialgebra A.
Furthermore, the bialgebroid in part (ii) is a Hopf algebroid if and if there is a map
0 : A — A such that for all a € A the following equalities hold.

aiG(aQ) 2/8\(1161)12 G(ai)aj = 11/8\(6112) G(ai)aQO'(ag) = G(Cl)

In this situation the weak bialgebra A is said to be a weak Hopf algebra with the antipode
c.

Before we start to prove Theorem & Definition 4.5, let us collect some needed technical-
ities in the form of an exercise.

Exercise 4.6. For a weak bialgebra A, the map
A=A, a— €(lja)ls 4.3)

satisfies the following identities for any a,a’ € A.
(a) 1 FRE ( 15 )
(b) €(ad)=¢
(c) €(ad) =¢

= 1; ® 15 so in particular £(1) =1
ag(d')) so in particular €€(a) = €(a)
=€

(@)

)®Cli = 8(11) ® lsa
(h) g(a)e(1;) ® 15 =€(17) ® 15€(a)
() €(aj)as =a
Hint. ‘1 =pnd pue ((,p)3n)z =¢1((,p)3rl])3 = S (pri1)3 = (pn)3 (9)
‘1 =pnd pue (,pp)3 () Borey (P'1)3(¢1r)3 = ((,»)3)3 (Q)
"10108] I0SU)
sy ogy 03 3 Aidde pue Sy @l = S1(¢n)3e !l = Ep(Erinzel = ()30l (@)



36 GABRIELLA BOHM

= ‘m)3((p)3t)3)z = “(ma@)ztn: = “(pm)3tnz = (p@)3)z  ©)
‘I = p ye senienba Yjoq aredwos wreld [euy
) 1o *(q) WOIXY Ul UONIPUOD I3Y)0 Y} Aq A[[edInowiwAs smof[oj Ayfenba 1ayo ay) pue

—
~

@n@(/p)glz):@v@@l(/nll)glp:@([n)(g)@[l([n)(/pll)g(p) H?OIXV @[@n@@pl[ln(/pl[)\g/
_ €T Zelnl pl _ e 1(T [ _
@ oy 1P @ (P = () @ S(C)(prg = ((p)ar)y (P)

Proof of Theorem & Definition 4.5. Assume first that we are given, as in part (i), a monoidal
structure on mod(A) — with some monoidal product [J and monoidal unit B — and a
separable Frobenius structure on U — with monoidal structure (P°,P?) and opmonoidal
structure (1°,1%). Then evaluating the commutative diagrams of Definition 2.5 at the object
X =Y =Z = B, we see that UB is an algebra with multiplication and unit

2

Psp o~ PO
UB®UB — U(BOB) —= UB k——~UB, (4.4)

and a coalgebra with comultiplication and counit

2

~ Iz p 10
UB——-U(BOB) ~~UBUB  UB-'~* (4.5)

The comultiplication is a section of the multiplication since I? is a section of P?> and com-
mutativity of the diagrams of Definition 4.1 (for the object X =Y = Z = B) shows its
B-bilinearity. That is to say, UB is a separable Frobenius algebra; it should be the base
algebra of the desired bialgebroid in part (ii).

Observe that any A-module V carries a U B-bimodule structure with action occurring in
either path of the commutative diagram

2 2

Pgy®1 o g
UBRUV QUB U(BOV)®UB UV®UB U(VOB) (4.6)
1®P§,vt jf:v
UB®U(VLCB) = UBRUV U(BOV) = uv

Pgy

and — by the naturality of P> — any A-module map becomes a UB-bimodule map for
this action. That is to say, U : mod(A) — vec factorizes through a functor F : mod(A) —
bim(UB) via the forgetful functor u : bim(UB) — vec.

By its associativity, the multiplication of A is an A-module map. Then itis a U B-bimodule
map in the sense that for all a,a’ € A and b, c € B the equality (b-a-c)a’ = b-ad’ - ¢ holds.
Then in particular

(b-1-c)b-1-Y=b-(b'-1-")-c=bb"-1-c
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for the unit element 1 of the algebra A and any elements b,c,b’,c’ of UB. That is to say,
(UB)® — A, bc—b-1-c

is an algebra homomorphism rendering A with the structure of a (UB)®-ring. By Proposition
3.5 there is a corresponding monad AX — : bim(UB) — bim(UB) whose forgetful functor
is F : mod(A) — bim(UB).

Let us show that F is strict monoidal. Preservation of the monoidal unit amounts to
the observation that FB is the UB-bimodule living on the vector space u(FB) = UB with
both B-actions given by the multiplication in B: evaluate the diagram of (4.6) at V = B.
Concerning the monoidal product of any A-modules V and W, by the separable Frobenius
property of U, the vector space u(F(VOW)) = U(VEIW) can be identified with the image
of the idempotent map

2 12

P,
UV @UW — U(VOW) —% UV @ UW,

while the vector space u(FV ®@yp FW) can be identified with the image of the idempotent
map
UVQUW = UVQUW, V®W'—>V-1<1>®1<2>-W

where 11y ® 1) denotes the image of the unit element of the algebra UB under the comul-
tiplication (4.5) (with implicit summation understood). So it is enough to compare these
idempotent maps. Their equality follows by the commutativity of the following diagram,
whose top-right path is the map —- 11y ®@ L5y - —: UV QUW — UV QUW.

12PY®1 ~ 1R} po1
UV@QUW —UVQUBRQUW —UV®U(BOB) @ UW — UV @UBRUBRQUW

W&n Z‘Sj 1OPg 1®P§DB,W L Definition 4.1 1@10P;y
UV ®U(BOW) — UV @U(BOBOW) —— UV @ UB® U(BOW)
H o @I poyw
1@1 R
Py UV @ U(BOW) : UVRQUBRQUW
jP 7 50w Definition 4.1 P} @1
U(VOBOW) . U(VOB) @ UW
= IVDB,W
U(VOW) Uv oUW

2
Iy w

The undecorated regions commute by naturality. Since the left U B-actions both on F (VW)
and FV ®yp FW are given by the left action on FV; and the right UB-actions both on
F(VOW) and FV ®yp FW are given by the right action on FW, we conclude on the equal-
ity F(VOW) = FV Qup FW.

We constructed so far a strict monoidal forgetful functor F' from the Eilenberg—Moore
category of the monad AX — : bim(UB) — bim(UB) which — by Theorem & Definition
3.9 — corresponds bijectively to a U B-bialgebroid structure on A.

Conversely, assume that we are given a bialgebroid structure on A — over some base
algebra B — and a separable Frobenius algebra structure on B; as in part (ii). These data
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correspond bijectively to a monoidal structure on mod(A) such that the forgetful functor
F : mod(A) — bim(B) is strict monoidal (see Theorem & Definition 3.9) and a separable
Frobenius structure — with monoidal part (p°, p?) and monoidal part (i°,i?) — on the
forgetful functor u : bim(B) — vec (see Proposition 4.4). Hence their comp031te ulF =U
admits a separable Frobenius structure (see Exercise 4.3) with monoidal part

2
FV.FW

W(FV) @ u(FW) 2L W(FV @5 FW) = uF (V @5 W) = U(V @5 W)

O

k

uB=u(FB)=UB
and opmonoidal part

VFW

U(V@sW) =uF(V&sW)=u(FV®p FW) L WFV) @ u(FW)

0

UB = u(FB) = uB : k

for any A-modules V and W.

These correspondences above, between the data in parts (i) and (i), are clearly mutual
inverses.

Assume again that we are given a bialgebroid structure on A — with B®-ring structure
N : B* — A — and a separable Frobenius algebra structure on its base algebra B; as in part
(i1). Once again, we want to use that the separable Frobenius algebra structure on B is equiv-
alently a separable Frobenius structure (p°, p?,i°,i?) on the forgetful functor bim(B) — vec.
At the B-bimodule |A of (3.3) the binary part of the opmonoidal structure takes the explicit
form

i3a(d®pa)=n(1&13)d @n(lp @ 1)a
in terms of the image 1,1y ® 1(5) of the unit element of B under the comultiplication i%} B
(where implicit summation is understood). The stated coalgebra structure on A is con-
structed from the comultiplication A : |A — |A ®p|A and the counit € : |A — B of the B-
bialgebroid A as
l .
A:ALonepn Lawa  EA-B ek

Its coassociativity and counitality are immediate from the coassociativity and counitality of
the bialgebroid A (axioms (a) and (b) of Definition 3.6) and commutativity of the diagrams
of Definition 2.5 for (i, i?).

There are two comultiplications present: A for the B|B-coring A and A for the coalgebra
A. We use two variants of Sweedler-Heyneman’s implicit summation index notation for
them. We write A(a) = a; ® ap and Aa) = a; ®as for any a € A.

Let us turn to checking the compatibility conditions between the algebra and coalgebra
structures of A. Identity (a) of part (iii) holds for any a,a’ € A by

A@A@) = n(I@lg)an(1ely))d @0l @ )an(ly©1)d
= n(l@1lg)aa;@n(lg @ Dan ()@ 1)n(ly) @ 1a,
= N1 ®1y))ad; @n(1p ® Daxa;
n(1® 1)) (ad)1 @1 ®1)(ad), = Alad).
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The second equality follows by axiom (d) in Definition 3.6; in the third equality we used
that
T](l<1/> & 1)77(1(2’) ® 1) = T](l<1/>1<2/> ® 1) = n(l ® 1) =1®1

by the fact that the comultiplication of B is a section of the multiplication; and in the penulti-
mate equality we used the multiplicativity of A; that is, condition (a) in part (i1) of Theorem
& Definition 3.9.

The comultiplication A of the bialgebroid A is unital by condition (b) in Theorem &
Definition 3.9 from which it follows that

A =n(1@1ly)on(ly 1)
Then
AN D(1®A(L) = n1al

= (IeA() @AM 1)

and since A is a B-bimodule map this is equal also to 1; ® 15 ® 15, proving that axiom (b)
of part (iii) holds.

Finally, since A is a right B®-module map in the sense of axiom (c) in Definition 3.6, it
follows that

Aan(beb)) = i (Aan(beb')))
= Gu@nbol)ean(leb)) =anbol)oan(leb)

for any a and b,b’ € B. On the other hand, by condition (c¢) in part (ii) of Theorem &
Definition 3.9,

&(ad') = ’(e(ad')) = P(e(an (1w e(d)))) =E(an(1®e(d)))  and
&(ad') = *(e(ad')) = P(e(an(e(d) @ 1)) = E(an(e(d) @ 1)).

Using these identities together with the fact that € is the counit of A, it follows for any
a,d ,d’ € A that

€(ad})e(aya") = €(aa})e(asn(1®e(d”)))

= €(aldn(1@e(d))]iE([dn(1®e(d"))]s))

= €(adn(1®e(d"))) =¢€(add") and
€(aay)e(aia") = €(ads)e(din(e(d”) @ 1))

= €(alam(e(ad”) @ 1)]5¢([d'n(e(d”) @ 1)]j))

= €(ad'n(e(d)®1)) =¢€(add")

so that also axiom (c) of part (iii) holds.

Conversely, assume that a coalgebra structure (€, Z) of A as in part (iii) is given. First
we construct the separable Frobenius algebra B which should be the base algebra of the
bialgebroid in part (ii) to be constructed next.

By part (c) of Exercise 4.6, the map € : A — A of (4.3) is idempotent. As a vector space,
let B be its image €(A). By parts (a) and (e) of Exercise 4.6 it is a unital subalgebra of A.
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By part (b) of Exercise 4.6 we can define a counit
B — k, g(a) — €€(a) = €(a)
and by parts (a) and (h) of Exercise 4.6 we can define a B-bilinear comultiplication
B — B®B, g(a) — e(a)e(l;) ®15 =€(1;) ® 15€(a).

It is coassociative by part (h), and counital by parts (a) and (b) of Exercise 4.6. It is a section
of the multiplication by part (i) of Exercise 4.6. Thus we equipped B with the structure of a
separable Frobenius algebra.

Symmetrically to (4.3) consider the map

E:A—A, ar—>11/£\(1§a).

By symmetric considerations to those in Exercise 4.6 it is an idempotent map whose image
is a unital subalgebra of A. By part (b) of Exercise 4.6, € o € = € and symmetrically, €0 € =
€. Hence they restrict to mutually inverse isomorphisms between the vector spaces B=¢(A)
and €(A). Using Axiom (c) of part (iii) in the second equality, part (d) of Exercise 4.6 in
the third one, and its part (b) in the fourth one,

o~

g(e(a)d) = 11€(13¢(a)d’) = 1;€(15€(a);)€(e(a)sa’)
= 1;€(1515€(a))e(1yd") = 1;€(1515a)€(15d") =€(€(d)a)  (4.7)
for any a,a’ € A. Symmetrically to part (e) of Exercise 4.6, €(€(a')a) = €(d’)€(a). Using
this identity we infer from (4.7) that
€(e(a)e(d)) =¢€e(d')€(a) = €e(d)€e(a).
This proves that the subalgebras B = €(A) and €(A) of A are anti-isomorphic. Moreover,

the elements of €(A) commute with the elements of B by part (d) of Exercise 4.6. Hence
there is an algebra homomorphism

BRB® — A, ela)@e(d) — e(a)e(d) =¢€(d)e(a)

rendering A with the structure of a B®-ring.
The candidate comultiplication of the B-bialgebroid A is the composite map

A AL A®A ARpA .

By the second condition in part (d) of Exercise 4.6 and its symmetric counterpart
A(g(a)d) = d; @ €(a)d} (4.8)

this is a B-bimodule map |IA — |A ®p|A. The candidate counit is € : A — B in (4.3). Sym-
metrically to (4.7), €(€(d')a) = €(a)e(d’). Together with part (e) of Exercise 4.6 this proves
the bilinearity of € : |A — B. The comultiplication A is coassociative by the coassociativity
of A and counital by part (i) of Exercise 4.6 and its symmetric counterpart

€(az)a; =a. (4.9)

Symmetrically to part (a) of Exercise 4.6, €(1;) ® 15 = 1; ® 15. Thus applying € to the first
tensor factor of part (h) of Exercise 4.6, we get the identity

1;2(@) @ 1, = 1; @ 15&(a). (4.10)

Together with the multiplicativity of A this implies axiom (d) in Definition 3.6. By the mul-
tiplicativity of A also A is multiplicative and it is unital by construction; that is, conditions
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(a) and (b) in part (ii) of Theorem & Definition 3.9 hold. Then from its left B®-linearity also
the right B®-linearity of A in the sense of axiom (c) in Definition 3.6 follows. The counit €
preserves the unit by part (a) of Exercise 4.6 so that condition (d) in Theorem & Definition
3.9 holds. Finally, condition (e) in Definition 3.6 and condition (c) in Theorem & Defini-
tion 3.9 follow by part (c) of Exercise 4.6 and its symmetric counterpart. Summarizing, we
constructed a B-bialgebroid A.

For any B-bialgebroid A, the map

B—A, b—n(bol) (4.11)

is a monomorphism split by the counit €. Hence we may identify the base algebra B with
its isomorphic image in A under (4.11). Up-to this identification, the above constructions
between the data in parts (ii) and (iii) are clearly mutual inverses.

It remains to prove the final claim about the antipode. Assume first that the bialgebroid
in part (ii) is a Hopf algebroid; that is, the map

B:AE(1;) @ ;A2 AQprA -+ ARpA= 11A® 1,A, ag(1;)® 11d — ay ®asd (4.12)
is invertible. Then we claim that the antipode ¢ is constructed as the composite map

1:—®15 -1

6: A—— 2 AR 1A £l

—A.

AE(1) @ 1;A —=

In order to see that it satisfies the antipode axioms indeed, note that the map B of (4.12)
renders commutative the following diagrams.

AE(15) © 1 A®A 2oL LA® LAGA  AE(15)® 1A LA® 1A

5)
1®ml jl@m 1l j&@l
5 15)

Ag(15) ® 1;A LLARL,A ARAE(1, ®1A—ﬁ>A®1A®1A
_ —E(lel;
AE(15) ® 1A ’ 1;A® 1,A A L AE(15) ® 1;A
N l§®1 x jﬁ
A 1 A® 1,A

Making use of them, the first two antipode axioms in the claim are checked by the same
steps as in the bialgebra case in the proof of Theorem & Example 3.3. In order to verify the
third antipode axiom, note that it follows from (4.10) and the right A-linearity of 8 that for
any a,a’ € A

s(ed) = Ex)(B ' (1E@)d ©1y) = Eo1)(B(11d ® 1;¢a))
= Ee)(B(1jd©15))e(a) = o(d)e(a).
From this, and the counitality condition (4.9) we conclude that
o(aj)aso(ay) = o(aj)e(as) = 6(€(as)a;) = o(a)

as needed.
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Conversely, assume that the weak bialgebra in part (iii) admits an antipode o. In terms
of it, consider the map

ARA - ARA, a®d —ay®0(ay)d. (4.13)

In order to see that it restricts to a map 134 ® 1,A — A€(15) ® 1A, note that by the third
and the first antipode axioms o (a) = o(a;)€(as) for all a € A. Using this in the first and
the last equalities, together with (4.10) in the second equality and (4.8) in the third one, for
any a,a’ € A we have

o(a)e(d) = o(ay)e(ljas)15e(d’) = o(aqy)e(118(d )as)1;
= o([(d)aly)(15[e(d)aly)1; = o ((d')a). (4.14)
Symmetrically,
[1;€(d'15)]o(a) = o (ale(d'17)15]). (4.15)

After these preparations we see that (4.13) sends 1;a ® 154’ to

/

a; ® o (11a3)15a a; @0 (as)e(15)13d = a; @ 6(as)d

= ajlj@0(as€(1y)13)d = ajly @ o(aze(1313)15)d

= ajlj®11€(1313)0(a3)d" = ajE(1y) @ 13,0(a3)d’

First we used (4.8), then (4.14), the counitality condition in part (i) of Exercise 4.6, the

multiplicativity and the counitality of K, Axiom (b) of weak bialgebras and (4.15).
In order to see that the so obtained map

B AR LA = AE(15) @ 134, 11a® lsd = a3 @ 6(a3)d
is indeed the inverse of 3, observe that by (4.8),
ai®8(a2):ai®§(lia2)lﬁz[lia] ([1 a] )®12—1 a®1A

and, similarly, a; ® 1;€(a515) = a€(15) ® 1; for all a € A. With these identities at hand it
follows by the first and the second antipode axioms, respectively, that

BB '(l1a® 15d) = a;®aso(az)d =a;®€(as)d =1ja® 15d and
ﬁfll’)’(ag(lj)@lia/) = ai®G(a2)a§a':ai®1i§(a212)a':aE(li)@)lia/.
[

Corollary 4.7. The category mod(A) of a weak bialgebra A is monoidal via the module
tensor product over the base subalgebra. If A is a weak Hopf algebra then mod(A) is right
closed as well.

Note that the axioms of a weak (Hopf) bialgebra are formally self-dual. That is to say,
drawing the axioms as commutative diagrams,

ADA AQARARA 2L AoARA®A
ml lm@m
A ADA

>)



43

k ucu ARA —290 ARARA®A
M®M\L\
ARA A (As1)od 1@em®1
AxA|
AQARADA AQARARA — > AQA®A
1®c®1 1®m®1
AQARA —229 Ao AvA9A 2L ApAA®A
mo(m®1) lm@m
1A A A A®A
£ |ewz
AQARADA AQA __ k
mem ERE

— where c: A®A — A®A is the flip map a ® @’ — d’ ® a — this set of diagrams is
invariant under reversing the arrows and interchanging the roles of the algebra and the
coalgebra structures. As an immediate consequence of this symmetry, also the category of
comodules over a weak bialgebra is monoidal, and the category of comodules over a weak
Hopf algebra is right closed.

Examples 4.8.

(1) Let B be a separable Frobenius algebra with counit i® and comultiplication b —
b1y ® b(yy (where implicit summation is understood). From Example 3.10 and The-
orem & Definition 4.5 it follows that there is a weak Hopf algebra B¢. Its comulti-

plication A, counit € and antipode o take the following forms for all b @ b’ € B®.
Ab@b) = (b 1)@ (1) Ebab)=>~0b) cbob)=b®1,ibly)

(2) Consider a category C which has finitely many objects and whose morphisms con-
stitute a proper set. For any field k, take the vector space kC spanned by the mor-
phisms of C.

First we equip £C with an algebra structure. Define the product of two morphisms
f and g to be f o g if they are composable (that is, the source of f and the target of
g coincide) and zero otherwise. Extending it linearly to kC in both arguments, we
obtain an associative algebra whose unit is ) y-co l1x; the sum of the identity mor-
phisms 1y for all objects X of C (remember that this is a finite sum by assumption).
Observe that the above algebra kC admits a weak bialgebra structure with comul-

tiplication A and counit € defined on any morphism f of C as

Af)=ref ef)=1
and linearly extended to kC. Let us stress that A takes the unit element Y xeco lx of
kC to Y xcco(lx ® lx), which differs from (Y ycco lx) ® (Xxeco 1x) unless C has

only one object. That is to say, in general A does not preserve the unit element.
As in Theorem & Definition 4.5, the above weak bialgebra kC can be regarded as
a bialgebroid over the separable Frobenius algebra kC? spanned by the objects of C;

with multiplication
X ifX=Y
X = { 0 ifXAY
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and comultiplication X — X ® X.

If Cis in addition a groupoid — that is, any of its morphisms is invertible — then
the above weak bialgebra is a weak Hopf algebra with antipode o defined on any
morphism f of C as (f) = f~! and linearly extended to kC.

This example extends the well-known fact that the linear spans of monoids are
bialgebras and the linear spans of groups are Hopf algebras. In this way it gives an
explanation of the origin of the term ‘algebroid’.

To begin further reading about weak (Hopf) bialgebras with, we recommend e.g. [10]
[12] [25] [24].

5. LECTURE: (HOPF) BIMONOIDS IN DUOIDAL CATEGORIES

The subject of the fifth lecture is (Hopf) bimonoids in so-called duoidal categories. Help-
ful references should be [1] and [9].

Definition 5.1. A monoid in a monoidal category (A, ®,1) is a triple consisting of an object
M, a morphisms m : M @ M — M — called the multiplication — a morphism u : [ — M —
called the unit — for which the following diagrams commute.

m1

MoMaM "L Mom M oM
RN
MaM— M MaM——>M

A morphism of monoids is a morphism f : M — M’ in A which is compatible with the
multiplications and the units in the sense of the following commutative diagrams.

MoM L2l am [— 1]
| N T
M M M —— 7 M

A comonoid in a monoidal category is a monoid in the opposite category; that is, a triple
(C,d:C— C®C,e:C— I)making commutative the same diagrams with reversed arrows.
A morphism of comonoids is a morphism of monoids in the opposite category; that is, it
renders commutative the same diagrams with reversed vertical arrows.

Examples 5.2.

(1) A monoid in the monoidal category of sets (see part (1) of Example 2.2) is an
ordinary monoid (i.e. a set with an associative multiplication map and unit element).

(2) A monoid in the monoidal category of vector spaces over a given field k (see part
(2) of Example 2.2) is a k-algebra.

(3) A monoid in the monoidal category of bimodules over some algebra A (see part (3)
of Example 2.2) is an A-ring.

(4) A monoid in the monoidal category of endofunctors on some category A (see part
(4) of Example 2.2) is a monad on A.
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(5) The monoidal unit I of any monoidal category (A, ®,I) is a monoid with unit pro-
vided by the identity morphism / — I and multiplication / ® [ = I. Symmetrically,
it is a comonoid as well with counit equal to the identity morphism I — I and co-
multiplication I = I ®I.

(6) If (f,f°,f?) is a monoidal functor (A,®,I) — (A’,&’,I') then for any monoid
(M,m,u) in (A,®,I) there is a monoid fM in (A", ®',I'). The multiplication and
the unit are

2

Ji 0 3
M M2 oMy Lt and 17— 1 pm

Symmetrically, if (f, f°, f2) is an opmonoidal functor then fC inherits the structure
of comonoid in (A’,®',I’) for any comonoid C in (A, ®,1).

Exercise 5.3. Show that any monoid (M,m,u) in a monoidal category (A, ®,I) induces a
monad M ® — on A with multiplication and unit which have the respective components

mRl MOMRX -M®X and u®@l: X -M®X
when evaluated at an arbitrary object X.

Definition 5.4. [1, 31] A duoidal structure on a category A consists of

e two monoidal structures (¢,/) and (& ,J)
e a monoidal structure

(EQ: T =Tod, Exyvz: (XoY)e(VoZ) — (XeV)o (Y eZ))
on the functor ¢ : (A, ¢,J) x (A, ,J) — (A, #,J) and a monoidal structure
(E):T =1, & Tl —1)

on the functor 7 : (1,1,1) — (A, ¢.,J),
equivalently, an opmonoidal structure

(Co:Iel =1 Exyyz: (XoY)e(VoZ)— (XeV)o(YeZ))
on the functor & : (A o,I) x (A,o,I) — (A,o,I) and an opmonoidal structure
(EQ T =1, EY T = T0))
on the functor J : (1,1,1) — (A,0,I)

such that the (not explicitly denoted) associativity and unit constraints of the monoidal
category (A, ¢,I) are monoidal natural transformations, equivalently, the (not explicitly de-
noted) associativity and unit constraints of the monoidal category (A, ,J) are opmonoidal
natural transformations.

In [1] this structure was called a 2-monoidal category. The term duoidal appeared in [31].

Exercise 5.5. Spell out the diagrams that the morphisms &,£°, &, &) of a duoidal category
must render commutative.

Hint.
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Examples 5.6.

(1) A braiding on a monoidal category (A, ®, K) is an invertible natural transformation
¢ between ® : A x A — A and its opposite @ oflip : A x A — A — with components
cxy : X®Y — Y ®X for arbitrary objects X,Y of A — such that the following
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diagrams commute for all objects X,Y and Z.

CXY®Z
XRYRZ Y®ZX XRZKQY
1®cy z cx z®1
YoXe~Z XQY®Z - ZRXQY
X®Y,Z

A braiding c is called a symmetry if cy x o cx y is the identity morphism X ® ¥ —
X ®Y for all objects X and Y.

The monoidal category of sets in part (1) of Examples 2.2, and the monoidal cate-
gory of vector spaces in part (2) of Examples 2.2 are symmetric monoidal categories
with symmetry provided by the flip maps. However, the monoidal category of bi-
modules in part (3) of Examples 2.2, and the monoidal category of endofunctors in
part (4) of Examples 2.2 are not even braided in general.

Any braided monoidal category (A, ®, K, c) can be regarded as a duoidal category
with equal monoidal structures (¢,I) = (®,K) = (#,J) and

g0 kK &: KOK —=K

1®cyy®1

0 K—~K®K E:XQYRVRZ XRVRY®Z

(2) For an arbitrary set X, there is a category span(X) whose objects are triples con-
sisting of a set A and two maps s,7 : A — X. Such an object can be visualized as a
directed graph with vertex set X and edge set A; the maps s and ¢ taking the edges to
their source and target, respectively. The morphisms are maps f : A — A’ which are
compatible with the maps to X in the sense of the following commutative diagram.

A
t N
X/ f\X
A

This category span(X) admits the following duoidal structure. The first monoidal
product is

(p,q)—1'(p)=t(q) (
X AloA = {(p,q) € A" xAl'(p) =1t(q), s'(p) = s(q)}

— that is, the set of pairs of “parallel edges” in A and A’ — with monoidal unit

(x,y)—x (x.y)y . .
X <—— X x X ——— X . The other monoidal product is

(p:q)—1'(p) (P.q)—s(q)

X X

A'eA:={(p,q) €A xAls'(p) =1(q)}
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— that is, the set of pairs of “consecutive edges” in A and A’ — with monoidal unit

X < X L X . The structure morphisms are the following.

E): X - X xX, X (x,x)
Eo: (X xX)o(XxX) =X xX, ey =) (x,))
EV:X 5 X2XoX, X X
E:(AoB)e(A'oB') — (AeA")o(BeB), (a,b),(d b)) — ((a,d),(b,b))
. EN[EN e (& &
1n picture: b b > P

— — (« <)

(3) For a separable Frobenius algebra (B, i, d), the category of B¢-bimodules admits the
following duoidal structure. The monoidal product V e W of B®-bimodules V and
W is their usual B®-module tensor product

VW =VoW/{v-(bab)ow—ve (bob) w},

whose monoidal unit is B¢ with actions provided by the multiplication. The other
monoidal product V ¢ W is a twisted B*-module tensor product

Vaw/{(ho1)-v- (@) @w—ve (10i(14yb)1p)-w-(10b)}

(where 11y ® 115y = 6(1) and implicit summation is understood). The monoidal
unit for this product is B¢ with suitably twisted actions. The structure morphisms
&Y,E9,&), & are given in terms of the separable Frobenius algebra structure (i,8) of
B, see [8].

Proposition 5.7. Consider a duoidal category (A,o,1, ¢ .J).
(1) For any comonoid (C,d,e) in the monoidal category (A,o,I), there is an opmonoidal
functor C e — on (A,o,I) whose binary part has the component

de(1o1) Ecexy

Ce(XoY) (CoC)e(X oY) (CeX)o(CeY)

when evaluated at any objects X and Y, and the nullary part is Cel L Jel el I.

(2) Any comonoid morphism f : (C,d,e) — (C',d’ ') in the monoidal category (A,o,I)
induces an opmonoidal natural transformation C e — — C' & — between the opmonoidal
functors of part (1); with components fe1:CeX — C' X when evaluated at any object
X.

Proof. (1) Coassociativity and counitality of the comonad (C,d,e), and opmonoidality of
the functor (e, &y, &) together imply the opmonoidality of the functor C ¢ — with the stated
binary and nullary parts.

(2) is immediate by the naturality of &. U

In the opposite direction, we can get a comonoid from any opmonoidal functor ¢ : (A,¢,1)
— (A,o,I) in the following way. The monoidal unit / is a comonoid as in part (5) of
Examples 5.2. Hence the opmonoidal functor ¢ takes it to a comonoid ¢/ as in part (6) of
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Examples 5.2. Let us stress, however, that this is not the inverse of the construction in
Proposition 5.7, of an opmonoidal structure on the functor C ¢ — from a comonoid structure
on C; it is not a bijection in general. In the earlier examples of bimodule categories its
bijectivity essentially depended on the generator properties of the monoidal unit.

Corollary 5.8. Consider a duoidal category (A,o,1,#.,J).

(1) J is a comonoid in the monoidal category (A, o,I) with comultiplication 0 and counit
&

(2) For any comonoids (C,d,e) and (C',d’,e) in the monoidal category (A,o,1), there is
a comonoid C ¢ C' in (A,o,1) with comultiplication and counit

Scccc &

CoC' 2 (CoC)e(C'oC) ZCE (Col)o(CoC) and CoC “2% el o1

Proof. (1) The only object of the singleton category 1 is a comonoid by part (5) of Examples
5.2. Hence the opmonoidal functor (J,&J, £°) takes it to the comonoid in (A,©,1), see part
(6) of Examples 5.2. The resulting comonoid J is that in the claim.

(2) The functor C' e —: (A,0,1) — (A,o,I) is opmonoidal by part (1) of Proposition 5.7.
Hence it takes the comonoid (C,d,e) to a comonoid by part (6) of Examples 5.2. The
resulting comonoid C’ C is that in the claim. U

Symmetrical arguments prove that /, as well as the o-product of any monoids in (A, ¢, J),
are monoids in (A, ¢,J).
Definition 5.9. A bimonoid in a duoidal category A consists of
e an object T of A
e a monoid structure (m: T eT — T,u:J —T)in (A, ¢,J)
e a comonoid structure (d: T —ToT,e: T —1I)in (A,0,I)
such that d and e are monoid morphisms in (A, e,J), equivalently, m and u are comonoid
morphisms in (A, ¢,1), equivalently, the following diagrams commute.

TeT m T d ToT TeT —"sT

d’dl ]mom e.ej je

(ToT)e(ToT) : (TeT)o(TeT) 101—0>I
T.1,T,T

Examples 5.10.

(1) Regard a braided monoidal category (A, ®,K,c) as a duoidal category, as described
in part (1) of Examples 5.6. A bimonoid in this duoidal category reduces to the
usual notion of bimonoid in the braided monoidal category (A,®, K, c): it consists
of

e an object T of A
e amonoid structure (m: TRT — T,u: K — T) in (A,®,K)
e a comonoid structure (d: 7T - TRT,e:T —e) in (A,®,K)
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such that the following diagrams commute.

Tel —" 7% . T®T TRT —2~T
d@dL Tm@)m e@el L
TRTRTOT —— = TRTRTRT KoK~k
K - T K——=T

gt Ld \L
K®K TQT K

uRu

(2) Let us take next the duoidal category span(X) of part (2) of Examples 5.6 for an
arbitrary set X. First we describe the comonoids in (span(X),¢,X x X). From an
arbitrary object (A,7,s) there is a unique map of spans to X x X, the one sending
a to (t(a),s(a)). Hence there is a unique counital comultiplication A — A©A: the
diagonal one sending a to (a,a). Moreover, any morphism in span(X) is clearly
a morphism of comonoids. This amounts to saying that a bimonoid in span(X) is
the same thing as a monoid therein. A monoid, on the other hand, is precisely a
category with the object set X.

(3) Take next a separable Frobenius algebra B and the duoidal category of B-bimodules
in part (3) of Examples 5.6. It was proven in [8] that the bimonoids therein are
precisely the weak bialgebras whose base algebra is B. The proof is much too
technical even to sketch here.

Theorem 5.11. Any bimonoid (T,m,u,d,e) in a duoidal category (A,o,1, & ,J) determines
a bimonad on (A,¢,1) as follows.

o the underlying functoris T —: A — A

e when evaluated at an arbitrary object X, the multiplication of the monad has the
component me1 : TeT X — T X, and the unit has the component uel : X —
TeX

e when evaluated at arbitrary objects X and Y, the binary part of the opmonoidal
structure has the component

de(1ol) Errxy

Te(XoY)

(ToT)e(XoY)

(TeX)o(TeY)

and the nullary partis T &1 ®L Tl el 1

This bimonad is a Hopf monad if and only if the following natural transformation is invert-
ible.

del Errxrey lo(me1)
Te(Xo(TeY))—(ToT)e(Xo(TeY))— (TeX)o(TeTeY)— (TeX)o(TeY)

Proof. By the functoriality of the monoidal product ¢, both me1 and ue1 are natural
transformations. By the associativity and unitality of the monoid (7', m,u) the associativity
and unitality axioms of a monad hold (see Exercise 5.3).
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Opmonoidality of the functor T e — with the stated binary and nullary parts follows by
part (1) of Proposition 5.7. The multiplication and the unit of the monad 7 e — are op-
monoidal natural transformations by part (2) of Proposition 5.7.

The final claim about 7 e — being a Hopf monad follows by a straightforward substitu-
tion. U

Let us stress again that this construction in Theorem 5.11, of a bimonad structure on
the functor 7 e — from a bimonoid structure on 7 is not a bijection in general. In the
earlier examples of bimodule categories its bijectivity essentially depended on the generator
properties of the monoidal unit.

Examples 5.12.

(1) Regard a braided monoidal category (A,®, K, c) as a duoidal category, as in part (1)
of Example 5.6, and take a bimonoid (7,m,u,d,e) therein. The induced bimonad
T ® — on (A,®,K) turns out to be a Hopf monad if and only if the morphism

B: ToT L rorer 2% 10T
is invertible. Similarly to Theorem & Example 3.3, this is equivalent to the existence
of an antipode morphism s : T — T for which the following diagram commutes.

d 1®s

T TRQT —TQT

e

d KX

m

A

Indeed, if B is invertible then s is constructed as the composite morphism

~1
T rer P rer LT

Conversely, if there is an antipode morphism s then 3 has the inverse

d®1 1®s®1 1®m

reTr TRTRQT ——TRTRT T®T.

A bimonoid equipped with a (necessarily unique) antipode is called a Hopf monoid.

(2) Take next the duoidal category span(X) of part (2) of Examples 5.6 for an arbitrary
set X. By part (2) of Examples 5.10, a bimonoid therein is a category A with object
set X. The induced bimonad A& — on (span(X),¢,X x X) is a Hopf monad if and
only if the map

AoA — {(c,d) e AxAlt(c) =t(c)}, (c,c") = (c,coc’)

is invertible. This happens to be the case if and only if A is a groupoid; that is,
every morphism in A is invertible; see [8]. The map sending a morphism of A to its
inverse plays the role of an antipode map.

(3) Take finally the duoidal category bim(B€¢) of bimodules over the enveloping algebra
B°® of a separable Frobenius algebra B, discussed in part (3) of Example 5.6. Recall
from part (3) of Examples 5.10 that a bimonoid therein is a weak bialgebra 7" with
base algebra B. The induced bimonad 7 & — on (bim(B€),¢,I) is a Hopf monad if
and only if the map of (4.12) is invertible, equivalently (see Theorem & Definition
4.5), T is a weak Hopf algebra.




53

5.13. About the antipode. In all of the cases discussed in Examples 5.12 we saw that the
bimonad induced by a bimonoid is a Hopf monad if and only if some kind of antipode exist.
We should stress that this is not a general feature of bimonoids in a duoidal category; in
general the induced bimonad can be a Hopf monad without having an antipode behind.

In fact, the existence of certain antipode morphisms in the examples of Examples 5.12
follows from the fact that all of them belong to a distinguished class of bimonoids in duoidal
categories, discussed in [9].
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